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Preface

The Asian Computing Science Conference (ASIAN) series was initiated in 1995
to provide a forum for researchers in computer science from the Asian region
to meet and to promote interaction with researchers from other regions. The
previous four conferences were held, respectively, in Bangkok, Singapore, Kath-
mandu, and Manila. The proceedings were published in the Lecture Notes in
Computer Science Series of Springer-Verlag.

This year’s conference (ASTAN’99) attracted 114 submissions from which 28
papers were selected through an electronic PC meeting. In addition, 11 papers
were selected for shorter presentations at the poster sessions.

The themes for this year’s conference were announced to be:

— Embedded and Real-Time Systems
— Formal Reasoning and Verification
— Distributed and Mobile Computing

The key note speaker for ASTAN’99 is Amir Pnueli (Weizmann Institute,
Israel) and the invited speakers are Nicolas Halbwachs (VERIMAG, CNRS,
France) and Krishna Palem (The Georgia Institute of Technology and Courant
Institute, New York University, USA). We thank them for accepting our invita-
tion.

This year’s conference is being sponsored by the Asian Institute of Technology
(Thailand), INRIA (France), the National University of Singapore (Singapore),
and UNU/IIST (Macau). We thank all these institutions for their continued sup-
port of the ASTAN series.

This year’s conference will be held in Phuket, Thailand. We are much obliged
to the Prince of Songkhla University for providing the conference venue and to
Rattana Wetprasit for making the local arrangements.

We also wish to thank the PC members and the large number of referees for
the substantial work put in by them in assessing the submitted papers.

Finally, it is a pleasure to acknowledge the friendly and efficient support pro-
vided by Alfred Hofmann and his team at Springer-Verlag in bringing out this
volume.

October 1999 P. S. Thiagarajan
Roland Yap
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Validation of Synchronous Reactive Systems:
From Formal Verification to Automatic Testing*

Nicolas Halbwachs and Pascal Raymond

Vérimag**, Grenoble — France
{Nicolas.Halbwachs,Pascal.Raymond}@imag.fr

Abstract. This paper surveys the techniques and tools developped for
the validation of reactive systems described in the synchronous data-flow
language LUSTRE [HCRP91]. These techniques are based on the specifica-
tion of safety properties, by means of synchronous observers. The model-
checker LEsar [RHROI] takes a LUSTRE program, and two observers —
respectively describing the expected properties of the program, and the
assumptions about the system environment under which these properties
are intended to hold —, and performs the verification on a finite state
(Boolean) abstraction of the system. Recent work concerns extensions
towards simple numerical aspects, which are ignored in the basic tool.
Provided with the same kind of observers, the tool LURETTE [RWNH9S]
is able to automatically generate test sequences satisfying the environ-
ment assumptions, and to run the test while checking the satisfaction of
the specified properties.

1 Introduction

Synchronous languages [Hal93, [BG92, LGLLII, HCRPI1] have been proposed
to design so-called “reactive systems”, which are systems that maintain a per-
manent interaction with a physical environment. In this area, system reliability,
and therefore design validation, are particularly important goals, since most
reactive systems are safety critical. As a consequence, many validation tools
have been proposed, which are dedicated to deal with systems described by
means of synchronous languages. These tools either concern automatic verifi-
cation [LDBL93| [DR94, JPVI5, Bou98, RHRII]|, formal proof [BCDP99], or
program testing [BORZ98, [RWNH98| MHMMO95| [Mar98|.

As a matter of fact the validation of synchronous programs, on one hand
raises specific problems — like taking into account known properties of the envi-
ronment — and on the other hand allows the application of specific techniques
— since the programs to be validated are deterministic systems with inputs,
in contrast with classical concurrent processes, which are generally modelled
as non-deterministic and closed systems. Both for formal verification and for
testing, the user has to specify:

* This work was partially supported by the ESPRIT-LTR project “SYRF”.
** Verimag is a joint laboratory of Université Joseph Fourier, CNRS and INPG associ-
ated with IMAG.

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 1-IZ 1999.
© Springer-Verlag Berlin Heidelberg 1999



2 Nicolas Halbwachs and Pascal Raymond

1. the intended behavior of the program under validation, which may be more
or less precisely defined. In particular, it may consist of a set of properties,
and, for the kind of considered systems, critical properties are most of the
time safety properties.

2. the assumptions about the environment under which the properties specified
in (1) are intended to hold. These assumptions are generally safety proper-
ties, too.

In synchronous programming, a convenient way of specifying such safety prop-
erties is to use “synchronous observers” [HLR93], which are programs observing
the inputs and the outputs of the program under validation, and detect the
violation of the property. Once these observers have been written, automatic
validation tools can use them for

formal verification: One can verify, by model-checking, that for each input
flow satisfying the assumption, the corresponding output flow satisfy the
property. In general, this verification is performed on a finite-state abstrac-
tion of the program under verification.

automatic testing: The assumption observer is used to generate realistic test
sequences, which are provided to the program; the property observer is used
as an “oracle” determining whether each test sequence “passes” or “fails”.

In this paper, we present these approaches in the context of the declarative
language LUSTRE [HCRPII]. A model-checker for LUSTRE, called LESAR [RHRI1],
has been developped for long, and extended towards dealing with simple numer-
ical properties. Two testing tools, LUTESS [BORZ98| and LURETTE [RWNH9S|
are also available; here, we focus on LURETTE, which has some numerical capa-
bilities.

2 Synchronous Observers in LUSTRE

2.1 Overview of Lustre

Let us first recall, in a simplified way, the principles of the language LUSTRE:
A LUSTRE program operates on flows of values. Any variable (or expression)
x represents a flow, i.e., an infinite sequence (z¢,x1,...,Zn,...) of values. A
program is intended to have a cyclic behavior, and z,, is the value of x at the
nth cycle of the execution. A program computes output flows from input flows.
Output (and possibly local) flows are defined by means of equations (in the
mathematical sense), an equation “x=e” meaning “Vn,x,, = e,”. So, an equation
can be understood as a temporal invariant. LUSTRE operators operate globally on
flows: for instance, “x+y” is the flow (zo+yo, z1+¥y1,- -+, Tn+Yn,-..). In addition
to usual arithmetic, Boolean, conditional operators — extended pointwise to
flows as just shown — we will consider only two temporal operators:

— the operator “pre” (“previous”) gives access to the previous value of its argu-
ment: “pre(x)” is the flow (nil, zg,...,2n_1,...), where the very first value
“nil” is an undefined (“non initialized”) value.
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— the operator “->" (“followed by”) is used to define initial values: “x => y” is

the flow (xo,y1,---,Yn,--

.), initially equal to x, and then equal to y forever.

As a very simple example, the program shown below is a counter of “events”:

It takes as inputs two Boolean flows
“evt” (true whenever the counted
“event” occurs), and “reset” (true
whenever the counter should be
reinitialized), and returns the num-
ber of occurrences of “events” since
the last “reset”. Once declared,
such a “node” can be used any-
where in a program, as a user-
defined operator. For instance, our
counter can be used to generate an
event “minute” every 60 “second”,
by counting “second” modulo 60.

2.2 Synchronous Observers

node Count(evt, reset: bool)
returns(count: int);
let
count = if (true -> reset) then 0
else if evt then pre(count)+1
else pre(count)
tel

mod60 = Count(second, pre(mod60=>59));
minute = (mod60 = 0);

Now, an observer in LUSTRE will be a node taking as inputs all the flows relevant
to the safety property to be specified, and computing a single Boolean flow, say
“ok”, which is true as long as the observed flows satisfy the property.

For instance, let us write an ob-
server checking that each occur-
rence of an event “danger” is fol-
lowed by an “alarm” before the next
occurrence of the event “deadline”.
It uses a local variable “wait”, trig-
gered by “danger” and reset by
“alarm”, and the property will be
violated whenever “deadline” occurs
when “wait” is on.

node Property(danger, alarm, deadline: bool
returns (ok: bool);
var wait: bool;

let
wait = if alarm then false
else if danger then true
else (false => pre(wait));
ok = not(deadline and wait);
tel

Assume that the above property is intended to hold about a system S,
computing “danger” and “alarm”, while “deadline” comes from the environment.

Obviously, except if S emits
“alarm” simultaneously with each
“danger”, it cannot fulfill the prop-
erty without any knowledge about
“deadline”. Now, assume we know
that “deadline” never occurs earlier
than two cycles after “danger”.

node Assumption(danger, deadline: bool)
returns (ok: bool);
let ok = not deadline or
(true => pre(not danger and
(true => pre(not danger))));
tel

This assumption can also be expressed by an observer.
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Assumption
- ~ realistic
(danger, alarm, ...) = S(deadline, ...); —
realistic = Assumption(danger, deadline);
correct = Property(danger, alarm, deadline); S Property
correct
L

Fig. 1. Validation Program

2.3 Validation Program

Now we are left with 3 programs: the program S under validation, and its two
observers, Property and Assumption. We can compose them in parallel, in a
surrounding program called “Validation Program” (see Figlll). Our verification
problem comes down to showing that, whatever be the inputs to the validation
program, either the output “correct” is always true, or the output “realistic” is
sometimes false. The advantages of using synchronous observers for specification
have been pointed out:

— there is no need to learn and use a different language for specifying than for
programming.

— observers are ezecutable; one can test them to get convinced that the specified
properties are the desired ones.

Notice that synchronous observers are just a special case of the general tech-
nique [VWS6] consisting in describing the negation of the property by an automa-
ton (generally, a Biichi automaton), and showing, by performing a synchronous
product of this automaton and the program, that no trace of the program is
accepted by the automaton. The point is that, in synchronous languages, the
synchronous product is the normal parallel composition, so this technique can
be applied within the programming language.

3 Model-Checking

3.1 Lustre Programs as State Machines

Of course, a LUSTRE program can be viewed as a transition system. All operators,
except pre and ->, are purely combinational, i.e., don’t use the notion of state.
The result of a -> operator depends on whether the execution is in its first
cycle or not: let init be an auxiliary Boolean state variable, which is initially
true, and then always false. The result of a pre operator is the value previously
taken by its argument, so each pre operator has an associated state variable. All
these state variables define the state of the program. Of course, programs that
have only Boolean variables have finitely many states and can be fully verified
by model-checking [QS82, [CES86, BCM™90, [CBM89]: when the program under
verification and both of its observers are purely Boolean, one can traverse the
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finite set of states of the validation program. Only states reached from the initial
state without falsifying the output “realistic” are considered, and in each reached
state, one check that, for each input, either “realistic” is false, or “correct” is true.
This can be done either enumeratively (i.e., considering each state in turn) or
symbolically, by considering sets of states as Boolean formulas.

3.2 Lustre Programs as Interpreted Automata

Programs with numerical variables can be partially verified, using a similar ap-
proach. We consider such a program as an intepreted automaton: the states
of the automaton are defined by the values of the Boolean state variables, as
above. The associated interpretation deals with the numerical part: conditions
and actions on numerical variables are associated with the transitions of the
automaton. An example of such an interpreted automaton will be shown in Sec-
tion [ If it happens that a property can be proved on the (finite) control part
of the automaton, then it is satisfied by the complete program. Otherwise, the
result is unconclusive.

3.3 LESAR

LESAR is a verification tool dedicated to LUSTRE programs. It performs the
kind of verification described above, by traversing the set of control states of
a validation program, either enumeratively of symbolically. More precisely, it
restricts its search to the part of the program that can influence the satisfaction
of the property. This part, sometimes called the cone of influence, can be easily
determined, because of the declarative nature of the language: all dependences
between variables are explicit. This is an important feature, since experience
shows that, in many practical cases, the addressed property only concerns a
very small part of a program: in such a case, LESAR may be able to verify the
property, even if the whole state space of the program could not be built.

4 Towards Numerical Properties

Only properties that depend only on the control part of the program can be
verified by model checking. The reason is that LESAR can consider as reachable
some control states that are in fact unreachable because of the numerical in-
terpretation, which is ignored during the state space traversal: some transitions
are considered feasible, while being forbidden by their numerical guards. Let us
illustrate this phenomenon on a very simple example, extracted from a subway
speed regulation system:

A train detects beacons placed along the track, and receives a signal broad-
cast each second by a central clock. Ideally, it should encounter one beacon each
second, but, to avoid shaking, the regulation system applies a hysteresis as fol-
lows: let #b and #s be, respectively, the current numbers of encountered beacons



6 Nicolas Halbwachs and Pascal Raymond

Fig. 2. Interpreted automaton of the subway example

and of elapsed seconds. Whenever #b — #s becomes greater 10, the train is con-
sidered early, until #b—#s becomes negative. Symmetrically, whenever #b — #s
becomes smaller than —10, the train is considered late, until #b — #s becomes
positive. We only consider the part of the system which determines whether the
train is early of late. In LUSTRE, the corresponding program fragment could be:

diff = 0 -> if second and not beacon then pre(diff)-1
else if beacon and not second then pre(diff)+1
else pre(diff);
early = false —=> if diff > 10 then true
else if diff < 0 then false
else pre(early);
late = false -> if diff < —10 then true
else if diff > 0 then false
else pre(late);

This program has 3 Boolean state variables: the auxiliary variable init (ini-
tially true, and then false forever) and the variables storing the previous val-
ues of early and late. The corresponding interpreted automaton has the control
structure shown by Fig 2l and, for instance, the transitions sourced in the state
“OnTime” are guarded as follows:

g1: diff > 10 Adiff > —10 — Early gs3: diff > 10 A diff < —10 — FEarlyLate
go: diff <10 Adiff < —10 — Late g4: diff <10 Adiff > —10 — OnTime

Without any knowledge about numerical guards, the model-checker does not
know that some of these guards (g1 and g2) can be simplified, nor that one
of them (g3) is unsatisfiable. This is why the state “EarlyLate” is considered
reachable.

A transition the guard of which is numerically unsatisfiable will be called
statically unfeasible. In our example, if we remove statically unfeasible transi-
tions, we get the automaton of Fig. [, where the state “EarlyLate” is no longer
reachable. A simple way of improving the power of a model-checker is to provide
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diff <0 —10 < diff <10 diff > 0

Fig. 4. The subway example without dynamically unfeasible transitions

it with the ability of detecting statically unfeasible transitions, in some simple
cases. For instance, unfeasibility of guards made of linear relations is easy to
deciddl.

This is why LESAR has been extended with such a decision procedure in
linear algebra: when a state violating the property is reached by the standard
model-checking algorithm, the tool can look, along the paths leading to this
state, for transitions guarded by unfeasible linear guards. If all such “bad” paths
can be cut, the “bad” state is no longer considered reachable. This very par-
tial improvement significantly increases the number of practical cases where the
verification succeeds.

Of course, we are not always able to detect statically unfeasible transitions.
Moreover, some transitions are unfeasible because of the dynamic behavior of
numerical variables. For instance, in the automaton of Fig. B, there are direct
transitions from state “Early” to state “Late” and conversely. Now, these tran-
sitions are clearly impossible, since diff varies of at most 1 at each cycle, and
cannot jump from being > 0 in state “Early” to becoming < —10 in state
“Late”. Such transitions are called dynamically unfeasible. Detecting dynami-
cally unfeasible transitions is much more difficult. We experiment “linear relation
analysis” [HPRO7] — an application of abstract interpretation — to synthesize
invariant linear relations in each state of the automaton. If the guard of a transi-
tion is not satisfiable within the invariant of its source state, then the transition

1 at least for rational solutions; but since unfeasibility in rational numbers implies

unfeasibility in integers, such an approximate decision is still conservative.
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is unfeasible. In our example, we get the invariants shown in Fig. [, which allow
us to remove all unfeasible transitions.

5 Automatic Testing

In spite of the progress of formal verification, testing is and will remain an
important validation technique. On one hand, the verification of too complex
systems — with too complex state space, or important numerical aspects — will
remain unfeasible. On the other hand, some validation problems are out of the
scope of formal verification: it is the case when parts of the program cannot be
formally described, because they are unknown or written in low level languages;
it is also the case when one wants to validate the final system within its actual
environment. So, verification and testing should be considered as complementary
techniques. Moreover, testing techniques and tools should be mainly devoted
to cases where verification either fails or does not apply. This is why we are
especially interested in techniques that cope with numerical systems, that don’t
need a formal description of the system under test (black box testing), and the
cost of which doesn’t depend on the internal complexity of the tested system.

Intensive testing requires automation, since producing huge test sets by hand
is extremely expensive and error-prone. Now, it appears that the prerequisite for
automatic generation of test sets is the same as for verification: an automatic
tester will need a formal description of both the environment — to generate
only realistic test cases — and the system under test — to provide an “oracle”
deciding whether each test passes or fails. In section B, we proposed the use of
synchronous observers for these formal descriptions. In the LURETTE [RWNH9S|
and LuTEss [BORZ9S] tools, such observers are used to automatically generate
and run test sequences. In this section, we explain the principles of this genera-
tion.

The specific feature of reactive systems is, of course, that they run in closed
loop with their environment. In particular, they are often intended to conitrol
their environment. This means that the current input (from the environment)
may depend on the past outputs (from the system). In other words, the realism
of an input sequence does not make sense independently of the corresponding
output sequence, computed by the system under test. This is why, in our ap-
proach, test sequences are generated on the fly, as they are submitted to the
system under test.

More precisely, we assume that the following components are available:

— an executable version of the system un-

der test, say S. We only need to be able o realistic
to run it, step by step. . A =

— The observers A and P, respectively i S E
describing the assumptions about the correct
environment and the properties to be L = P

checked during the test.
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Moreover, the output “realistic” of the observer A is required not to depend
instantaneously of the outputs “0” of S. Since “0” is supposed to be computed
from the current input “i”, it would be a kind of causality loop that the realism
of “i” depend on “0”.

Basically, the tester only needs to know the source code of the observer A,
and to be able to run the system S and the observer P, step by step. It considers,
first, the initial state of A: in this state, the LUSTRE code of A can be simplified,
by replacing each expression “e;-> e3” by “e;”, and each expression “pre(e)” by
“nil’. After this simplification, the result “realistic” is a combinational expression
of the input “”, say “b(i)”. The satisfaction of the Boolean formula b(i) can be
viewed as a constraint on the initial inputs to the system. A constraint solver
— which will be detailed below — is used to randomly select an input vector g
satisfying this constraint. Now, S is run for a step on ¢y, producing the output
vector o (and changing its internal state). Knowing both iy and og, one can run
A and P for a step, to make them change their internal state, and to get the
oracle “correct” output by P. The LUSTRE code of A can be simplified according
to its new state, providing a new constraint on “i”. The same process can be
repeated as long as the test passes (i.e., P returns “correct = true”), or for a
given number of steps.

The considered tools mainly differ in the selection of input vectors satisfying
a given constraint. In LuTEss [BORZ98], one consider only purely Boolean ob-
servers. A constraint is then a purely Boolean formula, which is represented by
a Binary Decision Diagram. A correct selection corresponds to a path leading
to a “true” leaf in this BDD. The tool is able to perform such a selection, ei-
ther using an equiprobable strategy, or taking into account user-given directives.
LureTrTE [RWNHYE] is able to solve constraints that are Boolean expressions
involving Boolean inputs and linear relations on numerical inputs.

Ezxample: Let us illustrate the generation process on a very simple example.
Assume S is intended to regulate a physical value u, by constraining its second
derivative. Initially, both u and its derivative are known to be 0. Then, the second
derivative of u will be in an interval [—d, +J] around the (previous) output z of
S. An observer of this behavior can be written as follows:

node A (u, x: real) returns (realistic: bool);
var dudt, d2udt2: real;

let
dudt = 0 =>(u — pre(u));
d2udt2 = dudt — pre(dudt);
realistic = (u=0) -> ((pre(x) — delta <= d2udt2)
and (d2udt2 <= pre(x) + delta));
tel

At the first cycle, the code of A is simplified to

dudt = 0; d2udt2 = nil; realistic = (u=0);
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There is only one way of satisfying the constraint, by choosing uy = 0. The
system .S is run for one cycle, with this input value, let x¢ be the returned value.
At the second cycle, we know that

pre(u) = 0, pre(dudt) =0, pre(x) = zo
So the code of A is simplified to

dudt = u; d2udt2 = dudt;
realistic = (zo—delta <= d2udt2) and (d2udt2 <= z,+delta);

which gives the (linear) constraint zop — § < u < xy + . Assume the value
uy = x + 0 is selected, and provided to S, which returns some new value z1. At
the next cycle, we know that

pre(u) = pre(dudt) = 2o + § , pre(x) = z1
So, the code of A simplifies to

dudt = u — (xp+delta); d2udt2 = dudt — (zo+delta);
realistic = (z1—delta <= d2udt2) and (d2udt2 <= z;+delta)

which gives the constraint z1 + 2z < u < x1 + 229 + 29, and so on...

6 Conclusion

We have presented some validation techniques, which mainly derive from the
specification of properties by synchronous observers. While not being restricted
to synchronous models, this way of specifying properties is especially natural
and convenient in that context, since the same kind of language can be used to
describe the system and its properties.

Our presentation was centered on the language LUSTRE, but the techniques
could be adapted to any synchronous language. Notice, however, that some ideas
were directly suggested by the declarative nature of LUSTRE. For instance, syn-
chronous observers were a natural generalization of the relations in ESTEREL,
which are a way of expressing known implications or exclusion between input
events. When transposed into LUSTRE, these relations are just special cases of
invariant Boolean expressions. Generalized to any Boolean LUSTRE expression,
this mechanism provides a way of specifying any safety property. Also, in test
sequence generation, the idea of considering an observer as a (dynamic) con-
straint is especially natural when the observer is written in LUSTRE, but can be
adapted to any synchronous language.
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Computing devices are clearly proliferating in a variety of domains ranging from
controlling household appliances, to the cockpits of aircraft. Thus, there is an
ever increasing demand for cheap and compact computers intended to perform
a few functions, extremely well. Historically, customization has been the answer
to this need. However, customization unfortunately implies very high costs—the
exacerbated costs limit the scope of proliferation of course. To redress this and
thus enable the extraordinary growth-potential of these emerging domains—
loosely referred to as embedded systems here—current research in computing
is revisiting established and stable technologies ranging from (high-level) pro-
gramming languages at the software end of the spectrum, to gate-level design
and synthesis at the hardware end. A theme that seems to be emerging, is to
provide the future application developer with the advantages of customization,
at costs approaching currently mass-produced commercial-off-the-shelf (COTS)
software and hardware. Thus, hardware is increasingly being viewed as a flexible
fabric, amenable to low-cost customization based on the application developer’s
needs and preferences. A goal of this talk is to outline the “point-technologies”
that are being innovated to help realize this vision.

Concretely, let us consider an application development cycle today for a
COTS microprocessor. Typically, an application developer starts out with a
program developed in high-level language and then compiles it using an op-
timizing complier, into code that runs on hardware with a fixed instruction-
set-architecture (or ISA). This notion of application development is now being
revisited, where the fixed aspect of the vendor-specified ISA is no longer consid-
ered to be essential. Specifically, two alternate approaches are being envisioned.
In the first, the programmer’s high-level language application is viewed as input
to a process aimed at designing a customized implementation of key kernels from
the application that need to be accelerated: examples of such kernels include the
cosine transform central to MPEG2, the ghostscript part of a postscript appli-
cation and others. In this setting, a portion of the silicon stays dedicated to the
executing kernel during its life-time. A second approach envisions processors that
have a “core” with a fixed vendor-supplied ISA, but with some amount of cus-
tomizable logic added on. In this context, the goal is to identify and execute key
kernels from the application as customized implementations that use the custom
logic; in this approach, the same piece of logic and hence silicon is reused as new
kernels are encountered.
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© Springer-Verlag Berlin Heidelberg 1999



14 Krishna V. Palem

To realize either of the above goals, it is crucial to provide tools and tech-
nologies that can accept a high-level C (or Java) application, and transform it
into an optimized implementation in silicon. A significant part of this lecture will
be devoted to surveying extant and emerging technologies that aim to provide
such solutions. These “next-generation” technologies start out as an amalgam of
existing optimizing compilers, as well as CAD tools for VLSI design. To actually
achieve the goals stated earlier, a number of research challenges emerge, ranging
over areas in programming languages, computer architecture, VLSI design, and
hardware-software co-design, to name a few. A significant part of this talk will
be devoted to surveying this landscape and identifying key research questions
of interest. The Trimaran (www.trimaran.org) research infrastructures is espe-
cially well-suited for conducting this research; the talk will conclude with a brief
overview of this infrastructure.
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Abstract. We present a name-passing calculus that can be regarded as
a simplified 7-calculus equipped with a cryptographic table. The latter is
a data structure representing the relationships among names. We illus-
trate how the calculus may be used for modelling cryptographic protocols
relying on symmetric shared keys and verifying secrecy and authenticity
properties. Following classical approaches [3], we formulate the verifica-
tion task as a reachability problem and prove its decidability assuming
finite principals and bounds on the sorts of the messages synthesized by
the attacker.

Keywords: cryptographic protocols, m-calculus, verification.

1 Introduction

Cryptographic protocols are commonly used to establish secure communication
channels between distributed principals. Cryptographic protocols seem good can-
didates for formal verification and several frameworks have been proposed for
making possible formal and automatable analyses. Formal analyses require for-
malization of (a) the protocol, (b) the attacker model, and (c) security proper-
ties, as well as (d) an effective technique to check satisfaction of the properties.
Addressing the vulnerabilities of the protocol rather than those of the cryptosys-
tem, a number of approaches assume ‘perfect encryption’ and model a protocol
as a collection of interacting processes competing against a hostile environment.
These approaches usually rely either on model-checking techniques (see, e.g.,
[B]), or on general-purpose proof assistant tools to establish invariant properties
(see, e.g, [6]).

The model-checking approach has been remarkably successful in uncovering
subtle protocol bugs [5], but its applicability is limited to finite instances of
protocols with bounds on various parameters such as the number of runs and
the complexity of the messages. Moreover, they require an explicit modelling
of the attacker. In contrast, theorem-proving approaches model the attacker’s
capabilities abstractly and can deal with more general situations, but are not
fully automatic.

A more recent trend has been the use of name-passing process calculi for
studying cryptographic authentication protocols. Abadi and Gordon have pre-
sented the spi-calculus [I], an extension of the m-calculus with cryptographic
primitives. Principals of a protocol are expressed in a m-calculus-like notation,
whereas the attacker is represented implicitly by the process calculus notion of
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‘environment’. Security properties are modelled in terms of contextual equiva-
lences, in contrast to previous approaches which are based on the security model
of, e.g., [B]. The spi-calculus provides a precise notation with a formal opera-
tional semantics, particularly for expressing the generation of fresh names, for
the scope of names, and for identifying the different threads in a protocol and
the order of events in each thread. These features are important: in the various
notations found in the literature, the issues of name generation, scoping, data
sorts, and synthesis capabilities of the adversary were often treated in an ad hoc
and/or approximate manner.

Unfortunately, the addition of the cryptographic primitives to the m-calculus
considerably complicates reasoning about the behaviour of processes. Although
there have been some attempts to simplify this reasoning (see, e.g., [2]), the
developed theory has not yet led to automatic or semi-automatic verification
methods.

In this paper, we present a simple name-passing process calculus equipped
with a cryptographic table and show how (symmetric key) cryptographic pro-
tocols may be modelled. The aim is to develop a framework for automatable
analyses of security properties with minimal modelling of the attacker. The main
novelties of our work lie in (a) the use of the table to characterise the sharing
of information between principals and the environment, and the cryptographic
capabilities of the environment; and (b) the use of sorts of messages synthesized
by the environment to limit the state space that needs exploration.

We depart from the approach of Abadi and Gordon in three major ways.
First, we insist on considering every transmissible value as a name, thus elimi-
nating complications to the theory arising from structured values. We keep track
of the relationships amongst names (what name is a ciphertext of what plaintext)
by means of a cryptographic table. Secondly, we model secrecy and authenticity
properties as reachability properties that are largely insensitive to the ordering
of the actions and to their branching structure. Intuitively, we designate con-
figurations reached after a successful attack as erroneous. Protocol verification
then involves showing invariance of the property that such error configurations
are not reachable. Thirdly, we eliminate named communication channels and let
all communications between principals and the environment transit on a public
medium.

In this framework we show, by a “diagram chasing” method, that the verifi-
cation problem is decidable provided processes are finite and finite bounds are
assumed on the sorts of the messages synthesized by the environment. Recent
work by Huima [4] seems to suggest that this last hypothesis can be removed.

2 The Calculus

We define a process calculus enriched with a ‘cryptographic table’ to model
and analyse symmetric key cryptographic protocols. We use a, b, ... for names
and a, b, ... for vectors of names. N denotes the set of names. In the sequel,
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principals’ behaviour as well as secrecy and authenticity annotations will be
represented as processes.

Definition 1 (processes). A process (typically p,q) is defined by the following
grammar:
p:=0]err|ap|?ap]|(va)p|la=0lp,qlplq|Ala)
|let a ={b}c in p|case {b}.=ainp.

As usual, 0 is the terminated process; err is a distinguished ‘error’ process;
la.p sends a to the environment and becomes p; a.p receives a name from the
environment, binds it to a and becomes p; (va) p creates a new restricted name a
and becomes p; [a = b]p, g tests the equality of a and b and accordingly executes
p or ¢; p | q is the parallel composition of p and ¢; A(a) is a recursively defined
process; let @ = {b}. in p defines a to be the encryption of b with key ¢ in p;
finally, case {b}. = a in p defines b to be the decryption of a with key ¢ in p.
The input and restriction operators act as name binders. Moreover, a is bound
in let @ = {b}. in p and the names b are bound in case {b}. = a in p. We denote
with fn(p) the set of names free in p. We assume that for every process identifier
A(a) there is a unique recursive equation A(a) = p such that fn(p) C {a}.

Let T be a relation in ({J,~, N*) x N x N. We write a € n(T) if the name a
occurs in a tuple of the relation T. We write (b, c,a) € T as {b}. = a € T. This
notation is supposed to suggest that c is a key, b is a tuple of plaintext, and a is
the corresponding ciphertext. The relation T' induces a strict order <7 on n(T)
which we define as the least transitive relation such that: {b1,...,b,}. = a €
T = bi,...,bp,c<ra.

Definition 2 (cryptographic table). A cryptographic table T is a relation in
(Ups1 N¥) x N x N which satisfies the following properties: T is finite, <t is
acyclic,

{b}c=a€T and{b}c=ad' €T =>a=d (T is single valued),
{ble=a€T and {b'} =a €T =b=>b" and c=c (T is injective) .

We introduce a notion of sort for the names in a cryptographic table.

Definition 3 (sorts). The collection of sorts Srt is the least set that contains
the ground sort 0 and such that (s1,...,s,) € Srt if s; € Srt fori=1,...,n
with n > 2.

Every name occurring in a cryptographic table can be assigned a unique sort.

Definition 4 (sorting). Let T be a cryptographic table. We define a function
srtp 2 n(T) — Srt as follows:

srtr(a) = 0 if @ is minimal in <r
T o (517...78»”)if{b17...,bn_1}bnZGGT, STtT(bi)ISi,iZL...,n.

Intuitively, a sort describes the shape of a message represented by a name.
For example, if a has sort (0, (0,0)), it represents a message of the form {b},
where k itself is of the form {c}s . The notion of sort plays an important role in
the development of the results of section H] particularly in bounding the state
space that needs exploration.
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Definition 5 (configuration). A configuration r is a triple (v{a})(p | T)
where {a} is a set of restricted names, p is a process, and T is a cryptographic
table.

We write r = ' if » and ' are identical configurations up to a-renaming of
bound names and associativity-commutativity of parallel composition, with 0 as
its identity.

We define a reduction relation on configurations. The first five rules describe
the non-cryptographic computation performed by a process. Rules (out) and
(4n) concern communication: the sending of a name to the environment and the
reception of a name from the environment. Rules (v), (m), and (rec) describe
internal computation: generation of new names, conditional, and unfolding of
recursive definitions.

(out) (v{a}) (la.p[q|T) — (v{a}\a) (p[ ¢ | T)
(in) ({a}) (Pap|q|T) — (W{a}) ([b/alp[q|T) ifb¢{a}
) ({ah) (wa)p|q|T) — (W{a}U{a}) (p|q|T) a¢ fnlq)Un(T)

(m) (Aa}) (fa = bps,p2 | 4| T) — { o o T ira gt

(rec) (v{a}) (A(b) [ ¢ | T) — (v{a}) ([b/elp [ ¢|T) if A(c) =p

The cryptographic table plays a role in the next three rules. Note that the
table allows sharin% of information between principals and environments. The
rules (let") and (let”) compute the ciphertext a’ associated with {b}. in T' while
adding {b}. = a’ to T if it is not already there. The rule (case) tries to decode
the ciphertext a with key c. In the rule (case), a deadlock occurs (specified by
the absence of a transition) if either the vectors b and b’ do not have the same
length or an incorrect key is used for decoding.

(let') (v{a}) (let a={b}cinp|q|T) — (v{a}) (la'/alp | q| T)
if {b}o =a' €T

(let?) (v{a})(let a={b}cinp|q|T) — (v{a} U{a'})(['/alp| q| T U{{b}c = a'})
if a’ is fresh and Aa” ({b}.=d" € T).

(case) (v{a}) (case {b}. = ainp|q|T) — (v{a}) ([b'/blp|q|T)
if{b'}c=acT

Finally, the last three rules (letl), (let?), and (case.) describe the encod-
ing/synthesis and decoding/analysis performed by the environment: in the rule
(letl) the environment learns a private name by encoding, in the rule (let?) the
environment creates a new ciphertext, and in the rule (case.) the environment
learns new names by decoding.
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(Iet}) (vfa,a}) (0| TU {{b}e = a}) — (vfa}) (o | TU {{b}. = a})
if {b,c}N{a,a} =0 and a ¢ {a}

(let?) ({a}) (p|T) — (v{a}) (p| TU{{b}c = a})
if {b,c} N{a} =0,ais fresh, and Aa’ ({b}.=da" €T)

(casec) (r{a}) (p | T U{{b}e = a}) — (r{a}\{b}) (p| T U {{b}c = a})
if {a,c}n{a} =0 and {b} Nn{a} £0

We remark that (i) a very general treatment of the capabilities of the envi-
ronment is obtained from the rules (out), (in) and the last three rules and (ii)
the attacker knows all the names not explicitly restricted by a v-operator. We
write 7 —pg 1’ to make explicit the reduction rule R being applied. We note
that encoding a new tuple (plaintext,key) generates a new ciphertext. The side
conditions on the only rules that modify the table — (let?) and (let?) — ensure
that the acyclicity and injective function properties of the cryptographic table
are preserved by reduction.

Lemma 1. The set of configurations is closed under reduction.

Definition 6 (error). A configuration with error is a configuration having the
shape: (v{a}) (err | p|T).

We write r | err if r is a configuration with error (read r commits on err)
and 7 |, err if r —* " and 1’ | err. We note that configurations with errors are
closed under reduction. In the sequel we will use the process err to flag various
undesirable outcomes such as leakage of secrets or improper authentication, and
so we will be interested in deciding whether r |, err.

We briefly comment on the relationship with the m-calculus. The main differ-
ences are: (i) We let all communications go through a unique (unnamed) channel
that connects the principals to the environment. (ii) We add cryptographic prim-
itives, which affect the contents of the cryptographic table. In principle, we can
code this process calculus in a variety of w-calculus. This amounts to: (i) Deco-
rating all input-output actions with fresh global channels — thus replacing !b.p
with @b.p and likewise ?b.p with a(b).p, where a is a fresh name. (ii) Representing
the cryptographic table as a process that receives messages on a global channel,
say c. The coding and decoding operations are represented as remote procedure
calls from the principals and the environment to the cryptographic process. To
make sure that messages are not intercepted, we assume that the cryptographic
process is the unique receiver on the channel c. We refrain from going into this
development because it seems much more effective, both in the mathematical
development and in the practical applications, to expose directly the structure
of the cryptographic table.

Finally, we remark that the reduction rules can be easily turned into a la-
belled transition system whose actions (internal reduction, input, free and bound
output) are inherited from the m-calculus. We can then rely on the m-calculus
notion of bisimulation to reason about the equivalence of configurations. Thus
our approach does not preclude the expression of security properties based on
process equivalence [1].
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Some syntactic sugar. We now describe how several concepts may be encoded
in the core calculus given above. We first describe several abbreviations that
improve readability. We sometimes use multiple abbreviations if the order of
expanding them out is apparent from the context.

Sending or receiving a tuple of names can be encoded in the calculus with
monadic communication by considering tuples as ciphertexts encoded with a
distinguished globally-known key g:

I(b).p =let a = {b}y inlap 7(b).p =7a.case {b}y =ainp.

A ciphertext {b}. may appear as a component of the output tuple, or as a value
in a match, in an encoding or as a parameter. In all these cases it is intended
that {b}. stands for the name a resulting from the encoding let @ = {b}. in ...
For instance:

(v, {b}c,...)p let b= {b}. in I(b',),...).p

[a = {b}c]p, g let b = {b}c in [a = bp,q

let b={b",{b}c,...}o inp=leta={b}cinletb={b",a,...}. inp
A(a’,{b}.,...) =let a = {b}. in A(a,a,...) .

In a filtered input, we check that the input has a component that is equal to a
certain value (marked as b) or that has a certain shape, e.g. {b}., and we stop
otherwise. -

2(b',b,...).p =2(b,c,...).[c=1b]p,0
2(b’,{b}e,...)p =2(b',b,...).case {b}. =binp.

As in the filtered input, we check that the decryption of the ciphertext yields a
certain component.

case {b',b,...}c =ainp =case {b',z,...}c =ain [z = b]p,0
case {b',{c}4,...}or =d' inp=case {b',a,...}s =a’ incase {c}a=ainp.

Security property annotations. Next we describe annotations with which we
decorate protocols when analysing their secrecy and integrity properties. We
must clarify that these annotations (and the auxiliary processes arising from
them) are not part of the protocol, and find use only in verification, where we
analyse the translation (image) of an annotated protocol.

We mark the generation of a name a intended to remain secret in a protocol
configuration with the annotation (va)*¢ p. We can easily program an observer
W (a) such that if the environment ever discovers the name a, then an error
configuration is reachable:

W(a) =?a’[a = a']err,0 (secrecy observer). (1)
Secrecy annotations are then translated as follows:
(va)***p = (va) (p| W(a)) (secrecy annotation). (2)

In order to program an observer for authenticity properties we need a limited
form of private channel. Fortunately, a private key a already allows the encoding
of a private use-at-most-once channel a as follows:

ab.p ={bla.p a(b).p =7{b}la.p . (3)
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We note that this encoding does not work for arbitrary (multiple-use) chan-
nels, since the environment may replay messages, and without mechanisms like
time-stamping, it would not be possible to differentiate replayed messages from
genuine fresh messages. However, the encoding can be generalised to a bounded
use channel, if each message instance contains distinguished components that
uniquely index each distinct use of the channel.

To specify authenticity properties we mark certain send and receive actions in
the principals with authenticity annotations auth_o(-), auth_i(_) which represent,
respectively, a sender x registering a message m with a ‘judge’ process along a
private channel j (in the sense of (@) prior to sending that message to y, and
the receiver y claiming authenticity of a received message (purportedly sent by
x, which it has presumably authenticated). Note that the ‘judge’ J; ,, rules on
the authenticity of a single message allegedly sent by x to y.

auth-o((x,y,m)).p = (vn) j(o, (z,y,m),n).j'(n).p

wih-i((e,y,m) p =305 (rym), )p
Joy =j(d, (z,t m) n) [d = o](j'n.J s,y (m)), ([d = i](err, 0))
J 2y(m) =j(d, (z, t',m'), ).[d = i]([m' = m]0, err), J sy (m) .

Here we assume two distinguished names o and i, which indicate whether the
authenticity of a message is being registered or claimed. Communication with
the judge is over restricted channels 7, ' to disallow the environment from mak-
ing bogus assertions of authenticity. Our encodings will ensure the channel j
appears in the principals to which z, y are instanced, and j’ only in the principal
corresponding to x. Note that although j is used twice, the different uses are
distinguishable by the names o and i, and so replays can be recognised.

Relying on these encodings we translate authenticity annotations as follows:

1(b)™ p = auth_o(b).!(b).p  2(b)*™™".p =2(b).auth_i(b).p .

We observe that in an authenticated output, the principal receives an acknowl-

edgement from the judge process on channel j’ before actually outputting the
message. Since we assume processes do not fail, our encoding can rely on the
assumption that if a principal registers a message with a judge, it will send that
message.

3 Modelling Cryptographic Protocols

We now illustrate how a protocol specified informally can be transformed into an
annotated process in the enriched notation of §2l A verification of the protocol
is beyond the scope of this paper. We consider a symmetric key protocol due to
Yahalom. This protocol concerns principals a, b, and a trusted server ¢ running
in a possibly hostile environment that can intercept all communications. Initially,
principal a and principal b each share a symmetric secret key with c¢. At the end
of the protocol, principals a, b (and ¢) share a third symmetric secret key, a
‘session key’, which can be used by principals a and b to exchange information.
A run of the protocol is informally described by the following list of events:
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(1)a—1b: a,b, ng (4) a—b: b,{a,kab}r,,, {"s}h,,
(2) b—c: b, {a,na,nb}k, (5) a—b: a,b,{d}x,
B)ec—a: a,{b,kab,Na, M} ko, {@ kab}r, (5

Yb—a: ba,{d},

Principal a sends a clear-text message containing a nonce challenge to b. Instead

of responding directly to a, b generates a new nonce ny, its response to a’s
challenge, which, added to components of the original message, is sent encrypted
to c. Server c creates a secret key kg3, which is placed in two separately encrypted
message pieces that are sent to a: the first part, readable by a, contains a’s
original challenge, b’s retort n, and the shared secret k,,. The other part, not
readable by a but by b, contains the same shared secret and a’s identity; it is
forwarded by a in event 4 to b, together with b’s challenge encrypted with this new
shared secret. We have explicitly mentioned the intended recipients in messages
1, 3, and 4. We have also shown (two possibilities of) the first post-protocol
message 5 (5') in which datum d is sent encrypted using the new session key kp.

The secrecy property we would like to verify is that the keys kq., kpe, and kqp
remain secret. The authenticity property that we would like to verify is that the
message successfully received by b at the second part of event 5 (alternatively
by ain §") of the protocol is the same as the one sent by a (respectively, by b in
5'). An informal justification of the protocol is that following event 3, principal
a will believe it is interacting with principal b if the third element of the message
component encrypted with k.. is the same as the nonce n, that it had generated
in event 1. Following event 4, principal b will believe it has authenticated and
established a secure channel with principal a, provided the nonce n; encrypted
with the received key kg is equal to the nonce generated at event 2.

We will model a system ¢(a,b,c) consisting of processes p,, py, and p. repre-
senting principals a, b and ¢, which are assumed to follow the protocol honestly.
Verifying that a session between a and b cannot be attacked means showing that
the system g(a,b,c) can never evolve into a configuration with error.

From the message sequence chart above we can extract the sequence of events
where a principal acts as a sender or a receiver, as well as the name generation,
cryptographic and matching operations that it performs. The process p,, for the
first alternative of the first post-protocol event, is then specified as follows:

(1) (vna) (1(a, b, na).

(3 )7(2 {b,k‘,&, N} kaes Y)-
(4) ( > Yy {n}k)

(5) U(a, b, {d}x)™".0) .

The behaviours p, and p. are defined in a similar way. The process we consider
for analysis is:

q(a,b,¢) = (Vkae)*™ (vkie)* () (v5") (Pa [ o [ e | Jan | 0)

where ) is the empty cryptographic table. Keys kq. and kp. being long-term
secrets, we restrict these names at the top-level. To indicate that the authenticity
judge is observing a session involving e and b, we place a judge process J, ; in
parallel with the principals and restrict the names j, 7. What we have presented
is only illustrative: we also have to consider a similar process with event 5’ instead
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of event 5, and with the judge J; 4. In general, to consider the protocol operating
in more complicated scenarios, we can emend g by enriching the contexts in which
the principals are placed. For instance, allowing the environment to attempt
replay attacks using messages from other sessions may be achieved by starting
with a non-empty table.

4 Reachability

In the previous sections, we expressed secrecy and authenticity properties as
reachability properties. We now present some results on the problem of deter-
mining whether a configuration can reach one with error. As usual, a name
substitution o is a function on names that is the identity almost everywhere.

Definition 7 (injective renaming). Let r and v’ be configurations. We write
r = ¢ if there is an injective substitution o such that or = r'.

We study reachability modulo injective renaming.

Lemma 2. (1) The relation & is reflexive, symmetric, and transitive.
(2) Ifr =7 thenr | err iff v’ | err.

() If r=+ andr —pg ry then 3r] ' —g 1] and r = r].
We consider rewriting modulo injective renaming.

Lemma 3. Let r = (v{a}) (p | T) be a configuration. Then:

(1) The set {r' | 7 —r '} where R is not (let?) is finite modulo injective
renaming.

(2) Given a sort s, the set of configurations to which r may reduce by (let?),
while introducing a name of sort s in the cryptographic table, is finite modulo
mjective renaming.

Therefore, if we can bound the sorts in the cryptographic table then the reduction
relation defined in section B is finitely branching modulo injective renaming.

A second important result is that all reduction rules except input are strongly
confluent modulo injective renaming.

Lemma 4. Let r be a configuration and suppose r —pg, r1 and r —g, r2 where
Ry is not the input rule. Then

!/ / 0,1 / 0,1 / / /
Iry,ry (r1 HR’,l 1,72 4)1%”2 ro, and Ty = 15)
0,

where RY in not the input rule and HRl indicates reduction in 0 or 1 steps.

The rule (leti) can be postponed except in certain particular cases.
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Lemma 5. Suppose r is a configuration and
r=(a)(p|T) =z =a)(p| TU{{ble =a'}) —r 1"

where {b}. = a’ is the tuple introduced by the first reduction. Then in the
following cases the first reduction (leti) can be postponed or eliminated:

(1) If R = (in) and the name taken in input is not a’ then

~

1"
Iri,re (1 —in 11 =2 72) and v X
:

(2) If R = (let?) and v" = (va)(p | T U {{b}. = d/,{b1}e, = a}}) where
{b1}e, = a} is the tuple introduced by the second reduction and this tuple does

not depend on d', ie., a’ ¢ {by,c1}. Then the two (let?) reductions can be
permuted:

r— (va)(p | TU{{b1}e, =ai}) — 1" .
(3) If R = (let1) and we have

" = (va) (p” |let a={b}.inp | TU{{b}e =a'}) =i
" = (va | [a'/alp" | TU{{b}c =d'}) .

Then the (let?) reduction can be eliminated as follows:

r =iz (va,a’) (o' /alp" | " [ TU{{b}e = a'}) =1 7"

(4) For all cases of R other than (in), (let?) or (let1): 371,19 (r —g 11 — et

1 ~

re) and v’ = ro.

In the remaining cases the name a' affects the following rule, so that (leti)
reduction cannot be postponed. Next, we introduce a measure d(s) of a sort
s which will provide an upper bound on the number of (let?) reductions that
might be needed for the synthesis of a name.

Definition 8 (sort measure). We define a measure d on sorts as follows:

d(0)=0 d(s1,...,8n)=14+d(s1)+...+d(sn) .

Lemma 6. Suppose 11 — 2 *++ —1es2 Tnt1 —in Tnt2 Where the name received
in input in the last reduction has sort s and n > d(s). Then at least n — d(s)
(letg) reductions can be postponed modulo injective renaming, i.e.

_ ’ ’ ’
TL=T1 a2 " iet2 Td(s)+1 —7in Td(s)42 iet2 * " let? Tnt2
/ ~
and 1, o = Thyo.

PROOFHINT. The construction of a name a of sort s taken in input needs at most
d(s) (let?) reductions. All the other (let?) reductions can be moved to the right
of the input by iterated application of the lemma Bl(1-2). o

To summarise, (let?) reductions can be postponed except when they are
needed in the construction of a name to be input. In this case, the number of
needed (let?) reductions is bounded by d(s) if s is the sort of the input name.



The Game of the Name in Cryptographic Tables 25

Next, let us concentrate on the reachability problem in the case where all
principals are finite processes (in practical applications this is often the case). We
note that the secrecy and authenticity annotations compile to finite processes.

Definition 9 (configuration measure). We define the measure of a configu-
ration v = (v{a}) (p | T) as the pair (|p|,|a|) where |p| is the size of the process
and |a| is the cardinality of {a}.

Lemma 7. (1) Rules (out), (in), (v), (m), (let'), (let?), and (case) decrease
the size of the process |p|.

(2) Rules (let}) and (case.) decrease the size of the restricted names |a| while
leaving unchanged the size of the processes.

(3) Rule (let?) leaves the measure (|pl,|a|) unchanged.

(4) Ifr =2 7" and 1’ | err thenr | err.

In the following, we concentrate on the issue of deciding reachability of a con-
figuration with error assuming that for every input we can compute a finite and
complete set of sorts which is defined as follows.

Definition 10 (complete set of sorts). Given a configurationr = (va) (?a.p |
q | T) we say that a set of sorts S is complete for the input ?a.p if whenever there
s a reduction sequence starting from r leading to err and whose first reduction
1s performed by ?a.p, there is a reduction sequence leading to err where the name
taken in input has a sort in S.

The problem of determining tight bounds on a complete set of sorts is not
trivial. Consider p = (vk) (?a.{a}r |?{{c}w }rerr). It is easily checked that the
set {0} is not complete for the input ?a.!{a}x, but the set {(0,0)} is. Nevertheless,
if a finite complete set of sorts can be computed then the following strategy
decides if r can reach err.

1. Perform in an arbitrary order the reductions different from (let?) and (in).
2. Analyse the current configuration:

(a) err has been reached: stop and report that err is reachable.
(b) err has not been reached and no (in) reductions are possible: backtrack if
possible, otherwise report that err is not reachable and stop.
(¢) Otherwise:
i. Non-deterministically select an input action and compute a finite complete
set of sorts for it, say {s1,...,sn}.
ii. Non-deterministically perform a sequence of (let?) reductions of length at
most maz{d(s1),...,d(sn)}
iii. Non-deterministically select an input for the input action. Goto step 1.

Theorem 1. Starting from a configuration r the strategy above terminates and
it will report an error iff v |« err.
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PROOFHINT. To show termination, note that every loop from step 1 to step
2(c) (i) decreases the well-founded measure of definition [

(=) The strategy examines a subset of the reachable configurations and there-
fore it is obviously sound.

(<) Let r be the initial configuration. The rewriting in step 1 terminates in
a configuration 7’ by lemma [7l By iterated application of lemma [ and lemma
Bl if r |, err then 7’ |, err. In step 2(b), if we have not reached err then we
can safely claim by lemma [[{4) that err is not reachable. In step 2(c)(ii), we
know, by lemma [6] that if there is a sequence that leads to error then there is a
sequence that leads to error whose initial sequence of (let?) is bounded by the
sorts’ measure. By lemma B(2), there is a finite number of sequences of (let?)
reductions of a given length (modulo injective renaming). Thus there are a finite
number of cases to consider. In step 2(c)(ii), we apply again lemma Bl1) to
conclude that there are a finite number of cases to consider modulo injective
renaming. <

Future work.  We need to explore whether there are techniques to datermine
bounds on the sorts of input names. Even assuming bounds on sorts of inputs,
we need to study the practical feasibility of our technique and its complexity.
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Abstract. We deal with the mazimum cut problem on cubic graphs
and we present a simple O(logn) time parallel algorithm, running on a
CRCW PRAM with O(n) processors. The approximation ratio of our
algorithm is 1.3 and improves the best known parallel approximation
ratio, i.e. 2, in the special case of cubic graphs.

Keywords: Cubic graphs, Max Cut, NP-completeness, PRAM Model.

1 Introduction and Notation

In this paper we deal with the mazimum cut problem, that can be formally stated
as follows:

INSTANCE: An undirected n-vertex graph G(V, E).

SOLUTION: A partition of V into two disjoint sets V. (right side class) and V}
(left side class).

MEASURE: The number of edges with one endpoint in V; and one endpoint in
V,, i.e. the cardinality of Es = {(u,v) such that either v € V; and v € V, or
u €V, and v € Vi}.

The problem of finding a maximum cut of a given graph is, in general, NP-
complete [0, [7] and has been deeply studied (see, for example, [3| (4, [5] [11], [12]
14} [16} [17]).

In this paper we point out our attention on the special class of cubic graphs
[11 9]. Even restricted to this class, the maximum cut problem does not become
easier, since it has been proved to be NP-complete if the graph is triangle-free and
is at most cubic [1§] and to be APX-complete, even if the degree of G is bounded
by a constant [15]. Here we present new theoretical results characterizing the
cardinality of the cut in cubic graphs with respect to the degree of vertices in
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the graph (V, E;). These results make it possible to design a simple O(logn)
time parallel algorithm, running on a CRCW PRAM with O(n) processors.

The best known approximation ratio for the maximum cut problem in parallel
is 2 and follows from [I3]. Our results improve it in the special case of cubic
graphs, since our algorithm achieves an approximation ratio 1.3. So, this parallel
algorithm approaches the best known sequential approximation ratio, that is
1.138 proved in [§]. It is worthwhile to note that the sequential algorithm for
Max Cut presented in [8] is based on the use of the primal-dual technique and
its parallelization seems not to be easy.

The remainder of this paper is organized as follows. Section [2 considers the
problem from a theoretical point of view, while Section B] addresses the design
of the parallel approximation algorithm. Conclusions and open problems are
presented in Section @l

In the sequel, we denote with B the bipartite graph B(V, UV,., E) and with
E; the set E — E, i.e. Eq = {(u,v) s.t. either u,v € V; or u,v € V;.}. From now
on we call edges in E; and E; solid and dotted edges, respectively.

We partition the vertices of V; (V) according to their solid degree, that is
their degree in B. In particular, V; = LoUL,ULsUL3 and V, = RyUR;URsURg3,
where L; and R; are the sets of vertices of solid degree : = 0,1,2,3 in V; and V.,
respectively. We also denote with I; (r;) the cardinality of L; (R;).

2 Some Theoretical Results

The aim of this section is to give sufficient conditions on V; and V,. in order to
guarantee the approximation ratio obtained in this work.

In the following we state some results referring to V;, but — for symmetry
properties — it will be always possible to exchange the roles of V; and V..

First of all, observe that it is always possible to modify the partition so that
no vertex has solid degree 0; indeed, if such a vertex exists, it is enough to
move it from its class to the other one. Therefore, it is not restrictive to suppose
lo =79 = 0.

Moreover, under the condition l; = lo = 0, we can trivially deduce the
following equations which will be useful for the rest of the section:

1. 3l3 = 3r3 + 2r9 + 71, derived by counting the number of solid edges as sum
of solid degrees of vertices in V; and V..
2. n =13+ r; + ry + r3, derived by counting the total number of vertices.

Lemma 1. If Vi contains only vertices of solid degree 3, i.e. Vi = Ls, then
B <<

Proof. The condition is easily deduced from Equations 1 and 2. In particular, in
order to obtain the lower bound we isolate r; from Equation 2 and we substitute
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it in Equation 1. For what concerns the upper bound, we isolate r3 from Equation
2 and we substitute it in Equation 1.

It is to notice that lower and upper bounds on /3 hold when ro = r3 = 0 and
r1 = ro = 0, respectively.

Lemma 2. If Vi contains only vertices of solid degree 3, i.e. Vi = Ls, then
T1 Z 2n — 5[3.
Proof. From Equation 1 and Equation 2 it follows that ro + 73 = ?W%“ and

that 11 =n — I3 — (r2 + r3), respectively.

By substituting the first equality in the second one, simple calculations lead
tory = %n — 3l3 — T2—2 In this latter equality we substitute ro < n — I3 — rq,
obtained by Equation 2 and by the fact that r3 > 0.

The inequality in the statement follows immediately.

Let ¢ be the maximum number of pairwise vertex-disjoint odd length cycles
in G and let ¢, be the number of odd length cycles in the subgraph of G induced
by V.. Note that, due to the structure of the partition of vertices, all cycles in V.
are vertex-disjoint. Trivially, ¢ > ¢,. Moreover, let us remind that the odd girth
g of a graph G is defined as the length a shortest odd cycle (if any) in G.

Lemma 3. For any partition (V;,V,.) of the vertices of G it holds: 0 < ¢, < %.
Proof. Tt is easy to see that only vertices of R; can be involved in cycles in
the subgraph induced by V,.. Moreover, this subgraph is a collection of isolated
vertices, simple paths and cycles. The upper bound for ¢, holds when all the
connected components of the subgraph induced by V, are odd length cycles,
each having length g.

3 A Parallel Algorithm for Finding a “Large” Cut

In this section we present a parallel algorithm for finding a “large” cut of a cubic
graph.

The idea behind our algorithm is to find any bipartition of the vertices and
to increase the number of edges in the cut by appropriately moving vertices from
one side of the bipartition to the other. In particular, we move to the opposite
side both vertices of solid degree 0 and vertices of solid degree 1; indeed, as
shown in Figure [[] each time we transfer a 0-degree vertex it becomes a 3-degree
vertex and the number of solid edges increases by 3 and each time we transfer
a l-degree vertex it becomes a 2-degree vertex and the number of solid edges
increases by 1.

Before detailing the algorithm for approximating the maximum cut, we pre-
sent some preliminary procedures for coloring vertices that will be used in the
following.
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Fig. 1. (a) Vertex v is moved from Ry to Vj; (b) Vertex v is moved from R; to
V.

Lemma 4. Let G(V, E) be a not necessarily connected graph of mazimum degree
2. Then O(logn) parallel steps, using O(n) processors on a EREW PRAM model,
are sufficient to find a 3-coloring of G, where the number of vertices having color
3 is as small as possible (possibly 0).

Proof. Observe that G(V, E) is a collection of isolated vertices, paths and cycles.
It is not difficult to recognize all the connected components and to decide
whether they are vertices, paths or cycles by using the pointer jumping technique
[10).
Then we work on each connected component as follows:

— If the connected component is an isolated vertex, we give it color 1.

— If the connected component is a path, we find a 2-coloring using the pointer
jumping technique. Namely, we start from any vertex v, we assign to v color
1 and to its neighbors color 2; in the general step ¢ of the pointer jumping
loop, we assign the color of vertex j to not yet colored vertices at distance
2% from j. First observe that after [logn] — 1 iterations each vertex has a
color, as guaranteed by the pointer jumping technique. The found coloring
is trivially a 2-coloring and it is valid. Indeed, vertex v assigns its color (that
is, 1) to all vertices with even distance from it, while v’s adjacent vertices
assign their color (that is, 2) to all vertices with even distance from them,
and so with odd distance from v. It follows that adjacent vertices cannot
have the same color.
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— If the connected component is a cycle, we find a 3-coloring such that color 3
is assigned to at most one vertex. We choose at random an edge (u, w) of the
cycle and we remove it; what remains is obviously a path and the previous
procedure can be run. If in the output v and w have the same color, then we
set c(w) = 3. The proof of correctness is very similar to the previous one.

For what concerns the parallel complexity, the pointer jumping technique
guarantees a O(logn) time using O(n) processors on a EREW PRAM model.

We want to underline that although there exist more efficient algorithms to
find a 3-coloring of a cycle [2], the previous algorithm guarantees that at most
one vertex receives color 3.

Before stating the next lemma, we need to introduce the concept of inde-
pendent dominating set of a graph. An independent dominating set of a graph
G(V, E) is a subset V' C V such that for any vertex u € V — V' there is a vertex
v € V' for which (u,v) € E, and such that no two vertices in V' are joined by
an edge in F.

Lemma 5. Let G(V, E) be a graph of maximum degree 3. Then O(logn) parallel
steps, using O(n) processors on a CRCW PRAM model, are sufficient to find an
independent dominating set S for G.

Proof. Assume w.l.o.g. that G is connected (otherwise we apply the same argu-
ment for each connected component of G).

We build an independent dominating set S as follows. First, we find a rooted
spanning tree T of G and assign to each vertex its level in 7T'. Then, we consider
the subgraph induced by the vertices at odd level; as it has maximum degree 2,
we can 3-color it according to the algorithm in the proof of Lemma @l We put in
S all vertices colored 1 and we delete from G both them and their neighbors. The
remaining vertices are a subset of vertices at even level in T" and have maximum
degree 2. We 3-color the graph induced by these vertices and we add to S all
vertices colored 1.

We now prove the correctness of the algorithm.

S is an independent set. First, a 3-coloring of the subgraph induced by all the
vertices at odd level is found and color 1 is an independent set S’ for it. Then,
the subgraph induced by all the vertices at even level that are not adjacent to
any vertex in S’ is considered. By 3-coloring its vertices and considering color
1, we construct an independent set S” for this subgraph. S = S’ U S” is an
independent set because, by construction, no vertex in S” is adjacent to any
vertex in S’.

S is a dominating set. The coloring algorithms ensure that each vertex colored
2 is adjacent to at least one vertex colored 1, and that each vertex colored 3 is
adjacent to exactly one vertex colored 1 and one vertex colored 2. Moreover,
each vertex at even level deleted after the first coloring is adjacent to at least
a vertex colored 1. This guarantees that each vertex in V — S is adjacent to at
least one vertex colored 1.
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For what concerns the complexity and the PRAM model, let us consider
each step separately. Finding a spanning tree requires O(logn) time using O(n)
processors on a CRCW PRAM [10]. Rooting the tree and leveling its vertices
can be done through the Euler Tour technique [10] in O(logn) time using O(n)
processors on a EREW PRAM. Finding connected components and coloring
them requires O(logn) time with O(n) processors on a EREW PRAM in view
of Lemmal[4. All the other tests and operations are performed in constant time.

Now we are ready to describe the parallel algorithm for finding a “large” cut.

As already stated, we start by any bipartition of the vertices. The first step
consists in eliminating vertices of solid degree 0, if they exist. Furthermore, in
order to satisfy the hypotheses of Lemma [[land Lemma B, we move some vertices
from V; to V;. in order to obtain V; = Lz. Observe that |E;| may decrease during
this step, but we need it for obtaining a stronger structure of the bipartite graph
B.

At this point we eliminate 1-degree vertices from V,.; unfortunately, we are
not able to ensure the extinction of 1-degree vertices from the whole graph,
because they can be generated in Vj, although they completely disappear from
V. We can however guarantee that the performance ratio of our algorithm is
1.3.

In the following we give the headlines of our algorithm and then we detail it
step by step.

ALGORITHM Parallel-Approx-Max-Cut (G);
Input: a cubic graph G(V, E) with V ={0,1,...,n— 1}
Output: A bipartition (V;,V;) of the vertices of G such that the Max Cut is
approximated by a ratio of 1.3
Step 1:
Vi « {v € V such that v is even}
V, «— {v € V such that v is odd}
Eliminate-0-Degree(V,,V;.)
Step 2:
Make-Left-Side-Of-Degree-3(V}, V)
Eliminate-0-Degree(V;,V;)
Step 3:
Eliminate-1-Degree-From-Right-Side(V;,V;.)
Eliminate-0-Degree(V,,V;.)
RETURN(V,,V,)

Recall that moving a node of solid degree 0 or 1 to the opposite side improves
the number of solid edges since all its incident dotted edges become solid and
vice versa. As our algorithm works in parallel, we must pay attention in avoiding
that adjacent vertices are moved in the same parallel step, because this fact could
make useless the local improvement. Hence, our algorithm makes strong use of
coloring procedures to check this independence property. In the following, we
detail its main steps.
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— Eliminate-0-Degree(V,V}.)
The aim of this procedure is to eliminate 0-degree vertices from G by moving
some of them to the opposite side. Observe that transferring an independent
dominating set of Ly U Ry makes Ly = Ry = () and the solid degree of
each moved vertex becomes 3. Thus Lemma [l can be applied to find an
independent dominating set whose vertices can be moved to the opposite
side in a single parallel step. The procedure returns the updated sets V; and
V.
This procedure can be run on a CRCW PRAM model in O(logn) time using
O(n) processors.

— Make-Left-Side-Of-Degree-3(V;,V;)
In order to eliminate all vertices of solid degree 1 or 2 in the left side, let
us consider the subgraph induced by L; U Ly (by the previous algorithm
step we can assume Lo = ). If we consider a 3-coloring of such graph and
move to V,. vertices of any two colors, we guarantee remaining vertices have
degree 3. Since we are interested in making I3 as large as possible (remind
|Es| = 3l3), among all sets of vertices of any couple of colors we choose to
move the less numerous one. A convenient 3 coloring can be found by means
of the algorithm described in the proof of Lemma [l
This procedure can be run on a EREW PRAM model in O(log n) time using
O(n) processors.

— Eliminate-1-Degree-From-Right-Side(V,V;)
Let us consider the subgraph induced by R;. After 3 coloring its vertices, we
move those with color 1 to V; in order to eliminate 1-degree vertices from
the right side. Unlike the previous procedure, here we move only one color
because we want to minimize the possible new vertices of degree 1 created in
Vi (note that trying to move both a vertex colored 3 and its adjacent vertex
colored 1 should imply that both of them are added to L;1). Unfortunately,
not moving vertices colored 3 does not guarantee to have L; empty at the
end of the procedure: indeed, a vertex in L3 can become of degree 1 each
time it is adjacent to two vertices in V. colored 1.
The running time of this procedure is the same as the previous one.

Lemma 6. The execution of the procedure Eliminate-1-Degree-From-Right-Side
(Vi, V..) increases the cardinality of Es by k, if k vertices are moved from Ry to
V.

Proof. The assertion follows from the fact that moved vertices are independent
since all of them have color 1 and from the observation of Figure[(b).
Lemma 7. During the execution of the procedure Eliminate-1-Degree-From--

Right-Side(Vy, V;.) at least - — 5 wvertices are moved from V,. to V.

Proof. Let us denote by p, and p. the number of vertices in R; involved in odd-
and even-length paths in the subgraph induced by V.., where the length of a
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path is defined to be the number of its edges. Analogously, ¢, and ¢, denote the
number of vertices in R; involved in odd- and even-length cycles in the same
subgraph.

As the procedure Eliminate-1-Degree-From-Right-Side(V;, V) is concerned,
we move from the right side to the left one the following number of vertices:

— for each path of even length [, % vertices; therefore, totally at least £ Indeed,
let 11,12, ..., be the lengths of even-lengths paths in the subgraph induced
by V... Then, Iy — 1,15 —1,...,l; — 1 are the numbers of vertices of degree 1
in such paths. Therefore, Zle l; = pe + k. The number of moved vertices is
R LEE T

— for each odd-length path of length [, l_Tl vertices; therefore — with reasonings
similar to the previous ones — totally exactly %";

— for each even-length cycle, exactly half of its vertices; therefore, totally ex-

actly 5;
— for each cycle of odd length I, l_Tl vertices; therefore, totally exactly
Sy “2_1, where [; is the length of the i-th odd-length cycle. This sum

Cr

is equal to % — 5.

Hence, by summing up all these contributions, the number of vertices moved

o 1 pe po .€ (e} .’V' —_— .’V'
from right to left is at least &5 + B2 + 5 + $ — F =5 — 5.

The algorithm outputs a partition of the vertices of the graph into two sets
Vi and V,. and the solution is the set Ej, i.e. the set of edges connecting V; with
V.. The next theorem guarantees the approximation ratio 1.3 for our algorithm.

Theorem 8. The performance ratio of Parallel-Approx-Max-Cut(G) is 1.3.

Proof. Observe that the size of the optimal maximum cut cannot exceed the
difference between the number of edges and the maximum number of vertex
disjoint odd-length cycles, i.e. %n —c< %n — Cp.
From the idea behind the algorithm and Lemma [7] it follows that the size of
our approximate solution is at least 3l3 + 3 — 5.
Consequently, the approximation ratio of our algorithm is

R< %n —cr
- 3l + % - %

that is a function of ¢,, bounded by its maximum over the definition interval
of ¢,.

This function always decreases since its derivative

*3[3 - 2—1 + %n
Bls+ 5 — 5)?
is always negative in view of Lemma [l and Lemma

1 3 1 3 nn
3l 2 4+ n < —3l3— =(2n—5l3) + n< ——o <0
3= 5 +qns 3 2(n 3)+4n_ 51
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Considering the definition interval for ¢, given in Lemma[] it is easy to prove
that the maximum of our function holds for ¢, = 0. Furthermore, from Lemma
and Lemma [I] we have the following chain of inequalities:

3 3 3
R< 2" 2" < 2"
T334+ % T 3lg+1i(@2n—5l) " nt+% 3

4 Conclusions

We presented a parallel approximation algorithm for Max Cut on cubic graphs
that achieves a performance ratio equal to 1.3, substantially improving the best
known parallel approximation ratio, i.e. 2, in the special case of cubic graphs.

Starting from any bipartition of the vertices, the general strategy of our
algorithm consists of increasing the number of edges in the cut by appropriately
moving vertices from one side of the bipartition to the other.

The algorithm manages with simple coloring procedures and can be efficiently
implemented in O(log n) parallel time on a CRCW PRAM with O(n) processors.

We consider to be interesting to test the experimental behavior of this algo-
rithm and to compare the quality of its solutions with the quality of the solutions
found by the best known sequential algorithm on cubic graphs. Moreover, a gen-
eralization of the approach to d-regular graphs should also represent a valuable
contribution.
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Abstract. In this paper, a new framework for rapid system design and
implementation for fuzzy systems is proposed. The given system specifi-
cation is separated into two components: a conceptual specification and a
parameter specification. The conceptual specification defines the system
core, which is rarely changed during the system adjustment and may be
implemented in hardware at an early stage of the design process. The
parameter specification defines parameters that are often changed and
are implemented in software for easy adjustment. Such a partitioning ap-
proach integrates both hardware and software capability. The presented
methodology gives a rapid prototyping and efficient system tuning pro-
cess which, therefore, can reduce the development cycle time and increase
flexibility when designing fuzzy systems.

1 Introduction

In the design of application specific systems, the iterative process of detailing
specifications, designing a possible solution, and testing and verifying the so-
lution is repeatedly performed until the solution meets user requirements [3].
However, such a repeated cycle prolongs the system development time. The sys-
tem life cycle is likely to be short due to rapid pace of improvements in current
technology. The need for early prototyping, therefore, becomes critical to im-
plement a system specification and provide customers with feedback during the
design process.

Recently, fuzzy systems have been popularly used in many industrial prod-
ucts [I7)@]. Since such systems are designed to mimic human knowledge, the
performance of the systems is as good as knowledge given by experts. There-
fore, a large number of real-time experiments are required in order to verify the
system performance.

Considerable work has been done on developing hardware implementations
for general purposed fuzzy control systems. In [I1,[4], special hardware chips
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have been invented to speedup the fuzzy inference engine. Other work has
concentrated on design and implementation of fuzzy architectures and proces-
sors [15,[16L[2]. Software fuzzy systems are flexible but fail to provide high-speed
result [12]. Although general-purposed fuzzy hardware can yield high-speed out-
put, they may be able to neither meet stringent real-time requirement of specific
applications nor specific needs of the applications. Kan and Shragowitz pre-
sented presented a generic development tool for fuzzy systems [7]. Their tools
provide flexibility in defining membership functions, rules, and fuzzy logic oper-
ations. Nevertheless, they do not focus on constructing hardware modules from
the derived system. In [I0], a computer-aided design tool for implementation of
fuzzy controllers on FPGAs was proposed. However, they do not provide flexi-
bility during a prototyping phase,.e.g., membership functions are implemented
as a boolean circuit. Unlike the others, our research provides rapid prototyping
framework for application specific fuzzy systems as well as efficient implementa-
tion.

User Requirement
Analysis
Behavioral modeling
Optimization and Partitioning
RuleSpecificationj [Sdect Membership ] N
Functions

Parameter
Specificatiol

Conceptua ¢
specification |mp(|jemmtation
ani

Select Fuzzy Inference
Operation

Select Defuzzification
Method

Fig. 1. Fuzzy system design flow

Optimization

Since one of the goals of using fuzzy logic is to reduce computational com-
plexity of designing systems, e.g., fuzzy control systems, fuzzy logic rule bases
consist of human knowledge expressed in rule format. Figure [[l shows the pro-
posed design approach mapped to the existing fuzzy system design flow. Based
on our methodology, the system specification is characterized into two subcom-
ponents. The conceptual specification consists of the rule base portion since it
defines system functionality and is seldom changed or required only a few mod-
ification. In some classical fuzzy systems which have practical applications such
as a temperature controller, and inverted pendulum, the rules can commonly
be found [I4]. For detailed fuzzy system tuning, varying parameters are consid-
ered such as the range of system operation, the shape of membership functions,
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type of fuzzy logic operations, defuzzification methods, etc. We collectively in-
clude these portions in the parameter specification. Such a specification can be
implemented in software for flexible tuning.

In general, the proposed approach has the following benefits:

1. rapid specification: the conceptual specification gives designers the ability to
specify the overall concept of the system which is independent of parameter
setting details.

2. flexible tuning: the parameter specification and new system model allow de-
signers to easily adjust the parameters and consider several possible solutions
in order to meet user requirements.

3. hardware/software capability: the integration of hardware prototype and flex-
ible parameterized software naturally takes advantages of the ideas of hard-
ware/software co-design.

4. shorter development process: partitioning the system specification into two
components allows the possibility of developing hardware and software in
parallel and early prototyping.

Our method will be discussed in the remainder of this paper. Section
presents our system models. The synthesis methodology based on the models
are discussed in Section[3 Section Hl presents an example of prototyping a fuzzy
control system. Finally, Section Bl draws conclusion from this work.

2 Terminologies

A rule-based system consists of a collection of conditional statements such as
IF-THEN rules. The variables in the if-part are called input variables while the
variables in the then-part are called output variables. A particular value of an
input/output variable is called an input/output instance. In a fuzzy system, the
value of these variables specified in the rules can be linguistic variables.

In the following, we present the Conceptual State Graph presents state-
oriented behaviors of the rules. The model is close to actual implementation
of a rule base.

Definition 1. A Conceptual State Graph (CSG) G = (S,1,0,E,w) is a con-
nected directed edge-weighted graph where S is a set of nodes s; € S;1 < i < p,
representing states of the graph, | is the set of inputs, O is the set of outputs in-
cluding ¢, E C Sx S is a set of edges, denoted by s; — 8j 0T €s;5;, 51 €5,85 €S,
and w is a function from E to | x O, representing the set of edge weights, denoted
by x/y, where x € 1 and y € O.

For the edge weight =/y of an edge e, , or u S v, if y = ¢, then no output
is given for the edge from u to v with the input z.

As an example, Figure shows a simple example of a rule base. In this
rule base, variables z, y and z are input/output variables. The values of z,y and
z can be L, M, H which stand for low, medium and high linguistic variables.
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The rule base may represent a temperature control system whose input is the
temperature obtained from an external sensor and whose output is an adjusting
level for a fan speed. Input linguistic variables low, medium, and high are used
to justify which rules to activate. A temperature value may be justified as a low
or medium value as its meaning is fuzzy. Hence, two rules may be fired for each
input.

Based on the rules in Figure @ consider the CSG in Figure . I
contains all combinations of values for x and y according to the rules, that
is | = {(z,L),(x, M), (z,H), (y,H)}. Similarly, O = {(z,L),(z,H),¢}, S =
{50,581, 52,53} and E = {€sy,5,, €s0,525 Es0,55 €s1,55 } EAges to states s and s3 have
output labels (y, L) and (y, H) respectively. The output label for the interme-
diate edge (so, s1) is ¢. The edge weights are: w(so,s1) = (x, M)/d,w(s0, s2) =
(z,L)/(z,L),w(s0,83) = (z, H)/ (2, H),w(s1,83) = (y, H)/ (2, H).

(x, H)/(z,H)

Irx=1L THEN z =L

IFx =M and y=H THEN z = H

Irx=H THEN z = H
(b) Rules

Fig. 2. System models

Using this model, one can easily implement a system with multiple input
variables. This can be advantageous since many current fuzzy processors allow
only limited number of input variables. The CSG model can be transformed
to an incompletely specified FSM and therefore, transformed to a completely
specified FSM to which traditional FSM synthesis can be applied [8]. The CSG
is similar to the incompletely specified FSM, based on an assumption that no
unspecified next state is encountered. All unspecified outputs, ¢, convey “don’t
care” outputs and the set of final states are the set of states where outputs are
given.

Note that one may view the CSG model similar to fuzzy automata where
the state variable is fuzzy [G]. Given a certain input, two states may be fired
simultaneously. Nevertheless, in this paper, we regard the CSG implementation
as a traditional finite state machine rather than fuzzy finite state machine. De-
veloping a hardware for fuzzy finite state machine is more complex and, more
importantly, requires to embed membership functions representing fuzzy states.
Therefore, membership functions are not explicitly separated from the CSG, i.e.,
the conceptual part. However, according to our approach, we intend to clearly
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distinguish conceptual and parameter portions and establish the flexibility in
tuning membership functions in the parameter part. Thus, we apply a traditional
FSM synthesis to the CSG model for rapid rule base hardware development.

3 Conceptual Specification Synthesis Algorithms

In order to construct a hardware for a conceptual specificatiton, we first construct
a CSG for a rule base as in the following steps.

step 1 Convert the rule specification into a single-output rule format. A rule
of the form R : Ir ... THEN Bj,...,B; has multiple output variables
(B;...Bp). This form can be broken down into a group of rules, each of
which has a single output variable, e.g., R1: IF ... THEN By, ..., Ry: IF ...
THEN By

step 2 Convert the rule into a conjunctive form, e.g., IF X; and X5 and ...
and X, THEN Y. The disjunctive clauses A and B in the form: Ir A or B
THEN C' is broken down into two disjunctive rules: Ry : IFr A THEN C, and
Ry Ir B THEN C. Further details of this conversion can be found in [5].

step 3 Construct a CSG using the following procedure.

Algorithm 1 Construct_-CSG

Input: Rule base R = {r;}, a current starting state s.
Output: an update the current state graph A

1 begin
2 I_max = Find-maxLabel(R) /* find the input var. with max occurrences */
3 if I # (NULL)
4 then begin
5 /* partition vertices into two groups P and Q */
6 /* P = vertices with input edge label I_Lmax */
7 Let P C R be a set of rules which contain I_max
8 Q=R-P;
9 foreach p € P do
10 begin
11 if I_max is the only input for p
12 then output = output(p), sn = Soutlabel /* output of p */
13 else output = ¢, s,, = sy, nonoutput_state = true fi
14 if s,  AS
15 then AS=ASU{s,} fi
16 if es.s,, € AE
17 then AE=AEU {es. s, }
18 A.w = A.wU {l.max/output} i /* add weight to edge es s, */
19 endfor od
20 Ignore that input with label I_max
21 if |[P| >0
22 then if nonoutput_state
23 then s;eyt = sk, k = k + 1, call Construct_.CSG with P, spoy¢ fi fi
2 i£1Q >0
25 then call Construct_-CSG with Q, s. fi
26 endif fi
27 end

Without loss of generality, assume that all system inputs are available at the
same time and each clause in the if-part of each rule is conjunctive. For each
n-input rule, a collection of state nodes that form an n-edge path, with input
labels according to the rule can be constructed.
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In Algorithm[, the initial state is represented by sg. All the rules are in set R.
The initial call is Construct_-CSG(R, so). The algorithm first counts the number
of occurrences from each edge label. The maximum occurrence (edge label I_max)
is selected. Note that I_max is a tuple (X, L) where X is an input variable and
L is a linguistic variable with respect to the universe of X. The rules are then
partitioned into two groups: P, containing rules that have an input I_max and
@, containing rules without I.max. The algorithm next examines every rule in
P to determine if it has more than one input.

If during the first iteration, a node with more than one input is found, a
unique edge from the current state s, to s, is constructed. Note that for sim-
plicity in defining a unique state index, two kinds of state indices are introduced.
All states are indexed by an integer value except the output states where sym-
bolic names are used. The state s, in this case is the next non-output state k.
In cases where p has only one input edge, s, is initialized to an output state
where output(p) is its output. This state is added to the CSG if it does not
already exist, and an edge is constructed between s. and s, if necessary. Once
all rules in group P have been considered, the input with I_max are ignored
from the set. The nonoutput_state flag then determines if there was a rule with
more than one input. If so, a new state speyt = sx was constructed during the
algorithm. In this case, k is incremented and the algorithm is repeated for P
with a new initial state, speyt. The algorithm is also repeated for @) using the
old initial state. These two recursions stop after all inputs of a given set of rules
are considered.

After a CSG is established, a finite state machine (FSM) can simply derived.
Before deriving a finite state machine, an FSM optimization may be applied.
Then, the inference process can begin using the hardware rule base.

According to the fuzzy inference process, a special calculation is required to
determine the output strength of each rule given the associated input strengths.
We assume min operation is used for computing fuzzy rule strength. Let px,, (2;)
denote a membership function corresponding to the linguistic variable X;; and
the current input instance z; for rule i. Let uy;(y) be a membership function
corresponding to the linguistic variable Y and output instance y for rule i. Sup-
pose a rule requires m inputs. Given input instance xi,... ,x,, for each rule
i, Equation [l determines a modified output function ujy. (y) that is used in the
defuzzification process

vy f v (y) iy (y) <o
1y, (y) = {n otherwise W

where the rule strength r;, calculated by Equation B, is the limit of the output
strength Y.

Ty = min?:l:U‘Xij (xj) (2)

If more than one rules give the same linguistic variable output Y; and therefore
generates a new function uy. (y), each pjy. (y) is combined by using the max
operation.
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iy, (y) = maxyy,=v; (1y, (v)) (3)

Based on the above equations and the given CSG, the following algorithm
presents the overall inference process.

Algorithm 2 InferenceCSGQ Input: input instances I = {t1,ta,... ,tn}

Output: output value o
1 begin
2 foreach O, where p is the output linguistic variables do O, = 0 od
3 foreach t; € I do
4 foreach | € L; do // for every linguistic variable of input ¢;
5 compute 1 (t;) od od
7 foreach tuple (pi(eq,17)(t1), H(ag,i0)(t2)s -+ s B(an in) (tn)); V1 €L1,l2 € L2, ... ,1n € L, do
8 r=min(pey,1y) (81), Bag i) (B2), -+ (o, 1n) (En))
9 g = compute CSG using fi(zy,11)(1)s (ag,10) (E2)s -+ s B(ap in) (En)

10 if ¢ is not don’t care variable ¢ then Oy = maxz(Oq,r) fi

11 odendfor

12 o = defuzzify ( {Op : Op is the output linguistic variables} )

13 end

Let {p} be a set of output linguistic variables. O, refers to a register which

holds a current cut value for output linguistic variable p. Initially, they are set
to zero. Let L; be a set of linguistic variables for input x; and ¢; be an input
instance for input x;. In Algorithm [l Lines BHA fuzzify all inputs. After that
all fuzzified inputs are fed to the CSG which will direct corresponding output
values (Line [@). Meanwhile, the minimum value between these fuzzified values is
calculated and will be accumulated if the output is fired in Line

4 Design Case Study

We now consider designing a temperature control system for the oven found
in [13]. The control system has two temperature input variables x1 and zo and
outputs a new temperature u to which the oven temperature should be adjusted.
Figure [3 shows the set of rules which are parts of conceptual specification.

1. Ir 1 = low (x1, L) and z2 = low (x2, L) THEN u = high (u, H)

2. Ir z1 = low (z1, L) and x2 = medium (x2, M) THEN u = medium (u, M)
3.IF z1 = low (z1, L) and z2 = high (z2, H) THEN v = low (u, L)

4. IF 1 = medium (z1, M) and z2 = low (z2,L) THEN u = high (u, H)

5. IF 1 = medium (z1, M) and z2 = high (x2, H) THEN u = low (u, L)

6. Ir z1 = high (x1, H) and z2 = low (z2, L) THEN u = high (u, H)

7. Ir &1 = high (x1, H) and x2 = medium (x2, M) THEN u = medium (u, M)
8. IF z1 = high (z1, H) and z2 = high (z2, H) THEN u = low (u, L)

Fig. 3. Rule set in oven example

In Figure B the tuple next to each clause is a shorthand notation of the
clause’s linguistic variable. Figure [ shows the CSG obtained from Algorithm [I]
for the above rules. S is {80,81,82,83,S(U’Nj),S(qu),S(uwH)}. The transitions to
states s(u,ar); S(u, 1), and Sy, fry output temperature values medium, low, and high
respectively.
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(x2,M)/(u,M)

(x2,M)/(u,M)

Fig. 4. Behavioral network and CSG

clrb >

clk >

x(2:0)>

Fig. 5. Combinational circuits implementing Figure

Since the rule base is well-established, Figure[H shows an ASIC implementa-
tion of the CSG in Figure[ In general, one may use rapid prototyping technology
such as an FPGA (Field Programmable Gate Arrays) to implement a set of rules.
In Figure B linguistic variables (z1, L), (x1, M), (z1, H), (22, L), (x2, M), (22, H)
are represented by 000,001,010,011,100 and 101 while output wvariables
(u, H), (u, M), (u, L), ¢ are encoded as 00,01,10 and 11 respectively. The ini-
tial state so is encoded as 0. States si,s2, and s3 are encoded as 1,2, and 3
respectively. After optimization, states s(,, m), S(u,n) and s(,, ) can be merged
with the initial state to save one control step and be ready to accept the next
input. Thus, we only use 2 bits to encode existing states in this design. Any
sequence of inputs that does not fire any rule will lead to the initial state. Fig-
ure [@ partially demonstrates the behavior of the implementation. For example,
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Fig. 6. Simulation results of circuits in Figure

in the case of (x1, L) and (x2, M), the circuit receives 0 and 4 respectively and
produces 1 ((u, M)) as output. If 2 and 3 are fed to the circuit, it will produce
output 0 which is equivalent to rule 6 ( IF (z1, H) and (z2, L) THEN (u, H)).

In this design, the parameter specification includes membership functions
and defuzzification approaches. Since all input and output variables are temper-
atures, the same membership functions for all variables are used. The tempera-
ture domain is restricted to between 0 and 500 degrees centigrade. Figure 7(a)
presents sample codes for these membership functions in C language.

For defuzzification method, we have a choice of using centroid method(z* =

%) or weighted average method (z* = XZ:HT((EE))E) [13]. The codes of these

methods are shown in Figure 7(b).

Figure Rl shows the integration of the conceptual and parameter components
and their data paths for computing outputs. We use Mentor graphics tool [I] to
synthesize this circuit. The grey-dashed components, fuzzification and defuzzi-
fication, are parameterized components where the others are fixed components.
For easy implementation, the membership values are scaled from real values rang-
ing in [0, 1] to integer values between [0, 256]. The parameterized part presented
in Figure[ are developed in VHDL codes. Input feeder components sequentially
feeds proper inputs to CSG rules (whose implementation is shown in Figure [H).
The implementation of this components is simply a series of multiplexers with
different inputs. Since the CSG processes one input at a time, we use only one
min component to iteratively compute a rule strength. The output of the CSG is
applied to control the proper accumulation of the cut on output linguistic vari-
ables. The component on the left-bottom in this picture represents the feedback
calculation where control action u together with inputs are used to calculate the
new inputs for the next cycle. In this example, we use the following equation.

x1(t+1) = =221 (t) + 22(t) + u(T), xa(t+1) = 21(t) — z2(t)
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float trimf(float x, VAR 1) float weighted_average (float x, float y, float z )
{ 1
float output=0; float output;
output = (70%x +210 *y + 355%z)/(x+y+z);
switch (1) { return output;
case L : }
if (x <= 70) output =1;
else if (x >= 210) output = 0; float centriod (float x, float y, float z, float (*mf)(float, VAR ))
else output = -0.007% x + 1.5; break; {
case M : int i;
if (x >= 350 || x <= 70 ) output = 0; float point[3],all, sum_of_prod=0, sum=0;
else if (x <= 210) output = 0.007*x -0.47; / integral discretization */
else output = -0.007%x +2.47; break; for (i=0; i <=500; i++) {
case H :
if (x >= 350) output = 1; point[0] = min((#mf)( (float) i,L ), x) ;
else if (x <= 210 ) output = 03 point[1] = min((#mf) ( (float) i,M ), y) ;
else output = 0.007#x-1.45; point[2] = min((#mf) ( (float) i,H ), z) ;

all = max(point [0],max(point[1],point[2]1));
return output; sum_of _prod += ixall;
sum += all;

3
float bellmf (float x, VAR 1) return sum_of_prod/sum;
¥

float output=0;
switch (1) {
case L : . . .

if (x <= 140) output =1; (b) Defuzzification methods (3 inputs) :

else output = 1/( pow((1+fabs((x-70)/320)), 8) ); break; . .
case K : weighted average and centroid

output = 1/( pow((1+fabs((x-210)/320)),8) ); break;
case H :

if (x >= 350) output = 1;

else output = 1/( pow((1+fabs((x-350)/320)),8) ); break;
}
return output;

}

(a) Membership functions for triangular
and bell curve

Fig. 7. Sample codes for fuzzifier and defuzzifier
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Fig. 8. Schematic of the oven example



Rapid Prototyping Techniques for Fuzzy Controllers 47

Figure 9 presents one cycle of the simulation where initial z; = 90 and x5 =
100. Assume that membership function (triangular) in Figure 7(a) is used and
the weighted average is a defuzzification method. The first seven steps devote to
the fuzzification part which fuzzifies 11, (90) = 203, pas(90) = 10 and pr,(100) =
183, uar(100) = 36. After all fuzzified values are ready, the rule strength can
be calculated. This example takes 24 control steps to compute output v = 331.
The feedback calculation results in 1 = 251 and x2 = —10 for the next cycle.
Based on this design, one can easily adjust the parameter parts, re-insert into
the components and redo the simulations. Once the parameter is finalized, the
prototype can be set-up rapidly.

5 Conclusion

One of the most important issues in system design is to make the design easy to
adjust for system testing and rapid implementation. In this paper, we propose a
new design methodology for fuzzy systems which partitions system components
into conceptual and parameterized specifications. The conceptual specification
defines the core of system specification which is rarely changed and may be
implemented as a hardware prototype to implement a fast prototype. Param-
eterized components are specified in software in order to be easily edited for
system modification. This method actually integrates hardware and software
capability, yielding flexibility in re-specification and shorten prototyping time.
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Abstract. In mobile client-server database systems, caching of frequent-
ly accessed data is an important technique that will reduce the contention
on the narrow bandwidth wireless channel. As the server in mobile en-
vironments may not have any information about the state of its clients’
cache(stateless server), using broadcasting approach to transmit the up-
dated data lists to numerous concurrent mobile clients is an attractive
approach. In this paper, a caching policy is proposed to maintain cache
consistency for mobile computers. The proposed protocol adopts aperi-
odic broadcasting as the cache invalidation scheme, and supports transac-
tion semantics in mobile environments. With the aperiodic broadcasting
approach, the proposed protocol can improve the throughput by reduc-
ing the abortion of transactions with low communication costs. We study
the performance of the protocol by means of simulation experiments.

1 Introduction

Mobile computing enables people with unrestricted mobility. It can satisfy peo-
ple’s information needs at any time and in any place. Due to the recent devel-
opment of the hardware such as small portable computers and wireless com-
munication network, data management in mobile computing environments has
become an area of increased interest to the database community([2,6,9,21].

In general, the bandwidth of the wireless channel is rather limited. Thus,
caching of frequently accessed data item in a mobile computer can be an effec-
tive approach to reducing contention on the narrow bandwidth wireless chan-
nel[10,14,24]. However, once caching is used, a cache invalidation strategy is re-
quired to ensure the cached data in mobile computers are consistent with those
stored in the server[13,16,25].

Several proposals have appeared in the literature regarding the support of
transactions in mobile systems[1,11,15,26]. However, most of these approaches
didn’t attempt to make use of a common feature in wireless systems: the ability
that the server has to broadcast information to the mobile clients. Because the
server in mobile environments may not have any information about the state of
its clients’ cache(stateless server), using the broadcasting approach to transmit

P.S. Thiagarajan, R. Yap (Eds.): ASTAN’99, LNCS 1742, pp. 5061} 1999.
© Springer-Verlag Berlin Heidelberg 1999
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Fig. 1. The mobile database system architecture

the updated data lists to numerous concurrent mobile clients is an attractive
approach|8].

Considering these limitations of the mobile environments, Barbara and
Imielinski proposed an approach that a server periodically broadcasts an in-
validation report that reports the data item which have been updated|7,8]. This
approach is attractive in mobile environment because a server need not know
the location and the connection status of its clients, and because the clients need
not establish an uplink connection to invalidate their cache.

In this paper, we present a protocol that adopts aperiodic broadcasting, to
reduce the wait time of a transaction that has requested commit, and to reduce
the abortion of transactions that may show conflicts in the periodic broadcasting
strategy. With aperiodic broadcasting approach, the protocol can reduce the
number of broadcasting occurrence under high ratio of updates, and can reduce
the abortion of transactions under low ratio of updates.

The remainder of this paper is organized as follows. Section 2 introduces
the mobile transaction model. In section 3, we describe and discuss our caching
protocol. Section 4 presents experiments and results, and finally we state our
concluding remarks in section 5.

2 The Mobile Transaction Model

Figure 1 presents a general mobile database system model. In this model, both
a database server and a database are attached to each fixed host[12,22]. Users
of the mobile computers may frequently query databases by invoking a series
of operations, generally referred to as a transaction. Serializability is widely
accepted as a correctness criterion for execution of transactions[3,4,17,20]. This
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correctness criterion is also adopted in this paper. A database server is intended
to support basic transaction operations and as resource allocation, commit, and
abort.

Each mobile support station(MSS) has a coordinator which receives trans-
action operations from mobile hosts and monitors their execution in database
servers within the fixed networks. Transaction operations are submitted by a
mobile host to the coordinator in its MSS, which in turn sends them to the
distributed database servers within the fixed networks for execution[2,21].

In general, there are two ways to structure a mobile transaction processing
system[26]; the first situation is that the mobile host behaves like a remote I/0O
device, and the data must be placed in the static part of the network[9,14]. This
situation arises when the amount of resources on the mobile device is small.
Secondly, we can consider a mobile host as a full fledged server to manage trans-
action, and place data locally in mobile hosts[1,11,18].

In this paper, we adopt an way between these two situation to structure a
mobile transaction processing system. That is we still keep the data locally, but
we treat it as a cache rather than as a primary copy. Thus, as shown in figure
1, each mobile host can have its own cache to maintain some portion of data for
later reuse. The transaction operation that accesses the data item stored in the
cache can be processed without the interaction with the database server. If the
data item does not exist in the cache of the mobile host, it sends an message to
the server to download the appropriate data item.

3 Our Protocol

In this section, we present our concurrency control protocol, which adopts ape-
riodic broadcasting approaches, supporting the stateless server. We assume that
there is a central server that holds and manages all data. Also, we assume that
only one transaction may be initiated by a mobile client at any time. That is, a
mobile client can initialize a transaction only after the previous transaction has
finished.

3.1 Aperiodic Broadcasting

The proposed protocol adopts broadcasting approach to maintain cache consis-
tency, and to control the concurrent transactions. With the broadcasting ap-
proach, the mobile client sends the commit request of the transaction after ex-
ecuting all operations, to install the updates in the central database. Then the
server decides commit or abort of the requested transactions, and notifies this
information to all of the clients in its cell with the broadcasting invalidation re-
ports. The broadcasting strategy does not require high communication costs, nor
require the server to maintain additional information about the mobile clients
in its cell, thus is attractive in mobile databases|[8,26].

Some proposals have appeared in the literature regarding the use of the
broadcasting for the control of the concurrent transactions, and all of these
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approaches adopt synchronous(periodic) manner as the way of broadcasting the
invalidation reports[7,8]. In these schemes, the server broadcasts the list of invali-
dating data items and the list of transactions that will be committed among those
which have requested commit during the last period. These schemes present some
problems which arise with the synchronous manner of broadcasting approach.

— if two or more conflicting transactions have requested commit during the
same period, only one of them can commit and others have to abort.

— the mobile client is blocked on the average for the half of the broadcasting
period until it decides commit or abort of the transaction.

In this paper, we adopt aperiodic broadcasting approach as the way of sending
the invalidation report. Unlike the schemes using periodic broadcasting, in our
scheme, invalidation reports are broadcasted immediately after a commit request
arrives. Using the aperiodic broadcasting approach, most transactions that may
show conflicts in the same period by synchronous broadcasting, can avoid them,
thus the protocol can reduce the abortion rate of transaction processing. Also,
the blocking time of the transaction that have sent the commit request can be
reduced, as the server immediately broadcasts the invalidation reports which
notifies commit or abort.

3.2 The Protocol

Our protocol uses a modified version of optimistic control[5,17,19,27], in order
to reduce the communication costs on the wireless network. With optimistic
approach, all operations of a transaction can be processed locally using cached
data, and at the end of the transaction, the mobile client sends the commit
request message to the server. Then the server immediately broadcasts the in-
validation report including the data items that should be invalidated, and the
mobile client identifier. Receiving invalidation report, the invalidating action
preempts the ongoing transaction that shows conflicts with the now-committed
transaction. With this approach, the mobile client can early detect the conflicts
of a transaction that should be aborted later at the server.

All data items in the system are tagged with a sequence number which
uniquely identifies the state of the data. The sequence number of data item
is increased by the server, when the data item is updated. The mobile client in-
cludes the sequence number of its cached copy of data(if the data item is cache
resident) along with the commit request message.

We now summarize our protocol for both the mobile client and the server.

Mobile Client Protocol:

— Whenever a transaction becomes active, the mobile client opens two sets,
read_set and write_set. Initially, the state of a transaction is marked as read-
ing. Data item is added to these sets with the sequence numbers, when the



54

IIYoung Chung and Chong-Sun Hwang

transaction requests read or write operation on that data item. The state of
the transaction is changed in updating state, when the transaction requests
write operation.

Whenever the mobile client receives an invalidation report, it removes copies
of the data items that are found in the invalidating list. And, if any of the
following equations becomes true, the transaction of reading state is changed
into read-only state, and the transaction of updating transaction is aborted.

read_set N invalidatinglist # 0
writeset N invalidatinglist #

When a transaction of read-only state requests write operation, the mobile
client aborts the transaction.

When a transaction is ready to commit, the mobile client commits the trans-
action of reading state or read-only state locally. If the state of the transaction
is updating, the mobile client sends a commit request message along with the
read_set, write_set and the identification number of the mobile client.

After that, the mobile client listens to the broadcasting invalidation report
which satisfies any of the following equation.

read_set N invalidatinglist # 0
write_set N invalidatinglist # ()

If the invalidation report, satisfying above equations, is attached with the
identification number of this mobile client, the transaction is committed.
Otherwise, the mobile client aborts the transaction, and removes copies of
the data items that are found in invalidating list.

Server Protocol:

— Whenever the server receives a commit request from a mobile client, and if

sequence numbers of all data items in read_set and write_set are identical
with the server’s, it broadcasts the invalidation report along with the in-
validating list, which is the list of data item in the write_set of the commit
request, and identification number of the mobile client. Otherwise, the server
just ignores the commit request.

The protocol described above adopts aperiodic broadcasting, thus the server

immediately broadcasts invalidation reports, when it receives a commit request
from a mobile client. Our protocol has some advantages with the aperiodic ap-
proach. At first, when write operations are infrequent at mobile clients, the pro-
tocol can reduce the communication costs by broadcasting invalidation reports
only when updating transaction occurs. It is unnecessary to send invalidation
reports periodically without data items that should be invalidated. On the other
hand, when updating transactions occur frequently, the protocol can avoid many
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Fig. 2. Example execution

aborts, by reducing the conflicts between updating transactions. In synchronous
broadcasting approach, when two or more updating transactions are conflicting
in a period, only one of them can commit, as invalidation reports are broadcasted
once for a period. Our protocol can avoid much of these aborts, because mobile
clients are informed the list of updated data items immediately.

In this case, the increased number of broadcasting is not an additional com-
munication overhead that may degrades the throughput of transaction process-
ing, as the server initiates only one broadcasting for a committing transaction.
As shown in the above protocol, no notification is required for an aborted trans-
action. The server just ignores the commit request with sequence number which
has fallen behind the server’s number.

Example execution under the protocol is shown in Figure 2. This example
uses two mobile clients and a server. In this example, r(z) and w(z) denote a
read and write operation performed by a transaction on data item .

In (a), the transaction initiated in mobile client 2 can be committed by the
server, as it can read the data item z that has been updated by the transaction
in mobile client 1, by the immediate invalidation report. With the synchronous
broadcasting approach, if the commit requests of the two transactions arrive in
the identical period, both transactions cannot be committed. In (b) and (c), the
state of the transaction in mobile client 2 is changed from reading state to read-
only state, when the mobile client receives the broadcasting invalidation report.
In case of (b), the transaction can commit locally, as the state of the transaction
remains read-only state, when the transaction is ready to commit. However, in
(¢), the transaction will be aborted, because it requests write operation in read-
only state. In example (d), the mobile client 2 sends the commit request slightly
before it receives the invalidation report that indicates the updates of the data
item z. The server ignores the commit request, as the sequence number of data
item z in the message is lower than the server’s. No broadcasting message is
required for the aborted transaction, and the transaction in mobile client 2 is
aborted, receiving the invalidation report of data item z, with the identification
of mobile client 1. Thus, in our protocol, the server initiates one broadcasting
for each commit of transactions.
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4 Performance

In this section, we develop the simulation model and present the results of ex-
periments, in order to evaluate the performance of the proposed algorithm.

4.1 Simulation Model

This section describes our simulation model. We can divide our simulation model
into three parts: database model, transaction model, and system model. The
database model captures the characteristics of the database, such as the database
size and object attribute. The transaction model captures the data object ref-
erence behavior of transactions in a workload. And the system model captures
the characteristics of the system’s hardware and software. Figure 1 in section 2,
shows the physical structure of the modeled system. Modeled system is composed
of a database server and mobile clients, connected by a wireless network.

Database Model Database is composed of multiple data objects which have
the same attributes. There are two attributes for each data object: identifier and
sequence number. The Database model parameters are summarized in Table 1.
The number of objects in the database, Nobject, was chosen to be relatively small
in order to model contention. For caching clients, the cache size, CachePercent,
is a constant. The content of each client’s cache is fixed at the start of the
simulation by choosing objects uniformly from the database.

Table 1. Database parameters

| Parameter | Meaning
NObject |Number of objects in the database
C’achePercent| Percentage of cache size

Transaction Model The transaction model supports the following operations.

ReadObject : Reads an object from its client cache. If the object does not exist in
the cache, reads it from the server database.

— WriteObject : Updates an object in the client cache and increase the sequence
number.

CommitTR : Commit a transaction.

— AbortTR : Abort a transaction.

A transaction is modeled by a finite loop of ReadObject and WriteObject
operations, which are followed by CommitTR or AbortTR operation. Table 2
summarizes the parameters that characterize a transaction type. The number
of ReadObject and WriteObject operations in a transaction is called TRSize,
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which is uniformly distributed between MinTRSize and MazTRSize. The pa-
rameter ProbWrite indicates the probability that WriteObject operations occur
in a transaction. The delay parameters are exponentially distributed delay times
used to model interactive system.

Table 2. Transaction parameters

| Parameter | Meaning

TRSize | Number of operations in a transaction
ProbWrite | Probability that write operation occurs
ReadDelay Average delay of a read operation
WriteDelay| Average delay of a write operation

TRState |State of transactions that are processed

System Model The system model consists of a network manager and clients

and server modules. The parameter for all the modules are summarized in Table
3.

Table 3. System Parameters

| Parameter | Meaning |
NClient Number of mobile clients
NetDelay Average communication delay on the wireless network
DBAccessDelay Average delay to access database
CacheAccessDelay Average delay to access cache
ReadHitProb Probability of read hit at mobile client

4.2 Experiments

In this section, we present results from several performance experiments in-
volving the protocol described in section 3. The main performance metric pre-
sented is system throughput, measured in committed transactions per second.
The throughput results are, of course, dependent on the particular settings cho-
sen for the various physical system resource parameters. Thus while the through-
put results show performance characteristics in what consider to be a reasonable
environment, we also present other performance measures, the number of mes-
sages and the percentage of aborts, to provide additional insights into the funda-
mental tradeoffs between protocols. Table 4 shows the values of the simulation
parameters used for these experiments.
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Table 4. Simulation Parameter Settings

| Parameter | Value
NObject 1,000
CachePercent 5%
TRSize(Maz) 15
TRSize(Min) 3
ProWrite |0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25%
ReadDelay 10 ms
WriteDelay 40 ms
NClient 20
NetDelay 20 ms
DBAcessDelay 50 ms
CacheAccessDelay 10 ms
ReadHitProb 0.5
4.3 Results

In this section, we present the results from several performance experiments. We
ran a number of simulations to compare the behavior of the proposed protocol
and the protocol with periodic broadcasting.

Figure 3 shows the required number of messages to commit a transaction
with the proposed protocol and the synchronous one. The message counts of
each protocol increases in a sublinear fashion in whole range of update ratio.
When the update ratio is lower than about 13%, our protocol using aperiodic
broadcasting approach requires less messages than the synchronous protocol,
because broadcasting is rare with low ratio of updating transactions. If the period
is longer than 13%, the frequently broadcasted invalidation reports are the main
factor that cause our protocol to require more messages. In the synchronous

Messages/Commit

Our Protocol

s Lo | Synchronous |+
Protocol

Updating Ratio

Fig. 3. Impact of updating ratio on message counts
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Our Protocol

------- Synchronous
50 Protocol

Percentage of Aborts

Updating Ratio

Fig. 4. Impact of updating ratio on aborts of transactions

Commits/Second

Our Protocol

....... Synchronous
Protocol

Updating Ratio

Fig. 5. Impact of updating ratio on throughput

protocol, the message costs does not increase so rapidly as our protocol, because
the invalidation reports are broadcasted periodically.

Figure 4 presents the percentage of aborts of transaction that take place
both at the client side and at the server. As can be seen, when updating ratio
increases, the percentage gets to be significant. When the updating ratio is lower,
most aborts are due to the transaction’s read operation on the stale cached data.
It occurs when an invalidation report is not delivered by disconnection, or when
a mobile client requests commit of a transaction before it receives the invalida-
tion report which include the data item referenced by the transaction. As the
updating ratio gets higher, Aborts increase with both protocols, mainly because
of the increased conflicts between transactions. In case of the synchronous pro-
tocol, the percentage increases more rapidly, as the number of transactions that
show conflicts in the same broadcasting period increases.

Figure 5 shows the throughput results for two protocols. As shown in this
figure, the throughput degrades with increasing write operations, because of the
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message costs for updating transactions. When the updating ratio is very low,
two protocols show almost the same performance, because there are few transac-
tions that are aborted by the server, in both cases. However, the throughput of
the synchronous protocol degrades more rapidly as the updating ratio increases,
because of increasing aborts of transactions. With synchronous approach, lots
of aborts caused by conflicts may happen, as the server checks the conflicts be-
tween transactions once in a period. In our protocol, most of such aborts can
be avoided by broadcasting invalidation reports immediately after receiving a
commit request.

5 Conclusions

We have presented a new protocol to support transactions in mobile client-
server environments. The proposed protocol adopts broadcasting cache inval-
idation strategy to support the stateless server scheme, a common feature in
mobile environments. In this paper, we adopt aperiodic approach as the way of
broadcasting invalidation reports. With this approach, our protocol can reduce
communication costs when updating is rare, and can avoid most aborts of adja-
cent conflicting transactions without additional communications on the wireless
network. Simulations were conducted to evaluate the performance of the pro-
tocol. Our performance experiments show that relative merit of the proposed
protocol under various updating ratio.
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Abstract. Pure functional programming languages have been proposed
as a vehicle to describe, simulate and manipulate circuit specifications.
We propose an extension to Haskell to solve a standard problem when
manipulating data types representing circuits in a lazy functional lan-
guage. The problem is that circuits are finite graphs — but viewing them
as an algebraic (lazy) datatype makes them indistinguishable from po-
tentially infinite regular trees. However, implementations of Haskell do
indeed represent cyclic structures by graphs. The problem is that the
sharing of nodes that creates such cycles is not observable by any func-
tion which traverses such a structure. In this paper we propose an ex-
tension to call-by-need languages which makes graph sharing observable.
The extension is based on non updatable reference cells and an equality
test (sharing detection) on this type. We show that this simple and prac-
tical extension has well-behaved semantic properties, which means that
many typical source-to-source program transformations, such as might
be performed by a compiler, are still valid in the presence of this exten-
sion.

1 Introduction

In this paper we investigate a particular problem of embedding a hardware de-
scription language in a lazy functional language — in this case Haskell. The
“embedded language” approach to domain-specific languages typically involves
the designing a set of combinators (higher-order reusable programs) for an ap-
plication area, and by constructing individual applications by combining and co-
ordinating individual combinators. See [Hud96] for examples of domain-specific
languages embedded in Haskell. In the case of hardware design the objects con-
structed are descriptions of circuits; by providing different interpretations of
these objects one can, for example, simulate, test, model-check or compile cir-
cuits to a lower-level description. For this application (and other embedded de-
scription languages) we motivate an extension to Haskell with a feature which we
call observable sharing, that allows us to detect and manipulate cycles in data-
structures — a particularly useful feature when describing circuits containing
feedback. Observable sharing is added to the language by providing immutable
reference cells, together with a reference equality test. In the first part of the
paper we present the problem and motivate the addition of observable sharing.
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A problem with observable sharing is that it is not a conservative extension of
a pure functional language. It is a “side effect” — albeit in a limited form — for
which the semantic implications are not immediately apparent. This means that
the addition of such a feature risks the loss of many of the desirable semantic
features of the host language. O’Donnell [0’D93] considered a form of observable
sharing (Lisp-style pointer equality eq) in precisely the same context (i.e., the
manipulation of hardware descriptions) and dismissed the idea thus:

“ This (pointer equality predicate) is a hack that breaks referential trans-
parency, destroying much of the advantages of using a functional lan-
guage in the first place.”

But how much is actually “destroyed” by this construct? In the second part of
this paper we show — for our more constrained version of pointer equality — that
in practice almost nothing is lost.

We formally define the semantics of the language extensions and investigate their
semantic implications. The semantics is an extension to a call-by-need abstract
machine which faithfully reflects the amount of sharing in typical Haskell imple-
mentations.

Not all the laws of pure functional programming are sound in this extension.
The classic law of beta-reduction for lazy functional programs, which we could
represent as: let {x = M} in N = N[M/,] (x & M) does not hold in the theory.
However, since this law could duplicate an arbitrary amount of computation (via
the duplication of the sub-expression M, it has been proposed that this law is
not appropriate for a language like Haskell [AFM™95], and that more restrictive
laws should be adopted. Indeed most Haskell compilers (and most Haskell pro-
grammers?) do not apply such arbitrary transformations — for efficiency reasons
they are careful not to change the amount of sharing (the internal graph struc-
ture) in programs. This is because all Haskell implemetations use a call-by-need
parameter passing mechanism, whereby the argument to a function in a given
call is evaluated at most once.

We develop the theory of operational equivalence for our language, and demon-
strate that the extended language has a rich equational theory, containing, for
example, all the laws of Ariola et al’s call-by-need lambda calculus [AFM™95).

2 Functional Hardware Description

We deal with the description of synchronous hardware circuits in which the be-
haviour of a circuit and also its components can be modelled as functions from
streams of inputs to streams of outputs. The description is realised using an
embedded language in the pure functional language Haskell. There are good
motivations in literature for being able to use higher-order functions, polymor-
phism and laziness to describe hardware [She85| [0’ D96, [CL.M98| [BCSS9])].

Describing Circuits The approach of modelling circuits as functions on streams
was taken as early as in the days of uFP [She85|, and later modernised in systems
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like Hydra [O’D96] and Hawk [CLM98]. The following introduction to functional
circuit description owes much to the description in [O’D93].

Here are some examples of primitive circuit components modelled as functions.
We assume the existence of a datatype Signal, which represents an input, output
or internal wire in a circuit.

inv :: Signal -> Signal and :: Signal -> Signal -> Signal

latch :: Signal -> Signal xor :: Signal -> Signal -> Signal
We can put these components together in the normal way we compose functions;
by abstraction, application, and local naming. Here are two examples of circuits.
One consists of just an and-gate and an xor-gate, which is used as a component
in the other.

halfAdd a b = (xor a b, and a b)
fullAdd a b c = let (s1, cl1) = halfAdd a b
(s2, c2) = halfAdd s1 c in (s2, xor cl c2)

We use local naming of results of subcomponents using a let expression. The
types of these terms are:

halfAdd :: Signal -> Signal -> (Signal, Signal)

fullAdd :: Signal -> Signal -> Signal -> (Signal, Signal)
Here is a third example of a circuit. It consists of an inverter and a latch, put
together with a loop, also called feedback. The result is a circuit that toggles its
output.

toggle :: Signal

toggle = let output = inv (latch output) in output

Note how we express the loop; by naming the wire and using it recursively.

Simulating Circuits By interpreting the type Signal as streams of bits, and
the primitive components as functions on these streams, we can run, or simulate
circuit descriptions with concrete input.

Here is a possible instantiation, where we model streams by Haskell’s lazy lists.

type Signal = [Bool] -- possibly infinite
inv  bs = map not bs and as bs = zipWith (&&) as bs
latch bs = False : bs xor as bs = zipWith (/=) as bs

We can simulate a circuit by applying it to inputs. The result of evaluating
fullAdd [False,True] [True,True] [True,True]lis [(False,True), (True,
True)], while the result of toggle is [True,False,True,False,True, ...

As parameters we provide lists or streams of inputs and as result we get a stream
of outputs. Note that the toggle circuit does not take any parameter and results
in an infinite stream of outputs. The ability to both specify and execute (and per-
form other operations) hardware as a functional program is a claimed strength
of the approach.

Generating Netlists Simulating a circuit is not enough. If we want to im-
plement it, for example on an FPGA, or prove properties about it, we need to
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generate a netlist of the circuit. This is a description of the all components of
the circuit, and how they are connected.

We can reach this goal by symbolic evaluation. This means that we supply vari-
ables as inputs to a circuit rather than concrete values, and construct an ex-
pression representing the circuit. In order to do this, we have to reinterpret the
Signal type and its operations.

A first try might be along the following lines. A signal is either a variable name
(a wire), or the result of a component which has been supplied with its input
signals.

type Signal = Var String | Comp String [Signal]
inv b = Comp "inv" [b] and a b = Comp "and" [a, b]
latch b = Comp "latch" [b] xor a b = Comp "xor" [a, b]

Now, we can for example symbolically evaluate halfAdd (Var "a") (Var "b")
(Comp "xor" [Var "a", Var "b"], Comp "and" [Var "a", Var "b"])
And, similarly a full adder. But what happens when we try to evaluate toggle?

Comp "inv" [Comp "latch" [Comp "inv" [Comp "latch"

Since the Signal datatype is essentially a tree, and the toggle circuit contains a
cycle, the result is an infinite structure. This is of course not usable as a symbolic
description in an implementation. We get an infinite data structure representing
a finite circuit.

We encounter a similar problem when we provide inputs to the a circuit which
are themselves output wires of another circuit. The Signal type is a tree, which
means that when a result is used twice, is has to be copied. This shows that
trees are inappropriate for modelling circuits, because physically, circuits have a
richer graph-like structure.

2.1 Previous Solutions

One possible solution, proposed by O’Donnell [0’D93], is to give every use of
component a unique tag, explicitly. The signal datatype is then still a tree, but
when we then traverse that tree, we can keep track of what tags we have already
encountered, and thus avoid cycles and detect sharing.

In order to do this, we have to change the signal datatype slightly by adding a
tag to every use of a component, for example as follows.

data Signal = Var String | Comp Tag String [Signall

When we define a circuit, we have to explicitly label every component with a
unique tag. O’Donnell then introduces some syntactic sugar for making it easier
for the programmer to do this.

Though presented as “the first real solution to the problem of generating netlists
from executable circuit specifications [...] in a functional language”, it is awk-
ward to use. A particular weakness of the abstraction is that it does not enforce
that two components with the same tag are actually identical; there is nothing
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to stop the programmer from mistakenly introducing the same tag on different
components.

But if explicit tagging is not the desired solution, why not let some underly-
ing machinery guarantee that all the tags are unique? Monads are a standard
approach for such problems (see e.g., [Wad92]). In functional programming, a
monad is a data structure that can abstract from an underlying computation
model. A very common monad is the state monad, which threads a changing
piece of state through a computation. We can use such a state monad to gener-
ate fresh tags for the signal datatype. This monadic approach is taken in Lava
[BCSS9g].

Introducing a monad implies that the types of the primitive components and cir-
cuit descriptions become monadic, that is, their result type becomes monadic. A
big disadvantage of this approach is not only that we must change the types, but
also the syntax. We can no longer use normal function abstraction, local naming
and recursion anymore, we have to express this using monadic operators. All
this turns out to be very inconvenient for the programmer.

What we are looking for is a solution that does not require a change in the nat-
ural circuit description style of using local naming and recursion, but allows us
to detect sharing and loops in a description from within the language.

3 Proposed Solution

The core of the problem is: a description of a circuit is basically a graph, but we
cannot observe the sharing of the nodes from within the program. The solution
we propose is to make the graph structure of a program observable, by adding a
new language construct.

Objects with Identity The idea is that we want the weakest extension that
is still powerful enough to observe if two given objects have actually previously
been created as one and the same object.

The reason for wanting as weak an extension as possible is that we want to retain
as many semantic properties from the original language as possible. This is not
just for the benefit of the programmer — it is important because compilers make
use of semantic properties of programs to perform program transformations, and
because we do not want to write our own compiler to implement this extension.

Since we know in advance what kind of objects we will compare in this way, we
choose to be explicit about this at creation time of the object that we might end
up comparing. In fact, one can view the objects as non-updatable references. We
can create them, compare them for equality, and dereference them.

Here is the interface we provide to the references. We introduce an abstract type
Ref, with the following operators:

type Ref a = ... ref :: a -> Ref a
(<=>) :: Ref a -> Ref a -> Bool deref :: Ref a -> a
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The following two examples show how we can use the new constructs to detect
sharing: (i) let x = undefined in (let r = ref x inr <=> r)
(ii) let x = undefined inref x <=> ref x

In (i) we create one reference, and compare it with itself, which yields True. In
(ii), we create two different references to the same variable, and so the comparison
yields False.

Thus, we have made a non conservative extension to the language; previously
it was not possible to distinguish between a shared expression and two different
instances of the same expression. We call the extension observable sharing. We
give a formal description of the semantics in section [4l.

3.1 Back to Circuits

How can we use this extension to help us to symbolically evaluate circuits? Let
us take a look at the following two circuits.

circl = let output

let output

latch output in output
latch (latch output) in output

circ?2

In Haskell’s denotational semantics, these two circuits are identified, since circ2
is just a recursive unfolding of circl. But we would like these descriptions to
represent different circuits; circil has one latch and a loop, where as circ2 has
two latches and a loop. If the signal type includes a reference, we could compare
the identities of the latch components and conclude that in circl all latches are
identical, where as in circ2 we have two different latches.

We can now modify the signal datatype in such a way that the creation of
identities happens transparently to the programmer.

data Signal = Var String | Comp (Ref (String, [Signall))
comp name args = Comp (ref (name, args))

inv b = comp "inv" [b] and a b = comp "and" [a, Db]
latch b = comp "latch" [b] xor a b = comp "xor" [a, D]

In this way, a circuit like toggle still creates a cyclic structure, but it is now pos-
sible to define a function which observes this cyclicity and therefore terminates
when generating a netlist for the circuit.

3.2 Other Possible Solutions

We briefly discuss two other solutions, both of which more or less well known
extensions to functional programming languages.

Pointer Equality The language is extended with an operator (>=<) :: a ->
a —> Bool that investigates if two expressions are pointer equal, that is, they
refer to the same bindings.

In our extension, we basically provide pointer equality in a more controlled way;
you can only perform it on references, not on expressions of any type. This means
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we can implement our references using a certain kind of pointer equality. The
other way around is not possible however, which shows that our extension is
weaker.

Gensym The language is extended with a new type Sym of abstract symbols
with equality, and an operator that generates fresh such symbols, gensym. It is
possible to define gensym in terms of our Refs, and also the other way around.
With the reference approach however, by get an important law by definition,
which is: r1 <=> r2 = True = deref rl = deref r2

4 The Semantic Theory

In this section we formally define the operational semantics of observable shar-
ing, and study the induced notion of operational equivalence. For the technical
development we work with a de-sugared core language based on an untyped
lambda calculus with recursive lets and structured data.

The language of terms, A is given by the following grammaIEI:
L M,N:=z| x.M|Mz|let {Z =M}in N |refz|deref M | M =N

Note that we work with a restricted syntax in which the arguments in func-
tion applications and the arguments to constructors are always variables (c.f,
[PJPS96, PJS98, [Lau9d3l Ses97]. It is trivial to translate programs into this syn-
tax by the introduction of let bindings for all non-variable arguments.

The set of wvalues, Val C Ayf, ranged over by V and W are the lambda-
expressions Az.M. We will write let {Z = M} in N as a shorthand for let {z; =
My, ... 2, = M,} in N where the Z are distinct, the order of bindings is not
syntactically significant, and the Z are considered bound in N and the M (i.e.,
all lets are potentially recursive).

The only kind of substitution that we consider is variable for variable, with o
ranging over such substitutions. The simultaneous substitution of one vector of
variables for another will be written M[Y/z], where the T are assumed to be
distinct (but the ¥ need not be).

4.1 The Abstract Machine

The semantics for the standard part of the language presented in this section
is essentially Sestoft’s “mark 1”7 abstract machine for laziness [Ses97]. Following
[MS99], we believe an abstract machine semantics is well suited as the basis for
studying operational equivalence.

Transitions in this machine are defined over configurations consisting of (i) a
heap, containing a set of bindings, (ii) the expression currently being evaluated,

1 In the full version of the paper we also include constructors and a case expression,
as well as a strict sequential composition operator.
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and (iii) a stack, representing the actions that will be performed on the result of
the current expression.

There are a number of possible ways to represent references in such a machine.
One straightforward possibility is to use a global reference-environment, in which
evaluation of the ref operation creates a fresh reference to its argument. We
present an equivalent but syntactically more economical version. Instead of ref-
erence environment, references are represented by a new (abstract) constructor
(i.e. a constructor which is not part of A ), which we denote by ref .

Let Aps = A U {refz |z € Var}, and Vale = Val U {refz | z € Var}. We
write (I, M, S) for the abstract machine configuration with heap I, expres-
sion M € Apref, and stack S. A heap is a set of bindings from variables to terms
of Aref ; we denote the empty heap by 0, and the addition of a group of bindings

Z = M to a heap I' by juxtaposition: I'{Z = M}.

A stack is a list of stack elements. The stack written b : S will denote the a
stack S with b pushed on the top. The empty stack is denoted by €, and the
concatenation of two stacks S and T by ST (where S is on top of T'). Stack
elements are either:

— a variable x, representing the argument to a function,

— an update marker #x, indicating that the result of the current computation
should be bound to the variable x in the heap,

— a pending reference equality-test of the form (= M), or (ref z =),

— a dereference deref | indicating that the reference which is produced by the
current computation should be dereferenced.

We will refer to the set of variables bound by I'" as dom I', and to the set of
variables marked for update in a stack S as dom S. Update markers should
be thought of as binding occurrences of variables. Since we cannot have more
than one binding occurrence of a variable, a configuration is deemed well-formed
if domI" and dom S are disjoint. We write dom(I,.S) for their union. For a
configuration (I, M, S) to be closed, any free variables in I, M, and S must
be contained in dom(T, S).

For sets of variables P and @ we will write P L @ to mean that P and @ are
disjoint, i.e., PN Q = 0. The free variables of a term M will be denoted FV (M);
for a vector of terms M, we will write FV (A7). The abstract machine semantics
is presented in figure [ I} we implicitly restrict the definition to well-formed
configurations. The first collection of rules are standard. The second collection
of rules concern observable sharing. Rule (RefEq) first forces the evaluation of the
left argument, and switches evaluation to the right argument; once both
have been evaluated to ref constructors, variable-equality is used to implement
the pointer-equality test.

4.2 Convergence, Approximation, and Equivalence

Two terms will be considered equal if they exhibit the same behaviours when
used in any program context. The behaviour that we use as our test of equiv-
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(I'{fe=M}, z, S)—= (I, M, #x:5) (Lookup)

(I, V, #z: Sy - (I'{fa =V}, V, S) (Update)

(I, Mz, S) > (I, M, z:S) (Unwind)

(I, de.M, y:8)— (I, M¥], S) (Subst)

(I let {Z =M}inN, S)— (I'{Z =M}, N, S) Z Ldom(I,S) (Letrec)

(IyrefM, S) — (I'{x =M}, refz, S) z ¢ dom(I,S) (Ref)

(I, deref M, S) — (I, M, deref : S) (Deref1)

(I, ref x, deref : S) — (I, z, S) (Deref2)

(I, M =N, S)— (I M, (= N): 5) (RefEq)

(T, tefz, (= N):S) = (I, N, (refz =) 5) (Ref1)

(I refy, (refa=):S) = (I} b, S) b—{”“e N (Ref2)
false otherwise

Fig. 1. Abstract machine semantics

alence is simply termination. Termination behaviour is formalised by a conver-
gence predicate:

Definition 4.1 (Convergence) A closed configuration (I, M, S) converges,
written (I, M, S)|, if there exists heap A and value V' such that

(I M, S)Y =" (A, V, €).

We will also write M|, identifying closed M with the initial configuration
(@, M, €). Closed configurations which do not converge are of four types: they
either (i) reduce indefinitely, or get stuck because of (ii) a type error, (iii) a
case expression with an incomplete set of alternatives, or (iv) a black-hole (a
self-dependent expression as in let z = z in ). All non-converging closed con-
figurations will be semantically identified.

Let C, D range over contexts — terms containing zero or more occurrences of a
hole, [-] in the place where an arbitrary subterm might occur. Let C[M] denote
the result of filling all the holes in C with the term M, possibly causing free
variables in M to become bound.

Definition 4.2 (Operational Approximation) We say that M operationally
approximates N, written M T N, if for all C such that C[M] and C[N] are
closed, C[M|{} implies CIN{}.

We say that M and N are operationally equivalent, written M = N, when
M L N and N T M. Note that equivalence is a non-trivial equivalence relation.
Below we present a sample of basic laws of equivalence. In the statement of all
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laws, we follow the standard convention that all bound variables in the statement
of a law are distinct, and that they are disjoint from the free variables.

let {z =24 =M}inN=let {z=271Y=M[?}in N[?/
let {Z =M}in N=N, ifZ LFV(N)
Cllet {¥ =V} in M]2let {y =V} in C[M]
M=N=N=M

Remark: The fact that the reference constructor ref is abstract (not available
directly in the language) is crucial to the variable-inlining properties. For exam-
ple a (derivable) law like let {x = 2z} in N = N[?/;] would fail if terms could
contain ref . This failure could be disastrous in some implementations, because
in effect a configuration-level analogy of this law is applied by some garbage
collectors.

4.3 Proof Techniques for Equivalence

We have presented a collection of laws for approximation and equivalence —
but how are they established? The definition of operational equivalence suffers
from the standard problem: to prove that two terms are related requires one to
examine their behaviour in all contexts. For this reason, it is common to seek to
prove a context lemma [MilT7] for an operational semantics: one tries to show
that to prove M operationally approximates IV, one only need compare their
immediate behaviour. The following context lemma simplifies the proof of many
laws:

Lemma 1 (Context Lemma). For all terms M and N, M T N if and only
if for all ', S and substitutions o, (I, Mo, S)| implies (I, No, S)|

It says that we need only consider configuration contexts of the form (I, [-], S')
where the hole [] appears only once. The substitution o from variables to vari-
ables is necessary here, but since laws are typically closed under such substitu-
tions, so there is no noticeable proof burden.

The proof of the context lemma follows the same lines as the corresponding
proof for the improvement theory for call-by-need [MS99], and it involves uni-
form computation arguments which are similar to the proofs of related properties
for call-by-value languages with state [MT9T].

In the full paper we present some key technical properties and a proof that the
compiler optimisation performed after so-called strictness analysis is still sound
in the presence of observable sharing.
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4.4 Relation to Other Calculi

Similar languages have been considered by Odersky [Ode94] (call-by-name se-
mantics) and Pitts and Stark [PS93] (call-by-value semantics). A reduction-
calculus approach to call-by-need was introduced in [AFM™95|, and extended
to deal with mutable state in recent work of Ariola and Sabry [AS98]. The
reduction-calculi approach in general has been pioneered by Felleisen et al (e.g.
[FH92]), and its advantage is that it builds on the idea of a core calculus of
equivalences (generated by a confluent rewriting relation on terms); each lan-
guage extension is presented as a conservative extension of the core theory. The
price paid for this modularity is that the theory of equality is rather limited.
The approach we have taken — studying operational equivalence — is exemplified
by Mason and Talcott’s work on call-by-value lambda calculi and state [MT91].
An advantage of the operational-equivalence approach is that it is a much richer
theory, in which induction principles may be derived that are inexpressible in re-
duction calculi. Our starting point has been the call-by-need improvement theory
introduced by Moran and Sands [MS99]. In improvement theory, the definition
of operational equivalences includes an observation of the number of reduction
steps to convergence. This makes sharing observable — although slightly more
indirectly.

We have only scratched the surface of the existing theory. Induction principles
would be useful — and also seem straightforward to adapt from [MS99)]. For
techniques more specific to the subtleties of references, work on parametricity
properties of local names e.g., [Pif96], is likely to be relevant.

5 Conclusions

We have motivated a small extension to Haskell which provides a practical so-
lution to a common problem when manipulating data structures representing
circuits. We have presented a precise operational semantics for this extension,
and investigated laws of operational approximation. We have shown that the
extended language has a rich equational theory, which means that the semantics
is robust with respect to program transformations which respect sharing prop-
erties.

The extension we propose is small, and turns out to be easy to add to existing
Haskell compilers/interpreters in the form of an abstract data-type (a module
with hidden data constructors). In fact similar functionality is already hidden
away in the nonstandard libraries of many implementationsﬁ A simple imple-
mentation using the Hugs-GHC library extensions is given in the full version of
the paper.

The feature is likely to be useful for other embedded description languages, and
we briefly consider two such applications in the full paper: writing parsers for
left-recursive grammars, and an optimised representation of decision trees.

2 www.haskell.org/implementations,/
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Abstract. In this paper we prove that for timed algebras may test-
ing is much stronger than it could be expected. More exactly, we prove
that the may testing semantics is equivalent to the must testing seman-
tics for a rather typical discrete timed process algebra when considering
divergence-free processes. This is so, because for any adequate test we
can define a dual one in such a way that a process passes the original
test in the must sense if and only if it does not pass the dual one in the
may sense. It is well known that in the untimed case by may testing we
can (partially) know the possible behaviors of a process after the instant
at which it diverges, which is not possible under must semantics. This is
also the case in the timed case.

Keywords: process algebra, time, testing semantics, must, may.

1 Introduction and Related Work

Testing semantics is introduced in [DH84, [Hen8§] in order to have an abstract
semantics induced by the operational one, which allows us to compare processes
in a natural way. Besides, it is a formalization of the classical notion of testing
of programs. Tests are applied to processes generating computations that either
have success or fail. But as processes are non-deterministic it is possible that the
same process sometimes passes a test and sometimes fails to do it. This leads us
to two different families of tests associated to each process: those that sometimes
are passed, and those that always are passed. Two processes are equivalent if
they pass the same tests, but as we have two different ways to pass tests, we
obtain two different testing semantics that are called may and must semantics.
In this paper we will study testing semantics for timed process algebras, which
is also the subject of the Ph.D. Thesis of the first author [L1a96]. As far as we
know, there has been not too much previous work on the subject, but [HR95] is
an interesting related reference.

In the untimed case the may semantics is just trace semantics, while the must
semantics is more involved, and so we need acceptance trees [Hen88| in order to
characterize it. But when time is introduced the may semantics also becomes
more complex, since, as usual, we are assuming the ASAP rule, which allows us
to detect by means of tests not only the actions that have been executed, but
also those that could have been chosen instead. To be exact, we will prove in this

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 74-86} 1999.
© Springer-Verlag Berlin Heidelberg 1999
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paper that for non-divergent processes the may testing semantics is equivalent
to the must testing semantics for a rather typical timed process algebra. This is
so, because for any adequate test we can define a dual one in such a way that a
process passes the original test in the must sense if and only if it does not pass
the dual one in the may sense.

The situation is much more complicated in the case of non-divergent free
processes. It is well known that in the untimed case by may testing we can
(partially) know the possible behaviors of a process after the instant at which
it diverges, what is not possible under must semantics. This is also the case in
the timed case. In fact, we will present a couple of examples showing that in the
general case may and must testing orderings are incomparable each other.

A related result can be found in [Sch93]; there an operational semantics for
Timed CSP [RRS&8, [Ree8Y] is presented, and it is proved that the timed fail-
ures model is fully abstract with respect to the may testing semantics. Another
interesting result can be found in [BDS95], where they prove that the failures
semantics for TE-LOTOS is the biggest congruence contained in the trace se-
mantics. In our case trace semantics is far to be equal to may semantics, but
it is interesting to observe that it is not a congruence, also for our language, in
spite of the fact that we have no problems with internal actions in the context
of the choice operator, like in CCS or LOTOS.

In fact, in a previous (erroneous) version of this paper we tried to prove that
may testing equivalence was not a congruence for the parallel operator, but if
we consider the biggest congruence contained in it, for non-divergent processes
we just obtain the must equivalence. We are very grateful to Lars Jenner for
pointing us the mistake in that paper, and also for communicating us that he
had also obtained the same equivalence [Jen98| between may and must testing
semantics for the case of Petri Nets. It would be very interesting to study the
relation between both results, mainly because the way in which the semantics
are defined and the equivalence result is proven are not trivially connected. More
in general, it would be nice to study which are the properties that a model of
real time processes has to fulfill in order that the corresponding may and must
testing semantics will be dual each other.

2 Syntax and Operational Semantics

In this section we describe the syntax of the language we will consider. In order
to focus on the main characteristics and problems of timed algebras, we intro-
duce a simple timed process algebra which however contains the main operators
that characterize such an algebra. More exactly, we are talking about those we
consider to be the main operators of a high level timed process algebra. So, we
do not consider tic actions measuring time in a explicit way. Nevertheless it is
possible to translate our high level operators to a low level language containing
such kind of operators, and in this way similar results to those in this paper could
be obtained for a language such as the one in [HR93]. In our language, time is
introduced via the prefix operator; actions must be executed at the indicated
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P if P = STOP or P = DIV

STOP if P=et'; P, and t' <t

e(t' —t); Py if P=et'; Py and t' >t
Upd(t, P) = < Upd(t, P1) op Upd(t, P2) if P =Py op P2, op € {0,M,||a}

Upd(t, P1) \ A if P=P \A

DIV if P==x

Upd(t, P1)[RECz.P;/xz] if P =RECz.P
[DIV] DpIv =% DIV
[PRE] et;P <% P

[EL]] PnQ =% P PNQ-—"%Q
— Pt p v <t Qs P Pt <t Q-Tts
PoQ % pr Qop -, pr
(CH2] PTL PV <t Q-TEs PP <t Q-TEp
POQ % P OoUpd(Q,t) QoP I Upd(Q,t)o P’
’ ’
PP v <t Q1 PP v <t Q- Ip
[INT] SRR eg A L St Q eg A
PllaQ — P’ |laUpd(t, Q) Qlla P —— Upd(t, Q) [|a P’
P at P/ at ’
[SYN] ;t Q QL iea
PllaQ —— P |laQ
’
PP, W' <ta€A: P-4
[HD1] <ha€ e A
P\A-—< P\ A
1,7
P2 P Vi <td €A: P21
[HD2] : <ha € acA

P\A-L P\ A
[REC] RECz.P 2+ P[RECz.P/z]

Table 1. Operational Semantics.

time, and we will consider a discrete time domain 7. We consider a finite set of
actions Act, an internal event 7 € Act, and the set of events & = Act U {7}. We
denote by P the set of terms generated by the following grammar:

P ::=8TOP|DIV|et;P|PioP |PLMP|P||aQ|P\A|x|RECz.P,

where x is a variable process, A C Act, e € £, and t € 7. A process is a closed
term generated by the previous grammar. We denote the set of processes by CP.

In order to define the operational semantics of the language we need an
auxiliary function Upd(t, P), which represents the pass of ¢ units of time on
the process P. This function is defined in Table [ Looking at the operational

semantics, we observe that the function Upd(P,t) is only used when P %té for
t' < t; so, the way Upd(7t’; P,t) is defined when t' < ¢ is not important, and it
is only included for completeness.

The operational semantics of CP is given by the relation Lg CP x (€ x

T) x CP defined by the rules in Table [l The intuitive meaning of P <, Q
is that P executes event e at time ¢t to become (). Time is always relative to
the previous executed action. So rule [PRE] indicates that the only event that
process et; P can execute is e and the time when it is executed is t. The negative
premises in the rules are included to ensure the urgency of internal actions. Note
that non-guarded recursive processes execute infinitely many internal actions
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in a row, all of them at local time 0, just like process DIV. We say that such
processes are divergent.

Since some rules have negative premises we have to provide a way to guar-
antee that the generated transition system is consistent. This is achieved by
defining a stratification, as detailed in [Gro93]. We consider the following func-
tion

f(pP <, Q) = Number of operators in P
that is not difficult to check that is indeed a stratification.

The main characteristics of the operational semantics considered are urgency
and finitely branching. In fact, the results of this paper can be also obtained
for any process algebra whose operational semantics fulfills these two properties.

First, internal actions are urgent: P -~ P/ = P veéé Ve € £ and t' > t.
Nevertheless internal actions have no greater priority than observable actions to
be executed at the same time (although, as in the untimed case, the execution of
the internal actions that are offered at the same time that them could preclude,
in a nondeterministic way, the execution of those observable actions). Finally,
observable actions to be executed before any internal action are not affected by
the existence of later internal actions.

Another important fact is that this operational semantics is finitely branch-
ing. In an untimed process algebra this property could be set as: for a given
process P there exist a finitely many number of transitions that P can execute.
This property is also satisfied by the timed process algebra that we consider,
but, as in the future we desire to extend the results in this paper to more gen-
eral timed process algebras, we have modified this property in the adequate way.
For instance, if we would allow intervals in the prefix operator, as in a[0..0c0]; P,
then the above property would be no longer true. Thus we consider instead the
following one: Given e € € and t € T, the set {P'| P - P’} is finite.

To conclude this section we define the set of timed actions that a process P
can execute, TA(P) = {at| a € Act, IP": P —“ P'}.

3 Testing Semantics

In this section we define the testing semantics induced by the operational seman-
tics above. Tests are just finite processe but defined by an extended grammar
where we add a new process, 0K, which expresses that the test has been passed.
More exactly, tests are generated by the following B.N.F. expression:

TZZ:STOP‘OK|€t;T|T1DT2|T1 HT2|T1 HAT2|T\CL
The operational semantics of tests is defined in the same way as for processes, but

only adding the following rule for the test oK [OK] 0K —= STOP. Finally,
we define the composition of a test and a process: P |T = (P ||act T) \ Act.

1 'We could also allow recursive processes as tests, but they are not allowed, since this
would not add any additional power.

2 To be exact, we should extend the definition of the operational semantics for pro-
cesses and tests to mixed terms defining their composition, since these mixed terms
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Definition 1. Given a computation of P |T
Tt Tt
P|T =P |Ty —> P |To-Pe | Tx — Poy1 | Thy1 -

we say that it is Complete if it is finite and blocked (no more steps are allowed),

or infinite. It is Successful if there exists some k such that Ty LN

Now we can give the basic definitions of may and must test passing.
Definition 2.

— We say that P must pass the test T (P must T ) iff any complete computation
of P|T is successful.

— We say that P may pass the test T (P may T) iff there exists a successful
computation of P|T.

— We write P I';-’must Q iff whenever P mustT we also have @Q mustT.

— We write P Emay Q iff whenever P may T we also have Q may T .

— Finally, we write P ~p,y Q when P Emay Q and Q Emay P, and similarly
for the must case.

4 States, b-Traces, and Barbs

In this section we will recall some definitions and results introduced in [LANGG].
In order to characterize the testing semantics we will consider some special kind
of sets of timed actions which we call states. They represent any of the possible
local configurations of a process. In a state we have the set of timed actions that
are offered, and the time, if any, at which the process becomes divergent. We
consider that a process is divergent if it can execute in a row an infinite number
of internal actions, all of them at time 0. Note that divergent processes only
must pass trivial tests, that is, those initially offering the action 0K. In order to
capture divergence, we have introduced a new element {2 ¢ Act that represents
undefinition.

Definition 3. We say that A C (Act U {2}) x T is a state if

— There is at most a single 2t € A, i.e., t, ' €A = t=1.
— If 2t € A then t is the mazimum time in A, i.e., (2, at’' € A = ' <t

We will denote by ST the set of states.

Therefore, a state contains a set of timed actions. If a process P is in a state
A and at € A then we have that P can execute action a at time ¢t. When 2t € A
we have that the process would become divergent at (local) time ¢, if it has not
executed before any of the actions in the state.

are neither processes nor tests, but since this extension is immediate we have pre-
ferred to omit this formal definition.
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Ezample 1. Let P = (a0;al;STOP) 1 ((bl;a0;STOP)O(c0;STOP)). As indicated
by Definition [, it has (initially) two states: {a0} and {b1,c0}. If we consider
the process = P o7l ; DIV, it has as states {a0, 21} and {c0, 21}. Note
that action b at time 1 is not included in the second state. This is so, because
states are used to characterize the must semantics and we can easily check that
(b1;STOP) O (71 ;DIV) ~pust 71 ; DIV. Nevertheless, as we will see in Example 2]
this action will appear in a b-trace as an executed action of this process.

Next we give some auxiliary definitions over states that will be used later:

— We define the function nd(-) : ST — 7 U {oc}, which gives us the time at
which a state becomes undefined (not defined function), by nd(A4) = ¢ if
2t € A and nd(A4) = oo otherwise.

— For each time t € 7, we define the time addition and time restriction opera-
tors over a set of states by A+t = {a(t+t')|at’ € A} and A1t = {at'| at’ €
Aand t/ < t}.

— If A € 8T, we define its set of timed actions by TA(A) = A1 nd(A) =
And{at]at € A, a # 02}.

—If ACST andt € T, we write A < t (resp. A < t) iff for all at’ € A we
have t/ < ¢ (resp. t’ <t).

A barb is a generalization of an acceptance [Hen88]. Additional informa-
tion must be included in order to record the actions that the process offers
before any action has been executed. First we introduce the concept of b-trace,
which is a generalization of the notion of trace. A b-trace, bs, is a sequence
AjaitiAsasts - - - Apant, that represents the execution of the sequence of timed
actions ajityasts - - ant, in such a way that after the execution of each prefix
aity -+ a;—1t;—1 the timed actions in A; were offered (but not taken) before ac-
cepting a;t;. Then a barb is a b-trace followed by a final state, that represents
the reached configuration of the process after executing the b-trace. The time
values that appear in barbs and b-traces are relative to the previous executed
action.

Definition 4.

— b-traces are finite sequences, bs = Aiaqty -+ Apant,, where n > 0, a;Act,
t; €T, Ay C Act x T, and if a’t' € A; then t' < t;. We take Iength(b) =n;
when n = 0 we have the empty b-trace denoted by e.

— A barb b is a sequence b = bs - A where bs is a b-trace and A is a state. We
will represent the barb € - A simply by A, and so we can consider states as
(initial) barbs.

The states of a process P are computed from its complete computations of
internal actions. For any computation we record the actions that were offered
before the execution of the next internal action. For divergent computations we
also record the time of divergence.

Definition 5. For a process P, the set A(P) is the set of states A € ST that
are generated from the complete (initial) computations of internal actions of P
as described below:
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. . . Tt1 T2 Ttg
— Fach infinite computation P = P —— Py —— -+ Py, —— Pyyq---
generates the state A € .A(P) given by
o0 . 3
A= ((TAE) 1) + 1) U {{Qt}zftzl Lt <002

otherwise.
i€IN

tn
— Fach finite blocked computation P = Py b, P T, ) I, P,

generates the state (TA(P,) +t™) UUL, (TA(P) 1t;) +t*) € A(P).

where, in both cases, we take t* = Ziﬁl

it

In order to define the b-traces of a process we introduce the following notation:
Let t € T, bs = Ajaity - bsy be a b-trace, and A C Act x T be a set of timed
actions such that A < t, then we take (A,t) Ubs = (AU (A1 +t))a(ty +t) - bsy.

Definition 6. Let P, P’ be processes and bs a b-trace. We define the relation
bs ’
P = P’ as follows:
- P=P.
—IfP 5 P, and Py =y P! with bs' # € then P

~IfP 5P, a”dP1b:Sl>P’ then P —JALDatbs’

(TA(P)1t,t)Ubs’ P

P
We define set of barbs of P by Barb(P) = {bs- A| P = Q and A € A(Q)}.

States, barbs and b-traces are closely related. The states of a process are its

initial barbs, those whose b-trace is empty. If P tedat, Q@ then there exists a

state A’ such that bs- A" € Barb(P) and A’ 1t = A. Finally, if bs - A € Barb(P)
bs-(Alt)at Q

Ezxample 2. Let us consider the processes P and @ introduced in Example [l
The barbs of P are {a0}, {b1, 0}, @a0{al}, @a0@al®, &0, {c0}b1{a0}, and
{c0}b1@a02. The barbs of @ are those of P removing {b1,c0} and adding
{021, c0}. The fact that {c0}b1@a0@ € Barb(P) indicates the that P can ex-
ecute the b-trace {c0}b1@a0 and it reaches a state that offers &, i.e., the process
deadlocks. The execution of the b-trace {c0}b1@a0 indicates that the process
can execute the action b at time 1 and then, immediately, the action a (local
time 0, but global time 1); but before executing action b the process could also
execute the action ¢ at time 0. If we know that this b-trace has been executed,
we can conclude that ¢ was not offered at time 0 by the environment. Note that
{c0}b1{a0} € Barb(Q), in spite of the fact that {c0,b1} ¢ Barb(Q).

and at € A then there exists a process @) such that P

We will use barbs and b-traces to characterize the testing semantics. This will
be done by defining a preorder between sets of barbs and another one between
sets of b-traces. In order to define them, we need the following ordering relations
between b-traces and barbs:

3 Note that Zfil t; < oo iff there exists some ng such that ¢; = 0 for all ¢ > nyg.
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Definition 7.

— We define the relation < * between b-traces as the least relation that satisfies:
1.e<e 2. If bs’ < bs and A’ C A then A'at - bs' < Aat - bs.
— We define the relation < between barbs as the least relation that satisfies:
1. If bs, bs' are b-traces such that bs' < bs, and A, A’ are states such that
nd(A’) < nd(A) and TA(A") C A, then bs' - A’ < bs- A.
2. If A is a state, b = Ajaity - b is a barb such that nd(A') < t; and
TA(A") C Ay, and bs' < bs then bs' - A’ < bs- (Arasty - V).

Intuitively, a b-trace bs is worse than another one bs’, if the actions that appear
in both b-traces are the same, and the intermediate sets A; that appear in bs are
smaller than those A appearing in bs’. For barbs, we must notice that whenever
a process is in an undefined state, which means t = nd(A4) < oo, it must pass no
test after that time. Barbs and b-traces are introduced to characterize the testing
semantics. As shown in [LAN96], to characterize the must testing semantics it is
enough to extend the preorder above to sets of barbs and b-traces, as follows:

Definition 8. Let By and By be sets of barbs, we say that By < Bs iff for any
by € Bg there exists by € By such that by < bs.

The preorder < can be used to characterize that induced by the must testing
semantics, which means that we can prove the following Must Characterization
Theorem (proved in detail in [LAN96]): P& Q <= Barb(P) < Barb(Q).

In the following sections we will characterize the may testing semantics.

5 Divergence Free Processes

First, the relationship between may and must testing semantics will be studied
in the case when the involved processes are divergence free. We will show that,
rather surprisely, in this case, both relations are symmetric each other:

P Emust Q — Q Emay P

Even more, we will show that may testing can be viewed as the dual relation of
must testing, in the sense that we can find a family of standard tests character-
izing must semantics, such that if we define the dual of a test, in a very simple
and natural way (to be precised later), we have that a process passes a test of
the family in the must sense iff it does not pass its dual test in the may sense.

Intuitively, a process P is divergent, and then we write P 1, if P can execute
in a row infinitely many internal actions, all of them at (local) time 0. We say
that P is divergence free when no execution of P leads us to a divergent process

P’. For instance, the process P = a1;STOP is divergence free, while Q = a1;DIV is
not, because of the existence of the computation Q 21, DIV. We could formally
define divergence freedom directly from the operational semantics, but since this
definition is a little cumbersome, we present instead the following equivalent

characterization in terms of barbs:

4 Note that the symbol < is overloaded, since it is used for both b-traces and barbs.
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Definition 9. We say that a process P 1is divergence free iff for each barb
bs - A € Barb(P) we have nd(A) = cc.

Next we will prove the left to right arrow: P Q = @Q Emay P. We will use

the following characterization of the must testing ordering, that we have proved
in [LAN96[: P T Q <= Barb(P) <« Barb(Q). So it is enough to prove:

~must

Proposition 1. Barb(Q) < Barb(P) = PL__ Q.

~may
Proof. (sketch) Let T be a test such that P may T'; then there exist some

process P’ and some test 7’ such that 77 —=- and there exists a computation

from P |T to P'|T’. So, there exist P” and T" and a couple of b-traces bs =

Ajarty - Apant, and bs’ = Ajagty - -+ Al ant, such that P bs, P T b

T", A; N A, = @, and there exists a computation from P |T to P”|T" and
another one from P” |T" to P'|T".

Now from the computations of P and T to P’ and T’ we get two states
A€ A(P") and A’ € A(T") satisfying AN A’ = 2.

Since Barb(Q) < Barb(P) and P and Q are divergence free, there exist
some barb v’ = bs” - A” € Barb(Q) with bs” = Afait;--- Alayt, and some

processes @' and Q" such that A7 C A;, A” C A, Q SULEN Q" and there is a
computation from Q" to @', that generates the state A” by applying Definition Bl
So we have A/ N A}, = @ and A" N A" = &, so we have a computation from Q | T
to Q" |T". Since @ is divergence free, we also obtain a computation from Q" | T"”
to Q| T.

Next we prove the right to left side of the equivalence. For it, we introduce a
new family of standard tests characterizing must semantics, which means that
whenever we have P& . @ we can find some test 7" in the family such that
P must T but @ myst 7. These tests are similar, but not exactly the same, that
those with the same name and property that we have used in [LAN96|. Although
in order to relate Ema and Emust we could also use here those tests, we have
preferred to use instead the new family, because by considering the corresponding
dual tests we can directly obtain that relationship, thus emphasizing the duality
between must and may passing of tests. The tests that constitute the new family
of standard tests are those obtained by applying the following definition:

Definition 10. Given a barb b and a set of barbs B such that there is no barb
b € B such that b’ < b, we say that a test T is well formed with respect to B
and b when it can be derived by applying the following rules:

— If b= A, we take any finite set Ay C Act x T such that for any A’ € B we
have Ay N A" # &. Then, taking
Ty = ( DA at ; OK) O7t;STOP, where t > max{t'| at’ € A;}
atc Ay
we have that T = Ty 075 is well formed with respect to B and b.
— If b = Aat - by, we consider any finite set A1 C Act x T with A;NA =0
and such that any barb A'at- b} € B either satisfies A’N Ay # & or by £ b.
When A1 # &, we consider the test

T,= [ at;ok
ate A1\ A
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Besides, taking the set of barbs By = {V/ | A’ C A and A'at - b’ € B}, when
By # @, we can take as Ty any well formed test with respect to By and by.
Then we have that
TlﬂTgljit;UK lfAl#@, Bl#g
T=<T1 if A1 #90, Bil=9
TQDit;OK ifAlig, B17é®
is well formed test with respect to B and b.

Given an arbitrary set of barbs B and a barb b, it is possible that there is no
well formed test T with respect to B and b, because the finite set A; required in
the first part of the definition might not exist. But, as the operational semantics
is finitely branching, for any B = Barb(P) and b € Barb(Q) such that there is
no b’ € B with I/ < b, there is some well formed test 7" with respect to B and b.
Finally, dual tests are defined as expected:

Definition 11. Let T be a test, we define its dual test, T, by interchanging the
tailing occurrences of STOP and OK in T'.

The well formed tests and their duals satisfy the following:

Proposition 2. Let B be a set of barbs a b a barb such that and there is no
b € B such that b/ < b. Let us consider T' a well formed test with respect to B
and b, then: beBarb(Q) = Q mystT and Q may T*.

B =Barb(P) = P mustT and P mdy T*.

Proposition 3. PL Q = Qk P

~may ~must .
Proof. Let us suppose that Q& P, then there must exist some b € Barb(P)
such that there is no b’ € Barb(Q) verifying ' < b. Then we take a well formed
test T with respect to Barb(Q)and b such that we have @ must T and P muist T
Then by applying the previous proposition, we have P may T* and Q mgy T*.
This contradicts our hypothesis, P Q.

~may
Finally, as a consequence of Propositions [[l and Bl we obtain the may testing
characterization theorem for divergence-free processes that we were looking for:

Theorem 1. P Q <+ QL P

~may ~must

6 Processes with Divergences

Once we have studied the relation I for non divergent processes we pro-
ceed to study it in the general case. Since in the untimed case we already had
~must7may When divergences appear, we could expect that in the untimed case
we would have the same result. This is indeed the case, as the following example
showsl :

Ezxample 3. Let us consider the processes P = DIV and Q = DIVTlal ; STOP. It
is easy to show that P and @ are equivalent under must testing, i.e., P Q
and Q% _ . P; but, on the other hand, we have Q& P.

may



84 Luis Fernando Llana Diaz and David de Frutos Escrig

We also have ~ust 2~may, what means that we really need divergence free-
dom in order to prove Proposition[3l To show it, let us consider
P = ((a0;STOP)O(72; DIV)) M ((a0 ; STOP) O (b0 ; STOP) O (71 ;DIV)) and
Q@ = ((a0; STOP) o (72 ; DIV)) M ((a0 ; STOP) o (b0 ; STOP) O (72 ; DIV)).
It is not difficult to show, by using Theorem 2] that under may testing semantics
both processes are equivalent, i.e., P ~y,, Q; but we have Q £ P, and so

P i#must Q

In order to characterize Emay in the general case, we introduce the following

must

Definition 12. Let bs- A and bs’ - A" be barbs, we say bs' - A’ Kmay bs - A iff
bs'" <« bs, nd(A’") > nd(A), and A’ 1 nd(A) C A. Then we define the relation
Kmay between sets of barbs, by saying Bi <may B2 iff for any by € By there
exists by € Ba such that by <may b1.

The rest of the section is devoted to prove the May Characterization Theorem
for the general case: P Emay Q <= Barb(P) < ay Barb(Q). It is an immediate
consequence of Propositions@and[Bbelow. In the following, tys(bs) stands for the
duration of bs, defined by taking tys(€) = 0 and tps(Ajaity - bs1) = t1 + ths(bs1).

To prove the left to right arrow of the theorem, we need a special kind of tests:

Definition 13. Let b be a barb, we inductively define the test T'(b) as follows:
T(e-A)=rt;0ko [ d/t’;sTOP (t =nd(A))
Wt EA, <t
T(Ad't -b,t) =d't' ; T(b,a,t)O L] a''t" ; STOP
alltllgAl’ tll<t
For these tests it is easy to check the following:

Lemma 1. P may T'(b) iff there exists b’ € Barb(P) such that b’ <may b.

Proposition 4. PL @Q = Barb(P) <may Barb(Q).

~may

Proof. Let us consider b = bs- A € Barb(P). Then we have P may T'(b). As
P Emay Q@ we also have @ may T'(b), and by applying the previous lemma we

get the desired result.

Proposition 5. Barb(P) <may Barb(Q) = PL Q.

~may

Proof. (sketch) The proof of this proposition is very similar to that of Proposi-
tion @1 The only difference is the way that the adequate barb b = bs” - A” €
Barb(Q®) is found. To do it in this case we have to use the fact that P <may Q.
From this fact we can also conclude that this barb verifies bs” < bs, A”1nd(A) C
A and nd(A”) > nd(A). Then for the corresponding processes @' and Q" we ob-
tain a successful computation from Q | T to Q' | T".

Finally we have the desired result:

Theorem 2. PL _Q <= Barb(P) <may Barb(Q).

~may
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7 Conclusions and Discussion

In this paper we have defined and characterized may testing semantics for timed
process algebras. We have distinguished the cases when the involved processes
are divergence free or not. When considering divergence free processes we have
proved that the may testing semantics is the inverse preorder of must testing
semantics. Moreover, for a representative class of tests we have define the notion
of dual test. This class of tests is powerful enough to distinguish non-related
processes, and for any test T in that class it holds that P must T if and only if
P mgy T*, where T* is the dual test of T'. So we can conclude that, in some sense,
the may testing semantics is dual to the must testing semantics. The problems
that appear when considering non-divergence free processes are similar to those
appearing in the untimed case.

It would be interesting to compare in detail our results with those in [Sch95].
The time model used there is continuous (IR in fact), but this point deserves
no special attention. In fact it, some people working on this area claim that
continuous time is more general than discrete time. If that were the case, any
result obtained for a reasonable continuous timed process algebra could be trans-
fered to the associated discrete timed algebra. Applying this argument we could
conclude from our results and those in [Sch95] that must testing semantics is
equivalent to failures semantics. In fact, we conjecture that this is indeed the
case, but this cannot be concluded just by applying this naive argument.

Reasonable continuous and discrete timed models are not trivially compara-
ble. For instance, process at; P cannot be modeled in Schneider’s framework. The

candidate to simulate in that model such a process would be WAIT t; (a — P S
STOP). But in this way we do not obtain an exact translation, since the meaning
(using our syntax) of the latter term is the same as that of a0; PM70;STOP. The
reason why this happens is that, in Schneider’s model or any other reasonable
continuous time model, when a process rejects an action at time 0, it must also
do it at some instant € > 0. This naturally reflects the continuous character of
real numbers. As a consequence, we cannot assert any property related to a con-
crete instant of time. Therefore, when comparing continuous and discrete timed
models much more care is needed.

References

[BDS95] J. Bryans, J. Davies, and S. Schneider. Towards a denotational semantics
for ET-LOTOS. In CONCUR ’95, volume 962 of Lecture Notes in Computer
Science, pages 249-263. Springer-Verlag, 1995.

[DH84] R. De Nicola and M. C. B. Hennessy. Testing equivalences for processes.
Theoretical Computer Science, 34:83—133, 1984.

[Gro93] J. F. Groote. Transition system specifications with negative premises. Theo-
retical Computer Science, 118:263—299, 1993.

[Hen88] M. Hennessy. Algebraic Theory of Processes. MIT Press, 1988.

[HR95] M. Hennessy and T. Regan. A process algebra for timed systems. Information
and Computation, 117:221-239, 1995.



86

[Jen98)

Luis Fernando Llana Diaz and David de Frutos Escrig

Lars Jenner. Further studies on time testing of concurrent systems. Technical
report, Institut fir Informatik, Universitat Augsburg, 1998.

[LAN96] L. F. Llana-Diaz, D. de Frutos, and M. Nuiiez. Testing semantics for urgent

[L1a96]

[Ree88]
[RR88]

[Sch95]

process algebras. In Third AMAST Workshop in Real Time Programming,
pages 3346, 1996.

L. F. Llana-Diaz. Jugando con el Tiempo. PhD thesis, Universidad Com-
plutense de Madrid, 1996.

Available in http://dalila.sip.ucm.es/miembros/luis/ps/tesis.ps.gz.
G. M. Reed. A Uniform Mathematical Theory for Real-Time Distributed Com-
puting. PhD thesis, Oxford University, 1988.

G. M. Reed and A. W. Roscoe. A timed model for communicating sequential
processes. Theoretical Computer Science, 58:249—-261, 1988.

S. Schneider. An operational semantics for timed CSP. Information and
Computation, 116(2):193-213, 1995.



A Framework for Formal Reasoning about Open
Distributed Systems*

Lars-ake Fredlund and Dilian Gurov

Swedish Institute of Computer Science,
Box 1263, SE-164 29 Kista, Sweden,
fred|dilian@sics.se

Abstract. We present a framework for formal reasoning about the be-
haviour of distributed programs implementing open distributed systems
(ODSs). The framework is based on the following key ingredients: a spec-
ification language based on the p-calculus, a hierarchical transitional se-
mantics of the implementation language used, a judgment format allow-
ing parametrised behavioural assertions, and a proof system for proving
validity of such assertions which includes proof rules for property de-
composition. This setting provides the expressive power for behavioural
reasoning required by the complex open and dynamic nature of ODSs.
The utility of the approach is illustrated on a prototypical ODS.

1 Introduction

For a few years now, the Formal Design Techniques group at the Swedish Insti-
tute of Computer Science has pursued a programme aimed at enabling formal
verification of complex open distributed systems (ODSs) through program code
verification. While previous work by the group has been predominantly directed
towards establishing the mathematical machinery [5], basic tool support [3], and
performing case studies [2], the present paper focuses on methodological aspects
by motivating the chosen verification framework and by showing on an example
proof how suitable this framework is in practice for formal reasoning about the
behaviour of ODSs.

A central feature of open distributed systems as opposed to concurrent sys-
tems in general is their reliance on modularity. Large-scale open distributed
systems, for instance in telecom applications, must accommodate complex func-
tionality such as dynamic addition of new components, modification of inter-
connection structure, and replacement of existing components without affecting
overall system behaviour adversely. To this effect it is important that component
interfaces are clearly defined, and that systems can be put together relying only
on component behaviour along these interfaces. That is, behaviour specification,
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and hence verification, needs to be parametric on subcomponents. But almost
all prevailing approaches to verification of concurrent and distributed systems
rely on the assumption that process networks are static, or can safely be approx-
imated as such, as this assumption opens up for the possibility of bounding the
space of global system states. Clearly such assumptions square poorly with the
dynamic and parametric nature of open distributed systems.

The decision to focus on verification of actual program code rather than
addressing the easier task of verifying specifications comes from the observation
that still, after all these years of advocating formalised specifications as a means
to improve the quality of products, in industry today only rarely does one find
such formalised specifications.

We summarise the framework in Section Zlas it has developed throughout the
project, and then illustrate its merits in Section Bl by focusing on a prototypical
distributed systems example where a set data structure is implemented through
the coordination of a dynamically changing number of processes. The example is
programmed in the Erlang language [1], a functional programming language with
support for distribution and concurrency, that is nowadays used in numerous
telecommunication products developed by the Ericsson corporation. To illustrate
the verification method we formulate and sketch a proof of a key property of the
set implementation.

2 Verification of Open Distributed Systems

First we examine the characteristics of programming platforms for open dis-
tributed systems, and from this description derive requirements on the formal
machinery necessary to permit verification of open distributed systems.

2.1 Programming Platforms for ODSs

Programming platforms provide the necessary functionality for open distributed
systems. To name but a few services typically provided:

1. The basic building blocks that can execute concurrently (processes and/or
threads, concurrent objects).

2. Facilities for dynamically creating new executing entities.

3. Means for coordination of, and communication between, concurrently exe-
cuting entities. For example through semaphores, a shared memory, remote
method calls, or asynchronous message passing.

4. Support for implicitly or explicitly grouping executing entities into more
complex structures such as process groups, rings of processes or hypercubes.

5. Support for fault detection and fault recovery.

Like large software systems in general, ODSs are usually built from libraries
of components. These ideally use encapsulation to provide clean interfaces to the
components to prevent their improper use.
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2.2 A Framework for Formal Reasoning about ODS Behaviour

Semantics of ODSs. To reason in a formal fashion about the behaviour of
an ODS, a formal semantics of the design language in which the system is de-
scribed is needed. This can be done in different styles, depending on the intended
style of reasoning. Our methodology is mainly tailored to operational seman-
tics, although other formal notions of behaviour are derivable in our framework,
supporting reasoning in different flavours. Operational semantics are usually
presented by transition rules involving labelled transitions between structured
states [I1]. A natural approach to handling the different conceptual layers of
entities in the language, supporting modular (i.e. compositional) reasoning, is to
organise the semantics hierarchically, in layers, using different sets of transition
labels at each layer, and extending at each layer the structure of the state with
new components as needed. This approach will be illustrated in the example of
the Erlang programming language in Section 23

Specification Language. Reasoning about complex systems requires composi-
tional reasoning, i.e. the capability to reduce arguments about the behaviour of
compound entities to arguments about the behaviours of its parts. To support
compositional reasoning, a specification language should capture the labelled
transitions at each layer of the transitional semantics. Poly-modal logic is par-
ticularly suitable for the task, employing box and diamond modalities labelled
by the transition labels: a structured state s satisfies formula ()@ if there is

an a-derivative of s (i.e. a state s’ such that s %, ¢ is a valid labelled transi-
tion) satisfying @, while s satisfies [a® if all a-derivatives of s (if any) satisfy
@. Additionally, state predicates are needed to capture the “local”, unobservable
characteristics of structured states, such as e.g. the value of a local variable. The
presence of recursion on different layers requires also the specification language
to be recursive. Adding recursion in the form of least and greatest fixed-points
to the modalities described above results in a powerful specification language,
broadly known as the p-calculus [10] §]. Roughly speaking, least fixed-point for-
mulas uX.¢ express eventuality properties, while greatest fixed-point formulas
vX.¢ express invariant properties. Nesting of fixed points allows complicated
reactivity and fairness properties to be expressed.

Parametricity. As explained above, reasoning about open systems requires
reasoning about their interface behaviour relativised by assumptions about cer-
tain system parameters. Technically, this can be achieved by using Gentzen-style
proof systems, allowing free parameters to occur within the proof judgments of
the proof system. The judgments are of the form I" = A, where I and A are sets
of assertions. A judgment is deemed wvalid if, for any interpretation of the free
variables, some assertion in A is valid whenever all assertions in I" are valid. Pa-
rameters are simply variables ranging over specific types of entities, such as mes-
sages, functions, or processes. For example, the proof judgment = : ¥ - P(x) :
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states that object P has property @ provided the parameter x of P satisfies
property ¥.

Compositionality. Reducing an argument about the behaviour of compound
entities to arguments about the behaviours of its parts can be achieved through
parametricity: We can relativise an assertion P[Q/z] : ¢ about the compound
object P to a certain property ¥ of its component () by considering @) as a
parameter for which property ¥ is assumed, provided we can show that Q indeed
satisfies the assumed property ¥. Technically this can be achieved through a
term-cut proof rule of the shape:

FrFQ:w,A TLaz:WFP:6 A
I'+ PlQ/z]: P, A

Recursion. When reasoning about programs in the presence of recursion on
different layers, one traditionally relies on different forms of inductive reason-
ing, such as mathematical induction, complete induction and well-founded in-
duction. Of these, the latter is the most general one. Through a sophisticated
mechanism for generalized-loop detection, fixed-point approximation, and dis-
charge, our proof method supports well-founded inductive reasoning, as well as
proofs by co-induction [9] which is needed when reasoning about entities of non-
well-founded nature such as infinite streams. Recursion on any layer like data,
functions, and processes is treated uniformly in this framework.

The mechanism itself is presented and studied in detail in [5]; here we only
give an idea of the approach. Assume that we are to prove that repeated pop-
ping of elements from a stack must eventually fail unless interleaved with the
pushing of new elements. The initial proof goal will roughly have the shape
s:stack b reppop(s):terminates, where stack is the type of stack expressed as
a formula describing the transitional semantics of stacks, reppop is a function
implementing repeated popping, and terminates is a formula expressing termi-
nation of computation. Since the stack definition and the formulas are recursive,
in the process of proof construction we will eventually reach a point where we
have to prove the same termination property, but for a modified stack. In fact,
this new proof goal will be an instance of the more general initial goal, and in
this way we will have discovered a generalised loop in the proof tree. But along
this loop we will have made progress in that we will have decreased the value of
an ordinal approximating a least fixed-point formula describing the stack. This
fact will allow the new goal to be discharged with respect to the initial goal,
analogously to the way assumptions are discharged in natural deduction, thus
terminating successfully the respective branch in the proof tree.

2.3 Programming ODSs in Erlang

Erlang [T] is at its core a functional programming language, extended with a
notion of processes and primitives for message passing. Erlang has a small set of
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powerful constructs, and is therefore suitable as both a modeling as well as an
implementation language for ODSs consisting of a high number of light-weight
processes. It is especially suitable for telecommunications software. In contrast
to most other functional programming languages, Erlang has seen heavy use
in industry. In a recent project at Ericsson where a state-of-the-art high-speed
ATM switch was developed [4], figures of 480 000 lines of Erlang source code
have been reported, compared to 330 000 lines of C code (most of it in the form
of imported protocol libraries), and approximately 5 000 lines of Java code. A
frequently voiced opinion is that a chief reason for the quick development of this
product, and with resulting excellent quality, is the fast code-debug-replace cycle
made possible through the introduction of Erlang. Another important reason
for the success of Erlang in such projects clearly are the accompanying libraries
which provide support for many aspects of developing and maintaining large
telecommunications applications. There is for instance support for distributed
data base access, error recovery, and code replacement during runtime. A brief
overview of the Erlang fragment used in this paper can be found in Appendix[A.1l

Formal Semantics Our semantics for Erlang is a small-step operational one [6].
The basic message of the previous section with respect to language semantics
was the desirability to mimic the conceptual view that a programmer has of a
system built using Erlang in the language semantics. The semantics developed
here matches closely the hierarchic structure of the Erlang language. First the
Erlang expressions are provided with a semantics that does not require any
notion of processes. The actions here are a computation step 7, an output pidlv,
read(q,v) for reading a value v from the queue of the process in which context
the expression executes, and f(v1,...,v,) ~ v for calling a builtin function
(like spawn for process spawning) with side-effects on the process level state. An
example of an expression level transition rule is:

funi — —F@m~ 0
(V) ———w
The transitional behaviors of Erlang systems are captured separated into two
cases: (i) a single process constraining the behaviors of an Erlang expression as
illustrated in the following rule for process spawning;:
. spawn(module, f,v) ~» pid’ ¢ pid £ pid
proc (e, pid,q) — proc <e', pid, q> || proc <module : f(v), pid’, eps>

spawning

and (ii) the (parallel) composition of two Erlang systems into a single one ex-
emplified in the following rule for interleaving:

51— s1” wellformed(si’ || s2)

interleaveg -
s1 52— 51" || 52

where wellformed(s) requires that process identifiers of processes in s are unique.
The system actions are computation steps 7, input pid?v and output pid'v.
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2.4 Verifying ODSs in EVT

The Erlang Verification Tool (EVT for short) is a proof editing tool implementing
the above described framework: providing a property specification language and
an embedding of an operational semantics for Erlang, combined with a general
proof system based on the classical first-order sequent calculus.

Fu= tt|ff | T=T|FAF|F=>F|F\VF |notF
| forall Var : Type . F | exists Var : Type . F
AVar:Type.F | FT | T:F
[Action]F | <Action>F

PredicateDef ::=  Name : PropType DefSymbol F
PropType ::=  prop | Type -> PropType
DefSymbol = => | <= | =

Fig. 1. The syntax of logic formulae and definitions

The syntax of the specification logic of EVT is illustrated in Figure [ In
addition to the usual connectives of predicate logic the (a)F and [o]F modalities
are available with their usual meaning, defined by referring to the transition
relations of the embedded operational semantics. The T : F construct expresses
the proposition “T satisfies F” (or “T has type F”). In the following we will
refer to a number of predefined types such as erlangValue (ground values),
erlangExpression (expressions), erlangSysten (systems), erlangAction (ac-
tions ranging over computation steps tau, output pid'!v and input pid?v), etc.
In the definition of a predicate (PredicateDef) the => symbol selects the greatest
fixed point, the <= symbol the least fixed point, while = is for non-recursive
definitions (shorthands). Recursive occurrences of predicates are only permitted
under an even number of negations to ensure monotonicity.

3 Verifying a Prototypical Open Distributed System

Active data structures, i.e., collections of processes that by coordinating their
activities mimic in a concurrent way some data structure, are frequently used
in telecommunication software. In a previous study [2] a protocol for respond-
ing to database queries, directed to the distributed database manager Mnesia,
was verified. Internally the protocol built up a ring like structure of connected
processes in order to answer queries efficiently. In the current example we ex-
amine a scheme for a set implementation inspired by a set-as-process example
of Hoare [7]. Here the active data structure is a linked list, but the similarities
with the database query example are striking.
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3.1 An Implementation of a Persistent Set

As an abstract mathematical notion, a set is simply a collection of objects (taken
out of an universe of objects), characterized by the membership relation “€”: if
s is an object and S is a set, then the statement s € S is either true or false.
Using the membership relation, one can define sets as unions, intersections, or
differences of other sets, or in other ways.

Computer scientists have also another view of sets, namely as mutable ob-
jects: a set, when manipulated by adding or removing elements, still keeps its
“identity”, e.g. through an identifier. Any data-structure for manipulating col-
lections of objects, which does not impose an order on its elements (i.e. hides
this order through its interface), can be understood as implementing a set.

The objects to be manipulated can be distributed in space, and if the objects
themselves are large, it is conceivable, that we might want each object to be
maintained by a separate process. A further reason for implementing a set as an
active data structure is to permit concurrent access to multiple elements.

A complete implementation of a set, without a possibility to remove elements,
by means of a collection of interacting processes is given in Appendix[A.2] where
a module persistent_set_adt is defined. Internally the module implements
two functions - one for maintaining of single elements, and one for the empty
set. A set is identified by an Erlang process identifier. When creating a new set,
it initially consists of a single process executing the empty_set function; it is the
process identifier of this process by which the set is to be identified from hence
on. When an element is added, a new process is spawned off to store the element
if it is not already present in the set. Internally, when a new element is added
to a set, it is “pushed downwards” through the list of processes representing
set elements, until it reaches the emptyset process, which spawns off another
emptyset process, and becomes itself a process maintaining the new element. So,
as a result, a set is implemented as a unidirectional linked collection of processes
referenced by a process identifier.

To encapsulate the set against improper use, we provide a controlled interface
to the set module, consisting of a function for set creation mk_empty, testing for
membership is_member, addition of elements add_element, etc. The set creation
function, for example, spawns off a process executing the empty_set function,
and returns the process identifier of the newly spawned process. This process
identifier has then to be provided as an argument to all the other interface func-
tions. The implementation of the two set functions and the interface prevents
the user of the set module from having to notice that sets are internally repre-
sented by processes, and moreover prevents direct access to any other process
identifiers created internal to the linked list of processes.

Note however that any process, given knowledge of the process identifier of
a persistent set, can choose to circumvent the interface functions and directly
communicate (through message passing) with the set process. As we shall see in
the proof such “protocol abuse” can lead to program errors.
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3.2 A Persistent Set Property

To check the correctness of a persistent set implementation, we have to specify
those properties of sets which we consider paramount for correct behaviour.
Ideally, one would like such a specification to be complete, i.e. a system should
satisfy the specification exactly when it implements such a set. Completeness,
however, is usually difficult to achieve in practice, since such a specification would
be very detailed and the resulting proofs could easily become unmanageably
complex.

One crucial property of persistent sets is naturally that they retain any ele-
ment added to them. For simplicity, we will here prove a simpler property, that
once any element has been added to such a set the set will forever be non-empty.
The main predicates are:

ag_non_empty: erlangPid -> erlangSystem -> prop =>
\SetPid:erlangPid. \SetSys:erlangSystem.
((SetSys : non_empty SetPid) /\
(SetSys : forall Alpha:erlangAction. [Alpha] (ag_non_empty SetPid)));

persistently_non_empty: erlangPid -> erlangSystem -> prop =>
\SetPid:erlangPid. \SetSys:erlangSystem.
(((SetSys : non_empty SetPid) /\ (SetSys : ag_non_empty SetPid)) \/
(SetSys : empty SetPid) /\ (SetSys : forall Alpha:erlangAction.
[Alpha] (persistently_non_empty SetPid)));

Intuitively the persistently_non_empty predicate expresses an automa-
ton that, when applied to a process identifier SetPid and an Erlang sys-
tem SetSys representing a set, checks that empty SetPid remains true until
non_empty SetPid becomes true, after which non_empty SetPid must remain
continuously true forever (definition ag_non_empty). Note that this is, in some
respect, a challenging property since it contains both a safety part (non-empty
sets never claim to be empty) and a liveness part (all sets eventually answer
queries whether they are empty).

We advocate an observational approach to specification, through invocation
of the interface functions, as evidenced in the definition of the empty predicate:
empty: erlangPid -> erlangSystem -> prop =

\SetPid:erlangPid. \SetSys:erlangSystem.

(forall Pid:erlangPid.

((not (Pid = SetPid)) =>
(proc<is_empty(SetPid), Pid, eps> || SetSys : (evaluates_to Pid true))));

The empty predicate expresses that proc<is_empty(SetPid), Pid, eps>,
an observer process, will eventually (in a finite number of steps) terminate with
the value true, if executing concurrently with the observed set SetSys. For lack
of space the definition of the evaluates_to predicate has been omitted.

3.3 A Proof Sketch

Expressed in the syntax of EVT the main proof obligation becomes:

prove "declare P:erlangPid in |- proc<empty_set(), P, eps> : persistently_non_empty P";
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That is the Erlang system proc<empty_set(), P, eps>, an initially empty
set, satisfies the persistently_non_empty P property. In fact we will prove a
slightly stronger property:

Goal #0: not(add_in_queue Q) |- proc<empty_set(), P, Q> : persistently_non_empty P;

where the not(add_in_queue Q) assumption expresses that the queue Q does
not contain an add_element message. This proof goal is reduced by unfolding
the definition of the persistently_non_empty predicate, choosing to show that
the set process will signal that it is empty when queried, and performing a few
other trivial proof steps. There are two resulting proof goals:

#1: not(add_in_queue Q) |- proc<empty_set(), P, Q> : empty P
#2: not(add_in_queue Q) |- proc<empty_set(), P, Q> :
forall Alpha:erlangAction. [Alphal (persistently_non_empty P)

Goal #1 reduces to (after unfolding empty and rewriting):

not(add_in_queue Q), not(P=P’) |- proc<is_empty(P), P’, eps> || proc<empty_set(), P, Q> :
evaluates_to P’ true

That is, an observer process calling the interface routine is_empty with the
set process identifier P as argument will eventually (in a finite number of steps)
evaluate to the value true (meaning that the set is empty). Here the proof
strategy is to symbolically “execute” the two processes together with the formula,
and observe that in all possible future states the observer process terminates with
true as the result. Note however that the assumption not (add_in_queue Q) is
crucial due to the Erlang semantics of queue handling. If the queue Q contains an
add_element message the observer process will instead return false as a result,
since its is_empty message would be stored after the add_element message in
the queue and thus be serviced only after an element is added to the set.

The second proof goal #2 is reduced by eliminating the universal quantifier,
and computing the next state under all possible types of actions. Since the
process is unable to perform an output action there are two resulting goals, one
which corresponds to the input of a message V (note the resulting queue Q@V)
and the second a computation step (applying the empty_set function).

#3: not(add_in_queue Q) |- proc<empty_set(), P, Q@V> : persistently_non_empty P
#4: not(add_in_queue Q) |- proc<receive ... end, P, Q> : persistently_non_empty P

Proceeding with goal #4 either the first message to be read from the queue
is is_empty or is_member (the possibility of an add_element message can be
discarded due to the queue assumption). Handling these two new goals presents
no major difficulties.

Goal #3 is reduced by analysing the value of V. If it is not an add_element
message then we can easily extend the assumption about non-emptiness of Q:

#5: not(add_in_queue Q@V) |- proc<empty_set(), P, Q@V> : persistently_non_empty P
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Goal #5 is clearly an instance of goal #0, i.e., we can find a substitution of
variables that when applied to the original goal will result in the current proof
goal (the identity substitution except that it maps the queue Q to the queue
Qav). Since we have at the same time unfolded a greatest fixed point on the
right hand side of the turnstile (the definition of persistently_non_empty) we
are allowed to discharge the current proof goal at this point. If, on the other
hand, V is an add_element message the next goal becomes:

#6: add_in_queue Q@V |- proc<empty_set(), P, Q@V> : persistently_non_empty P

At this point we cannot discharge the proof goal, since there is no substitution
from the original proof goal to the current one. Instead we repeat the steps of
the proof of goal #0 but taking care to show non_empty P instead of empty P.

Also, we cannot discard the possibility of receiving an add_element message and
the resulting goal is (after weakening out the queue assumption):

#7: |- proc<set(Element,mk_empty(...)),P,Q’> : ag_non_empty P

By repeating the above pattern of reasoning with regards to goal #7 we
eventually reach the proof state:
#8: not(P=P’) |- proc<set(Element,P’),P,Q’’> || proc<empty_set,P’,eps> : ag_non_empty P

The Erlang components of the proof states of the proof, up to the point of
the spawning off of the new process, are illustrated in Figure[2.

proc<empty_set(),P,Q1>

|

P>’ 1 {is_empty,false} A P’ 1 {ismember,..., false }
proc<receive...end,P,Q2>

{ V= {is_empty;P”}/ \ V = {is-member, ..., P''}
proc<Client!{is_empty,true},...,P,Q3> proc<Client!{is member,Element,false},...,P,Q3>

V = {add_element, ...}

proc<set (Element,mk_empty()),P,Q3>

|

proc<set (Element,spawn(...)),P,Q4>

|

proc<set (Element,P’),P,Q5> || proc<empty_set(),P’,eps>

Fig. 2. Erlang components of initial proof states

At this point we have reached a critical point in the proof where some man-
ual decision is required. Clearly we can repeat the above proof steps forever,
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never being able to discharge all proof goals, due to the possibility of spawning
new processes. Instead we apply the term-cut proof rule, to abstract the freshly
spawned processes with a formula psi ending up with two new proof goals:

#9: not(P=P’) |- proc<empty_set(), P’, eps> : psi P P’
#10: not(P=P’), X:psi P P’ |- proc<set(Element,P’), P, Q’°> || X : ag_non_empty P

How should we choose psi? The cut formula must be expressive enough to
characterise the proc<empty_set(), P’, eps> process, in the context of the
second process and for the purpose of proving the formula ag_non_empty P.
Here it turns out that the following formula is sufficient:
psi: erlangPid -> erlangPid -> erlangSystem -> prop =>

\P:erlangPid . \P’:erlangPid .
( (forall P:erlangPid . forall V:erlangValue . [P?V]((not(is_empty V)) => psi P P’))

/\ (forall P:erlangPid . forall V:erlangValue . [P!V](not(is_empty V)))
/\ (converges P P’) /\ (foreign P) /\ (local P’));

Intuitively psi expresses:

— Whenever a new message is received, and it is not an is_empty message
then psi continues to hold.

— An is_empty reply is never issued.

— The predicated system can only perform a finite number number of internal
and output steps (definition of converges omitted).

— Process identifier P is foreign (does not belong to any process in the predi-
cated system) and process identifier P’ is local (definitions omitted).

The proof of goal #9 is straightforward up to reaching the goal:

#11: not(P’=P’’) |- proc<set(Element,P’’), P’, Q’’’> || proc<empty_set(), P’’, eps>: psi P P’

Here we once again apply the term-cut rule to obtain the following goals:

#12: not(P’=P’’) |- proc<empty_set(), P’’, eps> : psi P’ P’
#13: Y:psi P’ P’’ |- proc<set(Element,P’’),P’,Q’’’>||Y : psi P P’

Goal #12 can be discharged immediately due to the fact that it is
an instance of goal #9. Goal #13 involves symbolically executing the
proc<set(Element,P’’),P’,Q’’’> process together with the (abstracted) pro-
cess variable Y, thus generating their combined proof state space. Since both
these systems generate finite proof state spaces this construction will eventually
terminate. The proof of goal #10 is highly similar to the proof of goal #13 above,
and is omitted for lack of space.

3.4 A Discussion of the Proof
The proof itself represented a serious challenge in several respects:

— The modelled system is an open one in which at any time additional set
elements can be added outside of the control of the set implementation itself.
The state space of the set implementation is clearly non finite state: both
the number of processes and the size of message queues can potentially grow
without bound.
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— The queue semantics of Erlang has some curious effects with regards to
an observer interacting with the set implementation. It is for instance not
sufficient to consider only the program states of the set process to determine
whether an observer will recognise a set to be empty or not; also the contents
of the input message queue of the set process has to be taken into account.

Although the correctness of the program may at first glance appear obvi-
ous, a closer inspection of the source code through the process of proving the
implementation correct revealed a number of problems.

For instance, in an earlier version of the set module the guards pid(Client)
in the empty_set and set functions were missing. These guards serve to ensure
that any received is_empty or is_member message must contain a valid process
identifier. Should these guards be removed a set process will terminate due to a
runtime (typing) error if, say, a message {is_empty,21} is sent to it.

In most languages adding such guards would not be needed since usage of
the interface functions should ensure that these kinds of “typing errors” can
never take place. In Erlang, in contrast, it is perfectly possible to circumvent the
interface functions and communicate directly with the set implementation.

4 Conclusion

We have introduced an ambitious proof system based verification framework
that enables formal reasoning about complex open distributed systems (ODSs)
as programmed in real programming languages like Erlang. The proof method
was illustrated on a prototypical example where a set library was implemented as
a process structure, and verified with respect to a particular correctness property
formulated in an expressive specification logic. Parts of the proof were checked
using the Erlang Verification Tool, a proof editing tool with specific knowledge
about Erlang syntax and operational semantics.

In conclusion we have clearly illustrated the great potential of the approach:
we were able to verify non-trivial properties of real code in spite of difficulties
such as the essentially non-finite state nature of the class of open distributed
systems studied in the example. In addition the approach is promising because
of its generality: we are certainly not tied for all future to the currently studied
programming language (Erlang) but can, by providing alternative operational
semantics, easily target other programming languages. Still numerous improve-
ments of the framework are necessary, perhaps at the moment most importantly
with respect to the interaction with the proof editing tool. We are currently
forced to reason at a detail level where too many manual proof steps are re-
quired to complete proofs. How to rectify this situation by providing high-level
automated proof tactics remains an area of active research.
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A Appendix

A.1 A Short Introduction to Erlang

An Erlang process, here written proc (e, pid, q), is a container for evaluation of
functional expressions e, that can potentially have side effects (e.g., communi-
cate). A process has a unique process identifier (pid) which is used to identify
the recipient process in communications. Communication is always binary, with
one (anonymous) party sending a message (a value) to a second party identified
by its process identifier. Messages sent to a process are put in its mailbox g,
queued in arriving order. The empty queue will be denoted with eps, and g@u is
a queue composed of the subqueue ¢ and the value v. To express the concurrent
execution of two sets of processes s; and sz, the syntax s || s2 is used.

The functional sublanguage of Erlang is rather standard: atoms, integers, lists
and tuples are value constructors; ej(€2) is a function call; e, es is sequential
composition; case e of pj[when ejq4]->es;...;py[when eq4]->e, end is matching:
the value that e evaluates to is matched sequentially against patterns (values that
may contain unbound variables) p;, respecting the optional guard expressions
eig- €1les is sending whereas receive m end inspects the process mailbox ¢ and
retrieves (and removes) the first element in ¢ that matches any pattern in m.
Once such an element v has been found, evaluation proceeds analogously to case
v of m. Finally if e;—>e};--- en—>e~;I end is sequential choice.
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Expressions are interpreted relative to an environment of “user defined” func-
tion definitions f(p1) =>€1;--+; f(Pr) —>€x. The Erlang functions are placed in
modules using the -module construct. Functions not explicitly exported using
the —export construct are unavailable outside the body of the module.

A number of builtin functions are used in the paper. self returns the pid of
the current process. spawn(eq, ea, €3) creates a new process, with empty mailbox,
executing the expression e (€3) in the context of module e;. The pid of the new
process is returned. pid(e) evaluates to true if e is a pid and false otherwise.
Syntactical equality (inequality) is checked by == (/=).

A.2 The Set Erlang Module

-module(persistent_set_adt) .
-export ([mk_empty/0, is_empty/1, is_member/2, add_element/2, empty_set/0]).

empty_set () ->
receive
{is_empty, Client} when pid(Client) ->
Client ! {is_empty, true}, empty_set ();
{is_member, Element, Client} when pid(Client) ->
Client ! {is_member, Element, false}, empty_set ();
{add_element, Element}->
set (Element, mk_empty ())
end.

set (Element, Set) ->
receive
{is_empty, Client} when pid(Client) ->
Client ! {is_empty, false}, set (Element, Set);
{is_member, SomeElement, Client} when pid(Client) ->
if
SomeElement == Element ->
Client ! {is_member, SomeElement, true}, set (Element, Set);
SomeElement /= Element ->
Set ! {is_member, SomeElement, Client}, set (Element, Set)

end;
{add_element, SomeElement} ->
if
SomeElement == Element ->

set (Element, Set);
SomeElement /= Element ->
Set ! {add_element, SomeElement}, set (Element, Set)
end
end.

%% MODULE INTERFACE FUNCTIONS
mk_empty () -> spawn (persistent_set_adt, empty_set, []).

is_empty (Set) ->
Set ! {is_empty, self ()},
receive
{is_empty, Value} -> Value
end.

is_member (Element, Set) ->
Set ! {is_member, Element, self ()},
receive
{is_member, Element, Value} -> Value
end.

add_element (Element, Set) -> Set ! {add_element, Element}.
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Abstract. In this paper, we present a new system for proof-search in
propositional intuitionistic logic from which an efficient implementation
based on structural sharing is naturally derived. The way to solve the
problem of formula duplication is not based on logical solutions but on an
appropriate representation of sequents with a direct impact on sharing
and therefore on the implementation. Then, the proof-search is based on
a finer control of the resources and has a O(nlogn)-space complexity.
The system has the subformula property and leads to an algorithm that,
for a given sequent, constructs a proof or generates a counter-model.

1 Introduction

In recent years there was a renewed interest in proof-search for constructive
logics like intuitionistic logic (IL), mainly because of research in intuitionistic
type theories and their relationships with programming through proof-search [7].
Nowadays, theorem provers are more often used into the formal development of
software and systems and have to be integrated into various environments and
large applications. Then, to provide a simple implementation of a logical calculus
(and connected proof-search methods) in imperative programming languages
like C or Java, we have to consider new techniques leading to the clarity of
the implementation [8] but also to a good and efficient explicit management of
formulae, considered here as resources. The potential support for user interfaces
or for a natural parallelisation of the proof-search process could be expected.

A recent work on efficient implementation of a theorem prover for Intuitionistic
Propositional Logic (IPL) has emphasised the interest of finer control and man-
agement of the formulae involved in the proof-search, with an encoding of the
sequents at the implementation step [2]. But to solve the problem of duplication
of some formulae we need to reconsider the global problem of proof-search in this
setting, knowing that a usable proposal is necessary for a good space complexity
and an efficient implementation based on resources sharing. A logical solution
based on the introduction of new variables and of some adequate strategies is
given in [3]. Our goal in this paper is to propose a solution at a structural level
(no new formulae and only modifications of the sequents structure) including
a finer management of formulae (as resources). Therefore, we define, from an
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analysis of previous works, a new logical system, that has some similarities with
the one of [3]. With such a system we can naturally derive, from the logical rules
and a particular representation of sequents (with specific tree structures), some
new rules that act on trees to perform proof-search. Moreover, these ideas can
also be applied to a refutability system for IPL to generate counter-models in
case of unprovability [5]. With such an approach the depth of the search tree
is in both systems linearly bounded and the control on resources leads to an
efficient implementation in imperative languages.

2 Proof-Search in Intuitionistic Logic

We focus on IPL for which the LJ sequent calculus is a simple formulation
having the subformula property. On the other hand, it lacks termination and thus
implementing this calculus involves some kind of loop-checking mechanism to
ensure the termination of computation. A solution is the use of the contraction-
free sequent calculus LJT [I] that has the nice property that backward search
does not loop. There exists other proposals for proof-search in IL based for
instance on resolution [7], constraints [9] or skolemization [6].

Let us start to recall the main characteristics of the LJT system. It is is sound
and complete w.r.t. provability in LJ and a backward search does not loop and
always terminates [I]. For that, the left-implication rule of LJ is replaced by four
rules depending on the form of the premiss of the principal formula. Then, the
treatment of the implication is becoming finer and the termination is obtained
from a well-founded ordering on sequents. Moreover the contraction rule is no
longer a primitive rule but is nevertheless admissible. The corresponding multi-
conclusion calculus is also a good basis for a non-looping method to construct
Kripke trees as counter-models for non-provable formulae of IPL [5]. It provides
a calculus, called CRIP, in which refutations are inductively defined and Kripke
counter-models can be extracted from these refutations. The rules of LJT are
given in figure [[] X representing atomic formulae, A, B, G representing formulae
and I' being a multiset of formulae. This system provides a decision procedure
in which the deductions (proofs) may be of exponential depth in the size of their
endsequent. Moreover in rules like —-Lg3, some formulae of the conclusion appear
twice (duplication problem). We also observe that, for instance in the —-Ls rule,
the premises are not smaller (in the usual meaning) than the conclusion, even
if they are with a multiset ordering (see [1]). The LJT prover, implemented in
Prolog, is based on an analytic approach where the size of the formulae decreases
but a potential big number of subformulae might appear. One one has no explicit
knowledge on the formulae used during the proof-search or on the depth of proofs.
Moreover, LJT does not satisfy the subformula property: for instance, in rule
—-Ly, the formula B — C is introduced in the left premise even if it is not a
subformula of (A— B)— C. Some rules duplicate formulae as in rule —-L3 where
C is duplicated and in rule —-L4 where B is duplicated. Therefore, the idea to
share formulae naturally arises so that the duplication would be harmless in
terms of space. But we have to know which are the formulae that might appear
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Fig.1. The LJT calculus

during such backward proof-search. Then we have recently proposed an explicit
management of the formulae (considered as resources) and a new proof-search
method for LJT based on new concepts and results such as a new notion of
subformula [2].

In the LG system, independently proposed in [3], the length of the deductions is
linear bounded in terms of the size of the endsequent. A backward application
of the rules gives rise to an O(nlogn)-space decision algorithm for IPL. In this
work, the strategy used to avoid the duplication of subformulae is different for
the —-L3 and —-L4 rules: for the first one, it corresponds to add new proposi-
tional variables and to replace complex formulae by such new variables. For the
second one, it forces the sequents to keep a convenient form in order to apply
some transformations or reductions. In fact, in this system, the duplication prob-
lem is solved at a logical level by the introduction of new variables and the use of
particular sequents [3]. But it is complicated and several implementation prob-
lems arise. Our aim, in this paper, is to propose an alternative (not logical but
structural) solution based on a fine management of new structures appropriate
for an efficient implementation.

Let us mention the work of Weich [10] that is based on constructive proofs of the
decidability of IPL by simultaneously constructing either a proof, taking up the
approach of [3] or a counter-model refining the idea of [4]. His algorithm is faster
than the refutability algorithm of [5]. When restricted to provability it coincides
with the one of [3] including the same logical solution for the duplication problem.
Our proposal is based on a new logical system that has some similarities with
the formulations of LG dedicated to the implementation [3]. The duplication
problem is in our case treated by a structural approach in which no new vari-
able or formula is introduced and such that we only modify the structure of
the sequents. It will lead to a more direct and clear implementation in imper-
ative languages. The main characteristics coming from the use of appropriate
sharing techniques are: no dynamic memory allocation, a finer control on the
resources and a O(nlogn)-space algorithm for provability. A similar approach
can be applied to define and then implement an algorithm for refutability with
the generation of counter-models in a same space complexity, i.e., with the depth
of search tree being linearly bounded.
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Fig. 2. The SLJ-system

3 A New System for Intuitionistic Proof-Search

We present in this section a new logical system, called SLJ, that leads to a natural
use of sharing techniques on structures adapted to an efficient implementation
in imperative languages. It is derived from the ideas of LJT [] and of LG [3].

3.1 The SLJ System

The SLJ-system, that is given in figure 2] includes two kinds of sequents, like
in [3]. We have the usual intuitionistic sequent I' = A which is a multiset I’
of formulae forming the hypothesis together with a unique formula A called
the conclusion. The intuitive meaning of a sequent is that the conclusion A
logically follows from the hypothesis in I'. Moreover, we have a second kind of
sequent which we will call bozed sequent: I', o — C' + B which intuitively means
I'ya — C + «. The special B-notation indicates that the conclusion « is shared
with the left side of an implication in the hypothesis: a — C. For example, in
rule [-»—], B is shared and not duplicated. There is a mark x to determine
which formula is concerned. In this second kind of sequents, there is exactly
one marked formula on the left of an implication of the hypothesis. We will
denote I'* to point out the fact that I' contains exactly one formula of type
o — C. This will happen when this last formula is not the active one like in
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rule [X—] for example. This idea of marking a was introduced in [3] to avoid
one particular kind of duplication of formula in LJT and is also useful for our
purpose. It is important to notice that when we try to prove a boxed sequent
I''a* — C + B the sequents encountered upper in the proof are always boxed:
only boxed sequents appear in the proof of an initial boxed sequent.

The reader may also notice that the rules [AL], [Vi], [X—], [=>—], [A—] and
[V—] are duplicated. There is one version for boxed sequents and another version
for standard sequents. In the case of boxed sequents, the marked (or starred)
formula is not active. We have chosen not to distinguish the names because only
the nature of the sequent (boxed or not) differs for each pair of rules. On the
contrary, if we compare the rules [-—] and [—*—], then it appears that they
are very different. In the case the marked formula is active, the rules do not have
the same meaning at all.

This system is very interesting because all the duplications appearing in LJT
have been removed except in the rules [V—], [V;—] and [V;—]. The problem
of duplication in the rule (—-L4) of LJT has then disappeared. We will see
in section [ that the last duplication cases can be addressed by changing the
structure of sequent to represent sharing.

3.2 Kripke Models

Kripke models are a very general model representation for logics like intuitionistic
or modal logics. Here, we will adopt the same notation as in [10] for Kripke trees.
A Kripke tree is a pair K = (S, [K1, ... ,K,]) where Sk is a finite set of logical
variables and [/Cy,. .., /Cp] is a finite list of Kripke trees. Moreover, we suppose
that for each i, Sk C Sk,. This monotony condition is typical to intuitionistic
logic as opposed to modal logics for example. This is an inductive definition of
Kripke trees and the base case is when the list [Kq, ..., ;] is empty, i.e. p = 0.
In fact, Kripke trees are regular (oriented) trees with each node tagged with a
set of variables that grows along the paths from the root to the leaves.

We then introduce the notion of forcing. Let K = (Sk, [K1, ... ,Kp]) be a Kripke
tree and F' be a logical formula. We say that K forces F' and write K F F. The
inductive definition is the following:

KEX iff X € Sk KEA— Biff CF A implies CF B and Vi,K;FA— B
KEAANBift CFEAand KEB KEAVBit KEAor KEB

The only difference with classical logic here is that the forcing of logical impli-
cation A — B is inherited in the sons KC; of K and so in all its subtrees. In fact,
this inheritance is extended to all formulae with the following result, a proof of
which can be found in [10].

Lemma 1. If F is a logical formula and K = (Sk,[K1,...,/Kp]) is a Kripke
tree forcing F, i.e. KE F, then for all i, K;F F.

Kripke trees are models of intuitionistic logic. Let A4, ... , A, - B be a sequent,
we say that a Kripke tree K is a model of Ay,... A, F Bif CF A; and ... and
K E A, implies K F B. We will often write L F A,... , A, F B.
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Theorem 2 (Soundness). If I' = A is provable in intuitionistic logic and K
is a Kripke tree then KE ' A.

Models are very often used in a negative way to provide a synthetic argument
to the unprovability of some formula or sequent. Therefore, we say that K is a
counter-model of the sequent Aq,... , A, F Bif CFA; and ... and KE A4, and
K ¥ B. We write ¥ Aq,...,A, b B. There is an constructive version of the
completeness theorem, see [10] for example.

Theorem 3 (Completeness). Let I' = A be a sequent, then either it is intu-
itionistically provable, or there exists a Kripke tree IC such that ¥ I'F A.

3.3 Completeness of SLJ

Before proving the theorem we have to precise how Kripke trees can model
boxed sequents. K is a counter-model to I',a* — C + B if K is a counter-model
tol,a—CF a,s0 CFI,a— C and KF «. But we do not know whether C forces
C or not at the level of K. However, if one of its sons IC; forces a then IC; also
forces C'. The completeness result for SLJ can be decomposed into two parts:
one for boxed sequents and one for standard sequents. Here we only prove the
part for boxed sequents. The other part is very similar. The reader is reminded
that the following proofs are inspired from [5l/10].

Theorem 4 (Soundness). If I';a*—C + B is a provable sequent in SLJ, then
I'a— CF « is intuitionistically provable (or provable in LJT).

To obtain this result, it is sufficient to show that all the boxed ruled]] of SLJ are
admissible. For example, let us explore the case of [A*—]. We have to prove that
the following rule is admissible in IPL:

INA—CFA I'B—CFB
I''(ANB)—-CFAAB

From the premisses, we obtain I'+ (A —C) — Aand I'+ (B — C) — B. The
sequent (A —C)— A, (B—C)— B,(AAB)— CF AA B is also provable. By
two applications of the (Cut) rule, we obtain I',T,(AAB) - C + AA B. We
finally get the conclusion by application of the contraction rule. More details can
be found in [3].

Theorem 5 (Completeness). Let I, a* — C' - B be a boxed sequent, either it
admits a proof in SLJ, or it admits a Kripke tree counter-model.

The proof is done by induction on I, & — C, but it is not a simple induction on
the size of I, — C, see [1]. First, we point out the fact that some rules have
the important invertibility property: any counter-model to one of the premisses
is a counter-model to the conclusion. This is the case for the [Ar], [Vi], [X—],

I Boxed rules are the rules of figure [2| for which the conclusion is a boxed sequent.
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[X*—], [>*—], [A—], [A*—] and [V—] rules. Then if I" has one of the following
form,

I'=AANB I'=AAVB r=AXx,X-0C
I'=A,(AVvB)—C r=A,(ANB)—C

one of the above rule can be applied. The induction hypothesis gives us either
one proof for each premiss or else one counter-model to one of the premisses,
and thus we either have a proof or a counter model of I',a* — C' + B. This is
also the case when « = A — B, a = AABor a =X and X € I'. Then the
problem is reduced to the following case:

I = Xl,...7Xn7Y1—>D17...7Yk—>Dk,
o (A1—>B1)—>Cl,...7(Ap—>Bp)—>Cp

with {X1,..., X, }n{Y1,... ,Yr} = 0. Moreover, either « = AVB, or a = X and
X g {Xy,...,Xn,Y1,...,Y}. We will suppose that a = AV B for the rest of
the proof — the other case is simpler. We introduce A; = I" — {(Ai —B;)— C’i}.
Then, by induction hypothesis, either one of the A;, A;, Bf — C;,a — C - M is
provable, or there exists a counter-model for each of them.

In the first case, suppose that A;,, A;,, By, — Cj,,a«— C - B has a proof in SLJ.
Then consider the rule

109 “Lig s 07

AiO,Aio,BI()HC@'O,O&HCI—. AiO,CiO,a*HCI—I
Ia*—CHN

[=—]

This rule is right invertible: a counter-model of the second premiss is a counter-
model of the conclusion. On the other hand, a proof of the second premiss would
give a proof of I',a* — C' F WM. Thus, we obtain a proof or a counter-model of
the conclusion.

In the second case, for each i € [1, p] let K; be a counter-model of A;, A;, B} —
C;,aa— C F 1. Let us consider « = AV B By induction hypothesis, either one
sequent among " A* - C,B—-C+ B and I';A— C,B* — C I B is provable,
or we have two counter-models 4 and Kpg. In the first subcase, we obtain a
proof of I, (AV B)* — C + B applying [V;—] or [Vi—]. In the second subcase,
we define K = ({Xl, LXK, K, Ka, ICB]). It is only routine to check
that I is a counter-model to I',a* — C' + WM. We now give some details of the
proof. As X; € A;, we get K; F X; and so X; € Sk, for any j € [1,n] and
1 € {1,...,p,A, B}. Thus, K is a Kripke tree and it is simple to check that
K:':Xl,... ,Xn,Yl —>D1,... ,Yk—>Dk,a—>C.

As Ko E A and Kp ¥ B, we obtain K ¥ « and then it remains to prove that
KE(A; — B;)—C; hold. For any i € {1,... ,p, A, B} —{j}, (4; = B;) —Cj is
in the context (A; or I') and so K;F(A;— B;)—C;. Why does K;F(A;—B;)—C;
hold? Because we have K; F A; and K; F B; — C;. Moreover K; ¥ B; and also
K; ¥ A; — B; and thus K¥ A; — B;. Finally, if CF A; — B; then KF Cj.

2 Remember we have supposed this but a complete proof would also consider the case
a=X and X ¢ {Xl,... ,Xn,Yl,... ,Yk}.
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This completeness proof for the boxed fragment of SLJ also describes an algo-
rithm that produces a proof or a counter-model out of a given (boxed) sequent.
It can be effectively used to build counter-models.

4 Sharing Techniques

In this section, we will present an alternative approach, w.r.t. [3], to address
the problem of duplication of formulae during proof-search. It is not logical but
structural: only the structure of sequents is modified, no new formula or variable
is introduced. Looking at the SLJ-system, we can observe that a duplication
occurs when the active formula is of type (AV B) — C, and only in this case, as
for example in the rule [V—]. Hudelmaier proposed a way to bypass this problem
for complexity reasons: he wanted the linear size of sequent to decrease strictly
while applying rules of his system and put a restriction on C' that is to be an
atomic formula, a variable for example. But doing this, he had to introduce a
new rule in the system so that any formula C' could be replaced by a variable
without modifying the meaning of the sequent:

rNA—-X,X—-C+HG
rNnA-cCcraG

[X new variable]

By this trick, the system assures that any duplication is done on a formula of
size 1 and then has the property that the application of rules decreases the linear
size of the sequent. That is why we say that the duplication problem is addressed
on the logical side. We can see that the variable X represents the sharing of C
between A — C' and B — C by combining the two rules:

rA—-X,B—-X,X—-CkFG
I'AvB)— X, X —-CHG
I(AVB) -~ CFG

[V—]

[X new variable]

But this method has the drawback of introducing some new formulae (A— X for
example) during the proof-search. This could be a problem when we look for a
resource-conscious implementation of proof-search. It may not be easy to allocate
in advance all the formulae that could appear during the proof-search process.
We propose an alternative approach that consists in encoding the sharing of C'
between A — C' and B — C inside the sequent structure.

4.1 A Structural Solution

Usually, an intuitionistic sequent is a multiset (or set or list, depending on struc-
tural rules) of formulae, as hypothesis, together with a unique formula for the
conclusion. Here, we will consider a new structure encoding the sharing.

Sequent structure. The left part of sequents will have the structure of a forest
(i.e. list of trees). Each tree represents a compound formula where sharing is
taken into account. For this, the nodes of the trees are associated to subformulae
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of the initial sequent which will be called tags. Let | be a leaf in this tree, we
denote by Fp,..., F; the list of formulae encountered while following the path
from the root of tag Fy to the leaf [ tagged with Fj.

Each tree 7 is associated a meaning, which Ao

is the logical formula A, F; — - - - — F where

[ ranges over the leaves of 7. As usual, — ¢A, VA; — A
is right associative and F; — - - - — Fy means

Fy— (---— Fp). See the example in figureB. ¢ A5
There is an obvious map from formulae to

trees F' — o F' that associates a formula F

to one-node tree whose root is tagged with F'.

Az — (A2 — Ao)
A1 — AO

Fig. 3. Meaning function

Rules. The rules are derived from the SLJ rules and the preceding meaning
maps. They act on the leaves of the trees and there are two cases: the tree is a
one-node tree or else the root is not a leaf.

In the case of a one-node tree, ei-
ther the formula is an implication
in which case the node is rewritten
as a two-nodes tree (rule [—] in
figure[H) or we apply left conjunc-
tion or disjunction rule to obtain
one or two one-node trees.

[V—]

In the case the root is not a leaf,
a formula F; — (Fj_; — -+ — Fp)
corresponds to the leaf [ and thus

to an left implication rule of SLJ. AV B
For example, if Fj is AA B the leaf
l is replaced by a two-nodes tree Fig. 4. Tree decomposition rule

whose leaf is tagged with A and

whose root is tagged with B like it appears in rule [A—] of figure

We focus here on one of the rules that involves duplication. Considering the trees
of figure @] we see that the tree of the conclusion is associated to a formula of
the shape -+ A [(AV B) — (C — --- — R)| A ---. Considering the rule [V—]
of SLJ, and the fact that A can be exchanged with commas (,) on the left
side of SLJ-sequents because of the rule [AL], we can convert this formula into
- AN[A=(C—---—-R)AB—(C—---— R)| A---. The new formula exactly
corresponds to the tree of the premise. It illustrates the method from which
we derive the tree manipulation rules from SLJ-rules. We also notice how the
duplication has been removed with the help of sharing. The node tagged with C
is shared in the two paths leading to A and B. Finally, A and B which replace
AV B are subformulae. This fact is a general one, and all rules introduce only
subformulae so that the tags of the trees are all subformulae of the formulae of
the initial sequent. The it provides a subformula property (see section [£2]).

It is important to point out that the sharing version of SLJ is not a simple
implementation in terms of trees. In particular, we have previously seen that
proving a boxed sequent only involves boxed sequents. This is no longer the case
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Fig. 5. An example of proof-search

in the sharing tree version. The tree version of the rule [X—] might remove a
whole subtree and this one might contain the marked (or starred) formula. In
this case, the premiss cannot be a boxed sequent and we must reintroduce the
marked formula as the conclusion of the premiss.

An example. Considering figure[H], we aim to prove the sequent ((AAB)V (C —
D)) — E + F. First we build the tree of the subformulae of this sequent. The
nodes are given with numbers used to label the nodes of proof trees. The proof-
search tree is written bottom-up as usual. We start by translating the premiss
into a forest (in this case, there is only one tree) and then we develop this forest
following the rules for trees. Notice that only the leaves of the trees are concerned
in those rules. Inner nodes are “asleep” until all the sons are “removed.” This
point has some consequences when efficient implementation is taken into account
(see section [B]). Moreover a marked formula 6* appears in the tree at the end of
the proof-search. As for SLJ, there might be at most one marked formula in the
forest, meaning that this formula is shared with the conclusion and in this case,
the conclusion is boxed.

4.2 Properties of Structural Sharing

Structural sharing avoids the duplication of formulae. In fact, anytime a formula
on a leaf is decomposed, it is always replaced by one or two leaves that are
tagged with the subformulae of the tagging formula. Sometimes a part of the
tree can be removed. Let us consider some results about complexity, subformula
property and counter-models. If we measure the size of the forest by the sum of
the size of each tagging formula, then the size of any premise of a rule is strictly
smaller than the size of the conclusion. Moreover, the size of the initial forest is
exactly the size of initial sequent in the usual sense.

Theorem 6. The depth of the proof-search tree is bounded by the size of the
sequent (or forest) to prove.
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This result is important and already obtained in [3], providing an O(nlogn)-
space decision procedure for intuitionistic logic. Here we focus on an efficient
implementation of such a procedure, based on structural sharing. Another im-
portant point is that a tagging formula is always replaced by some of its direct
subformulae.

Theorem 7. The tagging formulae occurring during the proof-search, as the
forest gets decomposed, are subformulae of the initial sequent (or forest).

The consequence for implementation is significant. In fact, an occurrence of a
formula A is always decomposed by the same rule, which ever the context. This
only depends on the polarit of A as a subformula. It allows to do the allocation
of space for subformulae before the proof-search starts, and not dynamically.
In section B3, we sketched an algorithm to effectively build a counter-model
when the proof-search fails, like what was already done in [I0]. The proof can be
very easily adapted to the sharing-trees version of the system. In fact, one can
effectively build Kripke-trees that are strong counter models (see [10]) in case of
the failure of the proof-search algorithm on sharing trees.

Theorem 8. The algorithm can produce proofs or counter-models and their
depth is bounded by the size of the sequent to prove.

5 Implementation Issues

The sharing tree version of the SLJ system is well suited for an efficient imple-
mentation in imperative languages. A proof-search algorithm requires a bounded
memory space (depending on the size of the initial sequent) and it can be imple-
mented without using dynamic memory allocation at all. Moreover, good choices
are not obvious, especially in terms of time, if we aim to have a light use of re-
sources. To define a good proof-search strategy is not an easy task and can
depend on the kind of formulae. Its implementation could be difficult because
it could involve too much administrative tasks like maintaining lists of formulae
or even traversing lists at each point in the proof-search. A strategy has to take
into account that some rules have the invertibility property. Moreover, in case
the algorithm has to return counter-models, the strategies are restricted to those
respecting the order in the completeness proof of section B.3.

For a given strategy, the program having a sequent (set of sharing trees) as input
has to choose a leaf of the tree. Going through the tree to search for a particular
kind of leaf is not a good solution and it is necessary to gather leaves by types.
But this information has to be maintained when the proof rules are applied. To
summarise, the basic resources are the sequent represented as a tagged tree of
formulae and the conclusion (or starred formula if we have a boxed sequent). This
information is completed with some administrative information so as to make
these resources accessible in minimal time. The key-points are the following: the

3 This is the parity of the number of times a subformula occurs on the left of —.
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leaves should be organised by types to have an efficient choice. It is especially
important to avoid the traversal of leaves at each point of the proof-search; the
application of rules should not involve too much administrative tasks otherwise
the benefits of the added information would be null; the reverse application of
rules is also concerned by this point because the non-invertibility of some rules
implies some backtracking.

6 Conclusion

In this paper, we have presented a new system SLJ derived from ideas of LJT [I]
and LG [3] which is proved sound and complete for IPL. It is an intermediate
step towards an efficient implementation of IPL based on the concept of sharing
trees. This system has very nice properties like the subformula property, a linear
bound on the depth of proof-search and the ability to generate Kripke counter-
models. In addition to the theoretical complexity results, our approach provides
an effective and fine control of space and time resources, adapted to the design
in imperative languages. A first implementation has been developed in C and
the practical feasibility of the method has been confirmed. A possible extension
of this work would be, as in [10], implementing the intuitionistic proof of the
system based on sharing trees and mechanically extracting a (proved) algorithm
from this proof.
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Abstract. Hoare logic can be used to verify properties of deterministic
programs by deriving correctness formulae, also called Hoare triples. The
goal of this paper is to extend the Hoare logic to be able to deal with
probabilistic programs. To this end a generic non-uniform language Lpw
with a probabilistic choice operator is introduced and a denotational
semantics D is given for the language. A notion of probabilistic predicate
is defined to express claims about the state of a probabilistic program. To
reason about the probabilistic predicates a derivation system pH, similar
to that of standard Hoare logic, is given. The derivation system is shown
to be correct with respect to the semantics D. Some basic examples
illustrate the use of the system.

1 Introduction

Probability is introduced into the description of computer systems to model the
inherent probabilistic behaviour of processes like, for example, a faulty commu-
nication medium. Probability is also explicitly introduced to obtain randomized
algorithms to solve problems which can not be solved efficiently, or can not be
solved at all, by deterministic algorithms. With increasing complexity of com-
puter programs and systems, formal verification has become an important tool
in the design. The presence of probabilistic elements in a program usually makes
understanding and testing of the program more difficult. A way of formally ver-
ifying programs becomes even more important.

To formally verify a probabilistic program, the semantics of the program is
given. The mathematical model of the program that is obtained in this way can
be used to directly check properties of the program. In the probabilistic analyses
of the model, results from probability theory are used to obtain e.g. average
performance or bounds on error probabilities [I8] [Th]. Models that are often
used are Markov chains and Markov decision processes [T} 4] probabilistic input-
output automata [19, 20] and probabilistic transition systems [9, ], sometimes
augmented with probabilistic bisimulation [T4] [T0] 2].

For some programs the construction of the mathematical model can already
be difficult. A systematic approach to simplify the program, or obtain properties
without having to actually calculate the semantics are useful. Approaches in this
area are probabilistic process algebra [2] and stochastic process algebra [6] where

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 113-I25] 1999.
© Springer-Verlag Berlin Heidelberg 1999
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equivalences of programs can be checked syntactically by equational reasoning.
Another approach is to introduce a logic to reason about the probabilistic pro-
grams. Here the later approach is followed by extending Hoare logic as known
for deterministic programs to probabilistic programs. Other work on probabilis-
tic logic can be found in e.g. [13, [4, [16] 17, [6]. In [13] an algebraic version of
propositional dynamic logic is introduced. In [4] probabilities for temporal logic
formulae are calculated. In [I6] a weakest precondition calculus based on ‘ex-
pectations’ is defined and in [17] a notion of probabilistic predicate transformer,
also used to find weakest preconditions, is given. Model checking is used in [I]
to check formulae in a probabilistic temporal logic.

Deterministic Hoare logic is a system to derive correctness formulae, also
called Hoare triples. A formula {p} s {q} states that the predicate p is a
sufficient precondition for the program s to guarantee that predicate g is true
after termination. An extensive treatment of Hoare logic can be found in [5].
What the values of the variables in a program, i.e. the (deterministic) state of
the program, will be, can not be fully determined if the program is probabilistic.
Only the probability of being in a certain state can be given. This gives the
notion of a probabilistic state. In a probabilistic state, a deterministic predicate
will no longer be true or false, it is true with a certain probability. This can be
dealt with by changing the interpretation of validity of a predicate to a function
to [0,1] instead of to { true, false} as in [I3] [16]. The approach chosen here
instead is to extend the syntax of predicates to allow making claims about the
probability that a certain deterministic predicate holds. The extended form of
predicates are called probabilistic predicates. A logic for probabilistic programs
should reason with these probabilistic predicates.

In section 2] some mathematical definitions are given. The syntax of the
non-uniform language Lpw is given in section [3] together with its semantics. In
section @] probabilistic predicates are defined and a Hoare like logic is introduced
to reason about probabilistic predicates. The logic is shown to be correct with
respect to the denotational semantics. Some examples of the use of the logic are
given in section [fl and some concluding remarks are given in section [6]

2 Mathematical Preliminaries

A complete partially ordered set (cpo) is a set with partial order < that has
a least element and for which each ascending chain has a least upper bound
within the set. An order on Y is extended point wise to functions from X to Y
(f,g: X =Y then f <gif f(z) < g(x) for all z € X).

The support of a function f : X — [0,1] is defined as the x € X for which
f(z) # 0. The set of all functions from X to [0,1] with countable support is
denoted by X —¢s [0,1]. Given a function f : X —¢s[0,1] and a set Y C X
the sum » f[Y] = >° .y f(y) is well-defined (allowing the value co). The set
of (pseudo) probabilistic measures M(X) on a set X is defined as the subset of
functions in X —¢g [0, 1] with sum at most 1.

MX)={feX —es[0,1]| X fIX]<1}.
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For a measure f € M(X), f(z) (for x € X) is interpreted as the probability
that 2 occurs. The set M(X) is a cpo, with minimal element 0, the function that
assigns 0 to each element of X. For each ascending sequence in M(X) the limit
exists within M(X) and corresponds to the least upper bound of the sequence.

For element z € X and y € Y and a function f : X — Y, flz/y], called a
variant of f, is defined by

y if v =a'

flx/yl(z") = {f(x’) otherwise.

3 Syntax and Semantics of Ly

The language Lpw is a basic programming language with an extra operator used
to denote probabilistic choice. A typical variable is denoted by v, the set of all
variables by Var. The types of the variables are not made explicit. Instead a
set of values Val is fixed as the range for all variables. (The examples deviate
from this assumption and use integer and boolean variables.) Types can easily
be added at the cost of complicating notation with less important details.

Definition 1. The statements in Lpy, ranged over by s, are given by:
su=gkip|v:=e|s;s|s®,s|ifcthen s else s fi| while ¢ do s od,

where ¢ € BC is a boolean condition, e € Exp is an expression over values in
Var and variables in Var and r is a ratio in the open interval (0,1).

The statements are interpreted as follows. The statement s @, s’ makes a prob-
abilistic choice. With probability r the statement s will be executed, and s’
will be executed with probability 1 — r. The other constructs of Lpw are well
known. The skip statement does nothing. Assignment v := e assigns the value
of the expression e to the variable v. Sequential composition s; s’ is executed by
first executing s, then executing s’. The if ¢ then s else s’ fi statement executes
s if the condition ¢ holds, and otherwise s’. Finally, while ¢ do s od repeatedly
executes s until condition ¢ no longer holds.

The internal details of the boolean conditions (BC) and expressions (Exp)
are abstracted away from. Instead of defining an explicit syntax for the boolean
conditions and the expressions, it is assumed that given the value of the variables,
they can be evaluated. This is made more precise below.

For a deterministic program, the state of the computation is given by the
value of the variables. The state space S for a deterministic program consists of
S = Var — Val. For a probabilistic program, the values of the variables are no
longer determined. For example, after executing x := 0@ 13 0= 1, the value of x
could be zero but it could also be one. Instead of giving the value of a variable, a
distribution over possible variables should be given. A first idea may be to take
as a state space Var — M (Val). This does give, for each variable v, the chance
that v takes a certain value but it does not describe the possible dependencies
between the variables.
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Consider the following example. In the left situation, a fair coin is thrown and
a second coin is put beside it with the same side up. In the right situation, two
fair coins are thrown. The two situations are indistinguishable if the dependency
between the two coins is not known; the probability of heads or tails is % for
both coins in both situations. The difference between the situations is important
e.g. if the next step is comparing the coins. In the first situation the coins are

always equal, In the second situation they are equal with probability % only.

coin 1 coin 1
| heads tails | heads tails
head L 0 head L L
coin 2 ea. 52 X coin 2 ea. ° 1 1
tails 0 5 tails 1 1

The more general state space IT = M(Var — Val) is required. In 6 € IT, instead
of giving the distributions for the variables separately, the probability of being
in a certain deterministic state is given. The chance that a variable v takes value
w can be found by summing the probabilities of all states which assign w to v.

Definition 2.

(a) The set of deterministic states S, ranged over by o, is given by S = Var— Val.

(b) The evaluation functions V:Exp— S —Val and B: BC— S — {true, false} are
the functions that compute the value of expressions and boolean conditions.

(c) The set of (pseudo) probabilistic states II, ranged over by 0, is given by
I = M(S).

(d) On II the following operations are defined:

01 Brby=1r-01+(1—r)- 0

0(o) if ¢ true in o i.e. B(c)(o) = true,
7 =
c?0(o) { 0 otherwise,

0lv/V(e)l(o) =3 0[{o" | o'[v/V(e)(o")] = o }].
where + is standard addition of functions and r- is scalar multiplication.

Note that 6 € IT is a function from S to [0,1]. The value (o) returned by 6 is
the probability of being in the deterministic state o.

The functions V and B are assumed given. The syntactic details of expressions
and conditions as well as the precise definitions of these functions are abstracted
away from. In a probabilistic state the values of the variables are, in general, not
known and the value of expressions and conditions can not be found. Evaluation
of expressions and conditions can only be done in a deterministic state. To find
the probability of being in a state o if in 6 the expression e is assigned to variable
v, the probabilities of all states ¢’ that yield o after changing the value for v to
that of e (evaluated in ¢’) have to be added.

The denotational semantics D for Lpw gives, for each statement s, and state
0, the state D(s)(#) resulting from executing s starting in state 6.
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Definition 3.

(a) The higher-order operator Wi g : (II — II) — (II — II) is given by
Pie,s)()(0) = (D (s)(c?0)) + —c?0.

(b) The denotational semantics D : Lpy — (II — II) is given by

D(skip)(0) =0
D(v:=e)(0) = 0[v/V(e)]
D(s;s')(0) = D(s')(D(s)(0))
D(s 697« s')(0) = D(s)(0) @ D(s")(6)
)(0)
)

= D( )(0‘79) +D(s")(~c?0)
the least fized point of W sy -

For a while statement while ¢ do s od, one would like to use the familiar un-
folding to if ¢ then s; while ¢ do s od else skip fi. This can not be done directly,
as the second statement is more complex than the first. Instead we can use the
fact that D(while ¢ do s od) is a fixed point of the higher-order operator ¥, )
to show that

D(while ¢ do s od)(0) = ¥, (D(while ¢ do s od))(0)
= D(while ¢ do s od)(D(s)(c?0)) + —c?0
= D(if ¢ then s; while ¢ do s od else skip fi)(0) .

Note that the total probability of D(while ¢ do s od)(6) may be less than that
of 6. The ‘missing’ probability is the probability of non-termination.
The least fixed point of ¥, s can be contructed explicitly.

Definition 4. For a statement s define s = s and s"*! = s;5™. The functions
if<z’8> and L. s from probabilistic states to probabilistic states are given by

if(e.sy(0) = D((if ¢ then s else skip fi)")(0)
L(c,s)(e) - hm —C! ch s)(e)

Lemma 1. The least fived point of W s is given by L. -

The function 1f< is merely a shorthand notation. The function L. 4 charac-

c,s)

terizes the least fixed point of ¥, 5y and is thus equal to D(while ¢ do s od).

4 Probabilistic Predicates and Hoare Logic

The deterministic predicates used with deterministic Hoare logic are first order
predicate formulae. Here dp is used to denote a deterministic predicate. The
usual notions of fulfillment, o |= dp i.e. dp holds in o, and substitution, dp[v/e],
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for deterministic predicates are assumed to be known. An important property
of substitution is that o |= dp[v/e] exactly when o[v/V(e)(o)] = dp. (Replacing
the variable by an expression in the predicate is the opposite of assigning the
value of the expression to the variable in the state.)

A deterministic Hoare triple, or correctness formula, {dp} s {dp’}, de-
scribes that dp is a pre condition and dp’ is a post condition of program s. The
Hoare triple is said to be correct if execution s in any state that satisfies dp
will lead to a state satisfying dp’. To extend the Hoare triples to probabilistic
programs, a notion of probabilistic predicate has to be introduced. One option
is to use the same predicates as for deterministic programs but to change the
interpretation of a predicate. A deterministic predicate can be seen as a function
from states to { 0,1}, returning 1 if the state satisfies the predicate and 0 oth-
erwise. The predicates can be made probabilistic by making them into functions
to [0, 1], returning the probability that the predicate is satisfied in a probabilistic
state (See e.g. [13| [['7]). This approach, however, does not allow making claims
about the probability within the predicate itself, only the value of the predicate
gives information about the probabilities. A property like “dp holds with proba-
bility ce” can not be expressed as a predicate. Also the normal logical operators
like A have to be extended to work on [0, 1].

In this paper probabilistic predicates can only have a truth value i.e. true
or false. Probabilistic predicates are predicates in the usual sense, but with an
extended syntax to express claims about probabilities. The construct P(dp) < ce,
for <€ {<,<,=,>,>}, is the basis for probabilistic predicates. Here dp is any
deterministic predicate and ce is an expression, not using program variables,
evaluating to a number in [0,1]. The predicate P(dp) = ce holds in a state 6
if the chance in € of being in a deterministic state that satisfies dp is equal to
ce. Similar for the other choices for <. Probabilistic predicates can be combined
by the logical operators from predicate logic. For example, assuming that Val =

{L,2,... ), Vi:Plv=14) = %Z is a valid predicate stating that v has a geometric

distribution. The expression %Z uses the logical variable ¢, but does not depend
on program variables like v. Furthermore for probabilitic predicates p and p/,
p+p’, r-p and ¢?p are also probabilistic predicates. Their interpretation is given

below.
Definition 5.

(a) A probabilistic predicate is a basic probabilistic predicate of the form P(dp) <
ce (Re {<,<,=,>,>1}) or a composition of probabilistic predicates with one
of the logic operators —, V, A, =, 3, V, or one of the operators +, r-, c?.
Probabilistic predicates are ranged over by p and q. The following shorthand
notations are also used

p@rp = rp+(l-r)p,
[dp] = P(dp) =1,
notc = P(c)=0.
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(b) The probabilistic predicates are interpreted as follows.
0 |= P(dp) < ce when 3_,, q,,0(0) < ce,
0 = p1 + p2 when there exists 61,02 with 6 = 01+602, 61 = p1 and 03 = pa,
0 = r - p when there exists 0’ such that 6 =r- 60" and 0’ = p,
0 = c?p when there exists 0" for which 6 = c?0" and 6’ = p.

For the logical connectives the interpretation is as usual.
(¢) Substitution on probabilistic predicates [v/e] is passed down through all con-
structs until a deterministic predicate is reached.

(P(dp) < ce)[v/e] = P(dplv/e]) < ce,
(pop p)v/e] = plv/elop p'lvfe] ope {AV,=,+ &},
(op p)[v/e]l = op (plv/e]) op€{—,3,V,r }
(c?p)[v/e] = clv/e]?(p[v/e]) .

Note that the extension of deterministic predicates to [0,1]-valued functions is
more or less incorporated within the probabilistic predicates as used in this
paper. To check the probability of a certain deterministic predicate dp in state
6, look for which r the predicate P(dp) = r is true in 6 instead of checking the
value of dp in 6 is r.

When reasoning about probabilistic predicates, caution is advised. Some
equivalences which may seem true at first sight do not hold. The most important
of these is that in general p @, p «» p. Take for example P(x = 1) = 1V P(x =
2) = 1 for p and a state satisfying P(x = 1) = 1 + P(z = 2) = 1 will satisfy
pP1p but not p. Other examples are p = 3i : ¢[i] and p = Vi : (¢[7] V ¢'[¢]). The
equivalence does hold for the basic predicates P(dp) < r and if the equivalence
holds when p = ¢ and when p = ¢’ then it also holds for p = ¢ A ¢'.

Using probabilistic predicates the Hoare-triples as introduced for deterministic
programs can be extended to probabilistic programs. Hoare triple {p} s {¢}
indicates that p is a pre condition and ¢ is a post condition for the probabilistic
program s. The Hoare triple is said to hold, denoted by = {p} s {q}, if the
pre condition p guarantees that post condition ¢ holds after execution of s.

= {p}s{a} it Voe IT:0Fp=D(s)(6) q.

For example = {p} skip {p} and E {P(z =0) =1} z:=z+1 {P(x =1) =1}
To prove the validity of Hoare triples, a derivation system called pH is intro-
duced. The derivation system consists of the axioms and rules as given below.

{p} skip {p} (Skip) {p{]ﬁ igc 7 &Zﬁl q{/ (}{/ ) (Prob)

(/) vime () (assin) LG Lo L0

{p}s{p'} {p»}s{q}
{p}ss {q}

p invariant for (c, s)
{p} while ¢ do s od { p Anot c}

(Seq) (While)
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/

{plil} s{a} J¢pq ) pP=p {p}s{a} a=q
(Giepl]) s (q) (i) W) sid) (Tmp)

{r}s{dil} Jé¢pa {pr}s{a} {p'}s{q}
(p) s {vicqny (Pl Vi Ts{d) (0r)

The rules (Skip), (Assign), (Seq) and (Cons) are as within standard Hoare
logic but now dealing with probabilistic predicates. The rules (If) and (While)
have changed and the rules (Prob), (Or), (Exists) and (Forall) are new.

For p to hold after the execution of skip, it should hold before the execution
since skip does nothing. The predicate p holds after an assignment v := e exactly
when p with e substituted for v holds before the assignment, as the effect of the
assignment is exactly replacing v with the value of e. The rule (Seq) states that
p is a sufficient pre condition for ¢ to hold after execution of s; s’ if there exists
an intermediate predicate p’ which holds after the execution of s and which
implies that ¢ holds after the execution of s’. The rule (Cons) states that the
pre condition may be strengthened and the post condition may be weakened.

The rule (Prob) states that the result of executing s®, s’ is obtained by com-
bining the results obtained by executing s and s’ with the appropriate probabil-
ities. The necessity for the (Or), (Exists) and (Forall) rules becomes clear when
one recalls that p®,.p /4 p. Proving correctness of {pVq} skip®,skip { pVq} is,
in general, not possible without the (Or)-rule. Similar examples show the need
for the (Exists) and (Forall) rule. Note the similarity with the natural deduction
rules for V and 3 elimination and V introduction.

The rule (If) has changed with respect to the (If) rule of standard Hoare logic.
In a probabilistic state the value of the boolean condition ¢ is not determined.
Therefore the probabilistic state is split into two parts, a part in which c is
true and a part in which ¢ is false. After splitting the state, the effect of the
corresponding statement, either s or s, can be found after which the parts are
recombined using the + operator.

To use the (While) rule, an invariant p should be found. For p to be an invari-
ant, it should satisfy {p} if ¢ then s else skip fi { p } . This condition is sufficient
to obtain partial correctness. If the program s terminates and {p} s {¢} can
be derived from pH, then = {p} s {¢}. A probabilistic program is said to
terminate, if the program is sure to terminate when all probabilistic choices are
interpreted as non-deterministic choices, i.e if the program terminates for all pos-
sible outcomes of the probabilistic choices. Partial correctness, however, is not
sufficient for probabilistic programs. Many probabilistic programs do not satisfy
the termination condition, they may for instance only terminate with a certain
probability. (Note that, even if that probability is one, the termination condition
need not be satisfied.) To derive valid Hoare triples for programs that need not
terminate, a form of total correctness is required. This requires somehow adding
termination conditions to the rules. To obtain total correctness we strengthen
the notion of invariant by imposing the extra condition of (¢, s)-closedness.
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Definition 6.

(a) For a predicate p the n-step termination ratio, denoted by r7}. .., is the proba-
bility that, starting from a state satisfying p, the while loop “while ¢ do s od”
terminates within n steps.

00,5y = 2o7c?if 5 (0)[S]
T?073> = lnf{ Te?c,s) ‘ 0 ): p} .

b) A sequence of states (0, is called a {c, s)-sequence if (—c?0,)nen is an
nEN
ascending sequence with 3 —=c?0,[S] > 17, .

(c) A predicate p is called {c, s)-closed if each {c, s)-sequence within p has a limit
(least upper bound) within p.

p invariant for (c,s) when
{p} if ¢ then s else skip fi {p} and p is {(c, s)-closed.

Note that for a loop while ¢ do s od that terminates every p automatically sat-
isfies {(c, s)-closedness. Therefore, for a terminating program, there is no need to
check any (¢, s)-closedness conditions.

A Hoare triple {p} s {¢} is said to be derivable from the system pH,
denoted by F {p} s {¢q}, if there exists a proof tree for {p} s {¢} in pH. The
derivation system is correct, i.e. only valid Hoare triples can be derived from pH.

Lemma 2. The derivation system pH is correct, i.e. for all predicates p and q
and statements s, = {p} s {q} implies = {p} s {q}.

Proof. It is sufficient to show that if 0 |=p and - {p} s {q} then D(s)(f) € q.
This is shown by induction on the depth of the derivation tree for {p} s {q},
by looking at the last rule used. A few cases are given below.

o If the rule (Exists) was used and 0 = 3i : p[i] then there is an ig for which
0 = plio]. By induction = {p[j]} s {q} which gives, by substituting the value
ig for the free variable j {plio]} s {q}. But then D(s)(0) E q.

o Known from the non-probabilistic case is that o[v/V(e)(0)] = dp exactly when
o = dplv/e]. By induction on the structure of the probabilistic predicate p this
extends to Ov/V(e)] = p exactly when 0 |= plv/e]. Correctness of the (Assign)
rule follows directly.

o If rule (Prob) is used to derive = {p} s @, s {q® ¢} fromt+- {p} s {q}
and - {p} s’ {q'} then by induction = {p} s {q} and = {p} s {¢'}.
This means that if 0 = p then D(s)(0) = q and D(s')(0) &= ¢'. But then
D(s®s')(0) =D(s)(0) D, D(s)(0) = q®, ¢ . The case for rule (If) is similar.

o Assume rule (While) is used with statement s, condition ¢ and invariant p.
Clearly D(while ¢ do s od)(0) |= not ¢ and = {p} if ¢ then s else skip fi {p }
can be used repeatedly to gives that if 0 = p then (ife (0)),cN is a (c;s)
sequence. By (c, s)-closedness D(while ¢ do s od)(0) = L., = p.
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5 Examples

The picture below gives an example of a proof tree in the system pH. For larger
programs, instead of giving the proof tree, a proof outline is used. In a proof
outline the rules (Imp) and (Seq) are implicitly used by writing predicates be-
tween the statements and some basic steps are skipped. A predicates between
the statements give conditions that the intermediate states in the computation
must satisfy.

(Assign) (Assign)
{lz+1=2]}z:=2+1{[z=2]} : {lz+2=3]}z:=2x+2{[z=3]} :
(Imp (Imp
{e=U}om—z+1{lc=2} {e=1Yo—a+2{[r=3}
(Prob)

{[le}}x::x—l—l@%x::x—&—Q {[:czZ]EB% [z:=3]}

(Imp)
{[a:zl]}x::a:+1®%a:::x+2 {]P’(x:Q):%AIF’(x:?)): %}

The following program adds an array of numbers, but some elements may in-

advertently get skipped. A lower bound on the probability that the answer will

still be correct is derived. An n-ary version of V is used as a shorthand.

int ss[1...N], r, k;
{[true] }= {P(0=0,1=1)=1}
t=0; k=1
{Pt=0,k=1)=1} =
{P(k=N+1,t =3 ss[i]) > v VAL Pk =n,t =" ss[i]) >}
while (k < N) do
(VI Pk =n,t =3 "ss[i]) >r" 1} =
{VA_oP(k = n,t + ss[k] = S0, ss[i]) > "}
t :=t + ss[k] @, skip;
(VI Pk =n,t =3 ssli]) >r" "' @, true} =
{(VAEIP(k+1=m,t = 32F  ssfi]) >rm'}
ki=k+1
(VAHB( = m,t = 257 ssfi) > 1)
od
{VIAP(k =n,t =35 ssi]) > "'} Anot (k< N) =
(Bt =50, sslil) > ™}
In the following example, a coin is tossed until heads is thrown. The number of

required throws is shown to be geometrically distributed. For ease of notation
the following shorthand notations are used.

D= goo V Ti : qf]
Goo =Vj>0:P(z = j,done = true) = %J
qli] = P(z = i, done = false) = 1" AVj€{1,...,i}: P(z = j, done = true) =

NI



Verifying Probabilistic Programs Using a Hoare like Logic 123

Then, assuming p is an invariant:

{ [true] }

bool done = false; int n = 0;

{P(n=1,done = false) =1}= {p}

while not done do x := x + 1;done = true GB% skip od
{pAdone}= {¥n>0:P(z=n)=1"}

To show that p is an invariant proof the rule (Or) is used to split the proof into
two parts, the first of which is trivial. For the second part the rule (Exists) is
used to give:

{alk] }

while not done do _
{ (not done)?qlk] } = {IP(z =i, done = false) = +"}
r:=z+1; _
{P(z =i+ 1,done = false) = 1"}
done = true EB% skip

{P(z =i+ 1, done = false) = %Hl + P(z =i+ 1,done = true) = %Hl }
od
{P(z =i+ 1,done = false) = %H—l + P(z =i+ 1, done = true) = %H—l-i-

Vie{1l,...,i}: P(z = j, done :true):%j} ={qj+1}={p}

The requirement that p is (not done,x := x + 1; done = true S skip)-closed is
easy to check but requires the presence of the ¢ term.

6 Conclusions and Further Work

The main result of this paper is the introduction of a Hoare like logic, called
pH, for reasoning about probabilistic programs. The programs are written in a
language Lpw and their meaning is given by the denotational semantics D.

The probabilistic predicates used in the logic retain their usual truth value
interpretation, i.e. they can be interpreted as true or false. Deterministic predi-
cates can be extended to arithmetical functions yielding the probability that the
predicate holds as done in e.g. [13] and [17]. This extension is incorporated by
using the notation P(dp) to refer to exactly that, the chance that deterministic
predicate dp holds. The chance of dp holding can then be exactly expressed or
lower and/or upper bounds can be given within a probabilistic predicate. The
main advantage of keeping the interpretation as truth values is that the logical
operators do not have to be extended.

The logic pH is show correct with respect to the semantics D. For an (earlier)
infinite version of the logic a completeness result exists. For the current logic
the question of completeness is still open. Especially the expressiveness of the
probabilistic predicates has to studied further.

To be able to describe distributed randomized algorithms, it would also be
interesting to extend the language and the logic with parallelism. However, verifi-
cation of concurrent systems in general and extending Hoare logic to concurrent
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systems in specific (see e.g. [3] [7]) is already difficult in the non-probabilistic
case.

To make the logic practically useful, the process of checking the derivation of
a Hoare-triple should be automated. Some work has been done to embed the logic
in the proof verification system PVS. (See e.g. [12] on non-probabilistic Hoare
logic in PVS.) The system PVS can then be used both to check the applications
of the rules and to check the derivation of the implications between predicates
required for the (Imp) rule. By modeling probabilistic states, PVS could perhaps
also be used to verify the correctness of the logic, however this would require a
lot of work on modeling infinite sums.
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Abstract. A temporal logic of causality (TLC) was introduced by Alur,
Penczek and Peled in [I]. It is basically a linear time temporal logic
interpreted over Mazurkiewicz traces which allows quantification over
causal chains. Through this device one can directly formulate causality
properties of distributed systems. In this paper we consider an extension
of TLC by strengthening the chain quantification operators. We show
that our logic TLC* adds to the expressive power of TLC. We do so by
defining an Ehrenfeucht-Fraissé game to capture the expressive power of
TLC. We then exhibit a property and by means of this game prove that
the chosen property is not definable in TLC. We then show that the same
property is definable in TLC*. We prove in fact the stronger result that
TLC”* is expressively stronger than TLC exactly when the dependency
relation associated with the underlying trace alphabet is not transitive.

1 Introduction

One traditional approach to automatic program verification is model checking
LTL [11] specifications. In this context, the model checking problem is to decide
whether or not all computation sequences of the system at hand satisfy the
required properties formulated as an assertion of LTL. Several software packages
exploiting the rich theory of LTL are now available to carry out the automated
verification task for quite large finite-state systems.

Usually computations of a distributed system will constitute interleavings
of the occurrences of causally independent actions. Often, the computation se-
quences can be naturally grouped together into equivalence classes of sequences
corresponding to different interleavings of the same partially ordered computa-
tion stretch. For a large class of interesting properties expressed by linear time
temporal logics, it turns out that either all members of an equivalence class sat-
isfy a certain property or none do. For such properties the verification task can
be substantially improved by the partial-order methods for verification [6/10)].

Such equivalence classes can be canonically represented by restricted la-
belled partial orders known as Mazurkiewicz traces [4I8]. These objects allow
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direct formulations of properties expressing concurrency and causality. A num-
ber of linear time temporal logics to be interpreted directly over Mazurkiewicz
traces (e.g. [1J319112[13lT4lT5]) has been proposed in the literature starting with
TrPTL [13].

Among these, we consider here a temporal logic of causality (TLC) introduced
in [1] to express serializability (of partially ordered computations) in a direct
fashion. The operators of TLC are essentially the branching-time operators of
CTL [2] interpreted over causal chains of traces. However, the expressive power
of this logic has remained an interesting open problem. Indeed, not much is
known about the relative expressive powers of the various temporal logics over
traces.

What is known is that a linear time temporal LTrL, patterned after LTL,
was introduced [15] and proven expressively equivalent to the first-order theory
of traces. LTrL has a simple and natural formulation with very restricted past
operators, but was shown non-elementary in [L6]. Recently, it was shown that the
restricted past operators of LTrL can be replaced by certain new future operators
while maintaining expressive completeness. In other work, Niebert introduced a
fixed point based linear time temporal logic [9]. This logic has an elementary-time
decision procesure and is equal in expressive power to the monadic second-order
theory of traces.

However, the expressive powers of most other logics put forth (e.g. [IT2/13])
still have an unresolved relationship to each other and, in particular, to first-order
logic. Most notably, it is still a challenging open problem whether or not TrPTL
or TLC is expressively weaker than first-order logic. With virtually no other
seperation result known, this paper is a contribution towards understanding the
relative expressive power of such logics.

A weakness of TLC is that it doesn’t facilitate direct reasoning about causal
relationships between the individual events on the causal chains. In this paper
we remedy this deficiency and extend TLC by strengthening quantification over
causal chains. This extended logic, which we call TLC*, will enjoy a similarity to
CTL* [2] that TLC has to CTL. The main result of this paper is that our exten-
sion TLC* is expressively stronger than TLC for general trace alphabets whereas
they express the same class of properties over trace alphabets with a transitive
dependency relation. We prove this result with the aid of an Ehrenfeucht-Fraissé
game for traces that we develop. To our knowledge this is the first instance of
the use of such games to obtain seperation results for temporal logics defined
over partial orders. We believe that this approach is fruitful and that similar
techniques may lead to other seperation results within this area.

In the next section we briefly recall Mazurkiewicz traces and a few related
notions. In Section B we introduce TLC and TLC*, the main objects of study
in this paper. We give a very simple and natural example of a property easily
captured in TLC* but not in TLC. In Section H] we define an Ehrenfeucht-
Fraissé game and prove its correspondence to TLC. We use this correspondence
in Section [B] to exhibit a property which we prove is undefinable in TLC. In
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Section [6] we show that the said property can be defined within TLC*. Finally,
we put all the pieces together to arrive at the main result.

2 Preliminaries

A (Mazurkiewicz) trace alphabet is a pair (X, I), where X, the alphabet, is a
finite set and I C X' x X' is an irreflexive and symmetric independence relation.
Usually, X' consists of the actions performed by a distributed system while I
captures a static notion of causal independence between actions. For the rest of
the section we fix a trace alphabet (X, I). We define D = (X' x X') — I to be the
dependency relation which is then reflexive and symmetric.

Let T = (E,<,)\) be a X-labelled poset. In other words, (F, <) is a poset
and A : E — X is a labelling function. For e € E we define e = {z € E | x < e}.
We also let < be the covering relation given by x <y iff < y and for all z € E,
r < z <y implies x = z or z = y. Moreover, we let the concurrency relation be
defined as z coy iff x £ y and y £ x. A Mazurkiewicz trace (over (X, I)) is then
a X-labelled poset T' = (F, <, ) satisfying:

(T1) Ve€ E. le is a finite set
(T2) Ve,e’ € E. e< e implies A(e) D A(e).
(T3) Ve,e’ € E. Ae) D (') implies e < e’ or ¢’ <e.

We shall let TR(X,I) denote the class of traces over (X, ). As usual, a trace
language L is a subset of traces, i.e. L C TR(X,I). Throughout the paper we
will not distinguish between isomorphic elements in TR(X, I). We will refer to
members of E as events. It will be convenient to assume the existence of a
unique least event | € E corresponding to a system initialization event carrying
no label, i.e. A(L) is undefined and L < e for every e € E — {L}. We will
sometimes abuse notation and let a string in X* denote its corresponding trace
in (X, I) whenever no confusion arises. This is enforced by using conventional
parentheses for string languages and square brackets for trace languages.

In setting the scene for defining the semantics of formulas of TLC* we first
introduce some notation for sequences. The length of a finite sequence p will be
denoted by |p|. In case p is infinite we set |p| = w. Let p = (eg,€1,...,€n,...)
and 0 < k < |p|. We set pr = (€ky€ht1y---sCny--.).

Let T = (E,<,)\) be a trace over (X,I). A future causal chain rooted at
e € F is a (finite or infinite) sequence p = (eg, €1,...,€n,...) withe =eg, e; € E
such that e;_; < e; for every ¢ > 1. The labelling function A : E — X is extended
to causal chains in the obvious way by: A(p) = (A(eg)A(e1) - - Alen) - - ). We say
that a future causal chain p is maximal in case p is either infinite or it is finite
and there exists no ¢’ € F such that e, <e'. A past causal chain rooted at e € E
is defined in the obvious manner.

3 Syntax and Semantics

In this section we will define the syntax and semantics of the temporal logics
over traces to be considered in this paper. We start by introducing TLC* and
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continue by giving an explicit definition of the sublogic TLC. We will not define
first-order logic over traces (FO), but we refer the reader to e.g. [14/15].

TLC* consists of three different syntactic entities; event formulas (P, ), fu-
ture chain formulas (€], ) and past chain formulas (&, ) defined by mutual in-
duction as described below:

Doy :=pg | ~a| a1 Vas | co(a) | E(p) | E~(¢), with a € X.
h n=a |~ | o1V o | Xo | p1Uds.
Pogu=a|~Y | PV [ XY | iU ¢,

where «, ¢ and ¢ (with or without subscripts) are formulas of @, @jh and &, ,
respectively. The formulas of TLC*(X,T) are the set of event formulas &, as
defined aboveﬂ.

The semantics of formulas of TLC* is divided into two parts; event formulas
and chain formulas. Let T € TR(X,I) and e € E. The notion of an event formula
« being satified at an event e of T is defined inductively in the following manner.

T,e = p, iff A(e) = a.

—TeEr~aiff Te - a.

—TeEaiVa it T)e|Eaq or The = as.

— T,e = co(a) iff there exists an e/ € F with e co ¢’ and T, ¢’ £ a.

T, e = E(¢) iff there exists a future causal chain p rooted at e with T, p |= ¢.
— T,e = E~(¢) iff there exists a past causal chain p rooted at e with T, p = 9.

As usual, tt = p, V ~p, and ff = ~tt. Suppose p = (eg,€1,...,€n,...) is a future
causal chain. The notion of T,p = ¢ for a future chain formula ¢ is defined
inductively below.

- T,pEaiff T ey E a.

T, pEd Ve ifT,pE ¢ or T, pE ¢

— T X6 it T, py = 6.

— T,p |E ¢1U¢2 iff there exists a 0 < k < |p| such that T, px = ¢2. Moreover,
T, pm = ¢1 for each 0 < m < k.

The notion of T, p = ¢ for a past causal chain p and past chain formula ¢ is
defined in the straightforward manner. The well-known future chain operators
are derived as F'¢p = ttU¢ and G¢ = ~F~¢.

Suppose T' € TR(X,I) and a € TLC*(X,I). Then T satisfies « iff T, | = «,
denoted T' = «. The language defined by « is: L(a) = {T € TR(X,I) | T E
a}. We say that L C TR(X,I) is definable in TLC* if there exists some a €
TLC*(X,I) such that £(a) = L. By slight abuse of notation, the class of trace
languages over (X, ) definable in TLC* will also be denoted by TLC* (X, I).

! Another logic was in [I] termed “TLC*”, but as that logic denoted TLC interpreted
over linearizations it is unrelated to our logic which seems naturally to earn the name
“TLC*” .
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The formulas of TLC(X, I) — introduced in [I] with a slightly different syn-
tax — is then the set of formulas of TLC*(X, I') where each of the chain operators
X,U,G, X~ ,U" is immediately preceded by a chain quantifier . As TLC will
play a prominent role in this paper we will bring out its definition in more detail.
More precisely, the set of formulas is given as:

TLC(X,I) :=p, | ~a|aV | EX(a)| EU(, B) |
EG(a) | EX™ (a) | EU (o, B) | co(),

where a € Y. The semantics is inherited directly from TLC* in the obvious
manner, so notions of definability etc. are carried over directly. It can be shown
that our extension TLC* remains decidable. In work to appear we construct an
elementary-time decision procedure for TLC* by means of Biichi automata.

Hence while the formulas of TLC are basically the well-known operators of the
branching-time logic CTL [2] augmented with symmetrical past operators and
concurrency information, the operators of TLC* are basically the well-known
operators of CTL*[2] similarly extended with past quantifiers in a restricted
fashion as well as concurrency information. The crucial difference is that while
CTL and CTL* are branching-time logics interpreted over Kripke structures,
TLC and TLC* are linear time temporal logics on traces interpreted over the
underlying Hasse diagrams of the partial orders.

One of the weaknesses of TLC is that it doesn’t directly facilitate reasoning
about causal relationships of the individual events of the causal chains at hand.
As a consequence, a number of interesting properties are not (either easily or at
all) expressible within TLC. Section [ provides a formal proof of this claim, but
we will in the following bring out another such property which is very natural.

Suppose that a and b are actions representing the acquiring and releasing, re-
spectively, of some resource. A relevant property of this system is then whether
or not there exists some causal chain in the execution of the system — pre-
sumably containing other system actions than {a,b} — such that the a’s and
b’s alternate strictly until the task is perhaps eventually completed. Via the fu-
ture chain formula ¢y, = p, — X (~(ps V py)U(py)) we can easily express this
property in TLC* by E(G(¢ap A ¢ba)). The point is here that TLC* allows us
to investigate each causal chain in mention by a causal chain formula, which is
then confined to this very chain. This is not possible in TLC, as the existential
quantifications interpreted at some fixed event of the chain would potentially
consider all causal chains originating at this event — not just the one presently
being investigated.

We conclude with two important notions relating to TLC. Firstly, let a be a
formula of TLC(X, I). The operator depth of « is defined inductively as follows:
od(ps) = 0, od(~a) = od(c), od(a V ) = max(od(a),o0d(F)), od(EX(a)) =
od(EG(a)) = od(EX~ (a)) = od(co(a)) = 1 + od(a) and od(EU (e, B)) =
od(EU~ (o, B)) = 1 + max(od(«), 0d(3)). The set of formulas of operator depth
k is denoted by OD(k).

Given Ty, Th € TR(X, I) and e; events of T; we define that (Tp, eg) =, (T4, €1)
if for any formula o € TLC(X,I) with od(c) < n, Ty, e0 = a iff T1,e1 = «,
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i.e. both structures agree on all subformulas of operator depth at most n > 0.
It is then not hard to see that (To,e0) =0 (T1,e1) iff eg and ey are identically
labelled, i.e. either A(eg) = A(ey) or eg = €1 = L.

4 An Ehrenfeucht-Fraissé Game for TLC

In this section we will present an Ehrenfeucht-Fraissé game to capture the ex-
pressive power of TLC. The game is played directly on the poset representa-
tion of (finite or infinite) Mazurkiewicz traces and it is similar in spirit to the
Ehrenfeucht-Fraissé game for LTL introduced by Etessami and Wilke [5]. We ex-
tend their approach to the richer setting of traces by highlighting current causal
chains in the until-based moves and adding past- and co-moves.

The EF-TLC game is a game played between two persons, Spoiler and Pre-
server, on a pair of traces (Tp,T1). The game is played over k rounds starting
from an initial game state (eg, e1) and after each round the current game state is
a pair of events (ef), €}) with e, € F;. Each round starts with the game in some
specific initial game state (eg, e1) and Spoiler chooses one of the moves defined
below and the game proceeds accordingly:

EX-Move: This move can only be played by Spoiler if there exists an ej € Ej
such that eg < e} or there exists an €} € Fy such that e; < e}. Spoiler then
wins the game in case there either exists no e € Ey such that ey < e[, or
no €} € E; such that e; < e}. Otherwise (in which case both ey and e; has
<-successors) the game proceeds as follows: (1) Spoiler chooses i € {0,1},
and an event e} € E; such that e; < e}. (2) Preserver responds by choosing
an event ej_, € E1_; such that e;_; < e]_;. (3) The new game state is now
(eheh)-

EU-Move: (1) Spoiler choosesi € {0, 1}, and an event e} € E; such that e; < ¢
and he highlights a future causal chain (e; = f?, f},..., fI* = ¢}) with n > 0.
(2) Preserver responds by choosing an event e]_, € Ey_; with e;_; <¢_;
such that if e; = ¢} then e;_; = €]_;. Furthermore she highlights a future
causal chain (e1_; = f ., fl ;. ., f"; = €}_,;) with m > 0. (3) Spoiler now
chooses one of the following two steps: (3a) Spoiler sets the game state to
(e, €1). (3b) Spoiler chooses an event fi_; € {f)_;, fi_; ... fi™;}. Preserver
responds with an event f; € {f°, f1... "} and the game continues in the
state (fo, f1)-

EG-Move: (1) Spoiler chooses i € {0,1}, and highlights a maximal future
causal chain (e; = f2, fl,..., fr,...) with f/ € E; and n > 0. (2) Pre-
server responds by highlighting a maximal future causal chain (e;—; =
i, fm,..) with f! € Fi_; and m > 0. (3) Spoiler chooses
an event f1_; € {f_,, fi_;... f";}. Preserver responds with an event f; €
{2 fL... f} and the game continues in the state (fo, f1)-

co-Move: This move can only be played by Spoiler if there exists an e, € Ej
such that ey co ef, or there exists an e} € Fj such that e; co e}. Spoiler
then wins the game in case there either exists no e, € Ey such that e co ¢
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or no €} € E; such that e; co ¢}. Otherwise (in which case both eg and e;
have concurrent events) the game proceeds as follows: (1) Spoiler chooses
i € {0,1}, and an event e, € E; such that e; co €} in T;. (2) Preserver
responds by choosing an event e} _, € Eq_; such that e;_; co e}_; in T1_;.
(8) The new game state is now (e, e]).

There are analogous EX ~- and EU " -moves. Here and throughout we refer to
the full version for more details [7].

In the O-round game Spoiler wins if (Tp,eq) Zo (T1,e1) and otherwise Pre-
server wins. In the (k + 1)-round game Spoiler wins if (7o, eg) Zo (11, e1). If it
is the case that (Tp,eq) =0 (T1,€1), a round is played according to the above
moves. This round either results in a win for Spoiler (e.g. by the EX-move)
or a new game state (ep, e}). In the latter case, a k-round game is then played
starting from the initial game state (e, €}).

We say that Preserver has a winning strategy in the k-round game on (Tj, eg)
and (71, e1), denoted (T, ep) ~p (T1,e1), if she can win the k-round game on
the structures T and T3 starting in the initial game state (eg,e1) no matter
which moves are performed by Spoiler. If not, we say that Spoiler has a winning
strategy. We refer to [5] for basic intuitions about the game.

Our interest in the game lies in the following fact.

Proposition 1. For every k > 0, (To,e0) ~k (T1,e1) iff (To,e0) =k (Th,€1).

Proof. We prove that (To, eq) ~k (T1,e1) iff (To,e0) = (T1,e1) by induction on
k. The base case where k = 0 follows trivially from the definition.

For the inductive step suppose that the claim is true for k. We first prove
the direction from left to right. Suppose that (Tp,eq)~k+1(T1,e1). Let a €
TLC(X, I) with od(a) = k + 1. We must show that Tp, e | o iff 71,61 = a.
It suffices to prove the statement when the top-level connective of « is a chain-
operator because by boolean combinations (Tp, eg) and (77, e1) would then agree
on all formulas of operator depth k 4+ 1. We will only consider the case where
the top-level chain-operator is EU. The other cases follow similarly.

Suppose now o = EU(f3, #'). Assume without loss of generality that Tp, eg =
a, i.e. there exists a future causal chain p° = (f§, fg,..., fi') with eg = f§ and
[ = e such that Ty, f] = 3 for each 0 < j < n and Tp, ef, = §'. Hence we
let Spoiler play the EU-move on Ty and make him highlight p° on Ty. Preserver
now uses her winning strategy and highlights p* = (f?, f1,..., f*) with e; = f}
and fi" = €. Two subcases now arise.

Assume first that Spoiler sets the new game state to (ep,e}). As e} was
chosen from Preserver’s winning strategy we have that (1o, ep)~x (71, €}) which
by induction hypothesis implies that (7o, e))=x(T41,€}). Thus T, €} = 5. Now,
assume that Spoiler instead picked an event f; on p'. By Preserver’s winning
strategy she could pick an event fo on p® (This is possible due to the requirement
that if eg = ej then e; = €}). Again by the winning strategy we have that
(T, fo)~k(T1, f1) and by induction hypothesis that T3, f1 = 8. Hence Th, f1 E
EU(B,"), which concludes this direction of the proof.
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We prove the direction from right to left by contraposition, so suppose that
(To,e0) 741 (Ti,e1). We will then exhibit a formula o € TLC(X,I) with
od(a) = k+ 1 such that Ty, ep = « but T1, e1 £ o. Again, we will only prove the
case where Spoiler’s first move of his winning strategy is either the EU-move.
The other cases either follows in analogous or easier manners.

Suppose Spoiler plays the EU-move on Ty (without loss of generality), i.e. he
chooses a future causal chain p° = (f{, fd,..., f&) witheg = f and f§ = ef. It is
not hard to show by induction that there are only a finite number of semantically
inequivalent formulas o with od(a) < k and Ty, e = o for any e € Ey. Hence,
each formula 8} = A{a € OD(k) | Ty, f§ & a}AN{~a € OD(k) | To, f} I~ a} is
well-defined and equivalent to a formula of operator depth k for each 0 < j < n,
so letting B, = (7 we have that « = EU(V <, 89, Be;) is a TLC-formula
with od(a) = k + 1 and by definition Ty, eg = a. We will argue that 77, e; [~ o

Suppose that Tj,e; = a. Then there exists a future causal chain ,0'1 =
(FO, f, ..., f1) with e; = fY and f{" = €} such that T}, f] = Vo<jon By for
each 0 <! <m and T, €] = Bey .

Assume first that Spoiler chooses to set the new game state to (eg,€}) by
following his winning strategy. As T1, e} |= 3., it must be the case that for each
v € 0OD(k), Ty, ey = v iff T1, €} = v. By induction hypothesis (1o, ep)~k (11, €})
which contradicts that Spoiler has a winning strategy because Preserver could
initially have played p' as above and continued according to (Tp, ef)~k (T4, €}).

Now assume that Spoiler instead by his winning strategy picks an event
fi on pl. Then T, f1 | 3 for some 0 < j < n as Th,f1 E Vo<in B3.

Again by induction hypothesis we know that (7, fg )~k (T1, f1) which again
contradicts that Spoiler has a winning strategy because Preserver could respond
by picking f} € Ep and continue from the game state (f, f1) according to
(To, £3)~k(T1, f1).

Hence T, e1 £ « as required. ]

5 An Undefinability Result

In this section we will give an example of a natural property which we, by means
of the game characterization of the previous section, will show is not definable
in TLC. Let (X, I) be a trace alphabet with {a,b,c} C X' such that a D ¢ and
¢ D bbut aIb. Consider L = [abcabc]* C TR(X,1).

Lemma 2. L is not definable in TLC(X,T).

Proof. Let k > 0 be given and consider T¢ = [abc]** and TF = [abc]*F*1.
It suffices to show that (T¢F, L)~ (TF, L). By Proposition[Ilit then follows that
(T¥, L)=k(TF, L). Suppose L would be definable by a TLC-formula « of operator
depth n. In particular then (T, L)=, (17", L). However, by definition it must be
the case that T € L and T* ¢ L, contradicting that Tj' and 77" satisfy the same
set of formulas of operator depth at most n. Hence, L cannot be expressed by any
formula of TLC assuming (75, L)~k (TF, L) holds for any k > 0. The remainder
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Fig. 1. T} (top) and TF (bottom) on which the game is played.

of the proof will be devoted to showing that it is the case that (T{F, L)~ (TF, L1).
To bring this out we need a few definitions. As depicted in Figure 1 the game is
played on T and TF consisting of 4k and 4k + 1 copies of the trace factor [abc],
respectively. The section of e; for i € {0,1} is then defined to be the number
of the enclosing [abc]-factor in T} counting from left and starting with 1. We
denote this number by sect(e;). In case e; = L we set sect(e;) = 0. Furthermore,
we say that eg and ey are position equivalent, in case either (eg,e;) = (L, 1)
or Aeg) = A(e1). From the definition of Ty and T3 it follows that eg and e;
are position equivalent in case eg and e; denote the same local positions in two
(possibly distinct) sections of Ty and T4, respectively. The unique event of section
s > 1 labelled with letter x € {a,b,c} in T} will be denoted e;*. For example,
the fourth b-labelled event of T¢F is denoted 68’4.

We will then show that Preserver has a strategy such that after ¥’ < k
rounds played on (T§, TF) with current game state (eg, e1), the following invari-
ant holds:

(i) eg and e; are position equivalent.

(i) sect(eg) = sect(e1) or sect(eg) = sect(e1) — 1.

(iii) sect(eg) = sect(e1) implies sect(eg) < 2(k + k').
(iv) sect(ep) = sect(e1) — 1 implies sect(eg) > 2(k — k') +

»

We prove that the invariant holds by induction on k’. It is trivial to observe,
that in the base case we have that (eg,e1) = (L, L), sect(eg) = sect(e1) = 0 and
k' = 0 thus satisfying (i),(ii), (iii) and (iv) above.

For the inductive step, assume that the statement holds for &’ < k. From (i)
it follows that (T, eq) =o (11, e1), so a next round is played. We then show that
the Preserver can move so as to maintain the invariant for the next game state
(e(, €}) by case analysis on the next move chosen by Spoiler. We only consider
the case for the EU-move. The other moves follow analogously. From (ii) we
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know that sect(eg) = sect(er) or sect(eg) = sect(e1) — 1, so two subcases arise.
Subcase I: sect(eg) = sect(e1). Suppose Spoiler chooses to play the EU-move on

T} and highlights a future causal chain p° = (eg = 4™, eg"'™, ..., e5™"" = €}).

By assumption sect(eg) < 2(k + k').

Suppose first that s, < 2(k+k’+ 1). Then Preserver can just copy the move
and respond with p! = (e; = 7", eV, ..., e]™"" = ¢)). If Spoiler chooses
to set the new game state to (e(, €}), sect(e) = sect(e}) < 2(k+ k" + 1) and
the invariant is maintained. If Spoiler instead chooses to pick an event e,
Preserver would respond by picking ej”*" and the invariant is maintained in a
similar manner.

Suppose then that s, > 2(k 4+ k' + 1). Preserver must then “insert” an
additional occurrence of a section into p° at section 2(k + k' + 1). To bring
this out, let I be the least index such that s; = 2(k + k¥’ + 1), which exists by

assumption. Preserver then responds with

1 _ (,%0,50 1,81 Ti41,5141 _x,s+1  Tip1,si+1+tl Tigo,si42+l ZTn,Sn+1
pr=(e70 el e e T e ,€1 N
. 5 1 .
with e} = ef™*" "' If Spoiler chooses to set the new game state to (e}, €}),

sect(ef) = sp = sect(e}) — 1. However, the invariant is maintained as sect(e(,) >
2k +k +1) > 2(k — (K + 1)) + 1. If Spoiler instead chooses to pick an event
on p!, Preserver responds dependent upon its index. If Spoiler picks one of
the first [ + 2 events e]"”", Preserver responds with e;”*". As sect(ep””") =
si = sect(e]”*) < 2(k + k' + 1) the invariant is maintained. If Spoiler picks
one of the remaining events %" "' Preserver responds with e2"*" in which
case sect(ef*) = s; = sect(e}"® ") — 1 and the invariant is maintained as
sect(eg”™) > 2(k+ kK +1)>2(k— (K +1)) + 1.

Suppose spoiler chooses to play the EU-move on TF and highlights a future
causal chain p! = (e; = {0 eV, ... e]™"" = ¢€}). By assumption sect(eg) <
2(k+ k). If s, <2(k+k'+1) then Preserver can, as above, just copy the move
and maintain the invariant, so suppose that s, > 2(k + k' + 1). Preserver must
then “chop” a duplicate occurrence off p! around the sections 2(k+ k') +1, 2(k+
EY+2=2(k+k +1),2(k+k")+3 which exist by construction. Any causal chain
passing through these three sections must pass (at least) two identical ac-labelled
or be-labelled stretches. Now, let I be the least index such that s; = 2(k+ k') +1
and consider the sequence o = (2, 2112, T114) With A(o) € {a, b}>. Remove from
o the first occurrence x; where there exists an j > ¢ with z; in ¢ and z; = x;.
Let ¢/ = (zp,xq) denote the resulting sequence where p,q € {l,1 + 2,1 + 4}.

Preserver then plays the chain p°:

Z0,80 Ti—1,S1-1 _Tp,SI _C,Si+1 _Tq,Si4+2 Cy81+43 _Ti45,51+45—1 T ySn—1
(eg”%, . ieg T e ey ey T ey T e T N
. —1 .
with ey = ey™ """ . If Spoiler chooses to set the new game state to (ef,e})

then sect(ef) = s, = sect(e}) — 1 so the invariant is maintained because s, >
2(k + k" +1) > 2(k — (K + 1)) + 1. If Spoiler chooses to pick an event on p°,
Preserver responds according to one of several cases. If Spoiler picks one of the
first [ events e;"*" then Preserver picks e7”*" and the invariant is maintained as
3SI41

usual. If Spoiler picks either ey or eg® ™ then Preserver picks either e}
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or e]"""* respectively. As the sections are both 5,41 or both s;13 and s;41 <

si43 = si+1 = 2(k+k"+1) the invariant follows. If Spoiler picks an event, eg™*
say, in {eg”™", eq”""*} before the removed occurrence in o then m € {l,1 + 2}
and Preserver responds by e7™°. Then sect(ey™”) = s = sect(e]™®) < 42 =
2(k+k +1). Similarly, if eg™* occurs after the removed occurrence then m € {l+
2,1+4} and Preserver picks 7™, Then sect(ef™°) = s = sect(e? St —1>
2(k+k") > 2(k—(k'+1))+1 and in both cases the invariant is maintained. Finally,
if Spoiler picks one of the remaining events ef"* " with i > [+5 then Preserver
responds with 7% . As sect(el* ') = sect(e7"*) —1 > 2(k— (k' 4+ 1)) + 1 the
invariant is also maintained in this case.

Subcase II: sect(eg) = sect(e1) — 1. Here the futures of e in T¢f and e in TF
both consist of 4k — sect(eg) factors of [abc] and are identical with respect to

future moves. Hence Preserver can just “copy” the move made by Spoiler. O

6 The Expressiveness of TLC*

Let (X, I) be any trace alphabet with {a,b,¢} C X such that a D cand ¢ D b
but a I b. Consider L = [abcabe]* C TR(X,T) from the previous section.

Lemma 3. L is definable in TLC*(X, ).

Proof. Our proof will in fact show that the future fragment of TLC with only
one future chain quantifier of TLC* suffices to express L. First define

Aares = AG( [\ ~pa) AEX(pa NEX(pe)) A EX (py A EX (pe)) A
deX—{a,b,c}
AG(pe N EX(tt) — EX(pa N EX(pe)) N EX (py N EX (pe))-

It is easy to see that T |= Qb= E T € [abc]*. We will then use existence of
“zig-zagging” future causal chains to restrict to [abcabc]* C [abc]* below. Define
the future chain formula ¢4cpc)« as follows.

Placbeys = Pa N G(pa — X (pe AN X (pp A X (pe A (~XtEV Xpa)))))-

It’s easy to see that T',e |= E(¢(qcpe)+) iff there exists a future causal chain p
rooted at e such that A(p) € (acbe)* C X*. The statement of the lemma now
follows by taking oz, = aape+ A (VEXtEV EX(E(P(ache)+)))- |

Putting all the pieces together, we can now state and prove the main result
of the paper.

Theorem 4. Let (X,I) be any trace alphabet. Then

1. TLC(X,I) = TLC*(X,I) if D is transitive.
2. TLC(X,I) Cc TLC*(X,I) if D is not transitive.
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Proof. Obviously TLC(X,I) C TLC* (X, I), so (2) follows easily from Lemma
and Lemma Blas (a, c), (¢,b) € D but (a,b) € D witness that D is not transitive.
Hence it suffices to prove (1).

Let (X,I) be a trace alphabet with D transitive, i.e. the graph (X, D) is
a disjoint union of cliques {C;}"_ ;. Thus any trace T € TR(X,I) consists of
disjoint Cj-labelled causal chains only initially connected by L. We can then
define three mutually inductive translations || - ||es, || ||, and || - ||, converting

event formulas, future chain formulas and past chain formulas, respectively, of
TLC*(X,I) to formulas of TLC(X, I) as follows.

l|Pallev = Pa and the boolean connectives are as expected.

[[co(@)|[en = CO(lJ\FOéHev) -

— [[E@)llev = [[#l]2, and [[E7(d)|[ev = [|9]],-

- HaHjh =||a||_, = ||a|les and the boolean connectives are as expected.
1X6/15, = BX(10ll5) and | X=0ll = BX~(lolly).
loU|| 5, = BEU(|9[l 5, [1¥112,) and [[¢U~ ||, = EU(|9[| 4 141 21,)-

By nested inductions one can show that for each a € TLC*(X, 1), T, e = a iff
T,e = ||aflew- As ||a]|er € TLC(X, I) the required conclusion follows. O

It’s easy to show that L ¢ FO(X, I) so as a simple corollary we can conclude
that TLC*(X,I) is not in general included in FO(X,I) even though they’re
expressively equivalent in the sequential case where I = {).
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Abstract. Duration Calculus with Iteration (DC™) has been used as an
interface between original Duration Calculus and Timed Automata, but
has not been studied rigorously. In this paper, we study a subset of DC*
formulas consisting of so-called simple ones which corresponds precisely
with the class of Timed Automata. We give a complete proof system and
the decidability results for the subset.

1 Introduction

Duration Calculus (DC) was introduced by Zhou, Hoare and Ravn in 1991 as a
logic to specify the requirements for real-time systems. DC has been used suc-
cessfully in many case studies. In [4], we have developed a method for designing
a real-time hybrid system from its specification in DC. In that paper, we in-
troduced a class of so-called simple Duration Calculus formulas with iterations
which corresponds precisely with the class of real-time automata to express the
design of real-time hybrid systems, and show how to derive a design in this
language from a specification in the original Duration Calculus. We use the def-
inition of semantic of our design language to reason about the correctness of our
design. However, it would be more practical and interesting if the correctness of
a design can be proved syntactically with a tool. Therefore, developing a proof
system to assist the formal verification of the design plays an important role in
making the use of formal methods for the designing process of real-time systems.
This is our aim in this paper.

We achieve our aim in the following way. First we extend DC with the it-
eration operator (*) to obtain a logic called DC*, and define a subclass of DC*
formulas called simple DC* formulas to express the designs. Secondly we develop
a complete proof system for the proof of the fact that a simple DC* formula D
implies a DC formula .S, meaning that any implication of this form can be proved
in our proof system.

To illustrate our idea, let us consider a classical simple example Gas Burner
taken from [14]. The time critical requirements of a gas burner is specified by a

* On leave from the Institute of Information Technology, Hanoi, Vietnam.
** On leave from the Department of Mathematical Logic and Its Applications, Faculty
of Mathematics and Informatics, Sofia University “St. Kliment Ochridski”

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 139-{I50] 1999.
© Springer-Verlag Berlin Heidelberg 1999
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DC formula denoted by S, defined as O(¢ > 60s = (20 = [ leak < £)) which says
that during the operation of the system, if the interval over which the system is
observed is at least 1 min, the proportion of time spent in the leak state is not
more than one-twentieth of the elapsed time.

One can design the Gas Burner as a real-time automaton depicted in Fig. [Il
which expresses that any leak must be detected and stopped within one second,
and that leak must be separated by at least 30s. A natural way to express the
behaviour of the automaton is to use a classical regular expression like notation

D = (([leak] A€ < 1) ([nonleak] A€ > 30))*.

Here we assume that the gas burner starts from the leak state. We will see later
that D is a DC formula with iteration. It expresses not only the temporal order
of states but also the time constraints on the state periods.

By using our complete proof system we can show formally the implication
D = S which expresses naturally the correctness of the design.

leak [0,1] nonleak

[30,~)
Fig. 1. Simple design of Gas Burner

The class of simple DC* formulas has an interesting property that it is decid-
able, which means that we can decide if a design is implementable. Furthermore,
for some class of DC formulas such as linear duration invariants (see [I5/TTI/5]),
the implication from a simple DC* formula to a formula in the class can be
checked by a simple algorithm.

The paper is organised as follows. In the next section, we give the syntax
and semantics of our Duration Calculus with Iteration. In the third section we
will give a proof system for the calculus. We prove the completeness of our proof
system for the class of simple DC* formulas in Section 4. The decidability of the
class will be discussed in the last section.

2 Duration Calculus with Iteration

This section presents the formal definition of Duration Calculus with iteration,
which is a conservative extension of Duration Calculus [14].
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A language for DC* is built starting from the following sets of symbols: a set
of constant symbols {a, b, ¢, ...}, a set of individual variables {z,y, z, ...}, a set of
state variables {P,Q, ...}, a set of temporal variables {u,v, ...}, a set of function
symbols {f,g, ...}, aset of relation symbols {R,U, ...}, and a set of propositional
temporal letters {A, B, ...}. These sets are required to be pairwise disjoint and
disjoint with the set {0, L,—,Vv,™,*,3, [,(,)}. Besides, 0 should be one of the
constant symbols; + should be a binary function symbol; = and < should be
binary relation symbols.

Given the sets of symbols, a DC* language definition is essentially that of
the sets of state expressions S, terms t and formulas ¢ of the language. These
sets can be defined by the following BNFs:

SZ0|P|-S|SVS
t%c|x|u| [S|ft,....0)
e =AlR(Et,....t) |~ | (V)| (7w | (¢*) | 3ze

Terms and formulas that have no occurrences of ™ (chop), nor of temporal
variables, or [, are called rigid.
The linearly ordered field of the real numbers,

(R,=R,0R, 1R, +R:; —R, XR,/R: <R)

is the most important component of DC semantics. We denote by I the set of
the bounded intervals over R, {[r1,72] | 71,72 € R, 71 <r 72}. For a set A C R,
we denote by I(A) the set {[r1,72] € I| 71,72 € A} of intervals with end-points
in A.

Given a DC* language £, a model for £ is an interpretation Z of the symbols
of £ that satisfies the following conditions: Z(c), Z(z) € R for constant symbols
¢ and individual variables x; Z(f) : R®™ — R for n-place function symbols f;
Z(v) : T — R for temporal variables v; Z(R) : R™ — {0,1} for n-place relation
symbols R; Z(P) : R — {0, 1} for state variable P, and Z(A4) : I — {0, 1} for
temporal propositional letters A. Besides, Z(0) = Or, Z(+) = +r, Z(=) is =r,
and Z(<) is <g. The following condition, known as finite variability of state, is
imposed on interpretations: For every [11,72] € I such that 71 < T2, and every
state variable S there exist 71,...,7, € R such that 1 =711 < ... < T, = T2 and
Z(S) is constant on the intervals (7{,7,,), i =1,...,n—1.

For the rest of the paper we omit the index .g, that distinguishes operations
on reals from the corresponding symbols.

Definition 1. Given a DC interpretation I for the DC* language L, the mean-
ing of state expressions S in L under I, Sz : R — {0, 1}, is defined inductively
as follows: for all T € R

0
Z(P)(7) for state variables P
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Given an interval [11,T2] € I, the meaning of a term t in L under T is a number
I72(t) € R defined inductively as follows:

I72(c) = I(c) for constant symbols c,
172 (x) = I(x) for individual variables x,
I72(v) = I(UT)Q([Tl, 72]) for temporal variables v,
I72(fS) = [ Sz(r)dr for state expressions S,
T1
I2(f(t, .. ta)) = Z(F)( T2 (1), - .., I3 (tn)) for n-place function
symbols f.

The definitions given so far are relevant to the semantics of DC in general.
The extension to the semantics that comes with DC* appears in the definition
of the |= relation below. Let us recall the traditional relation on interpretations:
For interpretations Z, and J of the symbols of the same DC* language £ and
for a symbol z in L, we say T z-agrees with J iff Z(s) = J(s) for all symbols s
in £, but possibly z.

Definition 2. Given a DC* language L, and an interpretation T of the symbols
of L. The relation I, [m1,72] = ¢ for [, 2] € I and formulas ¢ in L is defined
by induction on the construction of ¢ as follows:

I, [7’1,7’2] Fé 1

Z,[n, =) EA iff Z(A)([r1,72]) =1 for temporal
propositional letters A

I, [, 7] = R(mi, ..., ™) iff Z(R)(Z2(t1), ..., I12 (tn)) = 1

Z, [, 7] E e T, [, m] o

Z,[m, 7] E (e V) iff either T, [, 2] = @ or I,[m, 2] E ¥

7, [7—1’72] ): (%’Al/}) iff Z, [7177—] ': ¢ and T, [7—77—2} ): (O
for some T € [y, 2]

Z,[m1, 7] E () iff either T = o, or there exist 11,...,7), € R
such that m =1 < ... <71, =72 and
I, ia)Eefori=1,...,n—1

Z,[m, 7] E Jzp iff J,[m, 12 E ¢ for some J that

x-agrees with T

Note that the clauses that define the interpretation of constructs other than *
in DC* are the same as in DC. This entails that DC* is a conservative extension
of DC.

Let Z be a DC interpretation, ¢ be a DC* formula, and J1,J2,J C I be sets
of intervals. Let £ < w. We introduce the following notations for our convenience.

I(p) = {[r,m) € 1| Z,[n, 7] E ¢}
Ji 7 Jy = {[7’1,7’2} cl ‘ (37’ S R)([Tl,T] cJi A [7’,7’2} S Jg)}
JO={[r,7] | T € R}

Jr=J37...7J for k>0
——
k times
= Ik
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In words, Z(¢) is the set of intervals that satisfy ¢ under Z, J;~Js is the set of
intervals that are the concatenation of an interval in J; and an interval in Js,
and J* is the iteration of J corresponding to the operation ™

In the rest of the paper for the convenience of reading, we use the following
conventions. We use the customary infiz notation for terms with +, and formu-
las with < and = occurring in them. We introduce the constant T, the boolean
connectives A, = and <>, the relation symbols #, >, < and >, and the V quan-
tifier as abbreviations in the usual way. We assume that boolean connectives
bind more tightly than 7. Since 7 is associative, we omit parentheses in for-
mulas that contain consecutive occurrences of ~. Besides, we use the following
abbreviations, that are generally accepted in Duration Calculus:

1=-0 (= [1

[s1=[S —f/\g#() S = T ™

Op = =0 (™) = 97 (¢")

W =0=0 k= 7 T fork >0
k times

3 A Proof System for DC*

In this section, we propose a proof system for DC* which consists of a complete
Hilbert-style proof system for first order logic (cf. e.g. [I3]), axioms and rules for
interval logic (cf. e.g. [7]), Duration Calculus axioms and rules ([9]) and axioms
about iteration ([6]). We assume that the readers are familiar with Hilbert-style
proof systems for first order logic and do not give one here. Here follow the
interval logic and DC-specific axioms and rules.

Axioms and Rules for Interval Logic

(AL) (P A=(XTY) = (P A X TY)

(Al;)  (PT) A=(e™X) = (¢ Ax)

(A2) ((e™)™x) & (™ (¥ ™X))

(Ry) (™) = @ if ¢ is rigid

(R,) (o) = o if 4 is rigid

(By) (Fze ™) = Jx(p ™) if x is not free in ¢

(Br) (p732yp) = Fx (™) if z is not free in ¢

(LL)  (t=27p) = ~(l=2"p)

(L1;)  (pl=2z)= (¢ l=x)

(L2) l=z+ys (l=xl=y)

(L3)  ¢=({=07y)

(L3:) ¢ :»@(w“f =0) .

N; - N, -
o (=9 ™Y) () —( ")
(Monoy) I (Mono,) =y

(™) = (¥™x) X)) = (X7¥)
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Duration Calculus Axioms and Rules

(DC1) [0=0

(DC2) [1=1

(DC3) [5>0

(DC4) [Si+4 [S2= [(S1VS2)+ [(S1AS2)

(DC5) (f[S=a"[S=y)=>[S=z+y

(DC6) [ Sy = [Ssif S1 < Sy in propositional calculus.

(TR L=0/Alpv= [AT[S1/Alp ¢ = [AT[25]/Ale
[T/Ale

(IRy) K=0Alp v = [15]1A/Alp ¢ = [[75]7A/Ale
[T/Ale

Vk <w [([STV [-ST)*/Alp

[T/Ale

Axioms about Iteration

(DCY) £=0= p*

(DC3) (" 7p) = ¢

(DC3) (" AYTT) = (W AL=0"T) V(((¢" A7) Ap)7T).

The intuition behind DCY and DCY is quite straightforward. To see DC3,
assume that some initial subinterval of a given interval satisfies ¢, and can be
chopped into finitely many parts, each satisfying ¢. Then the smallest among
the initial subintervals of the given one formed by these parts makes 3 hold
exists which is either the 0-length initial subinterval, or otherwise consists one
that does not satisfy .

A restriction is made on the application of first order logic rules and axioms
that involve substitution: [t/z]y is defined if no variable in ¢ becomes bound due
to the substitution, and either ¢ is rigid or — does not occur in ¢.

It is known that the above proof system for interval logic is complete with
respect to an abstract class of time domains in place of R [7]. The proof system
for interval logic, extended with the axioms DC1-DCg and the rules IR;, IR
is complete relative to the class of interval logic sentences that are valid on its
real time frame [0]. Taking the infinitary rule w instead of ITR; and IRy yields
an w-complete system for DC with respect to an abstract class of time domains,
like that of interval logic [§]. Adding appropriate axioms about reals, and a rule
like, e.g.,

VE <wkr <1
<0

where k stands for 1 4+ ...+ 1 (k times), extends this system to one that is
w-complete with respect to the real time based semantics of DC given above.

In the rest of this section we show that adding DCY-DCY to the proof system
of DC makes it complete for sentences where iteration is allowed only for a
restricted class of formulas that we call simple. The following theorem gives the
soundness of these axioms.
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Theorem 3. Let I be a Duration Calculus interpretation. Then T validates
DCY — DC3.

Proof. The proof about DCT and DC5 is trivial and we omit it here. Now
consider DCY. Let [11, 72] € Ibesuchthat Z, 1y, 72| = oA~ T,and Z, [11, 2] =
—(p A€ = 07T). We shall prove that Z, [r, =] & ((¢* A "0p7p) Ap)"T. We

- - k.
have that [r1,71] € Z(¢), and [r1,7] € (I(go)) NZ(v) for some k < w, and some
T € [r1,72]. Then there exist 7{,..., 7, such that 1y =7 <... <7, =7
and Z, [1],7,,] F ¢ for i =1,... k. Since [r1, 7] = ¢ and [r1, 7] [~ ¢ there
must be ¢ < k for which |71, 7]] = ¢ and [r1, 7/, ] |= 1. Therefore Z, [, 7] ] =
(p* A =10 7p) A1, which implies that Z, [y, 2] = ((¢* A =¢p ) Ap)7T.

Let us prove the monotonicity of * from these axioms which says that if
¢ = 7 then ¢* = ~*.

P*AY = (T AL=0"T) V(0" Ay* ") A=) T) by DC3

= (((¢" Ay ") A=y*)"T) by DCY
= (Y AY)TT by DC3

and ¢ = v
= 1

The following theorem is useful in practice. The readers are referred to [6]
for a formal proof of its.

Theorem 4.
Fpcs O(p = ~(T72a) A=(=B"T) AO(l=0=aAp) =" =0 " p).

Let us now use the proof system of DC* to prove the implication for the
correctness of the simple Gas-Burner mentioned in the introduction of the paper.
We have to prove that

(([teak] A€ < 1) ([nonleak] A £ > 30))* = O > 60 = [leak < (1/20)¢).

Let us denote

[leak] N ¢ < 17 [—leak] A€ > 30,
=0V [-leak] V ([leak] A€ < 17[-leak] A€ > 30),
=0V (<1AJleak] =0V [-leak]).

11

¥
«
g

From DC axioms it can be proved easily that Fpc O(¢ = —(T™—a) A
—(=87T)) and Fpec O = 0 = a A (). Therefore, from Theorem [ we can
complete the proof of the above if we can derive that ((a™p*)73) = 20 [ leak <
£. This is done as follows.
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1 a=31[leak </ DC
2 ¢* A3l [leak > = (¢* A31 [leak > ¢~T) DC
3 ¢=31[leak </ DC
4 (p* A3l [leak > 07T) =

(t=0A31[leak > 7TV

(((p* A 31 [leak < £7p) A 31 [leak > £)"T) by DCj
0=0=31[leak <¢ DC

(¢* A31 [leak > 07T) =

(((¢* N 31 [leak < ™) A31 [leak > €)"T) by 4, 5, Mono,

S

7 (go* A31 [leak < ™) = 31 [leak < ¢ by 2, 3, DC

8 ¢* =31 [leak </ by 6, 7, Mono,

9 (a"y*) =31 [leak <{ by 1, 8, DC

10 8= [leak <1 DC

11 ((@”¢*)"B) AL > 60 = 20 [leak < ¢ by 9, 10, DC, arithmetic

4 Completeness of DC* Proof System for Simple
Formulas

As said in the introduction to the paper, our purpose is to give a rigorous study
of a class of DC* formulas that play an important roles in practice. The formulas
in the class are called simple formulas and will be considered to be executable. In
this section we extend the class of simple formulas, originally introduced in [4] by
allowing the conjunction in simple formulas. We give a proof of the completeness
of the axiom system from the previous section for this class of formulas.

Definition 5. Simple DC* formulas are defined by the following BNF:

= [Slla<t]i<al(eVe)l(ene) | (e | ¢

Before giving our main result on the completeness, we should first mention
that we obtained our axioms DC; — DC5 from propositional dynamic logic [1].
We found that there is a certain degree of semantical compatibility between
interval logic frames and propositional dynamic logic frames, and then built a
truth-preserving translation of PDL formulas into interval logic ones based on
this semantic correspondence. We applied this translation to obtain our axioms
for iteration from the corresponding axioms in PDL. The readers are referred to
our full report [6] for the details of the translation.

We are going to show that given simple formula ¢ and DC* formula v, DC
interpretations Z that validate

(DG ) =0=
(DC3 ) Ef@)

(Dcé‘w)vM/J T)=@AL=0"T)V (v A7) Ap)"T)

for all DC* formulas 1 should satisfy the equality (f (gp)) = Z(7). This means
that the axioms DC} — DC3 enforce the clause about iteration in the DC*
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definition of = (Definition ) for simple formulas ¢. We do this in the following
way: Given the assumption that (f (ap)) + (), we find an interval [y, 7] and

a formula ¢ that refute some of DCY , , — DCj , , under Z. Having found an
appropriate interval [r1, 73], the formula ¢ we need is a *-free one that satisfies

I(~) N1{[m, 7)) = (29)) N 1(m, 7)),

4.1 Local Elimination of Iteration from Simple DC* Formulas

Elimination of iteration from timed reqular expressions, that are closely related to
DC* simple formulas, has been employed earlier under various other conditions
as part of model-checking algorithms by Dang and Pham[5], and Li, Dang [I1].
Lemma [7] Lemmalg, and Proposition [[Qlgiven below are a slightly stronger form
of Lemma 3.6 from [11]. Because of the space limit, the proof of these lemmas
which can be found in [6], is omitted here.

Iteration can be locally eliminated from a formula ¢, if, for every DC inter-
pretation Z and every interval |1, 72] € I, there exists a *-free formula ¢’ such
that Z, [m1, 2] = O(p < ¢').

Due to the distributivity of conjunction and chop (™) over disjunction, simple
formulas that have no occurrences of * are equivalent to disjunctions of very
simple formulas, that are defined as follows:

Definition 6. Very simple formulas are defined by the following BNF:
p=L=0][S][a<tl]l<al(pAg)]|(p7¥)

Lemma 7. Let Z be a DC interpretation. Let [11,72] € 1. Let ¢ be a disjunction
of very simple formulas that contain no subformulas of the kind a < £ with a # 0.

LA
Then there exists a k < w such that Z,[m, 2] E O(p* < V 7).
j=0

Lemma 8. Let Z be a DC interpretation. Let [11,72] € 1. Let ¢ be a disjunction
of very simple formulas. Then there exists a *-free simple formula ¢’ such that

T, [7—1’72] ): D((p* ~ QD/)-

Lemma 9. Let ¢ be a *-free simple formula. Then there exists formula @ which
is a disjunction of very simple formulas, such that Fpc ¢ < ¢'.

Proposition 10. Let Z be a DC interpretation. Let |11, 2] € 1. Then for every
simple formula ¢ there exists a *-free simple formula ¢’ such that Z,[m, 2] =
D(p < ¢').

Proof. Proof is by induction on the number of occurrences of * in . Let ¢*
be a subformula of ¢ and let ¢ be *-free. By Lemma[@], pe ¢ < ¢’ for some
disjunction of very simple formulas ¢’. Now Z, [11, 72] = O((¢)* < ") for some
*-free simple formula ¢ by Lemma Bl Hence Z, [11, 2] = O(p < ¢'), where ¢’
is obtained by replacing the occurrence of 1* in ¢ by v”. Thus the number of
the occurrences of * in ¢ is reduced by at least one.
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4.2 Completeness of DCT-DC; for Simple DC* Formulas

In this section, we prove that a formula «y is the iteration of a simple formula ¢
if and only if it satisfies the axioms DC7, DC3 and DCj for all DC* formulas.
The following proposition has a key role in our proof.

Proposition 11. Let 7 be a DC model that validates DCY , ., DC3 , . and
DC3 , ., for some simple DC* formula ¢, some arbitrary DC* formula vy, and

all DC* formulas 1. Then f(’y) = (f(gp))*

Proof. The validity of DC} and DC} entails that Z(y) 2 (i(@) . The proof
of this is trivial and we omit it. For the sake of contradiction, assume that

[r1,72] € Z(7)\ (f(cp)) *. By Proposition [[dlthere exists a simple formula ¢’ such
that Z(¢") N 1(Ir, 7)) = (Z(#)) NI([71, 72]). Let & = =" Since T, [1,72] = 7
and [r, 7] & (f((p)) , we have Z,[r, 2] E v A%, and hence Z,[r, 2] E

v Ay ~T. Since [r, 7] € (f((p)) , I,[m,m2] ¥ Y AL = 0"T. Now assume

that Z, [11, 2] E (v A ¢ 7p) A7 T. This entails that for some 7/, 7" € [11, 72]

Z,[m, 7'l E ¢, and Z, [/, 7"] |= . Then for some k < w there exist 77,..., 7,

such that 1y = 77 < ... <7, =7"and Z,[r], 7/, ] F ¢ fori=1,...,k, and
N k

besides, Z, [11, 77, 1] = 1. This implies that [y, 7}, ] € (I(gp)) and [11, 77, ] €

() CT\ (f((p)) , which is a contradiction.

Now let us state the completeness theorem for DC* with iteration of simple
formulas.

Theorem 12. Let ¢ be a DC* formula. Let that all of its *-subformulas be
simple. Then either ¢ is satisfiable by some DC interpretation, or —p is derivable
in our proof system.

Proof. Assume that - is not derivable. Let I" be the set of all the instances
of DCY-DC5. Then I' U {¢} is consistent, and by considering occurrences of a
formula of the form ¢)* as a temporal variable, we have that I'U{¢} is a consistent
set of DC formulas with temporal variables. By the w-completeness of DC', there
exists an interpretation I, and an interval [71, 2] such that I, [r1, 2] = I, . Now

Proposition [[1] entails that I(¢)*) = (f(w)) for all ¢ such that ¥* occurs in ¢,

whence the modelling relation I = ¢ is as required for a DC* interpretation.

5 Decidability Results for Simple DC* and Discussion

In this section, we will discuss about the decidability of the satisfiability of simple
DC* formulas and the related work.
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One of the notions in the literatures that are closed to our notion of simple
DC* is the notion of Timed Regular Expressions introduced by Asarin et al in
B], a subset of which has been introduced by us earlier in [LI]. Each simple
DC* formula syntactically corresponds exactly to a timed regular expression,
and their semantics coincide. Therefore, a simple DC* formula can be viewed as
a timed regular expression. In [3], it has been proved that from a timed regular
expression F one can build a timed automaton A to recognise exactly the models
of E in which the constants occurring in the constraints for the clock variables
(guards, tests and invariants) are from the expression E (see [3]). It is well known
(2]) that the emptiness of the timed automata is decidable for the case that the
constants occurring in the guards and tests are integers [2], we can conclude that
if only integer constants are allowed in the inequalities in the definition of simple
DC* formulas, then the satisfiability of a simple DC* formulas is decidable.

Theorem 13. Given a simple DC* formula ¢ in which all the constants occur-
ring in the inequalities are integers. The satisfiability of ¢ is decidable.

The complexity of the decidability procedure, however, is exponential in the size
of the constants occurring in the clock constraints (see, e.g. [2]). Note that the
decidability of DC* could be derived from the results in [12] also.

In [3] it is also shown that from a timed automaton, one can build a timed
regular expression and a renaming of the automaton states such that each model
of the timed regular expression is the renaming of a behaviour of the automaton.
In this sense, we can say that the expressive power of the simple DC* formulas
is the same as the expressive power of the timed automata.

If we restrict ourselves to the class of sequential simple DC* formulas then
we can have a very simple decidability procedure for the satisfiability, and some
interesting results. The sequential simple DC* formulas are defined by the fol-
lowing BNF":

p=L=0|[ST|leVe| (¢ 9 |¢*lernall]prlLa

Because the operators ~ and A are distributed over V, and because of the equiv-
alence (pV)* & (p**)*, each sequential simple DC* formula ¢ is equivalent
to a disjunction of simple formulas having no occurrences of V. Therefore ¢ is
satisfiable iff at least one of the components of the disjunction is satisfiable. The
satisfiability of sequential simple DC* formulas having no occurrence of V is easy
to decide.

In [I1], we have developed some simple algorithms for checking a real-time
system whose behaviour is described by a ‘sequential’ timed regular expression
for a linear duration invariants of the form O(a < /£ < b= > _gcs [s < M).
Because of the obvious correspondence between sequential simple DC* formu-
las and sequential timed regular expressions, these algorithms can be used for
proving automatically the implication from a sequential simple DC* formula to
a linear duration invariant. An advantage of the method is that it reduces the
problem to several number of linear programming problems, which have been
well understood. Because of this advantage, in [5], we tried to generalise the
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method for the general simple DC* formulas, and showed that in most cases,
the method can still be used for checking the implication from a simple DC*
formula to a linear duration invariant.

Together with the proof system presented in the previous sections, these
decidability procedures will help to develop a tool to assist the designing and
verification of real-time systems.

It seems that the with the extension of DC with the operator *, we can only
capture the “regular” behaviour of real-time systems. In order to capture their
full behaviour, we have to use the extension of DC with recursions ([12]). How-
ever, we believe that in this case the proof system would be more complicated,
and would be far from to be complete.
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Abstract. We present a verification methodology for combinational ar-
ithmetic circuits which allows us to reason about circuits at a high level
of abstraction and to have better-structured and compositional proofs.
This is obtained using a categorical characterisation of the notion of data
refinement. Within this categorical framework we introduce a notion of
logical relation to deal with a language for hardware description.

1 Introduction

This paper presents a methodology for circuit verification, particularly for combi-
national arithmetic circuits. Our concern here is how to reason in a high-level lan-
guage about low-level objects. Concrete arithmetic circuits are low-level objects
typically described with operations on bits. But they are meant to implement
arithmetic operations such as addition, multiplication, etc. that are meaningful
at a higher level such as at the level of natural numbers.

We view these two levels of abstraction as a step of data refinement. The
low level is seen as the level of the implementation (level of the actual circuits)
and the high level as the level of the specification. The methodology that we
present is based on data refinement originated in [7] and its categorical approach
(e.g. [8], [I0O]). It uses logical relations as abstraction relations between the two
levels. The use of logical relations allows us to deal with higher-order structure
of circuits (circuit combinators), that is, an operation that constructs a circuit
from other circuits. Defining circuits by means of circuit combinators will allow
better-structured and compositional proofs.

2 Circuits, Specification, and Verification

We begin by introducing a signature of a hardware description language. The
language is a simply-typed A-calculus with sorts

T =8B, |1|T—-T|TxT

where B,, (n > 0) is a type of n-bit wire. Its operation symbols are primitive cir-
cuits, for example, not : By — B;, and, or, xor : B; xB; — By, and con-
verters between n 1-bit wires and one n-bit wire <, : B,, — B; x By x ... X By,

n
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>t Br X By x ... x By —— B,,. We may further include primitive circuit com-

n
binators, for example, map : (71 — T2) x 71" —— 15" using higher-order sorts.
So, circuit descriptions are programs in the language. Further, we use Haskell-like
notation whose meaning should be clear, to write circuit descriptions.

Example 1. A half-adder circuit hadd is described as
hadd : Bl><Bl—>Bl><Bl
hadd = Az. (and z, xor z)

A 1-bit full-adder fadd is made out of two half-adders hadd and an or

fadd : Bl><Bl><Bl—>Bl><Bl
fadd = A(a,b,¢). let (u, v) = hadd (a, b)
(w, ) = hadd (v, ¢)

in (or (u, w), x)
Abstracting out hadd, we obtain the circuit combinator

¢fadd : (B1 xB1 — By xB;) x (ByxByxB;) — By xB;
Padd = M- Ala, b, ¢). let (u, v) = h(a, b)
(w, ) = h (v, ¢

in (or (u, w), x)
which represents the connections to build fadd from the components hadd,

fadd = (pfadd(hadd)

Actual circuits which work at the bit level are meant to implement arith-
metic functions which are meaningful at a more abstract level of, e.g. natural
numbers. For example, an adder circuit implements the addition function. The
specification of a circuit is at the same level of abstraction as the arithmetic
function rather than at the bit level. This idea raises the question of how to
develop a verification methodology that allows implementation at a low level
and reasoning at a higher level of abstraction.

The verification process begins with interpreting circuit descriptions in two
levels of abstraction: concrete level (bit level) and abstract level (natural numbers
level). A concrete-level circuit (concrete circuit) represents the actual circuit (the
implementation). An abstract-level circuit (abstract circuit) has exactly the same
topology as concrete circuit but uses arithmetic functions in place of bit-level
operations. So, abstract circuits can be verified against the specifications at the
same high level. Our proposed methodology will make sure that proving the
correctness of the abstract circuit guarantees the correctness of the concrete
one.

3 Preliminaries

We assume familiarity with the standard notions of category, functor, Cartesian
closed category (CCC) and its correspondence with simply-typed A-calculus [12],
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product of two categories, and the category Set of sets and total functions, which
can be found for example in [I, [13].

In this section, we give an account of the background that is necessary for our
verification methodology like the notion of sketch, the category Rel of binary
relations and the functor (dom, cod) from Rel to Set x Set.

3.1 Sketches

In developing our methodology, we regard the terms of hardware description
language to be denoting arrows of a certain CCC HW. The purpose is to use the
characterization of HW to obtain an appropriate (logical) relation connecting
the concrete and abstract levels.

We can represent a signature of the hardware description language as a di-
rected graph whose nodes are primitive sorts and whose arrows are primitive
operations on values of the sorts. An operation with several arguments can be
represented by an arrow from a node representing the Cartesian product of all
the sorts of the arguments. Similarly, a higher-order operation can be represented
by an arrow from a node representing a function space built from other sorts. In
this case, we need more than just a graph, we need some equations stating that
a certain node must be constructed from other sorts.

A sketch is a directed graph with some equations; it is a way of expressing a
structure. We refer the reader to [I] for an introduction to the concept of sketch.
There are many kinds of sketch; the one used in this paper is Cartesian closed
(CC) sketch, which is an instance of the general sketch presented in [11]

Definition 1. A CC sketch S = (G, E) consists of a graph G and a set E of
equations of the form ¢ = «(e1, -+, ¢,) where ¢, ¢; are nodes or edges
of G and « is an expression built from operations of CCC structure (com-
positions o, identity arrows id_, products X, pairing (—,—), projections m__,
w'__, the terminal object 1, the unique arrows to 1 |_, exponentials —, currying
(=)*, evaluation maps ev__). A model M of S in a Cartesian closed category
C is a graph homomorphism from G to the underlying graph of C such that

Mc = a(Mcy, -+, Mey) holds in C.

Hence, a model of the sketch S = (G, E) in the category Set interprets sorts
and operations as sets and functions, respectively. Further, the interpretation
satisfies the equations stated in E. For instance, when X = A x B is given in
E, the interpretation of X is the product of the interpretations of A and B.

For any CC sketch S = (G, E) there is the CC category Fcc(S) which is
freely generated by S subject to the equations in E [11]. The CC category Foc(.S)
comes with a model ¢ : S — Fe¢(S) and has the following characterization:
for every Cartesian closed category C and every model Fy : S —— C there is a
unique strict CC functor F': Foo(S) — C for which F o = Fy.

Intuitively this property tells that the objects and the arrows of Foe(S) are
inductively generated by Cartesian closed operations from the nodes and the
edges of G, respectively, subject to the equations in E and the axioms of CCC.
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The model ¢ is then given by inclusion of S in Foe(S) modulo the equations. It
also tells that F' is given by Fj for primitive sorts and operation symbols, and
by structural recursion for constructed sorts and terms.

3.2 Category of Relations

We regard a binary relation R as a triple (A, A’, R) where A and A’ are sets and

. R . . .
R C Ax A’. We use the notation A ——— A’ to mean R is a binary relation
over A and A’, and a R a’ to mean (a,a’) € R.

Definition 2. The category Rel has as objects binary relations (A, A’,R) and
an arrow from (A, A", R) to (B,B’,S) is a pair of functions (f: A— B, f':
A" — B') such that Ya € A.¥Va' € A’. if a Rd' then fa S f'a’. We use the
following diagram for describing that condition.

R
Av—r—— A

7 | 7

B\—S\B/

Composition and identities are given component-wise.
It is routine to verify that the category Rel is Cartesian closed with

— the terminal object is a triple whose components are singletons:
1 =(1,1,1 x 1) where 1 is the singleton {*},

— product is defined component-wise:
(AJA,R)x (B,B’,S)=(Ax B,A’ x B",R x S) where (a,b) Rx S (a/,¥)
if and only if a Ra’ and b S ¥, and

— exponentiation:
[(A,A',R) — (B,B’,S)] = ([A— B],[A — B'],|[R — S]) where
f[R—S]f ifandonlyif Vac A.Va'€ A’ aRd = faS f'd

We denote a forgetful functor (dom,cod) from Rel to Set x Set sending
(A, A", R) to (A, A”) and (f, g) to (f,g). Note that Set x Set is a CCC with the
structure given component-wise. It is straightforward to verify that (dom, cod)
is a strict Cartesian closed functor.

4 Circuit Descriptions

Both the abstract-level and the concrete-level versions of a circuit have the
same topology given by the circuit description. We now introduce the cate-
gory HWwhose objects are sorts of the language and whose arrows are circuit
description (or simply circuits). We start with the CC sketch H of primitive
circuits, then we define the category HW to be the free CCC on it.
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The carrier graph Hy of H has as nodes B, (n > 0) of n-bit wire types,
together with Np, x5, N[Bl_,Bl], etc. which represent product B; x By and
exponential [B; — B1], respectively. The edges of Hy are the names of primitive
circuits, including among others are not, and, or, and xor. The primitive circuit
not is an edge from By to By, whereas primitive circuits and, or, and xor are
edges from Np, x p, to B;. We also consider the conversions between n 1-bit wires
and one n-bit wire:

= By — N(((81 x By1) x ...) X By)

n

~Pn i NB, xBy) x..)xB;) — Ban

n

The equations of the sketch H simply specify Ng , g = B1 X By, N[BIHBI] =
[Bl — Bl}, etc.

For the rest of the paper, we use convention that the product associates to
the left, SO Bl X Bl X Bl means (Bl X Bl) X Bl.

The reason we consider both B,, and NB1 % By X ... x By is that the abstract

interpretation of B,, is not necessarily isomorphic to the n-fold product of that
of By. Thus, we do not demand the equations <, o>, = idg and >p o4, =

id .
NBl X ... X Bl

n

Definition 3. A category HW is the free Cartesian closed category Feoo(H)
on the sketch H.

So, HW has a terminal object 1 and for each pair of objects A and B, a
product A x B and an exponential object [A — B]. The products allow us to
express multiple input/output and the exponentials enable us to have circuit
combinators which can be used, for instance, to represent the connections of
a circuit. The arrows in HW are given by canonical arrows of CCC (id—_, !_,
m__, ®__, ev__), compositions (f o g), pairing ((—, —)), currying ((—)*), and
the primitive circuits in H. We omit the canonical isomorphisms of CCC, e.g.
(AxB)xC =2 Ax (BxCQ().

With the well-known correspondence between CCC and A-calculus [12], we
identify arrows of HW and circuit description.

Example 2. A 2-bit full-adder fadd2 is made out of two full-adders fadd,

fadd2 : BQXBQXBl—>BQ><Bl

fadd2 = apply(,. ..o fadd)
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where
90fadd2 : [Bl><Bl><Bl*>Bl><Bl] X (BQXBQXBl)—>BQ><Bl
Ofadd2 = M- AMa,b,c). let (a1, ap) = b2 a
(bl, bo) = D9 b
(u, v) = f (ao, bo, )
(’LU, ‘T) = f (a1,b1, U)
in (w, <2 (z, v))

and apply(, ., . ., 18 an abbreviation for application of ¢ that involves con-
versions of C; : A —— B to global elements (C; on} 4)*: 1 — [A — B].

Without having higher-order structure (circuit combinators), proving the cor-
rectness of fadd2 involves proving the correctness of fadd for specific arguments
(fadd (ao, bo, ¢) and fadd (a;, as, v)). This is not the case when we have cir-
cuit combinators. Instead, we prove the correctness of fadd and then instantiate
the proof for specific arguments.

5 Circuit Interpretations

Definition 4. An interpretation of the circuit descriptions is a Cartesian closed
functor from HW to Set.

So, the interpretation of a circuit description (an arrow in HW) is a function.
By the freeness of HW, an interpretation F' is uniquely determined by a model
of Fy of the CC sketch H in Set.

If we interpret a circuit description at the level of bits, we get the correspond-
ing concrete circuit representing an actual circuit. Similarly, by interpreting a
circuit description at the level of the specification of the circuit, for instance
natural numbers level, we get the corresponding abstract circuit.

We define the concrete model Cy of H in Set by Cy(B1) = Bit (= {1, 0})
and Cp(B,,) = Bit” for nodes, and for edges:

notcs : Bit —— Bit

notc = Az. if (x == 1) then 0 else 1l
andc, org, xorc : Bit X Bit —— Bit
ande = A(z, y).if (# == 1 A y == 1)thenlelseO
orc = MNa, y).if (x+ == 1 V y == 1) thenlelse0

xorc = Az, y).if (x # y) then 1 else 0

dncs Bp @ Bit" —— Bit"

The concrete interpretation C'is the unique strict CC functor with Cot = Cj.
In other words, C' is defined by structural recursion with base cases given by
Cy-. So, the concrete interpretation C' of the primitive circuits are given by the
concrete model Cy. The concrete interpretation of 1-bit full-adder fadd after
unfolding hadd is
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C(fadd) : Bit x Bit x Bit — Bit X Bit
C(fadd) = A(a, b, ¢). let (u, v) = (and¢ (a, b), xorc (a, b))
(w, ) = (and¢ (v, ¢), xore (v, ¢))
in (or¢ (u, w), x)
Similarly, we define the abstract model Ay of H in Set by A(Bit,) = Nat
(the set of natural numbers) for nodes, and for edges:

not, : Nat —— Nat

noty, = Az. (succ z) mod 2

and 4, ory, xor, : Nat x Nat —— Nat
andy = Az, y). (x + y) div 2

ory = Az, y). (succ (z + y)) div 2
xorg = Az, y). (r + y) mod 2.

dpa : Nat —— Nat X Nat X ... X Nat

g = Ar. ((z div 2" 1) mod 2, ..., (x div 2°) mod 2)
>pa : Nat X Nat x ... Xx Nat —— Nat
Pra = AM@1, oy @) 11 x 2770 + 0 4 3, x 20

Similarly, the abstract interpretation A is the unique strict CC functor with
Ao = Ay. So, the abstract interpretation A of the primitive circuits are given
by Ag. The abstract interpretation of 1-bit full-adder fadd after unfolding hadd
is

A(fadd) : Nat x Nat x Nat — Nat x Nat
A(fadd) = A(a, b, ¢). let (u, v) = (and4 (a, b), xor4 (a, b))
(w, ) = (and4 (v, ¢), xora (v, ¢))

in (ory (u, w), x)

We use the subscripts ¢ and 4 to denote concrete and abstract circuits,
respectively.

6 Verification Methodology

Given the description of a circuit and its specification, the verification process
starts with interpreting the circuit description at the level of implementation (bit
level) and at the level of specification (natural numbers level). We then get the
corresponding concrete circuit and abstract circuit. Our verification consists only
of proving, at the same high level of abstraction, that the abstract circuit satisfies
the specification. The correctness of the concrete circuit follows automatically,
as we explain now using a correctness criteria from data refinement.

The correctness criteria for a circuit description says that if the concrete
circuit and the corresponding abstract one have appropriately related inputs
then the two circuits yield appropriately related output. We use binary logical
relations to relate concrete values and abstract values. The reason for using
logical relations is to be able to cope with higher-order structure of circuits
(circuit combinators). The approach that we will use is based on a categorical
approach to data refinement [I0].
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6.1 Logical Relations

We present here the notions of logical relation between two interpretations of a
circuit. Discussion on logical relations can be found in [14].

Definition 5. Let I, J be two interpretations of circuit descriptions. Let (R.,)
be a family of binary relations (I(«), J(«), Ry) indexed by object € HW. We
say that (Ry,) is a logical relation between the two interpretations I and J if

— a Ry b holds for (the unique) a € I(1) and b€ J(1)

— (a,b) Roxpg (a',b") if and only if a Rod’ and b Rg V', for all a € I(a),
a € J(a), beI(B) and V € J(B)

= f Ria—p [" if and only if Va € I(a). Va' € J(a). a Ry o’ = fa Rp f'd,
forall fel(la—p]) and f' € J([a— f]).

Observe that from the definition of the Cartesian closed category Rel, these
three conditions are equivalent to Ry = 1ge;, Raxp = Ra X Rg and R[a_,g] =
[Ra — Rg]

6.2 Correctness Criteria

Showing that the correctness of concrete circuits follows from the correctness
of the abstract ones amounts to finding an appropriate logical relation (R,)
between the two interpretations C' and A such that for every circuit description
circutt in HW the diagram

Rinputs

C(inputs) ————— A(inputs)
C(circuit) A(circuit)

C(outputs) ~—— A(outputs)

outputs
commutes in the sense described in the category Rel, that is, that
C(circuit) Rinputs—outputs) Alcircuit)

Thus, a family (R,) gives, for every object « in HW, an object
(C(a), A(a), Ry) in Rel such that for every arrow ¢ : o —— 3 in HW
(C(c), A(c)) is an arrow in Rel from (C(a), A(a), Ry) to (C(6), A(B), Rg). In
other words, a logical relation R between the two interpretations C' and A

is equivalent to a Cartesian closed functor R from HW to Rel such that
(dom,cod) o R = {(C,A), i.e. the following commutes.

Rel

/ l (dom, cod)

HW —— Set x Set
) et x Se

Recall that C' and A are the interpretations uniquely corresponding to the
models Cy and Ay, respectively. The basic lemma of logical relations is as follows.
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Lemma 1 (Basic lemma of logical relations). Given any model Ry of the
CC sketch H in Rel with {dom,cod o Ry = (Co, Ag), the unique CC functor
(interpretation) R with R o1 = Ry satisfies (dom, cod) o R = (C, A), i.e.,
R is a logical relation between the two interpretations C' and A from HW to
Set x Set.

Proof. Tt follows from the fact that HW is the free CCC on the sketch H and
that (dom, cod) is a strict CC functor.

Intuitively, this lemma says that the commutativity of the diagrams for com-
pound circuits follows from the structural similarity between the abstract and
concrete circuit and from the commutativity of the diagram for their primitive
circuits.

To formulate the correctness criteria, what remains is to define appropriate
Rg. for each n and to prove the commutativity of the diagram for the primitive
circuits. For example, the diagram for and:

RB X RB
C(By x By) =Bit X Bit ——————> Nat x Nat = A(B; x By)
and¢ and 4
C(Bl) = Bit Nat = A(Bl)
RB1

Note that outputs of andy on inputs which are not in the domain of R is
irrelevant.

Definition 6. RBI, a relation over Bit and Nat, relates 1 with 1 and 0 with 0.
Rp , a relation over Bit" and natt, relates x € Bit™ and z' € Nat iff = is the
binary representation of '.

The relation R does not need to be a relation over Bit and Nat. It can be
defined as a relation over other two representations of numbers as long as it
appropriately relates the two representations.

Ezxample 3. Consider 1-bit full-adder fadd. By Lemma [[l commutativity of the
diagrams for the primitive circuits guarantees that of

RB1 X RB1 X RBI

Bit X Bit X Bit Nat X Nat X Nat
faddc faddA

Bit x Bit Nat x Nat
RB1 X RB1

Our verification task is then to prove fadd 4 agrees with the specification
faddspec = Aa, b, ¢). ((a+b+c) div 2, (a+b+c) mod 2)

for 0 < a,b,¢,< 1. We write fadds < faddgpec to mean fadds agrees with
faddspec on relevant inputs in the domain of the logical relation.
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6.3 Compositional Verification

Even at the high level of abstraction, formally proving that an abstract circuit
meets its specification is not easy to do directly, particularly when the circuit
is large. We propose here to organise a large verification as the composition of
smaller verifications of component circuits. This also allows reuse of component
verification and high-level verification of circuits with many different component
implementations.

For the purpose of explanation, we take the simple example of a 2-bit full-
adder fadd2 having two 1-bit full-adders fadd as components. That C(fadd2)
is appropriately related to A(fadd2) is automatic, but we must prove that
A(fadd2) agrees with

faddzspec = )\(a, b, C). a+ b+ c

The problem is that fadd2gspec does not have the same structure as fadd2 but
we wish to use a lemma about fadd.

This can be naturally resolved by dividing the verification in two steps.
Firstly, we verify fadd, i.e., prove that A(fadd) < faddgspec. Then, we con-
sider fadd to be a primitive operation and extend our sketch H to H’ includ-
ing fadd. The concrete interpretation ¢’ : HW' —— Set of now extended
category HW' is given by setting C’(fadd) = fadd¢. For the abstract inter-
pretation, we set A’(fadd) = faddspec, which is a simpler and higher-level
formula than fadd 4. By the first step, C’(fadd) R[B‘:’—Bf] A’ (fadd), hence so is
C'(fadd2) = C(fadd?2) R[ngBl—ngBl} A’(fadd) by Lemma [Il Thus, our ve-
rification is simplified to proving that A’(fadd2) « fadd2spec where A’(fadd2)
is simpler formula than A(fadd2).

The same organisation of proofs can be obtained by considering higher-order
circuit combinators. We consider g, 3q2 that combines fadd taken as an argu-
ment. The above amounts to organising the proof of A(fadd2) < A(fadd2gspec)
as

A(fadd2) = A(pgagqqa)(Alfadd))

< Alpgadd2) (faddspec)
— fadszpec

Note that, without higher-order types in the language, the two occurrences of
fadd iin fadd2 must be treated separately.

7 Concluding Remarks

We have presented a methodology for describing and verifying combinational
arithmetic circuits. It is based on a category theoretic approach to data refine-
ment which uses logical relation as abstraction relation. Our methodology allows
us to reason about circuits at a high level of abstraction. Additionally, having
higher-order structure allows us to have compositional proofs.



Logical Relations in Circuit Verification 161

The idea of using data or program refinement in circuit verification has been
explored before. Burch and Dill [3] use specification state and implementation
state spaces connected by abstraction mapping. Their correctness criteria dia-
gram is similar to ours. There, implementations is verified directly against spec-
ifications. Cyrluk [4] uses abstraction mapping between specification state and
implementation state spaces to guide in structuring proof by transforming terms
involving implementation state variables into equivalent specification state vari-
ables. Velev and Bryant [18] combine the approach of Burch and Dill with ab-
straction methods for functional units in microprocessors. Jones and Sheeran [9]
view circuit design as program refinement. Hanna et al [6] use the techniques of
data abstraction to build up specifications in a structured way.

Various uses of category theory as a guide in circuit verification have been
explored. Brown and Hutton [2] used category theory to formalise the use of
picture in circuit design. Fourman [5] and Sabadini et al. [15] have developed
categorical models of sequential circuits. Sheeran [16] has shown that category
theory can be used to derive useful theorems about hardware verification.

Further works are to employ the methodology in practice to verify non-trivial
arithmetic circuits and to extend the methodology for verifying sequential cir-
cuits. For these, we enrich the hardware description languages in terms of both
practicality and expressiveness, e.g. polymorphism and dependent types.
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Abstract. In this paper, we study two lemma methods for accelerat-
ing Loveland’s model elimination calculus: One is lemma generalization
and another is non-unit lemma matching. The derivation of lemmas in
this paper is a dynamic one, i.e., lemma generation is repeatedly per-
formed during an entire refutation search process. A derived lemma is
immediately generalized by investigating the obtained subproof of the
lemma. The lemma generalization increases the possibility of successful
applications of the lemma matching rule. The non-unit lemma match-
ing is an extension of the previously proposed unit lemma matching,
and has the ability for stably speeding up model elimination calculus
by monotonically reducing the refutation search space. We have imple-
mented a PTTP-based theorem prover, named I-THOP, which performs
unit lemma generalization and 2-literal non-unit lemma matching. We
report good experimental results obtained with I-THOP.

1 Introduction

The lemma facility in top-down theorem proving has been pointed out to be quite
important and beneficial in order to avoid a redundant computation. Lemmas
are extra clauses which are derivable during a proof search, and can be identified
with initial axiom clauses once they are produced. The use of lemmas makes it
possible for a top-down theorem prover both to find a shorter proof and to cut
off duplicate computations.

Many first-order theorem provers utilize various sorts of lemma facility [1}
2L Bl 4l (7,8, [10, [11l, [12] [13] 14} 16l 18] 20, [21], [22]. However, the naive use of
lemmas often increases the breadth of then search space. It consequently causes
an explosion, and results in loss of efficiency of provers in many cases [7} 23]
24]. Automated theorem provers had been struggled for extreme deterioration
and instability of the proving performance caused by lemmata for a long time.
However several technologies for overcoming such difficulty have been proposed
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tion of Japan (TAO), and also partly by Grant-in-Aid from The Ministry of Educa-
tion, Science and Culture of Japan.
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in this decade. Caching, proposed by Astrachan and Stickel [3], is a modified
method of lemmas. It succeeds in drastically reducing the search space of Horn
problems. However caching has no effect for non-Horn problems. We proposed
various unit lemma matching rules for model elimination calculus [11] [12] [13],
which are applicable non-Horn problems, and can stably accelerate a refutation
search process by monotonically reducing the search space. In this paper, we
shall extend this unit lemma matching method in two manners: One is lemma
generalization, and another is an extended matching which is applicable to non-
unit lemmas.

The lemma generation process of this paper is a dynamic one, i.e., lemmas
are repeatedly derived during an entire proof search. Generated lemmas are gen-
eralized, and are stored into a lemma database. The lemma generalization is a
subproof-based one, i.e., it can be performed by investigating the structure of the
obtained subproof of a lemma. The computational cost of this subproof-based
generalization is quite low. This real-time generalization of a lemma obtained
at a search stage clearly increases the possibility of controlled use of the lemma
at the later stages. Such a dynamic lemma generalization technique has never
been studied, up to our knowledge, in the literature of fully-automated theo-
rem proving technologyEI First we describe the lemma generalization method in
a general form. We have implemented a PTTP-based theorem prover, named
I-THOP, which can perform unit lemma generalization. Second we give an ex-
perimental evaluation of the good performance of this restricted form, i.e., unit
lemma generalization with I-THOP.

Next, we give the non-unit lemma matching, which is an extension of the unit
lemma matching [L1]. The non-unit lemma matching never broadens the breadth
of the search space, and makes it possible for a top-down theorem prover both
to find a shorter proof and to cut off duplicate computations.

Roughly speaking, non-unit lemma technology is classified into two sub-
categories: One is the local use of non-unit lemmas such as C-reduction, folding-
down operation [14, 22] and anti-lemma [I0, [T4], and another is the global one.
Although little research has been achieved on the global use of non-unit lemmas
until now, Fuchs [8, 9] investigated a controlled global use of non-unit lemmas.
However Fuchs’” work is an extension of Schumann [2I], and its lemma genera-
tion method is static one, i.e., lemma production is performed only once at the
preprocessing stage. The non-unit lemma matching studied in this paper is a
sort of the global use of non-unit lemmas with the dynamic lemma generation.
Compared with the static one, the dynamic generation has the great advantage
that several difficult lemmas can be derived by using other lemmas obtained at
the previous stages. Such a nested lemma generation quite often occurs in real

1 Interactive theorem provers, especially the ones using the induction principle, some-
times perform the generalization of intermediately obtained lemmas [5]. Also some
similar techniques such as explanation-based learning have been studied in the field
of machine learning [19].
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theorem proving processes Up to our knowledge, the global use of non-unit
lemmas together with dynamic generation has also never been studied up to
this point. We implemented 2-literal non-unit lemma matching rule in I-THOP,
and show some good experimental results for this restricted version of non-unit
lemma matching.

This paper is organized as follows: Section 2 is preliminaries. In Sect.3, firstly
we give a dynamic lemma generation method; secondly we show a lemma gener-
alization technology which is based on the investigation of a subproof; finally we
give the non-unit lemma matching rule. Section 4 shows experimental results of
the performance of the dynamic lemma generation, the unit lemma generaliza-
tion and 2-literal non-unit lemma matching. Section 5 is the conclusion.

2 Preliminaries

We briefly introduce Tableau Model Elimination (TME) [8] [14], (or sometimes
called connection tableau calculus), which is a generalization of the chain-based
model elimination calculus originally proposed by Loveland [15].

A clause is a multi-set of literals, usually written as a disjunction L1V...V L,.

Definition 1. A tableau T for a set S of clauses is a tree whose non-root nodes
are labeled with literals and these labels satisfy the condition: if the immediate
successor nodes Ny, ..., N, of a node of T" are labeled with literals L1, ..., Ly,
then the clause Ly V...V L, (tableau clause) is an instance of a clause in S. A
tableau is called a Model Elimination (ME) tableau] if, for every inner node N
(except the root) labeled with a literal L, there is an immediate successor node
N’ of N such that N’ is labeled with a literal L’ complementary to L.

The trivial tableau is a one-node tableau with a root only. If no confusion
arises, we shall identify a node IV of a tableau with the literal associated with
N in an appropriate manner.

Let T be a tableau. A node N dominates a node N’ in T if (N’ N) is in the
transitive closure of the immediate predecessor relation. An open branch in T is
a branch of T not containing two complementary literals. A closed tableau is a
tableau which does not have any open branches. A subgoal of T is a literal at the
leaf node N of an open branch in 7. We also sometimes call N itself a subgoal.

Given a tableau T'; a subgoal L and a clause C', then the tableau expansion of
L in T with C' is the following operation: firstly obtain a new variant L; V...V L,
of C'; secondly attach new leaf nodes Vi, ..., N, as immediate successors of L
in T'; finally label these new leaves with the literals L, ..., L,, respectively.

Definition 2. Given a set S of clauses, the inference rules of TME for S consists
of the followings:

2 We indeed confirmed this phenomenon through many experiments using TPTP

library, by examining the tableau proofs produced by I-THOP.
3 An ME tableau is sometimes called a connection tableau.



166 Koji Iwanuma and Kenichi Kishino

Start. Given a trivial tableau, select a clause C' from S, and apply the tableau
expansion rule with C' to the root of the tableau.

Reduction. Given a tableau T, select a subgoal L in T and a node L’ dominat-
ing L such that there is a most general unifier 6 of L and —L’, then apply 6
to the whole T'. We say, L is reduced by the ancestor L'.

Extension. Given a tableau T, select a subgoal L in T" and a clause C from
S, apply a tableau expansion step with C' to L and immediately perform a
reduction step with L and one of its newly created successors.

Given a ME tableau, the TME inference rules clearly generates only ME
tableaux. Throughout the rest of this paper, we assume any tableaux are ME
tableaux, thus we simply use the word tableau for ME tableau.

Definition 3. Let S be a set of clauses, and 7" and 7" be two tableaux. A
sequence T4, ...,T), is called a TME derivation in S from T to T if

1. Ty =T and T,, = T" hold, and
2. Tiy1 (i =1,...,n—1) is obtained from T; by means of one of TME inference
rules of S, i.e., a start step, an extension step or a reduction step.

A TME refutation from T is a TME derivation from T to a closed tableau.
Finally, a TME refutation of S is a TME derivation in S from a trivial tableau
to a closed tableau.

In the following, an inference I performed in a TME derivation is written as
a tuple (s, (r,a)) where s is the subgoal, r specifies the inference rule applied
to s, and a indicates the input clause applied in the extension or start rules or
the ancestor literal used in the reduction. Furthermore, we sometimes identify a
TME derivation 11, ...,T, with a sequence Iy, ..., I,_1 of inferences such that
I; has been applied to T; (j =1,...,n—1).

Theorem 1 (Completeness [14, 15]). Let S be a set of clauses. S is unsat-
isfiable iff there is a TME refutation of S.

Ezample 1. Figll depicts an example of a closed tableau for the set of clauses.
{=p(X), p(X)Vq(X), p(X)V—q(X)V-r(X), r(a)}

The dotted line in Fig[ll denotes the reduction of a subgoal with its ancestor
which is not an immediate predecessor.

3 Lemmas in Model Elimination

Lemmas are extra clauses which are derivable during a proof search, and can be
identified with initial axiom clauses once they are produced. The use of lemmas
makes it possible for a tableau-based theorem prover both to find a shorter proof
and to cut off duplicate computations.
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------- > ~p(a)
. P(a) ~q(a) ~r(a)
- p(a) a(a) r(a)

Fig. 1. A closed ME tableau

3.1 Dynamic Lemma Generation
Clausal non-unit lemmas can be created from a closed subtableau as follows:

Definition 4. Let T be a non-trivial tableau and L be a literal. We say T is
an MF tableau with the head L, denoted as T, if the root node of T is labeled
by L and there is an immediate successor labeled with a literal L’ which is
complementary to L.

If T, is a subtree of a tableau T', and contains only a node N labeled by L
and all nodes dominated by N, then T is called a subtableau of T' with the head
L. A lemma can be produced from a subtableau T of T if T is closed in the
context of T'.

Definition 5 (Lemma). Let T be a tableau, and T be a subtableau of T
with the head L. Suppose T'F contains no open branches of T', and My, ..., M,
are all leaf literals in TF such that M; (i = 1,...,n) is reduced by an ancestor
literal which dominates L, i.e., an ancestor literal occurring outside T'X. Then
the clause =LV My V...V M,, is called a lemma produced by the subtableau TL.

Notice if there are no leaf literals in TF reduced by ancestor literals outside
TE, then the produced lemma becomes a unit clause.

Proposition 1. Let S be a set of clauses, T be a tableau of S, and C' be a lemma
produced by a subtableau Ty of T'. Then C' is a logical consequence of S.

We dynamically and repeatedly perform the above lemma generation proce-
dure during the search of a TME refutation. The dynamic generation enables us
to derive a difficult lemma, which ordinarily needs a huge subtableau, by using
other lemmas obtained at the previous stages.
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3.2 Lemma Generalization

Let us consider the generalization of lemmas. Suppose L and Ly are literals. We
say L is more general than (or simply, subsumes) Lo if there is a substitution
0 such that L0 = Lo.

Definition 6. We say a tableau T3 is more general than a tableau T5, denoted
by T1 < Ts, if the tree structures of T7 and T5 are isomorphic and there is a
substitution # such that L160 = Lo for any pair of corresponding nodes L; and
Lo in T7 and T5, respectively.

Definition 7. Let S be a set of clauses. Suppose C; and Cy are lemmas pro-
duced by tableaux 77 and T3 of S, respectively. We say C; is more proof-based
general than C5, denoted by Cy §§ Cy, if T1 < Ty, We denote Cy <§ Cy if
Cl Sg 02 but not 02 Sg 01.

Given a set S of clauses, the relation <§ obviously constitutes a well-founded
order. Thus there is a most proof-based general lemma for each lemma C', denoted
as mpg(C'). That is, mpg(C) is a clause satisfying the condition:

1. mpg(C) <3 C, and;
2. there is no clause C’ such that C’ <§ mpg(C).

The clause mpg(C') is unique modulo renaming variables.

Given a lemma C produced by a tableau T in a TME derivation, the clause
mpg(C) can easily be obtained by investigating the inference steps needed for
constructing TF.

Definition 8. Let D be a TME derivation for a tableau 7', and T be a sub-
tableau of T with the head L. The inference sequence for TF is the order-
preserved sequence I,..., I, of all inferences of D such that I; (j = 1,...,n)

has been performed to either the node L or a node dominated by L in TF during
D.

Obviously, the first inference step in any inference sequence must be per-
formed to the head node of the subtableau.

Definition 9. Let L be a literal, p be the predicate symbol of L and n be the
arity of p. If L is positive, then the skeleton of L is the literal p(Xy,...,X,);
otherwise —p(X1,..., X,).

Clearly the skeleton of L is the most general form of L.

Definition 10 (Generalization Algorithm). Let T be a tableau, T be a
subtableau with the head L, and I = I, ..., I, be an inference sequence for TX.
Obtain a generalized subtableau, gene(TF), from TF and I by performing the
following procedure:
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1. First, get a tableau 717 by applying the first inference I; to the one-node

tableau labeled by the skeleton of L.

2. Obtain the tableau T4, for each i = 1,---,n — 1, as follows:

(a) If I;41 is a reduction step with an ancestor literal outside 7', i.e., an an-
cestor literal dominating L, then skip the inference step ;1 and return
the current T; as Tj41;

(b) Otherwise, perform simply the inference step I;11 to the corresponding
subgoal in the tableau T;, and return the resulting tableau as T} ;.

3. Finally, return the resulting tableau 7,, as the answer gene(T'L).

Let C = =LV M;V...VMj, be alemma produced by a subtableau T'Z. Clearly,
the head literal L’ of gene(T'F) is more general than L. Moreover there are some
literals M7,..., M} in gene(TL) corresponding Mj, ..., My, respectively, and
each M/ (i = 1,---,k) is more general than the corresponding M;. The clause
C'==L'vVM{V...vM]is caled a generalized lemma produced by gene(TF).
We say C’ is properly generalized if C’ <§ C.

Example 2. Consider the set S of clauses containing the three clauses:

p(X, Y)v ﬁ(1<‘X> Y)v ﬁ7A<Y) (1)
p(X, Y)v Q(X’ Y) (2)
r(a) (3)

Figl2l depicts two subtableau for S. Assume that the tree traverse for tableau
construction is performed in the left-to-right and depth-first order. We can obtain
the unit lemma p(a, a) from the left subtableau. However we can not apply this
lemma to the subgoal —p(b, a) which appears in the right subtableau at the later
stage.

P . ~p(a a) P . ~p(b. a)
paa) -g(aa) (@) p(ba) -aba)  (a)
Cooplaa) aaa) (@) o pba) aba) r(a)

Fig. 2. A tableau without lemma generalization

Notice the lemma p(a,a) can immediately be generalized by investigating the
left subtableau. The skeleton of —p(a, a) is the literal -p(X,Y), and the inference
sequence for the left subtableau for —p(a,a) is
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I : (—p(a,a), (extension, Clause (1)))

Iy : (—q(a,a), (extension, Clause (2)))

Is: (p(a,a), (reduction, Ancestor —p(a,a)))
I : (—r(a), (extension, Clause (3)))

Therefore we can construct a generalized tableau by repeating these inference
steps, i.e., first we apply the extension to the skeleton —p(X,Y’) with the clause
(1); second the extension to the immediate successor —¢(X,Y’) with the clause
(2); third the reduction with the head literal —p(X,Y"); finally the extension with
the clause (3). The newly obtained subtableau has the head literal —p(X, a),
where the first argument is not instantiated. —p(X,a) is properly generalized
from —p(a,a). If we store the unit clause p(X,a) as a lemma, instead of p(a, a),
then we can reduce the right subtableau in Fig[Z, because the head literal —p(b, a)
can immediately be resolved with the lemma p(X, a), as depicted in Fig.3.

..... » ~P(a, a) ~p(b, a)

~r(a) | emma( p(b,a) )

*

5=
=
&
©
&

Fig. 3. A tableau with the generalized lemma p(X,a)

Theorem 2. Let S be a set of clauses, C' is a lemma produced by a subtableau
TE of S, and C' is a generalized lemma produced by gene(TL). Then C’ is a
logical consequence of S. Moreover C' is the most proof-based general, that is,

C' is mpg(C).

3.3 Lemma Matching Rule

Definition 11 (Naive Lemma Rule). Given a tableau T and a set U of
lemmas generated up to the current stage, then select a subgoal L and a lemma
M from U, apply a tableau expansion with M to L and immediately perform a
reduction step with L and one of its newly created successors.

The naive use of lemmas often increases the breadth of the search space, and
consequently causes its explosion in many cases. Any naive methods utilizing
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lemmas often result in loss of efficiency of theorem prover. Of course, there is a
fortunate case where search space is drastically reduced even with a naive lemma
method. However, the most important and difficult problem of lemma methods
is how to stabilize the effect of lemmaizing methods.

Definition 12 (Mandatory Inference Rule). Let I be an inference rule, T'
be a tableau and T’ be the result of performing the rule I to T. We say I is
mandatory when, if there is no TME refutation from 7”, then no TME refutation
from T exists.

If an inference rule I is mandatory and is successfully applied to a tableau
T, then we may immediately discard all other alternative inference rules to T" at
this choice point, without losing completeness. Therefore any mandatory rule I
never causes the explosion of the search space if such an immediate cut operation
is performed. all mandatory rules have the great ability for accelerating the
refutation search by monotonically reducing the search space.

Definition 13 (Unit Lemma Matching Rule [I1]). Given a tableau T" and
a set U of lemmas generated up to the current stage, then select a subgoal L and
a unit lemma A from U. If there is a substitution 6 such that A = —L, then
apply a tableau expansion with A to L and immediately perform the substitution
0 to the newly created successor of L.

Obviously the branch of T' expanded by unit lemma matching is closed. Notice
that the unit lemma matching is a mandatory inference rule. This rule allows us
to use unit lemmas without causing the explosion of the search space. It has no
need of extra pruning operations, which would be necessary for cutting off some
redundancy caused by naive use of lemmas [T1]. In this paper, we extend this
matching rule for non-unit lemmas.

Definition 14 (Non-Unit Lemma Matching Rule). Given a tableau T and
a set U of lemmas generated up to the current stage, then select a subgoal L in

T and non-unit lemma A; V...V A, from U, and moreover select a literal, say
Aq from Aq,... A, If

1. there is a substitution 0 such that A4:60 = =L, and
2. there are literals Lo, ..., L, in T such that Lo, ..., L, dominate L and each
L; is complementary to A;0 for i =2,...,n,

then apply a tableau expansion with A; V...V A, to L, and immediately perform
the substitution 6 to all newly created n successors A1,..., Ay.

Obviously, the new n branches containing L, which have been expanded by
the non-unit lemma matching rule, are closed. The non-unit lemma matching is
clearly a mandatory rule, because no substitution is performed to any variables
appearing in the tableau T'. Notice the subgoal L can be solved in the most
general form if non-unit lemma matching is successfully applied. Non-unit lemma
matching has the great power for reducing a search space of a TME refutation
without a harmful side-effect.



172 Koji Iwanuma and Kenichi Kishino
4 Experimental Results

We developed a TME theorem prover, named I-THOP, which is based on PTTP
technology [23], [24], and has additional features of dynamic lemma generation
and various sorts of lemma matching, such as unit lemma matching, identical C-
reduction and strong contraction, etc [11], [13]. I-THOP participated in CASC-14
(CADE-14 Automated theorem prover System Competition) [I2] 26], and is one
of the advanced theorem provers among the world.

We are now developing an extended version of I-THOP. So far, we have fin-
ished implementing some restricted forms of lemma generalization and non-unit
lemma matching, i.e., unit lemma generalization and 2-literal non-unit lemma
matching, respectively. We shall use this tentative version for experimental eval-
uation of our proposals.

We used as benchmark problems the set of eligible test problems for CASC-
14. The eligible test problems are carefully selected from the TPTP problem
library [25] in order to distinguish the theorem proving features of the com-
petitors of CASC-14, all of which are state of the art theorem provers, such as
OTTER [17], SETHEO [10, [18] etc. Thus these test problems are rather diffi-
cult and high-level problems. The eligible problems consists of 420 unsatisfiable
clausal theories, more precisely 234 Horn problems and 186 non-Horn problems.
We ran an extended version of I-THOP for these test problems on SGI O2 work-
stations (R10000/174MHz CPU and 96MB memory).

Table [I] shows the performance of unit lemma generalization. The column
“I-THOP?” is the result of I—THOPB and “ULG” is for the extended I-THOP
involving unit lemma generalization. The line “Solved Problems” indicates the
number of problems which can be solved in the limited time 600 CPU seconds.
“CPU time” shows the average CPU time (seconds) of all problems commonly
solved by I-THOP and ULG[ “Inferences” also gives the average number of the
inference steps needed for finding a refutation of commonly solved problems.

Table 1. Results of unit lemma generalization

Horn Non-Horn
I-THOP | ULG [I-THOP| ULG
Solved Problems 105 109 82 87
CPU time (sec) 82.7 63.2 30.2 28.5
Inferences 94522.5| 82797.0| 40334.2] 39833.6

4 Throughout this paper, -THOP and its extended version always use the best lemma
matching mode, i.e., unit-lemma matching, identical C-reduction and strong contrac-
tion and so on, which was previously developed in [11].

Indeed, all problems solved by the original I-THOP can also be solved by the
extended I-THOP. This shows the lemma generalization has no harmful side effects.
Exactly, commonly solved problems are 105 problems of Horn, and are 82 problems
of non-Horn.

5
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Unit lemma generalization has the great effect for Horn problems. The av-
erage CPU time of ULG is 25% faster than the one of the original I-THOP.
Additionally, four and five problems can newly be solved in Horn category and
non-Horn category, respectively.

Table [2 shows the statistics of unit lemma generalization and its matching.
“Total Lemmas” specifies the total number of unit lemmas generated during the
entire refutation search processes for all test problems. “Generalized Lemmas”
shows the number of unit lemmas properly generalized. “Failure” indicates the
one of unit lemmas not properly generalized.

“Not-Supported Lemmas” shows the numbers of unit lemmas whose sub-
proofs are constructed with some extra inference rules, such as C-reduction or
Strong Contraction [I1} [I3]. These additional inference rules are valuable for
solving non-Horn problems [I1] [13], but unfortunately are not supported by
the current implementation for unit lemma generalization. “Lemma Matchings”
indicates the average numbers of the success of unit lemma matching for all
problems, and “Matchings with GUL” shows those of lemma matching using
properly generalized unit lemmas.

Table 2. Statistics of Generalization of unit lemmas

| Horn | Non-Horn
Total Lemmas 14502 13158
Generalized Lemmas 6406 (44.2%)| 1859 (14.1%)
Failure 8096 (55.8%)| 11206 (85.2 %)
Not-Supported Lemmas 0 (0 %) 93 (0.7%)
Lemma Matchings 547.7 320.1
Matchings with GUL | 294.4 (53.4%)| 221.0 (69.0%)

Unit lemma generalization is quite valuable for Horn problems. We can prop-
erly generalize 44% of generated unit lemmas in Horn problems. Moreover 54%
of unit lemmas used in lemma matching are properly generalized lemmas. How-
ever non-Horn problems seem to have different features than Horn problems.
Only 14% of unit lemmas can be properly generalized, but almost 70% of unit
lemma matchings utilize some of the generalized lemmas.

I-THOP always retains the inference sequence performed for the current ten-
tative tableau in a bit sophisticated way. Thus, at any lemma generation phases,
we can immediately extract, from the entire sequence, an inference subsequence
of constructing the subtableau of the target lemma. Furthermore a generalized
inference sequence can be reconstructed within a linear time, using an indexing
of inference rules. The experiment clarified that the overhead of the unit lemma
generalization task is only less than 2% of the entire inference time, and thus is
negligible. The details are omitted here due to space.

Table Blshows the performance of the 2-literal non-unit lemma matching rule
applied for 186 non-Horn test problems. The column “2L-mat” is the one of
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an extended I-THOP using 2-literal lemma matching. “2L-naive” is the result
with the naive use of 2-literal lemmas. The last “2L-mat & ULG” indicates the
performance of for an integrated version of 2-literal lemma matching and unit
lemma generalization methods.

The meanings of “Solved Problems”, “CPU time” and “Inferences” are sim-
ilar to those of Table [l. The numbers listed in “CPU time” and “Inferences” are
the average numbers of those obtained from commonly solved 63 problems, re-
spectively. “Used 2L-lemmas” indicates the average number of 2-literal lemmas
used in each refutation search.

Table 3. Results of 2-literal lemma rules

| -THOP | 2L-mat 2L-naive | 2L-mat & ULG

Solved Problems 82 88 64 93
CPU time (sec) 10.7 10.9 21.3 11.2
Inferences 15154.2| 14251.5  23256.4 14239.6
Used 2L-lemmas - 13.9 7235.8 13.9

This experimental result clearly shows that the naive use of 2-literal lemmas
is quite harmful because there is a tendency of increasing the numbers of al-
ternatives of each inference step in refutation search. The naive use of 2-literal
lemmas often causes search space explosion. Contrasting with it, 2-literal lemma
matching is quite stable and beneficial for solving more problems in a limited
time. Moreover, two methods proposed here, unit lemma generalization and 2-
literal lemma matching, can much cooperatively work with each other. The total
number of solved problems rises to 93 problems by integrating them.

5 Conclusion

In this paper, we studied the lemma generalization based on the subproof. Also
we gave the non-unit lemma matching rule for developing a new controlled use
of non-unit lemmas. Moreover we showed good performances of some restricted
forms of these methods, i.e., unit lemma generalization and 2-literal non-unit
lemma matching, throughout experiments. We emphasize that the lemma gen-
eration of this paper is achieved during a refutation search process, dynamically
and repeatedly. Thus lemma generalization should also be performed dynami-
cally and repeatedly. The overhead of lemma generalization task was verified to
be quite little and negligible, throughout an experiment. So far, the cooperative
integration of dynamic lemma generation, real-time lemma generalization and
the global use of non-unit lemmas has never been studied, to our knowledge,
from a unified viewpoint.

Non-unit lemma generalization seems to have a great ability for making TME
refutations much shorter. Our future work is an experimental research for the



Lemma Generalization and Non-unit Lemma Matching 175

general forms of non-unit lemma generalization and non-unit lemma matching

rule.
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Abstract. The Coq and ProPre systems show the automated termina-
tion of a recursive function by first constructing a tree associated with
the specification of the function which satisfies a notion of terminal prop-
erty and then verifying that this construction process is formally correct.
However, those two steps strongly depend on inductive principles and
hence Coq and ProPre can only deal with the termination proofs that
are inductive. There are however many functions for which the termina-
tion proofs are non-inductive. In this article, we attempt to extend the
class of functions whose proofs can be done automatically & la Coq and
ProPre to a larger class including functions whose termination proofs are
not inductive. We do this by extending the terminal property notion and
replacing the verification step above by one that searches for a decreasing
measure which can be used to establish the termination of the function.

1 Introduction

Termination is an important property in the verification of programs defined
on recursive data structure that use automated deduction. While the problem
is undecidable, several proof methods of termination of functions have been de-
veloped using for instance formal proof methods in functional programming or
orderings of rewriting systems. For instance we mention polynomial interpreta-
tions [3I9I21], recursive path orderings [I4] and Knuth-Bendix orderings [7/12].
The latter methods are characterized by orderings called simplification order-
ings [5/18] and deal with the termination of functions called simply terminating
functions. Some functions that are non-simply terminating can be proven to ter-
minate with methods based on structural inductive proofs because they focus
on recursive functions which can be viewed as sorted constructor systems that
allow reasoning on the orderings’ structure of the data objects.

But there are other recursive functions that are non-simply terminating for
which inductive methods fail to prove the termination since precisely the struc-
tural orderings on the terms of the algebra cannot be used. These functions,
which we call, non-inductive-simply terminating functions form an important
class of functions used in recursive data structures and hence, automatically
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establishing their termination is an important property. This is witnessed by
the recent literature where techniques coming from rewriting [G/1/2//8] have been
proposed to automate the termination of such functions.

We are interested in automating the termination (inductive or non-inductive)
of recursive functions in a theorem proving framework. We choose the framework
of the system called ProPre developed in [I7J15/16] which is also the one used in
Coq [4]. ProPre is devoted to the termination of recursively defined functions.
The Coq and ProPre systems show the automated termination of a recursive
function by first constructing a tree associated with the specification of the
function which satisfies a notion of terminal property and then verifying that the
process of constructing such a tree is formally correct. The search of such trees,
from which it is also possible to extract decreasing measures [T9T0] through the
recursive call of the function, relies in particular on the structure of multi-sorted
algebras and hence automated termination proofs in Coq and ProPre strongly
depend on inductive principles. This means that Coq and ProPre can only deal
with the termination proofs that are inductive.

Our aim is to extend the Coq and ProPre approaches to deal with automated
non-inductive termination proofs. To do this, we introduce a new notion of ter-
minal state property which has an algorithmic content that enables the method
to be automated as an inductive one. From each tree that enjoys the terminal
state property we associate an ordinal measure that couldn’t be previously ob-
tained from the ProPre system [L910] and we show the decreasing property that
ensures in this way the termination of the recursive function. As a consequence,
the technique allows inductive methods to go further in the proof search when
natural structural orderings are not enough to achieve the proof.

The paper is divided as follows: In Section[2, we set out the formal machinery.
In Section [B] we introduce ProPre notion of terminal state property and our own
extension of it. We show that our extension strictly includes the ProPre notion
and establish in Theorem [I] that if a distributing tree A has the terminal state
property in the system ProPre, then A has the new terminal state property and
that the opposite does not hold. In Section @] we explain how it is possible to
define ordinal measures against trees of functions where if the ordinal measure
decreases in the recursive call of the function, then this function terminates.
We recall the ramified measures that come from the analysis of the ProPre
system and we give new measures which will help in establishing terminations of
functions where the proofs of terminations are non-inductive. Our main theorem
of this section (Theorem B) establishes that our new notion of terminal state
and our extended notion of measures, enable us to establish the termination of
functions (inductive and non inductive).

2 Preliminaries

2.1 Constructor Systems

In this paper we deal with constructor systems and more precisely with sorted
constructor systems. The following standard definitions are needed.
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Definition 2.1. We assume a set F of function symbols, called signature, and
a set S of sorts. To each function f € F we associate a natural number n that
denotes its arity and a type s1,...,8, — s with s,s1,...,s, € S. A function is
called constant if its arity is 0.

We assume that the set of functions F is divided in two disjoint sets F, and Fy.
Functions in F, (which also include the constants) are called constructor symbols
or constructors and those in Fy are called defined symbols or defined functions.

Definition 2.2. Let X be a set of variables disjoint from F. We assume that
each variable of X has a unique sort and that for each sort s there is a countable

number of variables in X of sort s. If s is a sort, F' and X are respectively sets
included in F. U Fy and X, then T (F, X), is the smallest set such that:

1. every element of X of sort s is a term of sort s,
2. if t1,...,t, are terms of sorts si,..., s, respectively, and if f is a function
of type s1,...,8, — 8, then f(t1,...,t,) is a term of sort s.

If X is empty, we denote 7 (F, X)s by 7 (F)s whose elements are called ground
terms. If the arity of ¢ is 0, the constant term c() is also denoted c. Var(t) denotes
the set of variables that occur in the term ¢, and Pos(t) is the set of positions
of t. If s and ¢ are terms and ¢ is a position of ¢, then the term ¢[s], is the term
t in which the term s is now at position q.

Definition 2.3. A (sorted) equation is a pair (I,r), of terms [ and r of a sort s,
which is also called rewrite rule and written { — r. A set of (sorted) equations
is mon overlapping iff no left-hand sides unify each other.

Definition 2.4. A specification or constructor system £ of a function f :
$1,.--,8, — s in Fy is a non overlapping set of left-linear equations
{(e1,€1)ss--- s (ep, €p)s} such that for all 1 < i < p, e; is of the form f(t1,... ,t5)
with t; € T(F., X)s,;, j=1,...,n,and €] € T(F. U Fq, X)s,.

Definition 2.5. Let £ be a specification of a function f with type s1,...,s, —
s. A recursive call of f is a pair (f(t1,... ,tn), f(u1,... ,uy)) where f(t1,... ,t,)
is a left-hand side of an equation of £ and f(u1,...,u,) is a subterm of the

corresponding right-hand side.

2.2 The Term Distributing Trees

We give some ingredients that will be needed in the next sections. A term dis-
tributing tree of a specification is a tree whose root can be seen as an uplet of
distinct variables, each node matches its children and each leaf corresponds to a
left-hand side of an equation. More precisely we have:
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Definition 2.6. Let £ be a specification of a function f : s1,...,s, — s. Ais
a term distributing tree for £ iff it is a tree such that:

1. its root is of the form f(x1,...,x,) where x; is a variable of sort s;, i <n,
2. each left-hand side of an equation of € is a leaf of A (up to variable renaming)
3. each node f(t1,... ,t,) of A admits one variable ' of a sort s’ such that the
set of children of the node is (for z,... ,z). are not in t1,...t,):
{ft1,.. . tp)[C(x},...2)/2'],C : s},... 8. — & € F.}.

Notation 2.7. Let A be a term distributing tree. A branch B from the root 64
to a leaf 0y is denoted by (61,21),... , (0k—1,2)_,), 0k where 8; is the root, 0 is
the leaf, and for each ¢ < k — 1, x} is the variable 2’ for the node 6; in the third
clause of Definition 2.6]

It can be easily seen, according to Definition 228, that we have the following:

Fact 2.8. Let £ be a specification of a function f of type s1,...,s, — s and
A be a term distributing tree for £.

1. For each (t1,...,tn) € T(Fe)s, * ... % T(Fc)s, there exists one and only
one leaf # of A and a ground constructor substitution p such that p(f) =
fltr, ..o tn).

2. For every branch of A from the root to a leaf (61,x1),...,(Ok—1,2x—1), Ok
and for all 4 < j < k, there exists a constructor substitution o;; such that
0;,i(0;) = 0;. The substitutions o;; may also be written as oy, g,

We introduce here a well-founded ordering relation on the terms.

Definition 2.9. Assume a function m on the terms ranging over natural number
that is closed under substitutions, i.e. m(u) > m(v) implies m(o(u)) > m(o(v))
for all ground substitution o. Let u,v € T (F, X); for a given sort s. We say that
u C v iff u is linear and m(u) < m(v) with Var(u) C Var(v).

3 Generalizing the Coq Termination Procedure and the
ProPre System

The analysis of the termination proofs using the Recursive Definition of the
Coq assistant and the ProPre system shows that writing a formal proof in these
systems can be regarded as the search of a term distributing tree that enjoys a
terminal state property. That is to say, if a formal tree for a specification of a
function can be built having a terminal state property then the function termi-
nates. We define in this section a new terminal state property for a term distribut-
ing tree generalizing that of Recursive Definition procedure and ProPre. We
first give some notations that will be used in the rest of the paper.
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Notation 3.1. Let A be a term distributing tree for a specification. If ¢ is the
left-hand side of an equation, b(t) will denote the branch in the term distributing
tree that leads to the term ¢. If b is a branch, then L; will denote the leaf of the
branch b. Note that b and b(t) may denote two distinct branches.

If a node 6 matches a term u of a recursive call (¢,u), then the substitution will
be denoted by pg. -

As every function that terminates with the procedure of the Coq assistant also
terminates with the ProPre system, we do not give here the property in the
setting of the Recursive Definition but only for the extended version of the
ProPre system. Note that it is actually devised in a different way from below
n [I6]. However it has been shown [IT] that for each distributing tree defined
in [I6] that enjoys the terminal state property of [I6] there is a corresponding
term distributing tree of Definition 2.6] that has the following property (Defini-
tion [3.2)) which is more convenient for our purpose.

Definition 3.2. Let A be a term distributing tree for a specification. We say
that A has the terminal state property (tsp) if there is an application u : A —
{0,1} on the nodes of A such that if L is a leaf, u(L) = 0, and for all recursive
call (t,u), there is a node (@, ) in the branch b(t) with u(6) = 1 such that 6
matches u with pp . (z) C oL, 6(x) and for all ancestor (¢',2") of 6 in b(t) with
(@) =1, we have pgr (2') C o1, 0 (')

As already mentioned, if a specification £ of a function admits a term distribut-
ing tree that has the terminal state property, then £ is terminating [17].

The rest of this section is devoted to define a new terminal state property gen-
eralizing the previous one. We first need to introduce fresh variables as follows.
For each position ¢ and sort s, we will assume there is a new variable of sort s
indexed by ¢ and distinct from those of X.

Definition 3.3. Let ¢ be a term and ¢ be a position. The term [t], is defined
as follows: [x], = = if = is a variable, [C(t1,... ,tn)]q = C([t1lg1,-- -, [tnlgn)
it C e Fe,and [g(ti,....tn)]q =24 if g € Fu.

For a term u = g(uy, ... ,uy) and a substitution ¢, g(¢[u]) will denote the term
g(@([[u}]l)’ te 7@([[”]]71))

We introduce the following relations: For u, v in T (F., X),, we will say that
u > vifu IZ v with =(b) or =(c) or m(v) < m(u) in Definition 223 and we will say
that v < v if u Z v with (b) and (c¢) and m(u) = m(v). We will use the so-called
size measure | . |4 for the mentioned measure m. In the following definitions of
the section we will consider a function f : s1,...,s, — s, a specification or a
split specification £, and a term distributing tree A of £.

Definition 3.4. For each node 6, Cy will denote {b € A,0 € b} and Ry the
set of recursive call (¢,u) such that b(t) € Cp. If (t,u) is a recursive call, then
Ma(u) = {b € A,Jp, ¢ such that f(p[u]) = @' (f(Ls))} and QA(t,u) = {0 €
b(t),3o,0(f(0)) = u}.
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Note that the set Q4 (¢, u) is not empty since the root node belongs to Q (¢, u).
Let b be a branch and two nodes 0,60’ € b, we say that § < 8’ if 8 is closer than ¢’
to the root (i.e. if 6 is an ancestor of 8”). So we can write N4 (¢, u) = maxQ (¢, u).
For each node 0 of A we assume an associated subset Gy of Ry which will
be made explicit in Definition 3.7 Notice that the definitions below should be
given simultaneously but are introduced separately to ease the readability.

Definition 3.5. Let (6, ) be a node of A and Gy be a subset of Ry. For each
recursive call (¢,u) of Gy such that 6 € Q 4(¢,u), we assume that one of the two
following cases below holds and we define f(et ) S follows:

L. I pgu(2) C 0L, .0(7) OF pou(r) > 0L, 0(), then f(et,u) =1,
2. If po,u(x) X 0L, .6(7), then f(at’u) =0.

The meaning of the above definition and the following one is to give decreasing
criteria extending those of Definitions and It relies in particular on the
hierarchical structure of the trees.

Definition 3.6. Let (6, ) be a node of A and Gy be a subset of Rgy. For each
recursive call (¢,u) of Gy such that 6 € Q4(¢,u) and for each branch b € Cy, we
will define n?t Wb in the following way:

1. First take all (t,u) such that pg .(z) > o1, ,6(z), and let for all b € Cy:

o )0 if b e My(u),
Tl =1 if not.
2. Next, consider each (¢, u) in Gy such that there is a (¢, v) with n?t, W) b(t) = 0,
and for which no n?t7u)7b, is already defined for any b’ € Cy. Then also take
(e, 1 if not.

3. Finally if item [Z cannot be applied, put n?t Wb = 1 for each b € Cy.

Notice that the cases [l and Bl are made distinct in the above definition as the
value f&u) is algorithmically defined; namely case [Tl is the initial case.
We define, for each node 6 of A and each left-hand side ¢ of an equation
where 6 with b(t) € Cy, nf = II n(et,’u,)’b(t) if Go # 0, and 1 = 0 if not.
t'u')EGe
0(6 QAzt',u’)
We now explicit the subset Gy of Ry for a node 0. The following states whether
from each node, a recursive call can be eliminated from a set of recursive calls:

Definition 3.7. Let 0, be the root of the recursive distributing tree A. We first
put Go, = Ry,. Now assume that Gy is defined for a node 6 of A and let 6’ be
a child of  with 6" in A. The set Gy is then defined as follows: (¢, u) € Gy iff
(t,u) € Re: NGy and (5(%7”)777756) #(1,1).
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Now, we define F' which is a necessary condition for the termination statement.

Definition 3.8. Let 6 be a node of associated tree A of the recursive distributing
tree A distinct from a leaf. We put F'(0) = 0 if there is a child ¢’ of 6 and (¢, u)
in Gyr such that 6 > N4 (t,u); and we put F(6) = 1 if not.

Now the new terminal state property can be defined below.

Definition 3.9. The recursive distributing tree A is said to have the new
terminal state property if for each node 6 of A distinct from a leaf we have
F(#) =1 and for each branch b there is node 6" in b such that Gy = ).

We now come to Theorem [l that states the above definition of the new terminal
state property strictly includes the ProPre notion of terminal state property.

Theorem 1. Let £ be a specification of a function with a distributing tree A.
If A has the terminal state property in the system ProPre, then A has the new
terminal state property. The opposite does not hold.

A crucial point is of course to make sure that the new terminal state property
leads a function to terminate. We prove this result in the next section by showing
the existence of measures decreasing through the recursive calls of the functions.
Note that there exist decreasing measures coming from the formal termination
proofs in Coq or in ProPre. But in contrast with these measures, the new one,
with the new terminal state property, will allow one to prove the termination
functions that usually cannot be done with inductive methods.

4 Dealing with a Non Inductive Method

A close notion to term distributing trees of a specification that has the termi-
nal state property is the ramified measures. The measures coming from Coq or
ProPre characterize in some sense the induction proofs made in the systems.
We recall the ramified measures and explain why we need to introduce other
measures to deal with termination that usually cannot be proven with inductive
methods. Among these measures, a particular class is defined that is related to
term distributing trees enjoying the new terminal state property and we show
that they have the decreasing property. This, therefore, implies that the cor-
responding functions terminate. As a consequence, this provides a method of
reasoning about termination of recursive functions where the underlying proofs
rely on non-inductive as well as inductive axioms.

4.1 The Ramified Measures and the ProPre System

Definition 4.1. Let A be a tree and 6 a node of A. The height of 6 in A,
denoted by H(0, A), is the height of the subtree of A whose root is # minus one.

For a term distributing tree A, we assume that for each node 6; different from a
leaf there is an application m; that maps on natural numbers. The general form
of ordinal measures introduced in [I9] is given by the following
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Definition 4.2. Let £ be a specification of a function f : s1,...,s, — s, A
be a term distributing tree for a specification of £ and w be the least infinite
ordinal. The ramified measure 24 : 7 (F.)s, *...* T (F.)s, — w* is defined by:
Let t = (t1,... ,tn) be an element of the domain and 6 be the leaf of A such
that there is a substitution p with p(6) = f(t) (Fact 2.8)). Let B be the branch
01,21), ..., (0k—1,2K-1),0 of A from the root to 0, let o, s be the substitutions
of Fact [2:8 and for each 6; the associated application m;, ¢ < k — 1. Then

k—1
4(t) = ZwH(e“A) s« mi(p(or,i(z:))) -

The ramified measures can be illustrated by Figures 1 and 4. An interesting
subclass of the above measures is the class of R-measures. It has been shown that
to each formal termination proof of recursive functions made with the Recursive
Definition procedure of the Coq assistant, there is a distributing tree that has
the terminal state property implying the decreasing property of the R-measure
associated to the distributing tree [19]. This class of measures could be enlarged
with I-measures [L0] that can be related to a more efficient version of ProPre [16].

The functions m; that occur in the definition of these measures belonging to
the class of Definition are directly supplied from formal proofs made in the
system. This can be illustrated by Figures 2 and 3, where m is the parameterized
function of Definition 229

Definition 4.3. The recursive length lg of a term t of sort s is defined by:

1. if ¢ is a constant or a variable, then lg(t) =1,
2. ift=C(ty,... ,t,) with C : s1,...,8, — s then lg(t) =1+ Z lg(t;).

S§j=s
O, i O, O,
\
mi lg \ lg m;
m; lg \ m;
A\
\ \
Fig.1. Ramified measures Fig.2. R-measures Fig.3. [-measures,
m; € {m,O}

4.2 Extended Ordinal Measures

We motivate here the definition of new ordinals illustrated with some examples.

It is well known that the structural ordering is the most used among the
well-founded orderings on natural numbers. As it is claimed in [20], other well-
orderings on natural number are difficult to find automatically. As a simple
illustration the constant function with value 0 is given in [20] that can be defined
with the following specification &;.

F(0) = f(s(0));  f(s(0)) — f(s(s(0));  f(s(s(x)) — 0. (1)
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Though a well-founded ordering is of course easy to find by a human in
this case, it is however difficult to obtain one in an automated way since it is
a non-simply terminating function and not suited to inductive methods. Note
that proving at the same time the correctness of the specification (i.e. f(z) = 0)
and the termination seems not really relevant here as this is usually done with
an ordering. Moreover the specification of the quot function given in this paper
clearly shows that the correctness cannot be helpful in that case.

Note that there is no term distributing tree of & which has the terminal
state property, but there is one that satisfies the new terminal state property.

The following example & of the function evenodd : nat,nat — Bool is bor-
rowed from [I]. As mentioned in [I] the modifications of mutually recursive func-
tions to obtain a function without mutual recursion leads to such specifications
as that of evenodd below. We assume that not is already defined.

evenodd(x,0) — not(evenodd(z, s(0)))
evenodd(0, s(0)) — false (2)
evenodd(s(zx), s(0)) — evenodd(x,0).

The second argument is used as a flag that enables evenodd to compute
either the even function or the odd function. This function, which is a non
simply terminating function, cannot be proven with usual inductive methods
since precisely there is no natural orderings that can be used.

Consider the next example of specification of the function quot : nat, nat,
nat — nat, borrowed from T. Kolbe [I3] and that can be found in [2].

The value of quot(x,y, z) corresponds to 1 + [*-¥| when z # 0 and y < z,

X

that is to say quot(z,y,y) computes LZJ

quot(0, s

,8(y),5(2)) = 0
quot(s(x), s(y), z) — quot(z,y, z) (3)
quot(z, 0, s(z)) — s(quot(z, s(z), s(z)).

The last rule shows that the specification is not simply terminating. The same
rule also shows that the termination cannot be proven by usual inductions proofs.

It turns out that specification functions such as (), the evenodd function
@) or the quot function (3) cannot be proven by the system ProPre and no
R-measures neither I-measures [I9/10] have the decreasing property for any of
these specifications. However, the following ordinal function

2u,0) =wx*ulg +1, 2u,s(v)) =w=* |u|g,

where | - |4 is the size function, i.e. |0lx = 1, |s(u)|x = 1 + |u|x, reflects
the specification of evenodd in the sense that it decreases in the recursive call
of the function. There is also an ordinal measure below that has the decreasing
property for the specification of the quot function

2u, s(v),w) =w*|ulg, 2(u,0,w) =ws*|ulg+ 1.

It would be possible to find a decreasing measure in the class of Definition
for (M), @) or (B), but the choice of the m; is difficult to obtain in an automated
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way. In particular we want to have m; functions that are as simple as possi-
ble, such as for instance the size functions that are found in the above ordinal.
Furthermore we would like to relate decreasing measures to term distributing
trees that satisfy the new notion of terminal state property generalizing those
of Coq and ProPre. It turns out that such suitable measures actually belong to
the extended ordinal measures defined below. We first introduce the following

Definition 4.4. Let £ be a specification of a function f : s1,...,s, — s such
that there exists a term distributing tree A for £. For each node 6; of A, we will
assume that there are associated applications m; 1, ... ,m; ;, that map on natural
numbers whose number is equal to the number of the sub-branches starting from
the node 6;. Note that this number may be distinct from the number of the
children of the node. These applications will be called node measures. If 0 is a
leaf of a branch where 8; appears, we will also use mg, ¢ to make explicit one of
the node measures of §; when necessary.

Definition 4.5. Let £ be a specification of a function f : s1,...,s, — s such
that there exists a term distributing tree A for £. The extended measure
Qa:T(F)s, *...xT(F,)s, — w¥, is defined as follows:

Let t = (t1,...,t,) be an element of the domain and 6 be the leaf of A such
that there is a substitution p with p(6) = f(¢) (Fact 2.8). Let B be the branch
01,21), ..., (0k—1,21-1),0 of A from the root to 0, let o, s be the substitutions
of Fact Then

k—1
Q) =" smy, o(p(on.i(2:))) -

i=1

An extended measure can be illustrated by Figures 5 and 6.

WA S

0, 0,
/ \ml mi 1 ‘ m1,2‘ ‘ mi3
0 0 Ly
/ X’h ma. 1 ‘ ma 2 ‘
Lo L3
F1g.4. Term dlstrlbuting with Fig.5. Term distributing with
ramified measure extended measure

For instance the specification & with the equations () in Section admits
a term distributing tree with an extended measure defined as follows

24(0) = w |03, 24(s(0)) = [0z, a(s(s(u))) = 0.
This measure has obviously the decreasing property in the recursive calls of &;.
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One may wonder whether the automation of decreasing measures belonging
to Definition[£.5is possible since we have to take account of the m; ; applications.
We will show that it will be enough to consider a subclass of measures, called
hole-measures, generalizing R- and I-measures. These measures will be associated
to term distributing trees enjoying the new terminal state property. We will show
that they have the decreasing property and that functions which admit a term
distributing tree with the new terminal state property, are therefore terminating.

4.3 The Hole-Measures

Definition 4.6. Let £ be a specification of a function f : s1,...,s, — s such
that there exists a term distributing tree A for £. The hole measure
Qa:T(F)s, *...xT(F,)s, — w¥, is defined as follows:

Let t = (t1,...,t,) be an element of the domain and 6 be the leaf of A such
that there is a substitution p with p(f) = f(¢t) (Fact [2.8]). Let B be the branch
01,21), ..., (0k—1,2K-1),0 of A from the root to 0, let o, s be the substitutions
of Fact Then

k—1
24(t) = 3 WO w0« (plorns(e)l) -

That is to say mg, 0 = 10" % | . |4.

Note that, due to the relation between the leaf 6 and the term ¢, 17 * | . |4
depends both on 6; and 6 in the above definition.

eiaxi

m; g, € {m,()}

Fig.6. Extended measures Fig.7. Hole-measures with m; ; € {m,0}

Now we come to the main theorem of this paper. It states that our new notion
of new terminal state property and our extended notion of measures enable us
to establish the inductive and non inductive termination of functions.

Theorem 2. Let £ be a specification of a function f : s1,...,8, — s and
A be a distributing tree A for € having the new terminal state property. The
associated measure {24 satisfies the decreasing property. Le., for each recursive
call (f(t1,.-. tn), f(ur,... ,un)) of £ and ground constructor substitution v we

have: 2a(p(t1), ... ,0(tn)) > 2alp(Jui]r), - - s e([un]n))-
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5 Conclusion

In this paper we have proposed a method that extends the automation of the
proofs of termination of recursive functions used in ProPre and Coq. Whereas
Coq and ProPre could only deal with the automation of inductive proofs, the
method allows the automation of a larger class of recursive functions because
non structural orderings can be handled by the method. The method is also
a good vehicle for extending the automation of termination proofs of recursive
functions to deal with issues not yet incorporated in theorem provers.
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Abstract. This paper aims at introducing an extension of M-nets, a
fully compositional class of high-level Petri nets, and of its low-level
counter part, Petri Boxes Calculus (PBC). We introduce a new operator
with nice algebraic properties which allows to express asynchronous com-
munications in a simple and flexible way. With this extension, asynchro-
nous communications become at least as simple to express as (existing)
synchronous ones. Finally, we show how this extension can be used in
order to specify systems with timing constraints.

Keywords: Petri Net, Petri Box Calculus, M-Net, Semantics, Timed Spec-
ification.

1 Introduction

M-nets, constructed at the top of the algebra of Petri boxes [4I3[13], are a fruit-
ful class of high-level Petri nets which nicely unfold into low-level nets and thus
allow to represent large (possibly infinite) systems in a clear and compact way.
They are widely used now as a semantic domain for concurrent system speci-
fications, programming languages, or protocols, c¢f. [BJZITTT42]12]. The most
original aspect of M-nets with respect to other high-level net classes is their full
compositionality, thanks to their interfaces, and a set of various net operations
defined for them. Their interest is augmented by the ability to use in practice
an associated tool, PEP [5], which also offers various implemented verification
and analysis methods.

This paper defines a possibility to express asynchronous communication links
at the M-net and PBC algebras level by introducing a new operator (tie). This
extension mainly concerns the labelling of transitions, and now, in addition to
usual synchronous communications (with the synchronisation operator sy), tran-
sitions may also export or import data through asynchronous links. It turns out
that the tie operator has nice algebraic properties: idempotence, commutativity
with itself and with the synchronisation, and also coherence (i.e., commutativ-
ity) with respect to the unfolding. These properties allow to preserve the full
compositionnality of the model.

As an application, we present a modeling of discrete time constraints in the
M-nets. This allows to specify time-constrained systems and to analyse their

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 190-200] 1999.
© Springer-Verlag Berlin Heidelberg 1999
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unfoldings with existing tools (e.g., PEP). We use a high-level featured clock
which handles counting requests for the rest of the system. Asynchronous links
are used to perform the necessary communications between the actions related
to each request.

The next three sections briefly introduce M-nets and PBC, including the
basis for our extension. Then, sections 5 and 6 give the definitions and the
algebraic properties of the tie operation. Section 7 is devoted to the application
of asynchronous links to discrete time modelling.

2 Basic Definitions

Let E be a set. A multiset over E is a function p : E — IN; p is finite if
{e € E | u(e) > 0} is finite. We denote by M (E) the set of finite multi-sets
over F, by @ and © the sum and difference of multi-sets, respectively. ® is used
to relate an element of E to the number of its occurences in a multi-set over
E; in particular, a multi-set y over £/ may be written as P . u(e) © e, or in
extended set notation, e.g., {a,a,b} for u(a) = 2, u(b) =1 and p(e) = 0 for all
e € E\ {a,b}. We may also write e € u for p(e) > 0.

Let Val and Var be fixed but suitably large disjoint sets of values and vari-
ables, respectively. The set of all well-formed predicates built from the sets Val,
Var and a suitable set of operators is denoted by Pr.

We assume the existence of fixed disjoint sets Ay, of high-level action symbols
(for transition synchronous communications) and B of tie symbols (for transition
asynchronous links). We assume that each element A € Ay has an arity ar(A),

=

and that there exists a bijection = on Ap (called conjugation), with A = A,
A # A and ar(A) = ar(A). We also assume that each clement b € B has a type
type(b) C Val.

A high-level action is a construct A(ay,...,aqra)) where A € Ay (notice
that we could have A instead of A) and a; € Val UVar (1 < i < ar(A)). A
typical high-level action is, for instance, A(a1,az2,5) where A € A, and ay, a9
are variables. The set of all high-level actions is denoted by AXj,.

Similarly, a low-level action is a construct A(vy,...,v,) € AXp, where v; €
Val for all i € {1,...,n}. The set of all low-level actions is denoted by A;. As for
high-level case, we assume that A; is provided with a bijection ™, with /agalogous
constraints; moreover, we will write X(vl, <y Ugp(ay) instead of A(vy, ..., Var(a))-

A high-level link over b is a construct b%(a), where b € B, d € {4, —} is a link
direction symbol, and a € Val U Var. The set of all high-level links is denoted
by By, and the set of all low-level links is denoted by B; = {b%(v) | b € B,d €
{+,-},v e Val}.

The deletion is defined for a multi-set of links 5 € M¢(Bj) and a tie symbol
be B, as

fdelb=p6o @ I 7
1e M ({b(a)|d€{+,~},a€VaruVal})

and analogously for low-level links.
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A binding is a mapping o: Var — Val and an evaluation of an entity n (which
can be a variable, a vector or a (multi-)set of variables, a set of predicates, a
(multi-)set of high-level actions, etc.) through o is defined as usual and denoted
by n[o]. For instance, if 0 = (a1 — 2, a3 — 3), the evaluation of high-level action
A(a1, az2,5) through o is the low-level action A(2,3,5). Similarly, the high-level
link b*(ay) evaluates through o to the low-level link b7 (2) and the predicate
a1 = 2 to true.

3 Petri Boxes and M-Nets

Petri Boxes are introduced in [403J6] as labeled place/transition Petri nets satis-
fying some constraints, in order to model concurrent systems and programming
languages with full compositionality.

Definition 1. A (low-level) labeled net is a quadruple L = (S, T, W, \), where
S is a set of places, T is a set of transitions, such that SNT = 0, W :
(SxT)U(T xS) — N is a weight function, and X\ is a function, called the
labeling of L, such that:

— Vs € S: A(s) € {e,i,x} gives the place status (entry, internal or exit, respec-
tively);

— Vt e T:\(t) = a(t).0(t) gives the transition label, where a(t) € M;(A;) and
ﬁ(t) S Mf(Bl).

The behavior of such a net, starting from the entry marking (just one token
in each e-place), is determined by the usual definitions for place/transition Petri
nets.

M-nets are a mixture of colored net features and low-level labeled net ones.
They can be viewed as abbreviations of the latter.

Definition 2. An M-net is a triple (S,T,t), where S and T are disjoint sets of
places and transitions, and ¢ is an inscription function with domain S U (S x
T)U(T x S)UT such that:

— for every place s € S, 1(s) is a pair \(s).7(s), where A(s) € {e,i,x} is the
label of s, and 7(s) C Val, is the type of s;

— for every transition t € T, 1(t) = A(t).v(t), with A(t) = a(t).B(t), the label
of t, where a(t) € My(AXy) is the action label and 8(t) € Mf(By,) is the
link label; v(t), the guard of t, is a finite set of predicates from Pr;

— for every arc (s,t) € (S xT) : v((s,t)) € Ms(Val U Var) is a multi-set of
variables or values (analogously for arcs (t,s) € (T x S)).

t((s,t)) will generally be abbreviated as v(s,t).

A marking of an M-net (S,T,:) is a mapping M:S — M ;(Val) which as-
sociates to each place s € S a multi-set of values from 7(s). In particular, we
shall distinguish (like for low-level nets) the entry marking, where M (s) = 7(s)
if A(s) = e and the empty (multi-)set otherwise.
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The transition rule specifies the circumstances under which a marking M’
is reachable from a marking M. A transition t is enabled at a marking M if
there is an enabling binding o for variables in the inscription of ¢ (making the
guard true) and in arcs around ¢ such that Vs € S : (s, t)[o] < M(s), i.e.,
there are enough tokens of each type to satisty the required flow. The effect of
an occurrence of ¢, under an enabling binding o, is to remove tokens from its
input places and to add tokens to its output places, according to the evaluation
of arcs’ annotations under o.

The unfolding operation associates a labeled low-level net (see e.g. [4]) U(N)
with every M-net N, as well as a marking U(M) of U(N) with every marking
M of N.

Definition 3. Let N = (S,T,t); then U(N) = (U(S),U(T), W, \) is defined as

follows:

—US)={sy|s€S andv € 71(s)},
and for each s, € U(S) : M(sy) = A(s);
—U(T)={t, |t € T and o is an enabling binding of t},
and for each t, € U(T) : Mts) = A(t)[o];
= Wisvto) =D uei(sit) A ajojmv U5 1)(a), and analogously for W (ts, s).

Let M be a marking of N. U(M) is defined as follows: for every place
sy € U(S), U(M)) (sy) = (M(s)) (v). Thus, each elementary place s, € U(S)
contains as many tokens as the number of occurrences of v in the marking M (s).

4 Box and M-Net Algebras

The same operations are defined on both box and M-net levels. They can be di-
vided in two categories: the control flow ones and the communication ones. The
first group, which consists of sequential (;) and parallel (]|) compositions, choice
(D) and iteration ([*x]), can be synthesized from refinement meta-operation [8/9]
and they will not be concerned by our extension. The second group concerns the
operations which are based on transition composition, and will be directly con-
cerned here, so we introduce them with some details. Only low-level operations
are defined formally while we give some intuition for the high-level (M-net) oper-
ations. We illustrate the low-level synchronization and restriction on an example
and we refer to [6] for further illustrations.

A synchronization Lsy A;, with A; € A;, adds transitions to the net L, and can
be characterized as CCS-like synchronization, extended to multi-sets of actions.
Intuitively, the synchronization operation of an M-net consists of a repetition
of certain basic synchronizations. An example of such a basic synchronization
over low-level action A(2,3) of the (fragment of) net L is given in figure [l
Transitions ¢; and to which contain actions A(2,3) and g(2,3) in their labels
can be synchronized over A(2, 3) yielding a new transition (¢1, t2). The repetition
of such basic synchronizations over A(2,3), for all matching pairs of transitions
(containing A(2,3) and A(2,3)), yields the synchronization of a net over A(2,3).
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f{jl(?, 3),C(1)}-

{A(2,3)}. . :
{6T(2)}.0 \_/'O {bT(2)1.0

{cm}.
{67(2),67(2)}-

Lsy A(2,3)

(Lsy A(2,3)) rs A(2,3)

Fig. 1. Synchronization and restriction in PBC.

In M-nets, the actions A(ay, as) and A(a}, a}) can synchronize through renaming
and unification of their parameters.

Definition 4. Let L = (S,T, W, \) be a low-level net and A; € A; a low-level
action. The synchronization L sy A;, is defined as the smallesf] low-level net

L'= (8, 7' W' X)), satisfying:

— §'=8,T' 2T, and W'|(suryuirxs) = W;

— if transitions t1 and ta of L' are such that A; € o/(t1) and ;1\1 € o/ (ta), then
L' contains also a transition t with its adjacent arcs satisfying:

o N(t) = (a/(tl) ©a(t) © {AZ,E}) (ﬁ’(tl) @ ﬁ’(t2)),
o Vse S W/(s,t)=W'(s,t1)®W'(s, t2)
and W'(t,s) = W'(t1,s) ® W' (ta,s).

The lowest part of figure [ shows the restriction of L sy A(2,3) over the
action A(2,3) which returns a net in which all transitions whose labels contain
at least one action A(2, 3) or 121\(2, 3) are deleted (together with their surrounding
arcs). The synchronization followed by the restriction is called scoping: [a : L] =
(L sy a) rs a, for an action a.

! with respect to the net inclusion, and up to renaming of variables.
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e{1,2} e{1}
{a1} {1}

{A(a1, a2)}.{b" (a1)}.0 {C)}{o~(1),07(1)}.0
{a1} {1}
x{1,2y O i.{1}
{1}
0.{b~ (as3)}.0
{a3}
N OxA{1,2}

e{1,2} e{1}
{a1} i.{1,2} @ {1}

{A(a1,a2)} 0.0 [t 1 @) = l{CW)}00

{a1} {1}
x{1,2y O ) ?i.{l}
{1}
3]0.0.0
{az}
N tieb Ox{1,2}

Fig. 2. High-level tie operation.

5 Asynchronous Link Operator: Tie

In this section, we introduce a new M-net algebra operator, tie, devoted to
express asynchronous links between transitions. We give first an example in the
high-level, and then, define it formally in both high and low-levels.

In figure[2, operator tie takes an M-net N and a tie symbol b (we assume that
type(b) = {1,2}), and gives an M-net Ntieb which is like N but has an additional
internal place s, of the same type as b, and additional arcs between s, and
transitions which carry in their label (high-level) links over b. The inscriptions
of these arcs are (multi-)sets of variables or values corresponding to links over
b, and the labels of concerned transitions are as before minus all links over b.
For instance, the arc from ¢; to s, is inscribed by {a1} because there is a link
bt (a1) in the link label of ¢;, which means that the variable a; has to be exported
through 0.

Definition 5. Let N = (S,T,t) be an M-net and b € B a tie symbol. N tieb is
an M-net N' = (8", T',.) such that:
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_ar A, _ i.type(b) if 5= sp,
S'=SW{s}, and Vs € §":/(s) = {L(S) otherwise:

—T'=T and Vt € T":/(t) = o(t).(B(t) del b) .y(t),

if u(t) = a(t).B(t).(t);
— Vs eS8 and Vt € T' we have:

P s (@) oa ifs=s,
s L/<S7t) = a€VaruVal
t(s,t) otherwise,

B s (@)oa ifs=s,
o L/<ta8) - a€VaruVal
u(t,s) otherwise.

The tie operation in the low-level is defined similarly. In that case, a place is
created for each value in type(b) and arcs are added accordingly.

Definition 6. Let L = (S,T,W,\) be a low-level net and b € B a tie symbol.
Ltieb is a low-level net L' = (S',T', W', \') such that:

A(s) ifsesS
o Y s
S =5W{sp | vEtype(b)}, and Vs € S": N (s) = {i otherwise:

—T'=T and Vt € T": N (t) = a(t).(B(t) del b), if A(t) = a(t).B(t);
— Vs e S \VteT and Vv € type(b) we have:

D BOG (W) ifs=s.€8\S,
d W/(Sat) = \ velal
W (s,t) otherwise,

BT () if s=sp0 €8\,
b W’(t,s) = vgzl '

W(t,s) otherwise.

6 Properties

Theorem 1. Let L be a low-level net, A; € A; and by, by € B. Then:

1. (L tie by) tieby = L tie by (idempotence)
2. (L tieby) tie by = (L tie b) tie by (commutativity)
3. (Ltieby)sy A; = (Lsy A;) tie by (commutativity with

synchronization)

Proof. 1. By definition [0, operation tie makes desired links and removes con-
cerned tie symbols from the transitions labels. A second application of tie
over the same tie symbol does not change anything in the net.

2. By definition [6] operations tie for different tie symbols are totally indepen-
dent, the order of applications has no importance.
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3. By definition Bl and [, when tie is applied first, it creates arcs which are
inherited by the new transitions created by sy. Conversely, if sy is applied
first, it transmits links to the new transitions, allowing tie to create the
expected arcs.

Since operation tie is commutative, it naturally extends to a set of tie sym-
bols.

Theorem 2. Let N be an M-net, and b € B. Then:
U(N tieb) = U(N) tieb.

Proof. Tt is enough to remark that the high-level tie operation creates a place
sp with type type(b) and adds arcs to/from transitions which carry links on
b in their inscriptions. The unfolding gives for this new place a set of places
{sbw | v € type(b)}, and the set of arcs to/from transitions ¢,. The weight of an
arc between place s, and transition ¢, corresponds to the multiplicity of value
v in the evaluation through o of the high-level arc inscription between s; and t.
By definition, this is exactly what is done by the low-level tie operation.

Now, corollary [l comes directly from the two above theorems and from the
commutativity of synchronization with unfolding [6] (notice that, after the in-
troduction of links, it is obvious that this commutativity is preserved).

Corollary 1. Let N be an M-net, Ap, € Ap, and by, by € B. Then:

1. (N tieby) tie by = N tie by (idempotence)
2. (N tie by) tie by = (N tie by) tie by (commutativity)
3. (N tie by) sy Ay = (N sy Ay) tie by (commutativity with

synchronization)

where = identifies M-nets which are equivalent modulo renaming of variables
6.

7 An Application to Discrete Time Modeling

The newly introduced tie operator has an immediate application in a modeling of
discrete time within M-nets. A clock is built over principles described in [T0[15]:
an arbitrary event (i.e., a transition occurrence) is counted and used to build
the time scale which all the system refers to. Two points can be puzzling: the
time scale is not even and the clock can be frozen to allow the system meeting its
deadlines. Both these points are discussed in [10] and are shown to be irrelevant
in the context of Petri nets used for specification (by opposition to programming).

Our clock (which actually is a server) is implemented by the M-net Njock
depicted in figure[d. It can handle concurrent counting requests for different parts
of the system: each request is assigned an identifier which is allocated by the
clock on a start action; next, this identifier can be used to perform check actions
which allows to retrieve current pulse-count for the request; finally, a stop can
delete the request, sending back the pulse-count again.



198 Hanna Klaudel and Franck Pommereau

0.0{cqg #dq | g € Q}

{(¢,bq,dq,¢q) | ¢ € Q} {(g,bq,dg,cq+1) | g € Q}

(¢, T,d,0)

(start(q,d)} D0t} —=

(q,T,d,c)

< —ts]{stop(q.)} 0.0

Q % (L,0,w) (L,0,w)
O—\ — . O
ef{e} {init}.0.0 {check(q,c)}.0.0 {close}.0.0 x.{e}

Fig. 3. The M-net Nk the place i is labeled i.Q x {1, T} x N x N.

The clock Nejoer, depicted in figure 3, works as follows:

— it starts when the transition tq fires and put tokens in the central place of
Neiock, ach token being a tuple (g, b, d, ¢), corresponding to a request, where
q € Q is the identifier for the request, b € {L, T} tells if the request is idle
(b= 1) orin use (b = T), dis the maximum number of pulse to count
for the request and c is the current pulse-count. Both d and c are values in
N = N Uw where w is greater than any integer and w + 1 = w;

— a request begins when t; fires. start has two parameters: the request identi-
fier, ¢, is sent to the client which provides the duration, d, as the maximum
pulse-count for the request;

— next, the current pulse-count can be checked with transition ¢o: the identifier
is provided by the client which gets the current pulse-count returned back
through c;

— t3 is used to stop a request, it acts like to but also sets the request’s token
idle;

— the clock can be terminated with transition t4;

— at any time, provided its guard is true, pulse can fire, incrementing the pulse-
count for all requests. This explains the idle value (g, L, 0,w) for the tokens
in ¢: it does neither change after a pulse since w = w+ 1 nor affect the guard
on pulse because w # 0. This guard is used to prevent pulse from firing if
a request is about to end (pulse-count is equal to the maximum announced
on start), this ensures a timed sub-net will always meet its deadline if it has
been announced on start.

In order to use this clock, one just has to add “clock actions” (start, check and
stop) on the transitions intended to be timed and asynchronous links should be
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{start(q',w), {stop(q, c), stop(q', ') }.
{start(q,3)}. check(q, ¢),write(c)}. {hi (q),h5 (¢")}.
{n{ (9)}.0 {1 (a), i (a), b3 (q')}.0 {e - 1}
O [ts} O [te} O [t} O
e.{e} i.{e} i.{e} x.{e}

Fig. 4. An example of time-constrained M-net.

used to transport the request identifiers between a start and the corresponding
check(s) and stop(s), like in figure [4
In the net of figure [, we specify the following constraints:

— the start(q,3) on t5 corresponds to the stop(q,c) on t7 (thanks to the links
on hy) so there can be at most 3 pulses between t5 and t; because of the
guard on pulse;

— similarly, there must be exactly 1 pulse between tg and ¢; (here we use the
links on hs to transmit the identifier) but the constraint is expressed through
the guard on ¢7. In this case, since the deadline was not announced in the
start, it is possible to have a deadlock if the system runs too slow, i.e., does
not meet its deadline;

— on tg, we use a check for the request started on 5 (the identifier is imported
and exported on hq) to retrieve the pulse count between t5 and ¢g. This count
is sent to another part of the system with the action write(c) which should
be synchronized with a w/rﬁe, in a piece of the specification not represented
here.

8 Conclusion

We presented an extension of M-nets and PBC in order to cope with asyn-
chronous communications at the (net) algebra level. This extension led to a
simple and elegant mean to model discrete time within M-nets, so we hope it
would be useful to work with timed specifications. Moreover, we could expect
to apply asynchronous links for a wider range of applications. In particular, we
yet study: real-time programming with B(PN)? [7] (a parallel programming lan-
guage with M-nets and PBC semantics), discrete timed automata simulation
and a new implementation of B(PN)?’s FIFO channels.
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Abstract. We propose a demand-driven model-checking algorithm,
which decides the alternation-free modal mu-calculus for context-free
processes. This algorithm enjoys advantages known from local model
checking in that it avoids the investigation of certain irrelevant parts of
a process, and simultaneously improves on its classical counterpart of
[B] in that it avoids the computation of irrelevant portions of property
transformers. In essence, this algorithm evolves from combining the spirit
of second-order model checking underlying the algorithm of [5] with the
idea of demand-drivenness developed in the field of interprocedural data-
flow analysis. Though the new algorithm has the same worst-case time
complexity as its counterpart, we expect a substantial performance gain
in practice because its demand-drivenness reduces the computational ef-
fort of those parts, which are responsible for the exponentiality of the
classical second-order algorithm.

1 Motivation

Model checking (cf. [T, [10} [16]) has proved to be a powerful and practically
relevant means for the automatic verification of behavioral systems (cf. [8, [L5]
19]). Particularly ambitious are approaches aiming at model checking of infinite
state systems, which has been pioneered by approaches for local model checking
(cf. |20, 21I]). The point of local model checking is to avoid the investigation of
parts of a process, which are irrelevant for the verification of the property under
consideration. Straightforward applications to infinite state systems, however,
are generally not effective because they cannot guarantee termination (cf. [3}4]).

The construction of effective algorithms, however, becomes possible as soon
as one restricts one’s attention to specific classes of infinite state systems as
e.g. context-free (cf. [Bl 02]) or pushdown process systems (cf. [2] [6l 22]). In
this article we focus on context-free process systems (CFPSs) and reconsider the
classical algorithm proposed by Burkart and Steffen for this setting (cf. [5]). Their
algorithm decides the alternation-free modal mu-calculus for context-free process
systems (CFPSs), i.e., for processes which are given in terms of a context-free
grammar. The central idea underlying their algorithm is to raise the standard
model-checking techniques to second order: In contrast to the usual approaches,
in which the set of formulae which are satisfied by a certain state are iteratively

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 201-ZI3} 1999.
© Springer-Verlag Berlin Heidelberg 1999
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computed, their algorithm iteratively computes a property transformer for each
state class of the finite process representation, which is subsequently used for
solving the original model-checking problem. Later on, this algorithm has been
complemented by Hungar and Steffen by a local model-checking algorithm [12],
which improves on the algorithm of [5] in that irrelevant parts of the process
under consideration need not to be investigated.

In this article we develop a demand-driven model-checking algorithm for
the setting considered in [5l [12], which decides the alternation-free modal mu-
calculus for CFPSs. Like the algorithm of [12] the new algorithm aims at im-
proving the average-time complexity of the algorithm of [5]. It enjoys advantages
known from local model checking in that it avoids the investigation of irrelevant
parts of a process, and simultaneously improves on the original algorithm of [5] in
that it avoids the computation of irrelevant property transformers and irrelevant
portions of property transformers. To achieve this we adopt as in [5] the view of
CFPSs as mutually recursive systems of finite state-labeled transition systems.
This establishes the link to interprocedural data-flow analysis (cf. [13]), which
provides the key to our approach. In essence, our algorithm evolves from com-
bining the spirit underlying the classical second-order algorithm of [5] with the
idea of demand-drivenness of interprocedural data-flow analysis (cf. [9, [T, [I7]).

It is worth noting that the investigation of irrelevant parts of a process and of
the computation of completely irrelevant property transformers could be avoided
in the approach of [5], too; however, at the price of an additional preprocess
only. Avoiding the computation of irrelevant portions of specific property trans-
formers, however, is out of the scope of this approach. This, however, is quite
important in practice because the worst-case time complexity of the algorithm of
[5] is linear in the size of the finite representation of the process under consider-
ation, but exponential in the size of the formula to be verified, which, in essence,
determines the complexity of computing the property transformers!] Though
generally demand-driven algorithms have the same worst-case time complexity
as their standard counterparts, in practice they are usually much more efficient as
e.g. empirically confirmed in interprocedural data-flow analysis (IDFA) (cf. [9]).
As in IDFA, we expect that the new, demand-driven algorithm performs signifi-
cantly better in practice than its counterpart of [3], since the demand-drivenness
of the new algorithm reduces the computational effort of those parts which are
responsible for the exponentiality of its counterpart. In general, the performance
gain will be the larger the more complex the property under consideration is.

2 Processes and Formulae

In this section we introduce our setting following the lines of [5,[12]. Central are
context-free process systems as finite representations of infinite process graphs,
and the (alternation-free) modal mu-calculus as our logic for specification.

! More precisely, it is exponential in the weight of the formula (cf. [5]). Deciding the
alternation-free modal mu-calculus for CFPSs was recently shown to be EXPTIME-
complete (cf. [14]), while it is polynomial for any fixed formula (cf. [5]).



Demand-Driven Model Checking for Context-Free Processes 203

Definition 1 (Process graph). A process graph (PG) is a quintuple G = (S,
Act,—, 80, 8¢), where (1) S is a set of states, (2) Act is a set of actions, (3)
— C 8 x Act x S is the transition relation, and (4) so,s. € S are distinguished
elements, the “start state” and the “end state.” sg and s. must be originating and
terminating, respectively, i.e., there are no a € Act and s € S with (s, a, s9) € —
or (se,a,8) € —. A PG G is said to be finite-state, when its sets of states S and
actions Act are finite.

Intuitively, a process graph encodes the operational behavior of a process. The
set S represents the set of states the process can enter, Act the set of actions
the process can perform, and — the state transitions which may result upon
execution of the actions. As usual we will write s—s' instead of (s, a, s') € —.
Moreover, we will write s—, when there is an s’ such that s——s’.

As in [5], we represent context-free processes, which may have infinitely many
states, by means of context-free process systems (CFPSs). In essence, a CFPS
is a set of named finite process graphs, whose set of actions contains the names
of the system’s process graphs. Transitions labeled with such a name are meant
to represent the denoted process graph. In this view, the names of the process
graphs correspond to the non-terminals and the atomic actions to the termi-
nals of a context-free grammar. Alternatively, transitions labeled by a name
can be considered a call of the denoted process graph. As in [5] we prefer this
more dynamic procedural point of view: It establishes the link to interprocedural
data-flow analysis [I8] [T3], which is essential for developing our demand-driven
algorithm for model checking CFPSs.

Definition 2 (Procedural process graph). A procedural process graph
(PPQG) is a quintuple P=(Xp, Trans,—p,0%,0%), where (1) Xp is a set of
state classes, (2) Trans=g45 ActUN is a set of transformations, where Act is a set
of atomic actions, and N a set of names with Act\N =0, (3) —p = —5tU—Y
is the transition relation, where —4° C Xpx Actx Xp and —>j1\3/ C YpxNxXp,
and (4) 0% € Xp and 0% € Xp are a class of “start states” and “end states.”
A PPG P is called finite, if X'p and Trans are finite.

Essentially, a procedural process graph is a process graph, where the set
of actions is divided into two disjoint classes, atomic actions Act and (action)
names . A PPG P is called guarded, if all initial transitions of P are labeled by
atomic actions. It is called simple, if it does not contain any calls. Following [5]
we denote the set of all simple PPGs by G. In the following we will only consider
guarded PPGs P, where the class of end states o% is terminating.

Definition 3 (Context-free process system). A context-free process system
(CFPS) is a sextuple P = (N, Act, A, Py, s¢, Se), where (1) N ={Noy,...,N,_1}
is a set of names, (2) Act is a set of actions, (3) A=g {N;=P;|0<i<n} is
a finite set of PPG-definitions, where the P; are finite PPGs with names in N’
and atomic actions in Act, (4) Py is the “main” PPG, and (5) so and s. are the
start state and the end state of the system.

We denote the union of all state classes of P by Y=g U?;Ol Xp,, and the

union of all transition relations of P by — =g U?:_ol — p,.
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Figure [lshows a CFPS consisting of three components, which is sufficient to
illustrate the essence of our approach, and to highlight the essential differences
between our algorithm for demand-driven model checking of CFPSs and the
classical algorithm of [5] (cf. Section[£2). Actually, the CFPS shown is a variant
of the encoding machine used as the running example in [5]. Intuitively, in its first
phase the encoding machine of Figure [I] reads a word over the alphabet {a, b}
until it encounters the word delimiter #. Subsequently, in its second phase it
outputs the corresponding sequence of encoded characters in reverse order. Note
that the end state of Py is not reachable from P,. This will be discussed in detail
in Section 2] It allows us to illustrate an important difference between the
algorithm of [5] and the algorithm here.

-0

Fig.1. The running example: The encoding machine.

Definition 4 (Complete expansion). Let P be a PPG of a CFPS P. The
complete expansion of P with respect to P is the simple PPG, which results from

successively replacing in P each transition o Lo by a copy of the corresponding
PPG P;, while identifying o with op, and o' with op,. We denote the complete
expansion of P with respect to P by Expp(P).

Figure [2 illustrates the flavour of this stepwise expansion process, which
reminds to the copy-rule semantics of imperative languages (cf. [1]). A flavour,
which is also reflected in the following definition. Given a state s € S of a
complete expansion Ezpp(P), s is called to belong to the state class o € Xp,, if
it emerges as a copy of ¢ during the expansion. Thus, a state class stands for a
possibly infinite set of states of the corresponding complete expansion.

If P=(Xp, Trans, —p,0%,0%) is a PPG and o a state class of P, we denote
by P(?) the PPG (Xp, Trans, —p,0,0%). If Py and P, are two PPGs, we define
their sequential composition Pi; Ps as the PPG Py; Po=g4 (Xp, U sz\{afgz},
Transp, U Transp,, — p, U — le,afgl,afg2>, where — P, denotes the transition
relation resulting from substituting all occurrences of 03, in — p, by o . Finally,
O g(o) denotes the end state of the particular PPG-definition of the underlying
CFPS containing o.
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Fig. 2. Expanding a procedural transition system.

The Mu-Calculus. As in [I2] we counsider a negation-free sublanguage of the
modal mu-calculus, which, however, as in [5], is based on an explicit set of atomic
propositions. Its syntax is given by the grammar @ := A | X |dV P | PAD | (a)P |
[a]® | vX.® | uX.P, where X ranges over a (countable) set of variables Var, A
over a set of atomic propositions A, and a over a set of actions Act. Properties
will later be specified by closed formulae, i.e., formulae which do not contain
any free variable. A formula is called alternation-free, if no p-subformula has a
free variable which, in the context of the complete formula, is bound by a v, and
vice versa. We denote the set of all closed alternation-free formulae by M.

As usual the semantics of formulae is defined with respect to a specific (pos-
sibly infinite) process graph G = (S, Act, —, so, 5), a valuation V : A — 25, and
an environment e : Var — 25. Intuitively, it maps a formula (with free variables)
to the set of states for which the formula is “true.” Correspondingly, a state s
satisfies X, if s is an element of the set bound to X in environment e. Note that
the semantics of a closed formula @ is independent of the environment e. We will
thus write s |= @ instead of s € [ @ Je for all environments e.

[Ale = V(4) [(a)®]e = {s|3s". s-25" A s' € [D]e}

[X]e = e(X) [[a]@]e = {s|Vs'. s-s" A s €[P]e}
[Prvo]e = [Pr]eUlP2le [yxp]e = J{S'C SIS C[8]elX — 5}
[[@1/\@2}]62 ﬂ@l]]eﬂ[[ézﬂ

[pXPle = ({S' CS[S 2[P]e[X — 5]}
Table 1. The semantics of the subset of the modal mu-calculus under consider-
ation.

Second-Order Semantics. According to Table 1 the validity of a formula is de-
fined with respect to single states. An analogous definition for a state class is
in general not meaningful because the truth value of a formula is in general
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different for different representatives of a state class. However, two states s and
s’ of the same state class satisfy the same set of formulae if this holds for their
corresponding end states end(s) and end(s’). As pointed out in [12], this is the
key to the second-order semantics defined in [5], which can be considered the
analogue of the second-order functional approach of interprocedural data-flow
analysis (cf. [18,[13]). It considers the semantics of a (named) PPG as a property
transformer, i.e., as a function which yields the set of formulae being valid at
the start state relative to the assumption that the set of formulae it is applied
to are valid at the end state.

Definition 5 (Second-order semantics). Let P=(Yp, Trans,—p,0%,0%)
be a simple PPG. Then we interpret P as the function [ P] : 2M —2M with
[[P]](M):df {@/ eM ‘VP/ S Q(P’ ﬂP:@) 0-163 ):p;p/ M = O’}"; ):p;p/ @/}.

Theorem [l guarantees the consistency of the second-order semantics with respect
to the usual semantics of simple PPGs in terms of its valid formulae (cf. [12]).

Theorem 1 (Consistency of the second-order semantics). Let P be a
simple PPG and @ be a closed formula, and let Fgeqdiock denote the set of all
propositions which are “true” at a “dead-lock state,” i.e., Faeadiock=df {P |5 T
& with T ={({s}, Act,0)}. Then we have: c% =P <= & € [ P(Fiecadiock)-

3 Hierarchical Equational Systems

As in [5] we present our algorithm for demand-driven model checking of CFPSs
in a version where logic formulae are represented by hierarchical equational sys-
tems. These are equally expressive as the alternation-free modal mu-calculus Ly
(cf. Theorem Bl ([I0])), but simplify the technical presentation of the algorithm
and its comparison with the classical algorithm of [5]. Therefore, we briefly recall
the syntax and semantics of hierarchical equational systems in this section.

Syntaz. Fundamental for the definition of hierarchical equational systems is
the notion of a basic formula. Their syntax is given by the grammar ¢ ::=
Al X |dVDP | PAD | (a)P | [a]P. Because of the absence of fixpoint operators,
they are less expressive than the formulae defined in Section[2] This, however,
is overcome by introducing (mutually recursive) equational systems.

Definition 6 ((Equational) blocks and systems). An (equational) block B
has one of the two forms, min{E} or max{E}, where E is a list of (mutually
recursive) equations (X1 =Pq,..., X, =®,), in which each @; is a basic formula
and the X; are pairwise disjoint, and where min and max indicate the fived point
of E desired, i.e., the least and greatest fixed point, respectively. An equational
system B={(DBi,...,Bn) is a list of equational blocks, where the variables ap-
pearing on the left-hand sides of the blocks are all pairwise disjoint.

Intuitively, a block defines n (mutually recursive) propositions, i.e., one per
variable (see Section 2] for an example). Several blocks may be used to express
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complex formulae. In particular, the left-hand side of an equation in one block
may be referred to in the right-hand sides of equations in other blocks. Since
we are focusing on the alternation-free subset of the mu-calculus, we restrict
our attention to hierarchical equational systems. The restrictions they obey (see
Figure[3 for illustration) guarantee the desired absence of alternating fized points.
In terms of Section ] the formulae they represent are alternation-free (cf. [10]).

Definition 7 (Hierarchical equational system). An equational system B =
(B1,...,Bn) is hierarchical, if the existence of a left-hand-side variable of a
block B; appearing in a right-hand-side formula of a block B; implies ¢ < j.

Semantics. The semantics of a hierarchical equational system B is defined on
top of the semantics of individual blocks B. To this end, let E be the list of

equations (X1 =@&1,...,X,, =®,). For every environment p, we can now build
a function ff : (25)" — (25)" as follows. Let S=(Si,...,S,) € (25)", and let
ps=p[X1 — S1,..., X, — S,] be the environment, which results from p by

updating the binding of X; to S;. Then: fo.(S)=ar ([ 1 ]pg,---,[Pn |pg)-

The domain (25)" forms a complete lattice, where the ordering, join, and
meet operations are the pointwise extensions of the set-theoretic inclusion C,
union U, and intersection N, respectively. Moreover, for any equational system
B and environment p, the function f7, is monotonic with respect to the order
relation of this lattice. According to Tarski’s well-known fixed-point theorem,
it has thus a greatest fixed point, v fh, and a least fixed point, ufh, satisfying
vfp =515 C 13(8)} and uff = (S| S 2 F4(9)} (k. ).

Blocks maz{E} and min{ E'} are interpreted as environments: [ maxz{E} ]p=
pyye and [min{E} |p=p, s . This means that maz{E} and min{E} represent
the “greatest” and the “least” fixed point of B. The relative semantics of a hier-
archical equational system B= (B, ..., B,,) with respect to p is then defined in
terms of a sequence of environments: p,, =[ B |p, Pm-1=[ Bm-1]pm, - -,
p1 = [ B1]p2. The semantics of B, finally, is defined by (cf. [3]): [ B ]p=aqs p1.

The notion of closed

formulae can e'aSﬂy b.e Hierarchical Equational System X1 =
extended to hierarchi- 5 . B,
. B =< B, ,... > Xg= oo
cal equational systems 1.7z mm IS/ S
B. A basic proposition X1 = oo
@ is closed with respect B, « -
to B, if every variable T A
in @ appears on the
. L]
left—hz.md side of some Note, the arrows indicate :
equation of some block the dependencies
of B. Bis closed. if each of blocks! The left-hand-side ~  |------------/---—>"----—-
N ) . . -
. . variable at the origin of an X = -
rlght—hand Sld.e of each arrow may occur in the right-hand B
block of B is closed side of its destination. Kin

with respect to 5. The-

orem Bl yields that the Fig. 3. Hierarchical equational systems.
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consideration of variables is even sufficient (cf. [5]). Theorem B} subsequently,
establishes the desired link between the alternation-free modal mu-calculus re-
called in Section P and hierarchical equational systems (cf. [10]).

Theorem 2. Let B be a closed hierarchical equational system, and let ® be a
(basic) proposition which is closed with respect to B. Then we have: (1) [P Jis1,=
[Pz for any p and p'. (2) There is a closed hierarchical equational system
B’ having X' as the first variable of its first block such that [® Jis1=[ X' Ji51.

Theorem 3 (Expressiveness). Let T be a labeled transition system, and let p
be a corresponding environment. Then we have: (1) Every formula @ in Ly can
be translated in time linear to the size of ® into a hierarchical equational system
B with [P |i,1=[X Jis1, for some left-hand-side variable X of B. (2) For every
hierarchical equational system B and every variable X there is a formula @ in
Lpy with [ X 151, =[P 101

4 Demand-Driven Model Checking of CFPSs

In this section we present our algorithm for demand-driven model checking of
CFPSs. In order to simplify a direct comparison with its counterpart of [3], we
present our algorithm for maen-blocks. This is sufficient because the treatment
of max-blocks is completely dual, and the hierarchical extension required for
hierarchical equational systems is straightforward in an innermost fashion.

Conventions. In order to simplify the presentation of our algorithm, we as-
sume as in [5] without loss of generality the following structure for the (min-)
block B under consideration: (1) The right-hand sides of blocks consist of simple
basic formulae, which are characterized by the grammar @$™Pl¢ .= A| X V X |
XAX|(a)X |[a]X. (2) The graph of the unguarded dependencies on the vari-
ables of B, which is defined by having an arc X; — X if and only if X, appears
unguardedly in the right-hand side of the equation for X, is acyclic. Impor-
tantly, a block can always be transformed into an equivalent block of the same
size satisfying these constraints. The first constraint is established by a step in-
troducing a new variable for every complex subexpression. The second constraint
is established by a step, whose essence is summarized below, and where it should
be noted that X is unguarded in the right-hand-side terms.

min{X1=X1V®} ~ min{X1 =P} max{X1=X1 AP}~ max{X,=2o}
min{X; =X1 AP} ~ ff max{X1 =XV P}~ it

Additional Notations. Let B be a closed equational min-block with left-hand-
side variables X ={X;|1 < ¢ < r}, where X; represents the property to be
investigated. Additionally, let (1) D=4 2% — 2% be the set of all functions on
2% let (2) PTy € D be the function which maps every M C X to the empty
set, and let (3) PTj be the identity on D. Fundamental is then to associate
with each ¢ € X of a CFPS P a function PT, € D and with each transition
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-2 a function PT[ o7 € D. The function PT'[,] € D represents the property

transformer of the process graph 0®*——¢¢. It is defined according to the following
two cases:

— Case 1: =P eN: PTlIPj]]:df PTU;
J
— Case 2: o =a € Act: Let M C X and X; =@; be some equation of B.

@j = <CL>X1 and X; e M
Then X; € PT[o)(M) iff§ @ =[a]X; and X; € M

.....

.....

P;=A and o € V(A)

@j :le Aij and le € M’ and Xj2 € M’
X;e M iff { &;=X,,VX;, and (X;, € M' or X, € M')

D= (a)X’ and there is an ¢ € {1,...,k} with X; € PT;(M)

P; = [a] X’ and X, € PT;(M) holds for all s € {1,...,k}
The acyclicity of the graph of unguarded dependencies guarantees that this
definition is well-founded. This allows us to present our algorithm now in detail.

4.1 The Algorithm

The classical algorithm of [5] has a three-step structure. The first step computes
for every state class of the finite process representation the complete property
transformer representing their second-order semantics. The second step com-
putes the set of subformulae of the property @ to be checked, which are satisfied
by a deadlock state, i.e., BS . .. The third step, finally, applies the property
transformer of the main PPG P, to the argument BY ., . computed in step
two in order to decide according to Theorem [l the model-checking problem.
Our demand-driven algorithm enjoys a similar structure. However, the com-
putation of property transformers is only triggered for arguments which are re-
ally needed in order to decide the model-checking problem. Our algorithm thus
starts with computing the set of formulae, which are satisfied by a deadlock state
B, . aiock; @ step, which belongs to the epilogue of the original algorithm. The key
component of our algorithm is the procedure Process. It is the analogue of the
procedure update of the algorithm of [5]. In contrast to update, whose domain are
predicate transformers, and which thus updates a predicate transformer always
as a whole, i.e., for all arguments of its domain, Process updates a predicate
transformer pointwise, i.e., for a single argument at a time. This is essential for
the demand-drivenness of our approach. The procedure Dynamiclnitialization,
finally, is the analogue of the initialization procedure of the algorithm of [5].
Again, the essential difference is that DynamiclInitialization works pointwise,
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i.e., demand-drivenly. Whenever the computation of the predicate transformers
of a process graph is triggered for some argument, they are initialized for this
particular argument only, instead of for their complete domain.

Next the demand-driven algorithm is given for the basic case of a closed
formula & € M of the alternation-free modal p-calculus. We recall that @ is
assumed to be equivalently given in terms of a (hierarchical) equational sys-
tem B = (B;), which is assumed to be a min-block, where X; denotes the left-
hand-side variable of the first equation of By. As its counterpart of [5] this
algorithm can straightforwardly be hierarchically extended. After termination
(of the complete) algorithm the value stored in answerToModelCheckingProblem
specifies the truth value of @ with respect to P, i.e., whether op, € [®].

(Prologue) Maeadiock := Bfeadlock;
(Main process) alreadyTriggered := 0; workset := (;
DynamicInitialization(Po, Macadiock);
WHILE workset # 0 DO
CHOOSE (o, M) € workset;
workset := workset \{ (o, M) };
Process((o, M))
ESOOHC OD;
( Epilogue) answerToModelCheckingProblem := X, € PTU}SD0 (Myeadiock)-

PROCEDURE DynamicInitialization(P, M);
PTye (M) := M;
FORALL o € Yp\{ 0% } DO PT,(M):= () OD;
already Triggered := alreadyTriggered U {(c%, M)};
workset = workset U{ (6%, M)} END Dynamiclnitialization;

PROCEDURE Process ((o, M) );
FORALL ¢'-%0 € {0"-"50|0"” € ¥ Aa € Trans} DO

IF o € N THEN

IF (¢¢, PTs(M)) & alreadyTriggered THEN
DynamicInitialization(a, PT ,(M)) FI Fl;

tmp := PTy (M); PT o/ (M):= (67 {PT o, PT[ o] 0 PTo})(M);

IF PT, (M) # tmp THEN
IF 0/ =0}, for some i € I THEN

workset := workset U {(¢”, M") | o Lo’ Ao € T A
(Oppg(orry: M) € alreadyTriggered N PT o (M") = M}

ELSE workset := workset U{(c’, M)} FI FI END Process;

4.2 Discussion

In this section we compare our demand-driven model-checking algorithm with its
conventional counterpart and illustrate the benefits it offers by means of the run-
ning example and the property @ considered for illustration in [5]. This property
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is as follows: The encoding machine of Figure[l reads the full (finite) sequence of
input symbols before it outputs the first code. Restricting the attention to finite
inputs which are terminated by the character #, @ can be rephrased as follows:
After outputting an encoded character a’ or b’ the machine will always refuse to
read #. Below, this property @ is expressed in terms of a maz-block, where X3
corresponds to @.

In this example the new demand-driven algorithm improves in two respects
on the algorithm of [5]: (1) The property transformers corresponding to the states
of PPG P, are not computed at all. (2) The property transformers corresponding
to the states of the PPGs Py and P; are only computed as far as it is necessary to
decide the model-checking problem. Considering Py, this is particularly evident:
The computation of the property transformers of the states of Py is only triggered
for a single argument, the set of formulae satisfied by a deadlock state, instead
of for all elements of the power set of subformulae of the complete property.

In practice, this can be the source of substantial performance gains.

X1=XoN X3  Xe=[#]Xy i=Y;AYs  Ye=[#]Y7

XQZ[G]Xl X7:X8 /\Xg YVQZ[CL}Y& Y7 :ﬁ

max X3:X4/\X5 ng[a’]Yl }/3:}/4/\}/5 Y8:Y9/\Y10
X=X, Xe=Pvi  Yi=pYi  Yo=[%
X5 =Xe N X7 Ys=YsAYs Yio=[b']"1

5 Conclusions

Based on the algorithm of [5], we developed a demand-driven model-checking
algorithm deciding the alternation-free modal mu-calculus for context-free pro-
cesses. The key to this approach was to adopt the idea of demand-drivenness
developed in interprocedural data-flow analysis to model checking. Though the
details are different, the resulting algorithm combines advantages known from
local model checking, i.e., avoiding the investigation of certain irrelevant portions
of a process, with those of demand-driven data-flow analysis, i.e., avoiding the
computation of irrelevant (portions of) property transformers. Besides adding a
new instrument to the orchestra of model-checking approaches, we expect that
the new algorithm behaves significantly better in practice than its classical coun-
terpart because the demand-drivenness reduces the computational effort of those
parts, which are responsible for the exponentiality of the classical algorithm. An
empirical confirmation of this fact would comply with practical results obtained
for demand-driven data-flow analysis. Additionally, we are investigating how to
adopt and generalize the idea of demand-drivenness to model checking of push-
down process systems in the fashion of [6].
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Abstract. We present an algebra for programming the itineraries of mobile a-
gents. The algebra contains operators for modelling sequential, parallel, nondeter-
ministic, and conditional mobility behaviour. Iterative behaviour is also modelled
by a language of regular itineraries borrowing ideas from regular expressions. We
give an operational semantics for the operators using Plotkin-style transition rules
and provide examples of itineraries for meeting scheduling, sales order process-
ing, and network modelling.

1 Introduction

Mobile agents can be regarded as software components which can move from one host
to another to perform computations. Mobile agents have many benefits for distributed
computing such as reducing network load by moving computation to data and asyn-
chronous computation [5]. With the growing popularity of the mobile agent paradigm
(e.g., [12, 10]) and the increasing ubiquity of networked computers, we envision future
mobile agent applications involving complex movements of agents over large scale en-
vironments with hundreds or thousands of nodes within and between enterprises and
homes. Programming the mobility behaviour of these agents would be a challenge.

Recent work such as Java-based Moderator Templates (JMTs) [7] which enable
agent itineraries or plans to be composed and coordination patterns [13] provide ab-
stractions for the mobility behaviour of agents. This paper aims to take such work fur-
ther by providing an algebra dfineraries for reasoning with and programming the
mobility behaviour of mobile agents. The goals of this language are fourfold:

— Encourageseparation of concerns simplify mobile agent programming. The mo-
bility aspect of a group of agents are abstracted away from code details implement-
ing the computations the agents are to perform on hosts. Herein lies a similarity
between our approach to mobile agent programming and the emerging paradigm of
aspect-oriented programming (AOP) [4].

— Providetop-level structuringdf a mobile agent application.

— Provideeconomy of expressiarf mobility behaviour. The programmer expresses
behaviour such as “move agetito placep and perform action” in a simple direct
succinct manner without the clutter of the syntax of a full programming language.

— Facilitateidentification and reuse of patterims mobility behaviour.

P.S. Thiagarajan, R. Yap (Eds.): ASIAN'99, LNCS 1742, pp. 214-226, 1999.
(© Springer-Verlag Berlin Heidelberg 1999
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The rest of this paper is organized as follows§®h we describe the mobile agent
model on which our work is based. §3, we describe the syntax and operational se-
mantics of agent itineraries, and discuss two example itinerari¢4, hwe discuss al-
lowing the destination of agents to be dynamically determined by operations, and give
an itinerary for network modelling as example §B we present related work and con-
clude in§6.

2 Mobile Agent Model

A mobile agent architecture consistsagfentsandplaces A place receives agents and
is an environment where an agent executes. A place has an address which we call a
place addressTypically, as in many agent libraries, a place is a server which can be
addressed using a hosthame and a port numberewvgv,dstc.edu.au:888 ).

We use an object-oriented model of agents. We assume that an agent is an instance
of a class, and roughly, we define a mobile agent as follows:

mobile agent = state + action + mobility

State refers to an agent’s state (values of instance variables) possibly including a re-
flection of the agent’s context. Action refers to operations the agent performs to change
its state or that of its context. Mobility comprises all operations modifying an agent’s
location, including moving its state and code to other than the current location. While
mobility assumes that an agent moves at the agent’s own volition, the itineraries may
be viewed as a specification or plan of agent movements. A community of agents is
considered to implement the movement plan correctly, if their observed behaviour cor-
responds to (i.e., “simulates”) the plan. This links our calculus with other more general
calculi for concurrent objects, such as the pi-calculus.

We assume that the agents have the capabiligjarfing, that is, creating copies of
themselves with the same state and code. We also assume that agents can communicate
to synchronize their movements, and an agent’s code is runnable in each place it visits.

3 An Algebra of Itineraries

Let A% (where{0, 1}* denotes strings of zero or more zeroes or or@synd P
be finite sets of agent, action and place symbols, respectively. In expressions we use
lettersA, B,C,... € A%} q b ¢, ... € Oandp,q,r,... € P. Also, we use the
following convention for generating names for agents and their clones. When an agent
A'is cloned, agentl is renamedA® and its clone is named!. Similarly, whenA° is
cloned, we haveA®)? (or A%?) and(A°)! (or A°), and forA!, we haved!® andA'!,
and so on. More generally, to anyc A{01}* we add superscriptsand1 to form A°
andA'. Note that with this convention, the name of the original agent i& ik*. For
example,A°°° and B%°° denote original agents.

Itineraries (denoted b¥) are now formed as follows representing the null activ-
ity, atomic activity, parallel, sequential, nondeterministic, conditional nondeterministic
behaviour, and have the following syntax:

T:=0 1] A4 | A | @D | @TeD | T | @I
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whered € A0} 4 € O,p € P,PO C P — P is a set of placement operations
described ir§4, ! € Lpo which is the language of regular itineraries describeghin
@ is an operator which combines an agent with its clone to form a new agent/and
is an operator which returns a boolean value to model conditional behaviour. Whenever
@ andII are not part of current dicussions, for simplicity, we writédnd “.”.

Below, we give an operational semantics to the above operators.

3.1 Operational Semantics

We first definezgs(I) to mean the set of agents (symbols) occurring in the itinefary
ags(I) is defined inductively as the minimal subsetAf® '+ satisfying:ags(0) = 0,
ags(Ap) = {A}, ags(A}) = {A}, ags(I - J) = ags(I) U ags(J), ags(I || J) =
ags(I)Uags(J),ags(I | J) = ags(I) Uags(J), andags(I : J) = ags(I) Uags(J).

We also defineonfigurationwhich is a relation involving agents, actions and places,
denoted by (and byX’, X7 .. .), whereX C A{0:1}* x O x P. Given a collection of
agents, the configuration represents the location and action of each agent. A constraint
on a configuration is that it defines a function frém?1}* to P, the same agent cannot
be in two places in the same configuration.

The operational semantics is given by Plotkin-style rules defining transitions from
one configuration to another of the for#F<5%_[ondjtion). Declaratively, theon-

conclusion

clusionholds if thepremisesandconditionhold. Procedurally, to establish tlkenclu-

sion, establish th@remisesand then check thatonditionholds. We writeX’ L ¥t
mean an itinerary causes a transition from configuratidhto configuration®”.

We assume that all agents in an itinerary have a starting place (which we call the
agent'shomg denoted byh € P. Given a collection of agentdgts, we define a dis-
tinguished configuration called thieme configuratiomlenoted byE;:‘gts. The home
configuration is the configuration where all the agents are at home. For example, the
home configuration for a collection of agemtsB andC is:

{(A,id, h), (B,id, h), (C,id, h)}

Note that the operations at home are the identity aation O. Also, all agents used in
an itinerary must be mentioned in the home configuration, i.e. none of the rules which
follows can add new agents unless they are clones of existing agents.

Agent Movement (A7). A; means “move agem to placep and perform actiom”.

This expression is the smallest granularity mobility abstraction. It involves one agent,
one move and one action at the destination. The underlying mobility mechanisms are
hidden. So are the details of the action which may change the agent state or the context
in which it is operating at the destination place:

a : states(A) x states(p) — states(A) x states(p)

In our agent model, each action is a method call of the class implemeatifidne
implementation must check thais indeed implemented iA.
0 represents, for any aget the empty itinerarydi? _, where the agent performs

the identity operationd € O on the state at its current plagere.
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The transition rule for agent movement replaces a triple from a configuration

1)

222\ {(A,6,9)) U {(A a,p)}

For example, applying this rule to the home configuration with the expregigives
a new configuration with only the location and action/o€hanged:

((A,id, h), (B, id, h), (C,id, h)} 2 {(A, a,p), (B, id, h), (C,id, h)}

Parallel Composition (“||”). Two expressions composed b}y’ “are executed in par-
allel. For instance,4; || Bf;) means that agentd and B are executed concurrently.
Parallelism may imply cloning of agents. For instance, to execute the expredsidgn (
Ag), wherep # g, cloning is needed since agefithas to perform actions at bophand
g in parallel. In the case whege = ¢, the agents are cloned aspif£ ¢. In general,
given an itinerary{ || J) the agentsimgs(I)Nags(J) are cloned and although having
the same name are different agents. In the transition rule below, we show how clones
are distinguished for the purposes of specifying the operational semantics.

Before presenting the rule, givetyts C A{%1}* and a configuratiol’, we define
the operator " which removes triples mentioned igts from X
Y — Agts =X\ {(4,a,p) | A € Agts, (A, a,p) € X}

The transition rule for parallel composition is as follows:

renamed® (I) renamed® (J)
—— —

X A renamed' (%) X"

RN AUE

renamed’ (%)

)

ags(I) Nags(J) renamed: renamed’(Y) = (X — ags(J)) U {(A%a,p) | A €
(ags(I) N ags(J)), (A, a,p) € X}. Similarly, renamed! (%) (X —ags(I)) U
{(A',a,p) | A € (ags(I) Nags(])), (A, a,p) € Z}.

This means that agents to be cloned (i.e. those mentionegsid) N ags(J)) and
clones are renamed apart. With the naming of clones, when the resulting configurations
are combined iz’ U X", the clones retain their identities.

We use renamed®(I) to denote the corresponding renaming of (de-
fined recursively on the algebrayenamed®(0) = 0, renamed’(A%) =
ADe it Aeags(I)Nags(J), renamed’(AS) = A% if A& ags(I)Nags(J),
renamed’ (AY) = Ale if A€ ags(I)nags(J), renamed’(A¢) =
A¢ if A ags(I)Nags(J), renamed®(I - J) = renamed®(I) - renamed®(J),
renamed®(I || J) = renamed®(I) || renamed’(J), renamed®(I | J) =
renamed®(I) | renamed’(J), and renamed®(I : J) = renamed’(I)
renamed’(J). renamed® is defined similarly.

Parallel composition splits the configuratiod’ into renamed’(X) and
renamed* (X)) each acted on separately bpand.J respectively. An example illustrates
this.

Let ¥ = {(4,q,p),(B,b,q),(C,c,7),(D,d,s)}, I = A¢ - B, and J
Af . Ch. Then,renamed®(X) = {(A° a,p), (B,b,q),(D,d,s)}, renamed* (%)
{(AY,a,p),(C,c,7),(D,d,s)}, renamed®(I) = AY¢ - BY, andrenamed' (J) =

renamed’ (X)) is X without the triples concerning agentsdgs(.J) and with agents in
U
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ALf . Ch. And so, X' = {(A%e,t),(B,g,v),(D,d,s)} and X"

{(AY, f,u),(C, h,w),(D,d,s)} (by the semantics of-* given below). The resulting
configurationist’uX” = {(A% e, 1), (AL, f,u), (B, g,v), (C, h,w), (D, d, s)} which
containsA® and its cloned!. In the next operator, combining of clones is carried out.

Sequential Composition (“”). Two expressions composed by the operatbrate
executed sequentially. For examplA;(AZ) means move agent to placep to perform
actiona and then to place to perform actiorh. Sequential composition is used when
order of execution matters. In the example, state changes to the agent from performing
a atp must take place before the agent goeg.to

Sequential composition imposes synchronization among agents. For example, in
the expressioiidg || BY) - Cr the composite actiofd? || BY) must complete before
C¢ starts. Implementation of such synchronization requires message-passing between
agents at different places or via shared memory abstractions.

When cloning has occurred, sequential composition performs decloning, i.e. clones
are combined. For example, given the expressidf | A¢) - A/ and suppose that
after the parallel operation, the configuration has clones. Then, decloning is carried out
before continuing with; .

The transition rule for sequential composition is:

LA decloned(X") R
BREASY

wheredecloned(X") is the configuratior®’ with all clones substituted by their com-
binations.

We now definelecloned. When two clonesi®® andA*!, for somer € {0, 1}x, are
combined, we name the combined agdfit We denote the combination operation by
@ 1 (A0 ALy A{0.1}+ The semantics af, i.e. how the states and code of
the clones are combined is left to the implementation. Also, the place where an agent is
combined with its clone is the agent’s place. The clone which is not at that location will
move to that location before combination takes place. For example, when combining
A0 and A®!, A” resides atd*”’s place and4®! must move to that place before the
combination takes place. Lét andX” be configurations such thétcloned(X) = 2.
ThenX’ is computed by the following algorithm where, in each iteration, two clones
are replaced by their combination until no combinations are possible:

1. If there exist§ A%, a,p), (A®1,b,q) € X, for somex € {0, 1}, then (2), else
5" = ¥ (finish).

2. Modify X1 X := (2\ {(4%°,a,p), (A%L,b,q)}) U {(A%,id,p)}
whereA® = A%0 ¢ A®l. Goto (1).

For example, decloning the configuratipf®, a, p), (A%, b, q), (A, ¢, r), (B, d, s)}
gives the following result after the first iteratiof(A°, a, p), (A%, id, q), (B, d, s)} and
after the second (final) iteration, we ha{€4, id, p), (B, d, s)}. The combined agent
has the identity operatioi at p.

We can associate the operatar™with “ -” by writing “ - ¢".

In the expressioiA? | A¢) - Af, cloning could take place at the following desti-
nationu. However, in other expressions such(ag || A¢) - (A || A9) there are two

®)
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possible destinations andv. Also, note that since the clones have the same names at
this level (they are given distinguished names only for the purposes of specifying their
operational semantics), it is also unclear from the expression which agent (the origi-
nal or its clone) goes ta or to v. Our operational semantics solves this ambiguity by
viewing the above expression as causing a cloning (in the first parallel composition), a
combination (in the sequential composition), and another cloning (in the second parallel
composition).

Independent Nondeterminism (|”). An itinerary of the form { | J) is used to

express nondeterministic choice: “I don’t care which but perform oné of J”. If

ags(I) Nags(J) # 0, no clones are assumed, ifeand.J are treated independently.

It is an implementation decision whether to perform both actions concurrently termi-

nating when either one succeeds (which might involve cloning but clones are destroyed

once a result is obtained), or trying one at a time (in which case order may matter).
Two transition rules are used to represent the nondeterminism:

1 f J "
E;;E (4a) EI;E (4b)
L 5 s

These rules show thdt| J leads to one of two possible configurations.

Conditional Nondeterminism (“:"). Independent nondeterminism does not specify
any dependencies between its alternatives. We introduce conditional hondeterminism
which is similar to short-circuit evaluation of boolean expressions in programming lan-
guages such as C.

We first introduce status flags agtbbal state function

— A status flag is always part of the agent’s (sdys) state, written asd.status.

Being part of the stated.status is affected by an agent’s actions.status might
change as the agent performs actions at different places.

— A global state functior? : p(A1%}* x O x P) — {true, false} maps a config-
uration to a boolean valuél need not be defined in terms of status flags but it is
useful to do so. For example, we can deflii@s the conjunction of the status flags
of agents in a configuratioh’:  II(X) = A\, , s A-status
We can viewlIT as producing a global status flag. From the implementation view-
point, if a configuration involves more than one agent, these agents must commu-
nicate to computé.

The semantics of conditional nondeterminism depends on some giventhe
way described above. We express this dependency oha IT by writing “:;;”. The

transition rule for “;7” is as follows:

I ’ I / n J 2
X (sY) = true) (Ba) =2 Adecloned(X) = X oy ralse] (D)
IipJ IigdJd
Y — Y ——= X3

Rule (5b) is similar to rule (3).
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Note that we can introduce variations of With different global state functions
such as 7" and “:j7.", and similarly with “”: “.5” and “-g/”. The operational se-
mantics of the operators and haw and II are used is specified as above (and so,
application-independent), but definitions ferand IT are application-specific.

Given the above rules, an itinerafya set of agentsgs(I), and home configuration
EZQS(D, establishing the COﬂC|USiQﬁ'ZgS(I) L ' (i.e. computings’) will form a
derivation tree whose root is that conclusion, whose internal nodes are derived using
the above rules and whose leaves are empty.

Algebraic Properties of Itineraries. Due to space limitations, we will not discuss the
algebraic properties of the operators in detail in this paper but state without proof the
following properties used in our examples:

— associativity. from the above definitions, sequential, parallel and both nondeter-
ministic compositions are associative, i.e. for example(.J - K) = (I - J) - K.
Note that with parallel composition, starting with the same configuralionf
I| (J | K)bringsXtoX'and(I | J) | K bringsX to X, thenX’ is
same a2, except for naming of clones (e.d.’ containsA®, AY andA'!, and
X" containsA%, A% and A'). Associativity lets us leave some brackets out in
composite expressions.

— distributivity of “ -"over*|": (I |J)- K= -K)|(J-K)

3.2 Two Examples

Meeting Scheduling. We use a two phase process for demonstration purposes: (1)
Starting from home, the meeting initiator sends an agent which goes from one partici-
pant to another with a list of nominated times. As each participant marks the times they
are not available, the list of nominated times held by the agent shortens as the agent
travels from place to place. After visiting all places in its itinerary, the agent returns
home. (2) At home, the meeting initiator selects a meeting time from the remaining
unmarked times and informs the rest.

With four participants (excluding the initiator), the mobility behaviour is given by:
Agsk . Agsk . A?sk . Agsk . A{Lm«alme . (A;)nform || Aflnform || A;‘nform || Agnform)
ask is an action which displays unmarked nominated times to a participant and allows
a participant to mark times he/she is unavailalfie.alize allows the meeting initiator
to select a meeting time from the remaining unmarked timesjafid-m presents the
selected meeting time to a participant. Note that the expression of mobility is separated
from the coding of these three actions.

Sales Order ProcessingWe consider a scenario adapted from [9] for processing sales
orders in a virtual enterprise. Each sales order is carried out by a mobile agent which
moves through several entities to process the order. We first name the entities.dcet

be a place where the agent can interact with the US stock coatfial,sc be a place

where the agent can interact with the Asian stock contralt be a place where the
agent can purchase raw materials for manufacturing the products requested in a sales
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order,man be the place where the agent can place an order for products to be manufac-
tured (i.e.,man represents the manufacturer), and be a place where the agent can
interact with an external buyer. Also, letery be an action where the agent queries a
stock controlyreport be an action where the agent reports the results of a completed
sales ordefuy_raw be the action of purchasing raw materialsy_prod be the action
of buying products for a sales order, amdler be an action of placing an order to have
some products manufactured.

The business logic for processing a sales order is as follows. The agent first receives
an order while at home. Then, one of the following takes place.

1. The agent checks with the US stock control to see if the requested products are
available. If so, the agent returns home reporting this. We can represent this be-
haviour asAduery . A7Por,

2. Otherwise, the agent checks with the Asian stock control, and if the requested prod-
ucts are available, reports this at home. This behaviour is capturetf ", . -
Arepor

3. If the Asian stock control does not have the products available, the agent purchases
raw materials for manufacturing the product and places an order for the product
with the manufacturer. Thereafter, the agent reports what it has done at home. We
write this behaviour agl®"%;"*" . Agrder . Arerort,

4. Alternatively, if the agent cannot fulfill (3) for example, the raw materials are too

expensive. The agent buys the products from an external buyer and reports this:

buy-prod Teport
Aext A

In essence, there are four ways to process a sales order and we just want to perform
one of them (each in the sense described above). We can capture the essence of the
business logic as follows:

t eport b d g t buy-prod eport
(Aquery Arepm ) ‘ (Aquuq Arepm ) ‘ (A";m/ -raw A;” er A;yepor ) | (Ae:i/ pro _A;epm )

us-sc asia-sc nan

query query buy-raw order buy-prod report
= (ALY NG ke AR - AL ) T AL - AYS

(by distribution of- over|)

However, the above itinerary does not model the fact that the four ways of processing
a sales order are tried sequentially and the next way is used only when one way has
“failed” (e.g., if the product is not in stock, then get it manufactured).

Using conditional nondeterminism, the sales order agent’s behaviour is:
(ALY cr ALY o (Apdi™™ - Ay e ALY - AP
This more precisely models the business Ioglc The operator is non-deterministic in the
sense that the resulting configuration of an operafiopy J is either decided by (5a)
or (5b). However, the decision of which rule dependdbri-or example, assuming we
use the definition of7 in §3.1 which is in terms of status flags, if no stock is available
at us_sc, then, A.status would be set to false. Note that it is left to actionsfto

properly setA.status to reflect the intended purpose of the application.

4 Regular ltineraries

So far, the place in A7 is assumed to be a constant. This section replaeéth com-
puted destinations and introduces iterative behaviour produced by repeatedly applying
the same computation to an agent’s current location.
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Placement Operation. Given a sefP of place symbols, we define a partial function
o : P — P which maps a place to another which we cafilacement operatiar-or
some places; is undefined, i.e. returng, and always(L) = L. In place of a place
constant, we can write a placement operation.

A¢ denotes “move agent to the place obtained by applyingo A's current posi-
tion™:

_ [lo(p) # L] 1'a)
X 2% (Z\{(A,b,p)}) U{(A, a,0(p)}

In casen(p) = L, we defined® as the empty itinerarg, i.e. the agen# does nothing
and stays at its current position:

_ [o(p) = 1] (1'b)
220 (2\ {(A,b,p))) U{(A,id,p)}

We consider A.here denoting agentA’s current location as part of the
agent's state likeA.status. This permits the agent to record its own location
for its own use in its actions. For example, given the current configuration
{(A,d,s), (Al e t),(B,b,q),(C,c,r)}, Ahere = s, AL.here = t, B.here = q,
C.here = r. Note that the value ofl.here for any agentd might be changed by
itineraries involving4 but always has the initial value af

We do not specify how computes its value which is application-specific, but note
that evaluation ob occurs at the agent’s current location. Placement operations are
intended for capturing the idea that the agent’s destination could be dynamically com-
puted at run-time rather than declared statically as in the previous section.

Itineraries involving mix of place symbols and placement operations is admitted,
such asAy, - A3, which moves agent to p and then to(p).

We also define operators to allow placement operations to be combined. The opera-
tors are similar to those in regular expressions as we show below.

Placement Language.Let PO C (P — P) be a set of placement operations. We
define aplacement languagépo representing combinations of placement operations
in PO as follows. The members of a placement language are aafjedar itineraries
Letly,l; € Lpo- ThenPO C Lpo, i.e. Lpo contains all placement operations in
PO, (ll H ZQ) € Lpo, (ll . ZQ) € Lpo, (ll ‘ 12) € Lpo, (ll : 12) € Lpo, 1" € Lpo,
lix € Lpo, and no other strings are itpo.
The semantics of the above operators for placement operations are induced by that
for the operators for itineraries. Also, we always apply the regular itineraridsionre.

Letly,l; € Lpo, A € A,a € O.Then A7, = A} || AL, A}, ,, = A}, - AL,
A?lllQ = AZ ‘ A?Q’ A711l2 = A;ll : Aélz’ andAEll71 - Azll ot ll'
N—_——

n times

Also, let f(x) be n repeated applications of functiofion = (e.g., f3(z) =
(f-f-£)(@) = f(f(f(x))), where “" is function composition)] € Lpo be some se-
guential composition of placement operations (i.es, 01 - 03 - ... 0k, Wherek € Z*
ando; € PO for1 < i < k), andrew(l) be a rewriting of in reverse by replacing™
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with “.” (e.g.rew(o1 - 02 - 03) = 03.02.01). Then, we definedj, asAy, = A7,
——

n times
wheren is the smallest integer such thatw(l)**Y(z) = L, andz is the cur-
rent location ofA just before the start of the operatiotf,. For example, if the cur-
rent location ofA is p, | = 01 - 02, 02(01(p)) # L, 02(01(02(01(p)))) # L and
02(01(02(01(02(01(p)))))) = L, thenrew(l) = 0s.01, and(o2.01)3(p) = L, and so,
Al = A?ol-02)~<ol~02)- If there is no such, we definedy, = 0. In addition, we define
Af. = 0 for [ not a sequential composition of placement operations since expressions
like (01 || 02)(p) are not defined as functions overthough we have lifted sequential
composition to function composition usimgw. We can think of™ and/x as iterators

over the places obtained from repeatedly applying

An Example: Network Modelling. In[14], mobile agents are applied to network mod-
elling, where the agent visits a collection of nodes identifying those nodes satisfying
some criteria (e.g., host with CPU utilization 90% and has less than 1GB of disk
space). The agent which is injected into the network carries a pre-configured itinerary
describing a traversal of a collection of nodes.

LetP be the collection of nodes (places§xt : P — P be the placement operation
which given a node returns the next node in the traver$abe the agent, antkst
be the action performed by the agent on a node to determine if the node satisfies a
specified criteria. Nodes passing the test are recorded by the agent. The lagi,pode
in the traversal is modelled byext(p;.st) = L. We send the agent home after it has
completed its traversal which reports its results via the operatiport. The agent’s
itinerary is represented by: A%t - ATPOTY

We can extend the above itinerary so that the agent traverses three different domains,
each domain a collection of nodes, and two adjacent domains connected by a gateway
node. LefP, Q, R be the collection of nodes (places) in each domaintp : P — P,
nextq : Q — Q, nextr : R — R be placement operations for each respective
domain,pq be the gateway node between domdhand() andgr be the gateway node
between domain® and R, andsec be an action where the agent requests permission
to cross into another domain. Then, the agent’s extended itinerary is as follows:

test sec test sec test report
Anextp* : qu : Aneth* ! Aqr : AnextR* : Ah

5 Related Work

In many Java mobile agent toolkits such as IBM Aglets [7], a sequential itinerary can
be defined as a separate object, where each element of the itinerary is a pair: (place
address, method call). Such itineraries can be defined using"ampeérator.

Emerging work attempts to provide further aid for programming more complex
agent itineraries. For example, IMTs mentionegllirenable agent itineraries or plans
to be composed where the plans may involve parallelism, cloning and combining of
clones. We contend that our itineraries provide greater economy of expression for repre-
senting mobility behaviour. Moreover, although we have adopted an object-based agent
model, our itineraries are programming language independent - actions could have been
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written in C, say. However, JMT would provide a convenient platform for implementing
our itineraries with Java.

The coordination patterns for information agents described in [13] have more de-
tails about how they are to be used but are presented less formally than our itineraries.
Finite state machines (FSMs) are used to represent agent itineraries in [6]. Each state of
the machine represents a task which is either some computation at a place or a move-
ment to another place. Sequential and nondeterministic dependencies between tasks
are expressed conveniently with FSMs. In [2], interaction diagrams are used to repre-
sent agent mobility behaviour, vertical lines represent places and arrows between these
lines represent movements of agents between places. Such a visual notation is highly
appealing for non-programmers. In the PLANGENT mobile agent system [8], plans
are dynamically created from rules expressed in the declarative KIF language. Their
advantage is dynamic planning but the plans are sequences of tasks: parallelism is not
expressed. In contrast to these techniques, we give a formal and compositional approach
to itineraries.

The Pict language [11] derived from the Pi-Calculus and the Join-Calculus lan-
guage [3] derived from a variant of the Pi-Calculus both contain a parallel composition
operator for concurrently executing processes. However, Pict does not have the concept
of agent places - where processes execute is not explicit. Join-Calculus has the concept
of addressable locations corresponding to agent places. The locations are themselves
mobile and have embedded code, and so, locations also correspond to mobile agents.
However, an individual agent view of mobility is employed: a location’s code con-
tains a primitivego(address)  which moves the location itself to another location at
address . In contrast, our itineraries take a top-level (“God-view”) of mobile agents
where mobility is expressed outside of the agent’s actions. Moreover, Join-Calculus
does not have implicit cloning.

The ambient calculus [1] focuses on movements across administrative domains and
boundaries. An ambient is a named location which may contain processes or subambi-
ents. Ambient’s capabilities are moving inside or outside other ambients, and removing
the boundary of an ambient exposing its contents. There are operators for replicating
and parallel composition of processes and ambients. In contrast to the ambient calculus,
our algebrafocuses on itineraries of movements. We have assumed a flat space of places
(modelled simply as a s@&). We could explore a more structured space of places by
modellingP as an ambient with subambients.

6 Conclusion

We have presented an algebra of itineraries for programming the mobility aspect of
agents, and illustrated our operators via examples in three scenarios: meeting schedul-
ing, sales order processing and network modelling. We are exploring templates for
itinerary reuse, and extensions to atomic movement (giveé)n(1) When an agent
moves fromp to ¢, it goes fromp to a mediator place and then ta;. The advantage

of this is greater fault tolerance and allowance for mobile places: the agent can wait at
s for ¢ to reconnect ta. Similarly, we can also model domain crossings if the media-

tor place is a gateway. (2) Optimise bandwidth usage by first moving the agent’s state
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over to the destination, and then, only transfer the code if the agent’s code for actions
is not already available at the destination. If places run on small devices such as PDAs,
a further optimization is not to send the entire agent’s code but only code required for
the specified action. (3) Generalize our place-level units to domain level units each con-
sisting of an agent group - a collection of mobile agents perhaps with a leader agent,
a domain - an Intranet consisting of a network of places, and a domain action - not a
method call but refers to the agent group’s action in the domain. For instance, in the
following expression, an agent grogpmoves sequentially through domaiRs@), and

R collecting the information from each domain: G-+t - G-l - Gogt-eil,
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Abstract. We investigate ORgX, a temporal logic for specifying open
systems. Path properties in ORgX are expressed using w-regular expres-
sions, while similar logics for open systems, such as ATL* of Alur et al.,
use LTL for this purpose. Our results indicate that this distinction is an
important one. In particular, we show that ORgX has a more efficient
model-checking procedure than ATL*, even though it is strictly more
expressive. To this end, we present a single-exponential model-checking
algorithm for ORgX; the model-checking problem for ATL* in contrast
is provably double-exponential.

1 Introduction

Reactive systems are computing systems where the computation consists of an
ongoing interaction between components. This is in contrast to functional sys-
tems whose main aim is to compute sets of output values from sets of input
values. Typical examples of reactive systems include schedulers, resource alloca-
tors, and process controllers.

Pnueli [Pnuu76] proposed the use of linear-time temporal logic (LTL) to spec-
ify properties of reactive systems. A system satisfies an LTL specification if
all computations of the system are models of the formula. Later, branching-
time temporal logics such as CTL and CTL* [CE81, [EH86] were developed,
which permit explicit quantification over computations of a system. For both
linear-time and branching-time logics, the model checking problem—verifying
whether a given system satisfies a correctness property specified as a tempo-
ral logic formula—has been well studied. Model checkers such as SPIN for LTL
[Hol97] and SMV for CTL [McM93] are gaining acceptance as debugging tools
for industrial design of reactive systems.

Alur et al. [AHK97] have argued that linear-time and branching-time tempo-
ral logics may not accurately capture the spirit of reactive systems. These logics
treat the entire system as a closed unit. When specifying properties of reactive
systems, however, it is more natural to describe how different parts of the system
behave when placed in contezts. In other words, one needs to specify properties
of open systems that interact with environments that cannot be controlled.

* Partly supported by IFCPAR Project 1502-1.

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 227-238] 1999.
© Springer-Verlag Berlin Heidelberg 1999
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A fruitful way of modelling open systems is to regard the interaction between
the system and its environment as a game. The system’s goal is to move in such a
way that no matter what the environment does, the resulting computation satis-
fies some desired property. In this formulation, the verification problem reduces
to checking whether the system has a winning strategy for such a game.

The alternating temporal logic ATL* proposed in [AHK97| reflects the game-
theoretic formulation of open systems. In ATL*, the property to be satisfied in
each run of the system is described using an LTL formula, and LTL formulas
may be nested within game quantifiers. The quantifiers describe the existence
of winning strategies for the system. Moreover, a restricted version of ATL*
called ATL has an efficient model-checking algorithm. However, the model-
checking problem for the considerably more expressive logic ATL* is shown
to be 2EXPTIME-complete which compares unfavourably with the PSPACE-
completeness of CTL*.

In this paper, we propose a logic for open systems called ORgX, which is inter-
preted over X-labelled transition systems and uses w-regular expressions rather
than LTL formulas to specify properties along individual runs. As in ATL*,
w-regular expressions may be nested within game quantifiers. Since w-regular
expressions are more expressive than temporal logics for specifying properties of
infinite sequences, our logic is more expressive than ATL*. Moreover, it turns
out that ORgX has an exponential-time model checking algorithm, which is con-
siderably better than the complexity of ATL*.

The paper is organized as follows. Section [2 contains some basic definitions
about transition systems and games. Section Blintroduces the syntax and seman-
tics of ORgX and gives some examples of how to write temporal specifications
in the logic. Section M describes an automata-theoretic algorithm for ORpX’s
model-checking problem. Section [l discusses related work and Section [l offers
our concluding remarks.

2 Transition Systems, Games, Strategies

Transition systems A Y'-labelled transition system is a tuple T'S = (X, X, —)
where X is a finite set of states, X' is a finite alphabet of actions and — C
X x 2 x X is the transition relation. We use x,y, . .. to denote states and a, b, . ..
to denote actions.

An element (z,a,y) € — is called an a-transition. For S C X, the set of
S-transitions is given by —g = {(z,a,y) | a € S}. As usual, we write z — y to
denote that (z,a,y) € —. The set of transitions enabled at a state x, denoted
enabled(x), is the set of transitions of the form 2 —* y that originate at 2. To
simplify the presentation, we assume that there are no deadlocked states—that
is, for each z € X, enabled(z) # 0.

A path in T'S is a sequence zg —5 &7 —2 -+ &; —3 @41 - - -. Let paths(T'S)
and finite_paths(T'S) denote the set of infinite and finite paths in T'S, respectively.
For a finite path p, let last(p) denote the final state of p.
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Games and strategies Let S C Y. An S-strategy is a function f from
finite_paths(T'S) to the set of S-transitions —g such that for each
p € finite_paths(T'S), f(p) C enabled(last(p)). If — g N enabled(last(p)) # 0, we
require that f(p) # 0.

An infinite path p = zg =5 21 2 -2, — -+ in paths(T'S) is said to
be consistent with the S-strategy f if for each n > 1 the transition x,_; — x,
belongs to the set f(zo oL Zp—1) whenever a,, € S.

A game over T'S is a pair (I1,x) where I is a subset of paths(T'S) and z is a
state in X. We say that S has a winning strategy for the game (1T, x) if there is
an S-strategy f such that every infinite path that begins at = and is consistent
with f belongs to II.

Often, we are interested in restricting our attention to fair computations. An
infinite path p € paths(TS) is said to be weakly S-fair if there are infinitely
many states along p where no S-transition is enabled or if there are infinitely
many S-transitions in p. The path is said to be strongly S-fair if there are only
finitely many positions where an S-transition is enabled or if there are infinitely
many S-transitions in p.

We can relativize our notion of winning strategies to fair paths in the obvious
way—S has a weakly (strongly) fair winning strategy for (I7,x) if there is an
S-strategy f such that every weakly (strongly) S-fair path that begins at x and
is consistent with f belongs to II.

3 The Logic

3.1 Syntax

Fix an alphabet X' and a set of propositions Prop. We simultaneously define the
sets FPE of finite path expressions, PE of (infinite) path expressions, and @ of
state formulas as follows. We use e to denote a typical element of FPE, a to
denote a typical element of PE, and ¢ to denote a typical element of ®.

ex=pedlac|e-eletel|e
az=e-e’|a+a
pu=tt|PeProp|-p|pVe|Esa, (SCX)|[Asa, (SCX)

Observe that finite path expressions are just regular expressions whose al-
phabet may include state formulas. Similarly, path expressions are traditional
w-regular expressions [Tho90] built from finite path expressions. For state for-
mulas, we can use — and V to derive the usual Boolean connectives such as A
and =. Finally, note that the wifs of ORgX are just the state formulas.

3.2 Semantics

OrgX formulas are interpreted over X-labelled transitions systems equipped
with valuations. Let T'S = (X, X, —) be a X-labelled transition system. A
valuation v : X — 2F7°P specifies which propositions are true in each state.
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We interpret finite path expressions over finite paths in T'S, path expres-
sions over infinite paths in 7'S, and state formulas at states of T'S. If p €
finite_paths(T'S) and e € FPE, we write T'S,p &= e to denote that e is satis-
fied along p. Similarly, for p € paths(T'S) and o € PE, T'S, p = « denotes « is
satisfied along p. Finally, for x € X and ¢ € ¢, TS,z = ¢ denotes that ¢ is
satisfied at the state x.

We define concatenation of paths in the usual way. Let p = zo —— - -- ~% x,,

’ ’

and p’ = x| it IOLN x;, be paths such that x, = z{. The path p-p’ is the
path zg 25 - 2% 2, 25 ... 27 2/ The concatenation of a finite path p

with an infinite path p is defined similarly.
The three forms of the satisfaction relation = are defined through simulta-
neous induction as follows.

Finite path expressions
TS,plE @ iff p=u1x9 and T'S, 20 | .
TS,pEa iff p =29 = 2, and a; = a.
TS,pEer-ex iff p=pi-p2, T'S,p1 = e1 and T'S,p2 = €2
TS,plEei1+e it TS,;pE=e;or TS pkes
TS,ple* iff p= a0 or
p=p1-p2--pmand forie {1,2,....m}, TS,p; Ee
Path expressions
TS,pl=er-ey iff there is a prefix pg - p1 - p2 - - - of p such that
TS, poEer and fori e {1,2,...}, TS, p; = e
TS, pEa1+a iff TS, pE a1 or TS, p E as

We can associate with each path expression « a set II, of infinite paths in
TS in the obvious way—II, = {p € paths(TS) | TS, p E a}. We let I1-, denote
the set paths(T'S) \ .

State formulas

TSz | tt always.
TS,z = PePropiff P € v(x).
TS,z = ¢ iff TS,z b~ .

TS,xE iV TS,z p;or TS zE v
TS,z = Esa iff S has a winning strategy for the game (I1,, ).
TS,z | Asa iff S does not have a winning strategy for the game (IT-,, ).

It is useful to think of Ega as asserting that S has a strategy to enforce a along
every path. Conversely, Aga asserts that S does not have a strategy to avoid o
along every path—in other words, no matter what strategy S chooses, there is
at least one path consistent with the strategy along which « holds.

In the absence of fairness constraints, the games we have described are deter-
mined and Eg¢p is logically equivalent to Axyg¢. In other words, we can derive
one quantifier from the other. However, once we introduce fairness constraints,
the games are no longer determined, in general, and the two quantifiers need to
be introduced independently, as we have done here. However, even with fairness
constraints, Eg¢ implies Ax\ g¢.
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3.3 Examples

Let e be a finite path expression. We shall use the following abbreviations for
convenience.

— The formula Ege (respectively, Age) abbreviates the formula Egett“ (re-
spectively, Agett”). Every path in IT.y+ has a finite prefix that satisfies the
property e.

— The formula Ege® (respectively, Age“) abbreviates the formula Fstte® (re-
spectively, Agtte).

The operators E and A of logics like CTL* are just abbreviations for Ex and
Ey, respectively. Using these branching-time operators, we can specify some tra-
ditional temporal properties as follows. Let the set of actions be {a1, az, ..., am}.
In the examples, X abbreviates the finite path expression (a1 + az + -+ + am).

— The LTL formula ¢Uv (¢ holds until ¢ holds) is captured by the path
expression (pX)* - 1. Thus, the state formula A(pX)* - ¢ asserts that U
is true of every computation path.

— In LTL, the formula ¢¢ (¢ holds eventually) can be written as ttlfy.
The corresponding path expression is (ttX)* - ¢, which we shall denote
Eventually(p).

— Let Invariant(p) denote the path expression (pX)“. The expression
Invariant(p) asserts that the state formula ¢ is invariant along the path, cor-
responding to the LTL formula Og. Thus, the state formula A Invariant(p)
says that along all paths ¢ always holds.

— The formula A((E(X* - ¢) - X)*) asserts that along every path ¢ is always
attainable (Branching Liveness). This property has been used in the verifi-
cation of the Futurebus protocol |[CGHT95).

We can also assert properties that are not expressible in CTL* (or ATL*).
For instance, A(Xa)“ asserts that along all paths, every even position is an a.

Now, let us see how to use ORgX to describe properties of a typical open sys-
tem. Figure[l shows a variant of the train gate controller described in [AHKY97].
In this system, the atomic propositions are{in_gate, out_of_gate, waiting, admitted}.
In the figure, the labels on the states indicate the valuation. The actions can be
partitioned into two sets, train and ctr, corresponding to two components of the
system, the train and the controller. The set ¢rain is given by
{idle, request, relinquish, enter, leave} while ctr is given by {grant, reject, eject}.

Here are some properties that one might like to assert about this system.

— If the train is outside the gate and has not yet been granted permission to
enter the gate, the controller can prevent it from entering the gate:

A Invariant((out_of_gate A —admitted) = E .¢-Invariant(out_of_gate))
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Fig. 1. A train gate controller

If the train is outside the gate, the controller cannot force it to enter the
gate:
A Invariant(out_of_gate = A ¢-Invariant(—in_gate))

This property can also expressed by the dual assertion that the train can
choose to remain out of the gate.

A Invariant(out_of_gate = Ey,.,;,, Invariant(—in_gate))

If the train is outside the gate, the train and the controller can cooperate so
that the train enters the gate:

A Invariant(out_of_gate = E Fventually(in_gate))

If the train is in the gate, the controller can ensure that it eventually leaves
the gate.

A Invariant(in_gate = E.;.Eventually(out_of_gate))

Notice that this property is not satisfied by the system unless fairness is
introduced—after entering the gate, the train may execute the action idle
forever. However, since eject is continuously enabled at this state, even weak
fairness suffices to ensure that the controller can eventually force the train
to leave the gate.

Actually, it is unrealistic to assume that the controller can eject the train
once it is in the gate. If we eliminate the transition labelled eject, we can
make the following assertion which guarantees that as long as the train does
not idle continuously, it eventually leaves the gate.

A Invariant(in_gate = (—(idle)* = Eventually(out_of_gate))

To state this property, we need to integrate assertions about actions and
states in the formula. This formula cannot be conveniently expressed in
ATL*, where formulas can only refer to properties of states.



Faster Model Checking for Open Systems 233

4 The Model-Checking Algorithm

We now describe an automata-theoretic model checking algorithm for ORgX
formulas. As we remarked earlier, path expressions can be regarded as w-regular
expressions over the infinite alphabet consisting of the finite set of actions X
together with the set of all state formulas. However, if we fix a finite set of state
formulas ¥, we can regard each path expression which does not refer to state
formulas outside ¥ as an w-regular expression over the finite alphabet X UW¥. We
can associate with each such path expression « a language L(«) of infinite words
over X UV using the standard interpretation of w-regular expressions [Tho90].
Unfortunately, this naive translation does not accurately reflect the meaning
of path expressions: L(«), the complement of L(«), may contain sequences that
are models of «. For instance, if L(a) contains ap;p2b* but does not contain
apap1 b, the second path will be present in L(«) though it models cv. We require
more structure in the infinite sequences we associate with path expressions to
faithfully translate logical connectives into automata-theoretic operations.

We begin by defining an alternative model for finite path expressions and
path expressions in terms of sequences over an extended alphabet. Let ¥ be
a finite set of state formulas. A W-decorated sequence over X is a sequence in
which subsets of ¥ alternate with elements of Y. More precisely, a ¥-decorated
sequence over X is an element of (2% - X)*(2¥) U (2% - X)«. We use s to denote
a finite ¥-decorated sequence and o to denote an arbitrary (finite or infinite)
¥-decorated sequence. A finite ¥-decorated sequence s can be concatenated with
a W-decorated sequence o if the last element of s is identical to the first element
of 0. The concatenation is obtained by deleting the last element of s.

We denote the set of finite path expressions and path expressions that do
not refer to any state formulas outside ¥ as FPEy and PEy, respectively. We
can interpret expressions from FPFEy and PEy over W-decorated sequences. The
satisfaction relation is defined as follows:

sk iff s =Xy and ¢ € Xy

S ): a iff s = XoaX1

skEel-ex iff s=51-52, 81 F e and s e

skEe1+e iff skEe;orskEes

skEe* iff s=Xgors=s1-59---5,

and fori € {1,2,...,n},s; Fe
o er-ey iff there is a prefix sg - s1 - s2- -+ of o such that
so =er and fori € {1,2,...}, s; = e
cEat+aiff o Fa oro = as

Let TS = (X, X, —) be a X-labelled transition system and v : X — Prop be
a valuation over T'S. For each path p = 2o — ;... in T'S, the corresponding
W-decorated sequence o, is Xoa1 X1 ... where X; = {¢ | ¢ € ¥ and T'S, z; = ¢}.
Then, for any path expression o € PEg, T'S, p |= « if and only if 0, = a.

There is a natural connection between the language L(«) defined by o € PEy
and the semantics of « in terms of ¥-decorated sequences. To formalize this, we
need to define when a W-decorated sequence embeds a sequence over X U V.
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Embedding Let w = wows ... be an infinite word over X UW¥ and o = 0¢go7 ...
be a ¥-decorated sequence. Observe that o; C ¥ if ¢ is even and o; € X if ¢
is odd. We say that o embeds w if there is a monotone function f : Ny — Ny
mapping positions of w into positions of o such that:

(i) If ¢ is in the range of f, j < ¢ and j is odd, then j is in the range of f.
(ii) If w; € X then w; = Of(i)-
(iii) If w; € ¥ then w; € O f(i)-

We can then establish the following connection between L(«) and the set of
¥-decorated sequences that model a.

Lemma 4.1. A WU-decorated sequence o models a path expression o € PEy if
and only if o embeds at least one of the sequences in the language L(a) over the
alphabet X U W,

Let || denote the number of symbols in a path expression a.. From the theory
of w-regular languages [Tho90], we know that for each path expression « € PEy,
we can construct a nondeterministic Biichi automaton A, over X U¥ whose size
is polynomial in |«| and whose language is precisely L(«).

Using our notion of embedding, we can associate with each Biichi automaton
A over ¥ U¥ an extended language LT (A) of ¥-decorated sequences as follows:

LY (A) = {0 | Jw € L(A) : o embeds w}

Lemma 4.2. For any Biichi automaton A over XUW¥, we can construct a Biichi
automaton At over X U 2% such that At reads elements from X and 2% alter-
nately, LT(A) = L(A") and the number of states of A" is polynomial in the
number of states of A.

Proof Sketch: Let A = (Q,0,qo, F) be a given nondeterministic Biichi au-

tomaton over X' UW. For states p,q € @ and U C ¥, we write p 4 q if there is a
sequence of transitions from p ending in ¢ whose labels are drawn from the set

U. We write p L4 r ¢ to indicate that there is a sequence of transitions from p to
q that passes through a state from F', all of whose labels are drawn from the set

U. We write p 4 4 if there is an accepting run starting at p, all of whose labels
are drawn from the set U.
The automaton AT = (QT, X U 2% 6%, FT, qo) where:

Q+ = (Q X {0,1,2})U{Qf,pf}

Ft = (Qx{2})U{ps}

ot ((p,0),U,(g,1)) Ip%q}u{((p,ﬂ),U, (@:2) | p=F q}U
((p,0),U,q5) | p 2 a}U

((p,1),a

((p,0),U

(

(
(p,1),a,(g,0)),((p,2),a,(g,0)) | (p,a,q) € 6}U
(p, (0, 1)) | peQ@, UCW}U{(QL“P}”)‘“EZ}U

{
{
{
{
{pf,U, )‘UCQ/}
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The construction allows us to convert a path expression a € PEy into an
automaton A} over X U 2¥ whose state space is polynomial in |a|. Notice that
the alphabet, and hence the number of transitions, of AL is exponential in |a|.

The lemma assures us that if we complement A}, we obtain an automaton
that accepts precisely those W-decorated sequences that do not model a. As
we remarked earlier, this is not true of the original automaton A,: L(a) may
contain sequences that can be embedded into ¥-decorated sequences that model
a. In a sense, L1 (A) can be thought of as the semantic closure of L(A).

Lemma 4.3 ([Saif88] [EJIR9]). A Biichi automaton A can be effectively deter-
minized (complemented) to get a deterministic Rabin automaton whose size is
exponential in the number of states of A and linear in the number of transitions
of A and whose set of accepting pairs is linear in the number of states of A. This
automaton can be constructed in time exponential in the number of states of A
and polynomial in the number of transitions of A.

Lemma [£4] follows from the previous two lemmas.

Lemma 4.4. From a path expression o € PEy, we can construct a deterministic
Rabin automaton A% (715) that accepts exactly those W-decorated paths that do
(do not) model o. The number of states of AZ (Zf) is exponential in |a| and

the number of accepting pairs of AR (A, ) is polynomial in |a|.

Theorem 4.5. Given a transition system TS, a state x in TS and an ORpX
formula @, the model checking problem T'S, x ):? @ can be solved in time O((mk)¥),
where m is given by 20(¢]) . |T'S| and k is a polynomial in |p|.

Proof Sketch: We use the bottom-up labelling algorithm of CTL* and ATL*.
The only interesting case is when the formula ¢ to be checked is of the form
Esa (or Aga). Each S-strategy f at a state 2 can be represented as a tree
by unfolding T'S starting at x, retaining all X'\ S edges in the unfolding, but
discarding all S-transitions that are not chosen by the strategy. Conversely, if
we unfold 7'S at x and prune S-transitions while ensuring that at least one S-
transition is retained at each state y where enabled(y) N —g # (0, we obtain
a representation of some S-strategy at x.

Let ¥ be the set of state formulas that appear in . We may assume that
each state of the transition system 7'S is labelled with the formulas from ¥ that
hold at that state. In the trees that we use to represent strategies, each state is
labelled by the same subset of formulas as the corresponding state in T'S.

The trees that represent strategies carry labels on both the states and the
edges. We can convert these to state-labelled trees by moving the label on each
edge to the destination state of the edge.

Given a transition system TS, we can construct a Biichi tree automaton 77g
that accepts precisely those trees labeled by X U 2% that arise from strategies,
as described in [KV96]. The size of Trg is linear in the size of T'S.

An S-strategy f is a witness for TS,z = Fga if and only if every infinite
path in the tree corresponding to f models a. Equivalently, every infinite path
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in this tree, when treated as a sequence over X U 2Y, is accepted by the Rabin
automaton AL constructed from A} as described in Lemma E4] Since AZ is
deterministic, we can convert it into a Rabin tree automaton 7, that runs A%X
along all paths and accepts exactly those trees in which all infinite paths model
a. The automaton 7, has the same size as AZ—that is, the number of states is
exponential in |a| and the number of accepting pairs is polynomial in |«].

Finally, we construct the product of 7rg and 7, to obtain a tree automaton
that accepts a tree if and only if it corresponds to a strategy f such that all
infinite paths in T'S consistent with f satisfy a. We can then use the algorithm
of Emerson and Jutla [EJ88] to check whether this product automaton accepts a
nonempty set of trees. The Emerson-Jutla algorithm solves the emptiness prob-
lem for a tree automaton with i states and j accepting pairs in time O((ij)37).
From this, we can derive that the emptiness of the product tree automaton
we have constructed can be checked in time O((mk)*), where m is given by
g0(al). |T'S| while k is a polynomial in |a.

The case Aga is similar to Ega with one modification—use the construction
due to Emerson and Jutla [EJ89] instead of Safra’s construction to obtain a

deterministic Rabin automaton .715 that accepts exactly those sequences over
X U 2Y that do not model a.

In the constructions above, we have not taken into account the case when
we are interested only in (weakly or strongly) S-fair computations. Fairness
constraints can be handled by adding a simple Rabin condition to the automaton
Trs that accepts all trees corresponding to S-strategies. This extra structure
does not materially affect the overall complexity of the procedure.

O

5 Related Work

In [AHKO97], the logic ATL* is interpreted over two kinds of transition systems:
synchronous structures and asynchronous structures. In each case, the notion of
agent plays a prominent role in the definition. In a synchronous structure, each
state is associated with a unique agent. An important subclass of synchronous
structures is the one with two agents, one representing the system and the other
the environment. Such systems have been studied by Ramadge and Wonham
[RW89] in the context of designing controllers for discrete-event systems.

In an asynchronous structure, each transition is associated with an agent.
A synchronous structure can be thought of as a special kind of asynchronous
structure where all transitions out of a state are associated with a single agent.
Our Y-labelled transition systems correspond to asynchronous structures, where
the set of agents corresponds to the alphabet X.

The notion of strategy described in [AHK97] is slightly different from the one
we use here. In their framework, each agent has a strategy and an S-strategy
at a state allows any move permitted by all the individual strategies of the
agents in S. Our definition of global strategy is more generous. We believe that
decompositions of strategies where each agent has a view of the global state
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do not arise naturally and have therefore chosen not to incorporate this into
our logic. Nevertheless, we can easily simulate the framework of [AHK97] in our
setup without changing in the complexity of the construction.

In the Introduction, we mentioned that ORgX subsumes ATL* in expressive
power since w-regular expressions are more powerful than LTL. We also note
that in the context of open systems, it is natural to refer to properties of both
states and actions in a transition system. If we use LTL to express properties of
paths, as is the case with ATL*, we have to encode actions in the states of the
system since LTL can only talk about properties of states. On the other hand
ORgX provides a seamless way of interleaving assertions about actions and states
along a path. This makes for more natural models of open systems—for instance,
compare our example of the train gate controller with explicit action labels with
the version in [AHK97] where the action labels are encoded as propositions.

There has been earlier work on game logics that mention actions. In [Par83],
Parikh defines a propositional logic of games that extends propositional dynamic
logics [Har84]. The logic studied in [Par83| is shown to be decidable. A complete
axiomatization is provided, but the model-checking problem is not studied.

6 Conclusions

As Theorem 5] indicates, the model-checking complexity of ORpX is at least
one exponential better than that of ATL*, though ORgX subsumes ATL* in
expressive power. If we restrict the quantifiers of ORgX to the normal branching-
time interpretation A and F, we obtain a system called BRgX that corresponds
to the branching-time logic ECTL*. The model-checking algorithm for BRgX is
exponential, which is comparable to the complexity of model-checking CTL*.

Why does going from CTL* to ATL* add an exponential to the complexity of
model-checking, unlike the transition from BRgX to ORgx? The construction in
[VW86] can be used to build nondeterministic Biichi automata for LTL formulas
o and -« with exponential blow-up. Thus the complexity of model-checking
CTL* stays exponential. When we translate BRgX path formulas into automata
we only incur a polynomial blowup in size, but we may have to complement the
automaton for « to get an automaton for —«. Complementation is, in general,
exponential and, consequently, model-checking for BRgX is also exponential.

When going from CTL* to ATL*, we need to determinize the Biichi automa-
ton constructed from the LTL formula « so that we can interpret the automaton
over trees. This blows up the automaton by another exponential, resulting in
a model-checking algorithm that is doubly exponential in the size of the input
formula. In ORgX the automaton we construct for path formulas is already
determinized, so we avoid the second exponential blow-up.

Finally, we note that if we restrict our syntax to only permit the existential
path quantifier Fa, we can model-check BRgX in polynomial time — essentially,
it suffices to construct a nondeterministic automaton for . On the other hand,
the model-checking problem for ORgX remains exponential even with this re-
striction because we have to determinize the automaton for a. Since w-regular
languages are closed under complementation, we can reduce any formula in BRgX
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or OREX to one with just existential path quantifiers. However, in the process, we
have to complement w-regular expressions. Since this is, in general, an exponen-
tial operation, the cost of this translation is exponential (perhaps nonelementary,
since nested negations introduce nested exponentials). Thus, the full language
that we have presented here permits more succinct specifications and more effi-
cient verification than the reduced language with just existential quantifiers.
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Abstract. Inheritance is a characteristic reasoning mechanism in sys-
tems with taxonomic information. In rule-based deductive systems with
inclusion polymorphism, inheritance can be captured in a natural way by
means of typed substitution. However, with method overriding and mul-
tiple inheritance, it is well-known that inheritance is nonmonotonic and
the semantics of inheritance becomes problematical. We present a gen-
eral framework, based on Dung’s abstract theory of argumentation, for
developing a natural semantics for declarative programs with dynamic
defeasible inheritance. We investigate the relationship between the pre-
sented semantics and Dobbie and Topor’s perfect model (with overriding)
semantics, and show that for inheritance-stratified programs, the two se-
mantics coincide. The proposed semantics, nevertheless, still provides the
correct skeptical meanings for non-inheritance-stratified programs, while
the perfect model semantics fails to yield sensible meanings for them.

1 Introduction

One of the most salient features associated with generalization taxonomy is
inheritance. In logic-based deduction systems which support inclusion polymor-
phism (or subtyping), inheritance can be captured in an intuitive way by means
of typed substitutions. To illustrate this, suppose that tom is an individual of
type student. Then, given a program clause:

C1: X:student[residence — east-dorm] +«—  X[lives-in — rangsit-campus],
X[sex — male],

which is intended to state that for any student X, if X lives in rangsit-campus and
X is male, then X’s residence place is east-dorm; one can obtain by the application
of the typed substitution {X:student/tom} to C'1 the ground clause:

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 23942501 1999.
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G1: tomlresidence — east-dorm]  « tom]lives-in — rangsit-campus],
tom[sex — male].

The clause C1 can naturally be considered as a conditional definition of the
method residence associated with the type (classﬁ) student and the clause G1 as
a definition of the same method for tom inherited from the type student.
However, when a method is supposed to return a unique value for an ob-
ject, definitions of a method inherited from different types, tend to conflict. For
example, suppose that tom is also an individual of type employee and a clause:

C2: X:employee[residence — west-flats] «  X]lives-in — rangsit-campus],
X[marital-status — married],

defining the method residence for an employee is also given. Then, the definition
of residence for tom obtained from C?2, i.e.,

G2 : tomresidence — west-flats] <« tom][lives-in — rangsit-campus],
tom|[marital-status — married)],

conflicts with the previously inherited definition G1 when they are both ap-
plicable. In the presence of such conflicting definitions, the usual semantics of
definite programs, e.g., the minimal model semantics, does not provide satis-
factory meanings for programs; for example, if a program has both G1 and G2
above as its ground instances, then, whenever its minimal model entails each
atom in the antecedents of G1 and G2, it will entail the conflicting information
that tom’s residence place is east-dorm and is west-flats.

In order to provide appropriate meanings for programs with such conflicting
inherited definitions, a different semantics that allows some ground clauses whose
antecedents are satisfied to be inactive is needed. This paper applies Dung’s the-
ory of argumentation [6] to the development of such a semantics. To resolve
inheritance conflicts, the proposed approach requires a binary relation on pro-
gram ground clauses, called the domination relation, which determines among
possibly conflicting definitions whether one is intended to defeat another. For
example, with additional information that students who are also employees usu-
ally prefer the accommodation provided for employees, G2 is supposed to defeat
G1. With such a domination relation, a program will be transformed into an
argumentation framework, which captures the logical interaction between the
intended deduction and domination; and, then, the meaning of the program will
be defined based on the grounded extension of this argumentation framework.

Using this approach, conflict resolution is performed dynamically with re-
spect to the applicability of method definitions. That is, the domination of one
method definition over another is effective only if the antecedent of the domi-
nating definition succeeds. The appropriateness of dynamic method resolution in
the context of deductive rule-based systems, where method definitions are often
conditional and may be inapplicable to certain objects, is advocated by [1]. In
particular, with the possibility of overriding, when the definitions in the most

! In this paper, the terms “type” and “class” are used interchangeably.
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specific type are inapplicable, it is reasonable to try to apply those in a more
general type.

In order to argue for the correctness and the generality of the proposed seman-
tics in the presence of method overriding, its relationship to the perfect model
(with overriding) semantics proposed by Dobbie and Topor [5] is investigated.
The investigation reveals that these two semantics coincide for inheritance-
stratified programs. Moreover, while the perfect model semantics fails to pro-
vide sensible meanings for programs which are not inheritance-stratified, the
presented semantics still yields their correct skeptical meanings.

For the sake of simplicity and generality, this paper uses Akama’s axiomatic
theory of logic programs [], called DP theory (the theory of declarative pro-
grams), as its primary logical basis. The rest of this paper is organized as follows.
Section B recalls some basic definitions and results from Dung’s argumentation-
theoretic foundation and DP theory. Section [J describes the proposed seman-
tics. Section [ establishes the relationship between the proposed semantics and
the perfect model (with overriding) semantics. Section Bl discusses other related
works and summarizes the paper.

2 Preliminaries

2.1 Argumentation Framework

Based on the basic idea that a statement is believable if some argument sup-
porting it can be defended successfully against attacking arguments, Dung has
developed an abstract theory of argumentation [6] and demonstrated that many
approaches to nonmonotonic reasoning in Al are special forms of argumentation.
In this subsection, the basic concepts and results from this theory are recalled.

Definition 1. An argumentation framework is a pair (AR, attacks), where AR
is a set and attacks is a binary relation on AR. ad

In the sequel, let AF = (AR, attacks) be an argumentation framework. The
elements of AR are called arguments. An argument a € AR is said to attack
an argument b € AR, iff (a,b) € attacks. Let B C AR. B is said to attack an
argument b € AR, iff some argument in B attacks b. An argument a € AR is
said to be acceptable with respect to B, iff, for each b € AR, if b attacks a, then
B attacks b. B is said to be conflict-free, iff there do not exist arguments a,b € B
such that a attacks b. B is said to be admissible, iff B is conflict-free and every
argument in B is acceptable with respect to B.

The credulous semantics and the stable semantics of AF are defined by the
notions of preferred extension and stable extension, respectively:

Definition 2. A preferred extension of AF is a maximal (with respect to set
inclusion) admissible subset of AR. A set A C AR is called a stable extension of
AF, iff A is conflict-free and A attacks every argument in AR — A. ad
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To define the grounded (skeptical) semantics of AF (Definition []), the func-
tion Fap on 247 called the characteristic function of AF, is defined by:

Farp(X) ={a| a is acceptable with respect to X }.
Clearly, Far is monotonic (with respect to C), and, thus, has the least fixpoint.
Definition 3. The grounded extension of AF' is the least fixpoint of Fap. O
The next example illustrates the three kinds of extensions.

Ezample 1. Let AF = (AR, attacks), where AR = {a,b,c,d, e} and attacks =
{(a,b), (b,¢),(d,e),(e,d)}. Then, AF has two preferred extensions, i.e., {a,c,d}
and {a, c, e}, which are also stable extensions. As Fap(0) = {a} and F3.(0) =
{a,c} = F3,(0), the grounded extension of AF is {a,c}. O

Well-foundedness of an argumentation framework, recalled next, is a sufficient
condition for the coincidence between the three kinds of extensions.

Definition 4. AF is well-founded, iff there exists no infinite sequence of argu-
ments ag, a1, ..., 0y, ... such that for each ¢ > 0, a;41 attacks a;. O

Theorem 1. If AF' is well-founded, then it has exactly one preferred extension
and one stable extension, each of which is equal to its grounded extension. 0O

2.2 DP Theory

DP theory [4] is an axiomatic theory which purports to generalize the concept
of conventional logic programs to cover a wider variety of data domains. As an
introduction to DP theory, the notion of a specialization system is reviewed first.
It is followed by the concepts of declarative programs and their minimal model
semantics on a specialization system.

Definition 5. A specialization system is a 4-tuple (A, G, S, ) of three sets A, G
and S, and a mapping u from S to partial_map(A) (i.e., the set of all partial
mappings on A), that satisfies the conditions:

1. (Vs,s' € 8)(3s" € S) : ps” = (us’) o (us),
2. 3seS)(Vae A): (us)a = a,
3. GC A O

In the rest of this subsection, let I' = (A, G, S, i) be a specialization system. The
elements of A are called atoms; the set G is called the interpretation domain;
the elements of S are called specialization parameters or simply specializations;
and the mapping p is called the specialization operator. A specialization s € S
is said to be applicable to a € A, iff a € dom(us). By formulating a suitable spe-
cialization operator together with a suitable set of specialization parameters, the
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typed-substitution operation can be regarded as a special form of specialization
operation.

Let X be a subset of A. A definite clause C on X is a formula of the form
(a < b1,...,b,), where n > 0 and a,by,...,b, are atoms in X. The atom a
is denoted by head(C') and the set {b1,...,b,} by Body(C). When n =0, C' is
called a unit clause. A definite clause C” is an instance of C, iff there exists s € S
such that s is applicable to a,by,...,b, and C’ = ((us)a — (us)b1, ..., (us)by,).
A definite clause on G is called a ground clause. A declarative program on I is a
set of definite clauses on A. Given a declarative program P on I', let Gelause(P)
denote the set of all ground instances of clauses in P. Conventional (definite)
logic programs as well as typed logic programs can be viewed as declarative
programs on some specialization systems.

An interpretation is defined as a subset of G. Let I be an interpretation.
If C is a definite clause on G, then I is said to satisfy C' iff (head(C) € I) or
(Body(C) ¢ I). If C is a definite clause on A, then I is said to satisfy C iff
for every ground instance C’ of C, I satisfies C'. I is a model of a declarative
program P on I, iff I satisfies every definite clause in P. The meaning of P is
defined as the minimum model of P, which is the intersection of all models of P.

3 The Proposed Semantics

In the sequel, let I' = (A, G, S, u) be a specialization system and P a declarative
program on I'. Let dominates be a binary relation on Gelause(P). A ground
clause C of P is said to dominate another ground clause C’ of P, iff (C,C") €
dominates. It will be assumed henceforth that the relation dominates prioritizes
the ground clauses of P; more precisely, for any ground clauses C,C’ of P, C
dominates C’, iff C is preferable to C’ and whenever Body(C) is satisfied, C’
will be inactive. It should be emphasized that the domination of a ground clause
C over another ground clause C’ is intended to be dynamically operative with
respect to the applicability of C, i.e., the domination is effective only if the
condition part of C is satisfied. The relation dominates will also be referred to
as the domination relation of P.

3.1 Derivation Trees

The notion of a derivation tree of a program will be introduced first. A derivation
tree of P represents a derivation of one conclusion from P. It will be considered
as an argument that supports its derived conclusion. Every conclusion in the
minimum model of P is supported by at least one derivation tree of P.

Definition 6. A derivation tree of P is defined inductively as follows:

1. If C'is a unit clause in Gclause(P), then the tree of which the root is C' and
the height is 0 is a derivation tree of P.
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Fig. 1. The derivation trees of the program P;.

2. If C = (a < by,...,b,) is a clause in Gclause(P) such that n > 0 and

T1,...,T, are derivation trees of P with roots C1, ..., ), respectively, such
that head(C;) = b;, for each i € {1,...,n}, then the tree of which the root
is C' and the immediate subtrees are exactly T1,...,T, is a derivation tree
of P.

3. Nothing else is a derivation tree of P. a

Example 2. Let P; be a declarative program comprising the five ground clauses:
a b — c — a d «— ¢b f «— e

Then, P, has exactly four derivation trees, which are shown by Figure [l Note
that the derivation trees 17,75, T3 and Ty in the figure depict the derivation of
the conclusions a, b, ¢ and d, respectively. a

In the sequel, the root of a derivation tree T will be denoted by root(T). A
derivation tree 1" will be regarded as an argument that supports the activation of
the ground clause root(T') (and, thus, supports the conclusion head(root(T))).

3.2 Grounded-Extension-Based Semantics

In order to define the meaning of P with respect to the domination relation, the
program P will be transformed into an argumentation framework AF,(P), which
provides an appropriate structure for understanding the dynamic interaction of
the deduction process of P and the specified domination relation. Intuitively, one
argument (derivation tree) attacks another argument (derivation tree), when the
ground clause supported by the former dominates some ground clause used in
the construction of the latter.

Definition 7. The argumentation framework AF,(P) = (AR, attacks) is de-
fined as follows: AR is the set of all derivation trees of P, and for any T, 7" € AR,
T attacks T, iff root(T) dominates some node of T". O

Ezample 3. Referring to the program P; of Example 2] suppose that the
ground clause a < dominates the ground clause b <, and for any other two
ground clauses in P;, one does not dominate the other. Then AF,(P;) =
(ARp, , attacks), where ARp, consists of the four derivation trees in Figure [
and attacks = {(T1,T2), (T1,T4)}. (Note that Ty attacks Ty as the root of Ty
dominates the right leaf of T}.) O
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d«—a e—b f—c
a «— b «— C— a «— b— c—
T5 TG T7 TS T9 TlO

Fig. 2. The argumentation framework for the program P;.

The meaning of P is now defined as the set of all conclusions which are
supported by some arguments in the grounded extension of AF,(P).

Definition 8. The grounded-extension-based meaning of P, denoted by M%7,
is defined as the set {head(root(T)) | T € GE}, where GE is the grounded
extension of AF,(P). 0

Four examples illustrating the proposed semantics are given below.

Ezample 4. Consider AF,(P;) of Example[3 Let F' be the characteristic function
of AF,(Py). Clearly, F(0) = {T1,T3} = F(F(0)). Thus F(() is the grounded
extension of AF,(Py), and, then, M%® = {a, c}. O

Ezxample 5. Let a declarative program P, comprise the six ground clauses:
a — b — c— d—a e—b f<c

Let d «— a dominate b «— and e «— b dominate f <« ¢, and assume that
for any other two ground clauses in P, one does not dominate the other.
Then AF,(P.) = (ARp,,attacks), where ARp, consists of the six derivation
trees shown in Figure @ and attacks = {(Is,Ts,), (Ts, o), (To,T10)} as de-
picted by the darker arrows between the derivation trees in the figure. Let
F be the characteristic function of AF,(P;). Then F(0) = {Ts,T7,Ts}, and
F2(0) = {T5,T7,Ts, Tro} = F3(0). So Mg = {a,c,d, f}. This example also
illustrates dynamic conflict resolution, i.e., the domination of the ground clause
e < b over the ground clause f < ¢ does not always prevent the activation of
the latter. ad

Example 6. Refer to the clauses C'1,C2,G1 and G2 given at the beginning of
Section [ Let tom belong both to type student and to type employee. Consider
a program P3 comprising C'1,C2 and the following three clauses:

C3: tomllives-in — rangsit-campus]
C4: tom[sex — male]
C5: tom[marital-status — married] «

Assume, for simplicity, that C'1 and C2 have G1 and G2, respectively, as their
only ground instances. Suppose that students who are also employees prefer the
accommodation provided for employees, and, then, that G2 dominates G1. Then,
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it is simple to see that MIG{: contains tom[residence — west-flats] but does not
contain tom[residence — east-dorm|, and yields the desired meaning of Ps.

To demonstrate dynamic conflict resolution, suppose next that the clause C5
is removed from Ps. Then, instead of containing tom|residence — west-flats], /\/l(fgf
contains tom[residence — east-dorm|; and, it still provides the correct meaning
of P5 in this case. a

Example 7. This example illustrates method overriding. Let ait be an instance of
type int(ernational)-school and int-school be a subtype of school. Let a program
P, comprise the following three clauses:

X: school[medium-of-teaching — thai] —  X[located-in — thailand]
X: int-school[medium-of-teaching — english]
ait[located-in — thailand]

For the sake of simplicity, assume that P, has only three ground clauses:

G3 : aitmedium-of-teaching — thai — ait[located-in — thailand]
G4 : ait[medium-of-teaching — english] —
G5 : ait[located-in — thailand]

Since int-school is more specific than school, G4 is supposed to override G3;
therefore, let G4 dominate G3. It is readily seen that M is the set consisting
of the two atoms ait[located-in — thailand] and ait[medium-of-teaching — english],

which is the expected meaning of Pj. O

4 Perfect Model (with Overriding) Semantics

Dobbie and Topor defined a deductive object-oriented language called Gulog
[B], in which inheritance is realized through typed substitutions, and studied
the interaction of deduction, inheritance and overriding in the context of this
language. The declarative semantics for Gulog programs is based on Przymusin-
ski’s perfect model semantics for logic programs [I1], but using the possibility of
overriding instead of negation in defining a priority relationship between ground
atoms. The perfect model (with overriding) semantics provides the correct mean-
ings for inheritance-stratified programs. In order to investigate the relationship
between this semantics and the grounded-extension-based semantics, the notions
of inheritance stratification and perfect model will be reformulated in the frame-
work of DP theory in Subsection 1. The relationship between the two kinds of
semantics will then be discussed in Subsection £.2]

4.1 Inheritance-Stratified Programs and Perfect Models

According to [5], a program is inheritance-stratified if there is no cycle in any
definition of a method, i.e., a definition of a method does not depend on an
inherited definition of the same method. More precisely:
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Definition 9. A declarative program P on I is said to be inheritance-stratified,
iff it is possible to decompose the interpretation domain G into disjoint sets,
called strata, Go,G1,...,Gx,..., where v < § and § is a countable ordinal, such
that the following conditions are all satisfied.

1. For each C € Gclause(P), if head(C) € G, then
(a) for each b € Body(C), b € Us<,, G,
(b) for each C' € Gelause(P) such that C’ dominates C,
i. head(C") € Ug<, G,
ii. for each b’ € Body(C'), V' € Uz, G5-
2. There exists no infinite sequence Cy, C1,...,Cy, ... of clauses in Gclause(P)
such that for each ¢ > 0, C;4; dominates C;.

Any decomposition {Gg, G1,...,G5,...} of G satisfying the above conditions is
called an inheritance stratification of P. a

An example of non-inheritance-stratified programs will be given in Subsec-
tion (Example B). The next theorem illuminates the coincidence between
the grounded extension, preferred extension and stable extension of the argu-
mentation framework for an inheritance-stratified program (see Theorem [ in
Subsection ZTI). Its proof can be found in the full version of this paper [10].

Theorem 2. If P is inheritance-stratified, then AF,(P) is well-founded. O

With overriding, not every ground clause of a program is expected to be
satisfied by a reasonable model of that program. More precisely, a ground clause
need not be satisfied if it is overridden by some ground clause whose premise is
satisfied. This leads to the following notion of a model with overriding;:

Definition 10. An interpretation I is a model with overriding (for short, o-
model) of P, iff for each C' € Gclause(P), either I satisfies C' or there exists
C’" € Gelause(P) such that C' dominates C' and Body(C") C I. O

A program may have more than one o-model. Following [5], priority relations
between ground atoms are defined based on the possibility of overriding.

Definition 11. Priority relations <, and <, on G are defined as follows:

1. If C € Gclause(P), then
(a) for each b € Body(C), head(C) <, b,
(b) for each C’" € Gclause(P), if C' dominates C, then
i. head(C) <, head(C"),
ii. for each b € Body(C"), head(C) <, V',
. Ifa<,band b <, ¢, then a <, c,
. Ifa <, band b <, ¢ (respectively, d <, a), then a <, ¢ (respectively, d <, b),
. Ifa <, b, then a <, b,
. Nothing else satisfies <, or <,,. ad

T W N

A preference relationship among o-models will then be defined based on the
priority relation <.
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Definition 12. Let M and N be o-models of P. M is said to be preferable to
N, in symbols, M <« N, iff M # N and for each a € M — N, there exists
b € N — M such that a <, b. M is said to be a perfect o-model of P, iff there
exists no o-model of P preferable to M. O

Every inheritance-stratified program P has exactly one perfect o—model
denoted by M, which provides the correct meaning of P with respect to
method overriding.

4.2 Relationship between the Proposed Semantics and Perfect
Model (with Overriding) Semantics

It is shown in the full version of this paper [10] that:

Theorem 3. If P is inheritance-stratified and the domination relation is tran-
sitive, then M§ = M3 O

It is important to note that since the domination due to method overriding is
typically transitive, the transitivity requirement does not weaken Theorem
For programs that are not inheritance-stratified, the perfect model semantics
fails to provide their sensible meanings, while the proposed semantics still yields
their correct skeptical meanings. (The skeptical approach to method resolution
discards all conflicting definitions.) This is demonstrated by the next example.

Ezample 8. Let tom be an instance of type gr(aduate)-student and gr-student
is a subtype of student. Consider the declarative program Ps comprising the
following five clauses:

C6: X:student[math-ability — good]
C7: X:studentmajor — math]

— X[math-grade — b]

—  X[math-ability — good],
X|[favourite-subject — math]
X[major — math],
X[math-grade — b]

C8: X:gr-student[math-ability — average] «—

C9: tom[math-grade — b] «
C10: tom[favourite-subject — math]

Without loss of generality, suppose for simplicity that C6,C7 and C8 have as
their ground instances only the clauses G6, G7 and G8, given below, respectively:

G6: tom[math-ability — good]
GT7: tom[major — math]

—  tom[math-grade — b]

—  tom[math-ability — good],
tom([favourite-subject — math]
G8: tom[math-ability — average] —  tom[major — math],
tom[math-grade — b]

2 This result is analogous to and inspired by the corresponding result for inheritance-
stratified Gulog programs [5]. Its proof is given completely in [9].
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The ground clauses G6 and G8 are considered as definitions of the method
math-ability inherited from the types student and gr-student, respectively. As gr-
student is more specific than student, G8 is supposed to dominate G6. Then, every
inheritance stratification of Ps requires that the ground atom tom[major — math]
must be in a stratum which is lower than the stratum containing it, which is a
contradiction. Hence Ps is not inheritance-stratified.

Observe that G8 dominates G6, but G8 also depends on (G6; that is, the
activation of GG6 results in the activation of G8, which is supposed to override G6.
Therefore, it is not reasonable to use any of them. As a consequence, none of the
conclusions of G6, G7 and G8 should be derived. However, it can be shown that
each o-model of P5 contains both tom[major — math] and tom[math-ability —
average|. So every o-model of P5 does not serve as its reasonable meaning.

Now consider the proposed semantics. It is simple to see that M?DSE is the
set {tom[math-grade — b], tom[favourite-subject — math]}, which is the correct
skeptical meaning of Ps (i.e., the meaning obtained in the usual way after dis-
carding the conflicting clauses G6 and G8). ad

5 Related Works and Conclusions

Defeasible inheritance has been intensively studied in the context of inheritance
networks [7/12l13]. Although the process of drawing conclusions from a set of
defeasible hypotheses in inheritance networks is quite different from the process
of deduction (as pointed out in [7]) and these works do not discuss dynamic
method resolution, they do provide the presented approach with a foundation
for determining the domination relation among ground clauses. A type hierarchy
and a membership relation can be represented as a network, and the domination
relation can then be determined based on the topological structure of the net-
work. For example, if there exists a path from an object o through a type t to
a type t’ in the network, then it is natural to suppose that the ground method
definitions for o inherited from ¢ dominate those inherited from ¢'.

Besides [f], distinguished proposals that incorporate inheritance in the con-
text of logic-based deduction systems include [TJ2I38]. However, in [I] and []],
inheritance is realized by other means than typed substitution; i.e., [I] cap-
tures inheritance by transforming subclass relationships into rules of the form
class(X) « subclass(X), and [8] models inheritance as implicit implication on
interpretation domains (called H-structures). [2] and [3] incorporate inheritance
into unification algorithms but do not discuss nonmonotonic inheritance.

This paper studies the interaction of inheritance, realized by means of typed
substitution, and deduction, and proposes a framework for discussing a declara-
tive semantics for definite declarative programs with nonmonotonic inheritance.
The framework uses a domination relation on program ground clauses, specifying
their priority, as additional information for resolving conflicting method defini-
tions. With a specified domination relation, a program is transformed into an
argumentation framework which provides an appropriate structure for analyzing
the interrelation between the intended deduction and domination. The meaning
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of the program is defined based on the grounded extension of this argumenta-
tion framework. Method resolution in the framework is dynamic with respect
to the applicability of methods. The paper not only shows that the proposed
semantics and Dobbie and Topor’s perfect model (with overriding) semantics [5]
coincide for inheritance-stratified programs (Theorem [3), but also claims that
the proposed semantics provides correct skeptical meanings for non-inheritance-
stratified programs.
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Abstract. Entailment of subtype constraints was introduced for constraint sim-
plification in subtype inference systems. Designing an efficient algorithm for sub-
type entailment turned out to be surprisingly difficult. The situation was clarified
by Rehof and Henglein who proved entailment of structural subtype constraints
to be coNP-complete for simple types and PSPACE-complete for recursive types.
For entailment of non-structural subtype constraints of both simple and recursive
types they proved PSPACE-hardness and conjectured PSPACE-completeness but
failed in finding a complete algorithm. In this paper, we investigate the source of
complications and isolate a natural subproblem of non-structural subtype entail-
ment that we prove PSPACE-complete. We conjecture (but this is left open) that
the presented approach can be extended to the general case.

Keywords: subtyping, constraints, entailment, automata.

1 Introduction

Subtyping is a natural concept in programming. This observation has motivated the
design of programming languages featuring a system for subtype infefence [8, 11, 2,
6, [18]. Simplification of typings turned out to be the key issue in what concerns the
complexity of subtype inference systems([7,[19, 17]. Several authors proposed to sim-
plify typings based on algorithms faubtype entailmeni.e. entailment olsubtype
constraintg]22, [1€]. First approaches towards subtype entailment seem to presuppose
[22,[16] that the problem could be solved efficiently. But finding an efficient algorithm
for subtype entailment turned out to surprisingly difficult[[9) 20,[10, 18]. And in fact,
it still remains open whether subtype entailment is decidable, even if restricted to an
inexpressive type languages. The most prominent open problem is the decidability of
entailment between non-structural subtype constraints.

Types A simple type is finitetree built from a signatureX’ of function symbols
(i.e. a ground term oveX). A recursive type is an infinite tree ov&r. Most typically,
X7 contains the constanist and realand the binary function symbot for pairing.
The type of a pair of integers, for instance, is the finite trge int. The signature?’
typically also provides constantsandT for theleast typeand thegreatest type

Many further types are of interest for programming: contra-variant function types
7—7', record typeq f1:71, . .., fn:Tn }, iNtersection and union types, and polymorphic
types. These types fall out of the scope of the present paper. In order to keep subtype
entailment simple, we restrict ourself to types that are finite or infinite trees built from
a signatureX’ C {int,real x, L, T}.

P.S. Thiagarajan, R. Yap (Eds.): ASIAN'99, LNCS 1742, pp. 251}-265, 1999.
(© Springer-Verlag Berlin Heidelberg 1999
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X X X X
/7 \ 7\ VAR 7/ \
X int < X real X 1 < T X
/N / \ /' \ /\
int real real real int int int int

Fig. 1. Structural versus non-structural subtyping

SubtypingWhen considering types as trees, subtyping becomes a partial order on
trees. A typical subtype relationship ist < realwhich states that every integer can be
used as a real (its relevance is discussed in depthin [12]). The former subtype relation-
ship inducesintxint < realx real which means that every pair of integers can be used
as a pair of reals. Both relationships ateucturalin that they relate trees of the same
shape. Subtyping becomaen-structuralin the presence of a least typgeor greatest
type T, sincel <7 and7<T hold for all typesr. The difference between structural and
non-structural subtyping is illustrated in Figlie 1.

Subtype Entailmen® subtype constraint is a logical description of types whose
interpretation is based on the subtype relation. We assume atgpeofariablesanged
over byz,y, z. A subtype constraint) is a conjunction of ordering constraintsit’
between terms, ¢’ built from variables and function symbols ii. Subtype entailment
is the problem to decide whether an implication— <y is valid in the structure
of trees, i.e. whethey = =<y holds. Four cases are to be distinguished: either we
interpret over finite trees (simple types) or else over possibly infinite trees (recursive
types); either we consideon-structural subtypingvherel, T € X or elsestructural
subtypingvherel, T ¢ Y. The differences between these cases can be illustrated at the
following example.

r<yxy N rxrly E r<y

First, we consider structural subtyping with the signattire- {int, real x }. For finite

trees, the left hand side is unsatisfiable and thus entailment holds. For infinite trees,
there exists a unique solution where batlandy are mapped to the complete binary
treepz.z x z; thus entailment holds again. Second, we consider non-structural subtyping
with the signatureX’ = {T, L, int real x}. There are many more solutions than for
structural subtyping. For instance, the variable assignment mappmgx (Tx_L) and
ytoTx(LxT)is asolution ofzr<yxy A zxx<y which contradicts entailment af<y

for both finite and infinite trees.

Open ProblemEarly algorithms for subtype entailment were incompléte [22, 16,
18]. The situation was clarified by Henglein and Rehof who determined the complex-
ity of structural subtype entailment: for simple types, it is coNP-compléete [9] and for
recursive types it is PSPACE-complétel[10]. However, the complexity of non-structural
subtype entailment remains open; it is at least PSPACE-hard, both, for finite and infinite
trees [20,_10]. It is even unknown whether non-structural subtype entailment is decid-
able. Nevertheless, Rehof conjectures PSPACE-completeness (see Conjecture 9.4.5 of
[20]).

Contribution In this paper, we investigate the source of complications underlying
non-structural subtype entailment. To this purpose, we introduce an extension of fi-
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nite automata that we cal-automataand illustrate the relevance of P-automata to
non-structural subtype entailment at a sequence of examples. P-automata can recog-
nize nonregular and even non-context-free languages, as we show. This fact yields new
insights into the expressiveness of non-structural subtype entailment.

Based on the insight gained by P-automata, we isolate a fragment of non-structural
subtype constraints for which we prove decidability of entailment. We consider the sig-
nature{L, T, x} and both cases, finite and possibly infinite trees respectively. The only
restriction we require is thatandT are not supported syntactically, i.e. that constraints
such as:xT<z arenotcannot be written.

The algorithm we present is based on a polynomial time reduction to the universality
problem of finite automata (which is PSPACE-complete). The idea is that more general
P-automata are not needed for entailment of the restricted language. Our algorithm
solves an entailment problem in PSPACE that was proved PSPACE-hard by Rehof and
Henglein [10]. Its correctness proof is technically involved; it shows why nonregular
sets of words — as recognized by P-automata — can be safely ignored.

Related Entailment ProblemSeveral entailment problems for constraint languages
describing trees are considered in the literature. Two of them were shown PSPACE-
complete in[[14] 15]. The common property of these PSPACE-complete entailment
problems is that entailment depends on properties of regular sets of words in the con-
straint graph. In contrast, nonregular sets have to be taken into account for non-structural
subtype entailment.

In feature logics, several languages for describing feature trees (i.e. records types)
have been investigated for entailment. Entailment for equality constraints over feature
trees can be decided in quasi linear time [1, 21]. Ordering constraints over feature trees
[5l [4] can be considered as record subtype constraints. Entailment of ordering con-
straints over feature trees can be solved in cubic timé [13]. However, entailment with
existential quantification is PSPACE-complete again [14].

Entailment has also been considered for set constraints (i.e. constraints for union
and intersection types). Entailment of set constraints with intersection is proved
DEXPTIME-complete in[[3] for an infinite signature. Entailment of atomic set con-
straints [[15] is proved PSPACE-complete in case of an infinite signature and
DEXPTIME-hard for a finite signature.

2 Non-structural Subtype Constraints

We assume a signatutewhich provides function symbols denoted pgach of which
has a fixed arityar(f) > 0. We require that” contains the constants and T, i.e.
ar(L) = ar(T) = 0. We also assume an infinite set of variables ranged over by
T,Y, 2, U, UV, W.
Paths and TreesA pathis a word of natural numbers > 1 that we denote by,
0, 0, or o. Theempty pathis denoted by and the free-monoidoncatenatiorof paths
m andrn’ by juxtapositionrz’, with the property thatm = e = 7. A prefixof a path
7 is a pathr’ for which there exists a pathi’ such thatr = 7’'7”. A proper prefixof
7 is a prefix ofr but notr itself. If 7’ is a prefix ofr then we writer’ < 7 and if =/
is a proper prefix ofr then we writer’ < 7. The prefix closureof a set of path’] is
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denoted apr(Il), i.e.prIl) = {rw | existsa’ € II : = < «'} and itsproper prefix
closurewith pr, (1), i.e.pr,(II) = {m | existst’ € II : m < 7'}.

A treer is a pair(D, L) whereD is a tree domain, i.e. a non-empty prefixed-closed
set of paths, and. : D — X a (total) function determining the labels of We denote
the tree domain of a treeby D.- and its labeling function witt. .. We require that trees
7 arearity consistentfor all pathsr € D, and natural numbers 1 <i < ar(L.())
iff mi € D,. Atree isfiniteif its tree domain is finite anadhfinite otherwise. We denote
the set of all finite trees Witﬁ'reégn and the set of all trees withree:.

Non-Structural Subtypind.et <; be the least (reflexive) partial order on function
symbols ofX which satisfies for alf € X

L < < T

We definenon-structural subtypings a partial ordex on trees such that <~ holds
for treesr, 7 iff for all pathsw € D,, N D, it holds thatL, (7) <;, L., (n).

Let NSy, be the structure with signatuge U {<} whose domain is the sftee;.
Function symbols in¥ are interpreted as tree constructors and the relation syrbol
as non-structural subtyping (which we also denote)y The structureNS}” is the
restriction of NSy to the domain of finite tree%red".

A termt is either a variable or a constructigfift, ..., t,) wherety,... t, are
terms,f € X, andn = ar(f). Of course,L andT are terms since they are constants in
2. A non-structural subtype constrainver X is a conjunction of ordering constraints
t1<t>. We consider two cases for their interpretation, either the struéi@®e or the
structureNS@". We mostly use flattened constraigtof the following form:

o= a=f(x1,...,1n) | o<y | Y A (feX ar(f)=n)

The omission of nested terms does not restrict the expressiveness of entailment. Terms
on the left hand side of an entailment judgment can be flattened by introducing new
variables for all subterms. Furthermorg, = ¢, <t, is equivalent toy) A t1<z A
y<to = <y wherez, y are fresh variables.

Satisfiability and Entailment.et ¢ denote a first-order formula built from order-
ing constraints with the usual first-order connectives and’l@t) be the set ofree
variablesin &. We writed’ in @ if there existsp” such thatb = &' A & up to asso-
ciativity and commutativity of conjunction. Suppose this a structure with signature
Y U{<}. A solution of® in A is a variable assignmentinto the domain of4 such that
& evaluates to true undet anda. We call® satisfiable inA4 if there exists a solution
for @ in A. A formula® is valid in A if all variable assignments into the domain.4f
are solutions of. A formula® entails®’ in A, written® =4 &' if & — &' is valid in
A.

Restricted Languagéet > be the signaturé L, T, x } wherex is a binary func-
tion symbol. Arestricted subtype constraingshas the form:

Q= u=upXUs2 | U1 <us ‘ p1 N\ P2

The following restrictions are crucial for entailment as we will discuss later on: 1) The
constraintse=_1 andx=T are excluded. 2) The signatuf& does not contain a unary
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SO if x € V() thenz<zin

S1 if z<yiny andy<ziny thenz<zin vy

S2 if z=f(z1,...,2n) AN z<y ANy=f(y1,...,yn) i3 then /\:.l:1 i <y; in Y
S3 notz=fi(z1,...,zn) iNY, x<yiny, y=fa(y1,...,yn) iN¥, andfi £, f2
S4 not A\ mi=f(...,yi+1,...) A yis1=zit1in 7 wheren > 1 andz, = zpq1

Table 1.Closure and Clash-freeness Properti@S3for NSy, and SO S4for NSZ”

function symbol. Nevertheless, the restricted entailment problem is not trivial. It is not
difficult to see and proved by Rehof and Hengléin [10] that entailment of the restricted
language can express universality of non-deterministic finite automata; thus:

Proposition 1 (Hardness).Non-structural subtype entailment for the restricted con-
straint language is PSPACE hard for both structuiSs, and ngz

We next recall a closure algorithm from_[10] which decides the satisfiability of
(unrestricted) non-structural subtype constraintever an arbitrary signatur&’. In
Table[1, a set of propertie€¥0 S4is given. The properties f(NSQ” andNSgy differ only
in an additional occurs check for the case of finite tree$. (Reflexivity and transitivity
of subtype are required bys50 and (SJ). The decomposition property of subtyping is
stated in §2), and clash-freeness for labeling i§3.

We call a (flattened) constraint closedit it satisfiesS0O-S2 PropertiesSOS2can
also be considered as a saturation algorithm which computetohigreof a (flattened)
constraint) in cubic time. A constraint is clash-freefor NSy it it satisfiesS3and for
NS if it satisfies S3 54

Proposition 2 (Satisfiability). A constraint is satisfiable itNSy (resp. NSZ”) if its
closure is clash-free foNSs (resp.NS@”).

3 P-Automata

We now present the notion of B-automatoron which we will base our analysis of
subtype entailment. A P-automaton is an extension of a finite automaton with a new
kind of edges. Le#d = (4, Q, I, F, A) be afinite automaton withlphabet4, states,

initial states], final statesF, andtransition edges\. We write A - p —— ¢ for states

p,q € @ andw € A* if the automatond permits a transition frorp to ¢ while reading

7. Thus, A recognizes the languagé A) = {r ¢ A* | AFp "¢, pcl,qc€ F}.

Definition 3. A P-automatorP is a pair (A, P) consisting of a finite automatad =
(A4,Q,1,F,A) and a set ofP-edgesP C @ x @ between the states of. The P-
automatorP recognizes the languag&P) C A* given by:

L(P) =LA U Jr(o0)*o | At p "> q-Tr -2 s, (s,q)€P, pel, reF}
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A P-automaton recognizes all words in the_s,@_n}@_a,_@}@
D0

language of the underlying finite automaton. In

addition, it is permitted to use P-edgesasdges, @ = """~
except that the first usage of a P-edge determines the period of the remaining word to
be read (the period isp in Definition[3). We draw P-edges as dashed lines.

|
1

Example 4. Consider the P-automaton with alphalat 2}, states 15
{q, s}, initial and final state;, edgesy L andq 2, sand a sin-
gle P-edg€gs, ¢). The automaton can loop by using its P-edge multipl:y,

but the first usage determines a period (the wioad 2) of the remaining | (1 )2
word. Thus, the language recognizedigJ 2* rather thar(1 U 2)*. L _@

The length of a period fixed by a first usage of a P-edge needs not to be bounded by
the number of states of the P-automaton. This fact raises the following problem.

Lemma 5 (Failure of context-freeness)There exists a P-automaton whose language
is not context-free (and thus not regular).

Proof. We consider the P-automaton with alphaHldt 2}, states 15

{g,r, s}, initial states{q}, final states{r}, transition edgeg — r,

r — randr - sand a single P-edgér, ¢). This P-automaton is | 15
|

depicted to the right. It recognizes the languaggon(n*) | # € 1*2}. | D)
which is not context-free. Otherwise, the intersection with the regular Iah—

guagel*21*21*2 would also be context-free. But this intersection is tht:a 12
language{121™21™2 | n > 0} which is clearly not context-free. c _@

4 Path Constraints

We now introduce path constraints which express properties of subtrees at a given path.
Path constraints are fundamental in understanding entailment for many languages of
ordering constraint$ [9, 10, P0,114,113] 15].

If 7is atree andr € D, then we writer.w for the subtree ofr atr, i.e. D, =
{n' | =7’ € D,;} and L, ,(7') = L.(nr’) for all #’ € D, .. A subtree constraint
x.w=y requires that the domain of the denotatiorxafontainsr and that its subtree at
pathr is the denotation of.

Conditional path constraints of the first kind we use are of the foftm <,
y?7. The question mark indicates conditionality depending on the existence of a
subtree. A path constraint?’c <; y?7 is solved by a variable assignment if
1 € Doy andmy € Dy implies Loy (m1) <p Loy (m2). We freely omit
the conditionality?e since ite path does always exist. We also writ8os <; f in-
stead ofdy (7?0 <p y A y<f(T,...,T)), and, symmetricallyf <, x?c instead of
Fy(f(L,..., D)<y Ay < x%0).

Proposition 6 (Characterization of Entailment). For all «, v the following equiva-
lence is valid inNSg, :

u<v /\{u?ﬂ <p v’ | wa path}
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We call a pathr acontradiction path for) = <y if and only if 1) does not entail
2?7 <, y?m. In this terminology, Proposition] 6 states that an entailment judgment
¥ | x<y holds if and only if there exists no contradiction path for it.

We need further conditional path constraints of the farta<P"y, x<P"y70, and
x?7w<P"y?0 which do not only restrict andy at the paths ando but also at their pre-
fixes. The semantics of these constraints is defined in Table 2. Note that the path con-

2?7<PTy :c.71'§y\/\/77,<7T ' <L
z<P"y?0 — x<y.oV \/D,<O T<y.0
2?m<PTy?0 — Fu(z?7w<P"u A u<P y?0)

Table 2. Semantics of conditional path constraints

straintz?7<P"y entails3z (z.7=2 — z<y) but not vice versa. The reasonigr<?"y
constrainse even if z.7 is not defined. For instance, the constrairt f(y) entails
x?71<P"y which —if 2.1 is not defined — requires< L.

For a restricted signature, the semantics of conditional path constraints is much less
ad hoc than it might seem at first sight. This is shown by Lerfima 8 for the signature
Y. ={L, T, g} whereg is a function symbol withar(g) = n.

Lemma 7. Forn > 1, signatureX,, = { 1, T, g}, pathsr € {1,...,n}* and7’ < 7
w?T<P'y — u?n’ <p g and u<P T — g <, v?7’ arevalid inNSg, .

Lemma 8 (Subtree versus conditional path constraints)For n > 1, pathst €
{1,...,n}* and variablest, y the following equivalences hold in the structié&sy, :

<Py — Fz(z<z A z.m=y), r<P'y?tm — Jz(2<y A z.m=x)
umT=v < TPy A ov<Pylr

Proof. We only prove the implication from the right to the left in the third equivalence.
Assume that,?7<P"v A v<P"u?x. For arbitraryr’ < 7, LemmdX¥ proves the validity
of u?n’ <; g andg <;, u?n’. Thus,u.m must be defined, and heneer = v.

Lemma 9 (Strange loops raising P-edgesjor all variableu, v, all pathso < 7, and
k > 0 the following implication is valid inNSy;, for all £ > 0:
w?r<P’y Au<Pro?r  — ulrho < vinfo
Proof. By induction onk. Letk = 0. Sinces < 7, Lemmé&X proves that?n<P"v A
u<P"v?r entailsu?o <; g A g <g, v7o which in turn validates?c <;, v7o. Suppose
k > 0 and thatu?7<P"v A u<P"v?r is valid. By definition,u?nr<P"v < wu.r<v V
\/gq w.o<l andv<P ol — u<lv.mw V \/gq 'I'_gu.g hold. If ther_e exists <
7 such thatu.p<1 or T<u.p thenu.p<w.p is entailed for some prefix af. In this
caseu?n’o <, v?rFo follows from Propositiofil6. Otherwise,.m<v A u<v.r is
valid. Letu’, v’ be such that/ = u.m andv’ = w.w. Thus,v’<v A v.r=v' holds
and entailsu’?7<P"v" by Lemmal8. Symmetrically,’<F"v'?7 is entailed, too. The
induction hypothesis yields' 77"~ 1o <;, v'?7%~ 1o and thusu?r*o <; v?7*o.
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Signature Y., ={L,T,g} ar(g)=n
Alphabet A, ={1,...,n}
States Qv = {(u,v) [u,v € V(¥)}
Intial States Iy ={(z,y)}
Increase (u,v) —— (u',v) € Ay if u<u'ina
Decrease (u,v) —— (u,v") € Ay if v'<vin
i u=g(u1,...,un) N,
Decomposition (u,0) — (ui,vi) € Ay } if < v=g(vi,...,vs)iN1Y,
(u,v) € Fy andi € A,
Equalit (1) = (u,u) € Ay ifie A,
quality () € F i
P—-Edges ((u,v), (v,u)) € Py if u,v € V()
Table 3. The finite automatond, = (A,,Qy, Iy, Fy, Ay) and P-automaton

(Aw’Pw) for ¢y = 2<y

5 Entailment and P-Automata

We continue with the signatute,, = {L, T, g} wherear(g) = n. We fix two variables
x,y globally and consider a constraiptwith =,y € V(v). In Table[8, we define a
finite automaton4,, and a P-automatoR, = (Ay, Py) for the judgment) = 2<y.
Note thatA,, and thusP,, depend on our global variablesandy.

The idea is that the P-automat®Y), recognizes alkafepaths, i.e those paths that
are not contradiction paths fgr = x<y. In fact, the definition ofP,, does not always
achieve this goal. This is not a problem for the purpose of this paper since our theory
will be based exclusively on the regular approximatioPgfprovided by the finite au-
tomatonA,,. Even though the construction rules given in TdBle 3 apply without further
restriction toy, an automatof®, may well be useless i is not closed and clash-free,
or containslL andT.

Given a constraing over the signature,,, the automat&,, and.A,, constructed
in Table[3 recognize words over the alphapkt. . ., n}. Its states are pairs of variables
(u,v) in V(¢). The initial state ifx, y), i.e. the pair of variables for which entailment
is tested. Ordering constraints<v correspond ta-transitions in the ruletncrease
andDecrease TheDecompositionrule permits transitions that read a natural number
i € A, and descend to theth child, in parallel for both variables in a state. States to
which decomposition applies are final. TEquality rule requires that statés, u) are
final and permitted to loop into itself. The automa@pfeatureP-Edgesfor switching
the two variables in a state.

Proposition 10 (Soundness)Given a constraint) with z,y € V(¢) and signature
X, wheren > 1, no word recognized by the P-automatBp is a contradiction path

for ¢ = x<y.
Proof. We first show thatr € L(A,) implies entailmeny) = =77 <, y?= to hold.
Clearly, if Ay F (u,v) —— (u/,v") theny entailsu?7<PTv’ andv' <P v?r. If m €
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X
/N
1 s s
/\ /N
s ¢ o

v<yxy A exz<y [ z<y  { )
I_) s < s
/N, /N

Entailment can be : (1 )2 s
contradicted at pathi2, 21, . .. I A N
|

S

@ /N /N
- & AN
/N /N

Fig. 2. The finite automaton and P-automaton for Exariiple 11 and their languages

L(Ay) due to a transitiom, - (z,y) —— (u,v) € Fy which ends in a final state
(u,v) created by thé&ecompositionrule, thenti € £(A,) for all i € A,,. Thus,y
entailsz?7i<P"u andv<P"y?xi for some variables, v which in turn entailse?n <;,
y?m (LemmdXT). Ifr € £L(Ay) because a transitiod,, - (z,y) — (u,u) € F;, ends
in a final statgu, u) contributed théEquality rule themy entailsx?7<?"y?7 and thus
xtm <p, yim.

It remains to verify that P-edges cannot contribute a contradiction path. If a
path is contributed by a P-edge &{P,) then it has the formr(cp)¥o such that
Ay F (v,y) = (u,v) 25 (v,u) for someu,v € V(1) (see Definitio B and
the P-Edgesrule in Table[B). FromA, + (u,v) 2= (v,u) it follows that en-
tails u?0o<P"v A u<P v?00. Thus, Lemmdl9 on strange loops implies thaen-
tails u?(c0)*o <;, v?(c0)*o. SinceAy F (v,y) — (u,v) it follows thate entails
2?m(o0)ko <, y?n(op)Fo, too.

Example 11.For the signature’; the judgmentys: 2<yxy A zxxz<y | z<y does

not hold if z andy are distinct variables. Entailment is contradicted by the solution of
2 Which mapsr to Lx(Tx1) andy to Tx(LxT). The P-automatof®,, illustrated

in Figure[2 explains what happens. The finite automatgn recognizes the language
{e} only butP,, has an additional P-edge frofp, =) to (x,y) by which it can also
recognize the words it U2, Since P-edges are not nornsa¢dges, the P-automaton
does not recognize the word® nor 21 which are in fact contradiction paths.

In Figures[2 and]3, we depict the language recognized by an P-automaton over
the alphabef1,...,n} as an n-ary tree: a word recognized by the underlying finite
automaton corresponds to a node labeledkby word recognized by the additional
P-edges only is indicated by a node labeled wiffior strange loop). All other words
correspond to a node labeled witl{for contradiction).

Example 12.For the signatures; = {1, T, g} with ar(g) = 1 the entailment judg-
menty; : 2<g(y) A g(z)<y [ x<y holds. This might seem surprising since the
only difference to Example_11 seems to be the choice of a unary versus a binary func-
tion symbol. The situation is again clarified when considering the P-automaton. The
automatonP,, is given in FigurdB. In contrast t®,,, in Figure[2, the alphabet of

P,, is the singleto{1}. Thus, its languag€(P,,) = {1}* is universal. Hence, there
cannot be any contradiction path for = x<y, i.e. entailment holds.
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z<g(y) A 9(z)<y F z<y I_,

I
Entailment holds. : l1
I

—n—n—0n—Wn—X

Fig. 3. The finite automaton and P-automaton for Exariiple 12 and their languages

Example§ Il arld 12 illustrate that P-edges have less effect on entailment in absence
of unary function symbols. In fact, we show in this paper that P-edges do not have any
effect on entailment for the restricted language. Even more importantly, this property
depends on the restriction that constraintsl or u=T are not supported.

The context freeness failure for languages of P-automata has a coun-|,
terpart for non-structural subtype entailment, even for the restricted lan-
guage. This is illustrated by the judgmept; : z<u A v<y A u=uxy A :_’
v=vxz = z<y. The languag&(P,,) is not context-free sinc®,, is | I
exactly the P-automaton considered in the proof of Lefiima 5. On the oth @
hand side, the non-context free part@(fP,,, ) does not force entailment L

to hold. L_@

6 Deciding Entailment in PSPACE

We now show how to decide entailment for the restricted entailment problem with
signatureX’s. Our algorithm requires polynomial space and applies to both structures
NSy, or NS@Z respectively. The only difference is hidden in the satisfiability test used.

Let NSbe either of the two structures.

Proposition 13 (Characterization). Let ¢ be a closed (restricted) constraint with
z,y € V() which is clash-free with respect tdS. Then the entailment judgment
¢ = <y holds inNSif and only if the ser’(A,) is universal, i.eL(A,) = {1,2}*.

Proof. If £L(A,) = {1, 2}* then no contradiction path for = 2<y exists (Proposition
[L0) and hence = x<y holds (Propositiohl6). Proving the converse (completeness) is
much more involved. This proof is sketched in Secfibn 8.

Theorem 14 (Decidability and Complexity). Non-structural subtype entailment in
the restricted language is PSPACE-complete for both structv@®s, and NSE”

Proof. Propositior 1l claims that entailment is PSPACE-hard. For decidikg z<y,

we compute the closure @f in polynomial time and check whether it is clash-free
with respect taNSy;, or NS@Z respectively (Propositidnl 2). For closed and clash-free
¢, entailment holds if and only i(A,) is universal (Proposition_13). This can be
checked in PSPACE sinck,, is a finite automaton which can be constructed from
(deterministic) polynomial time.
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7 Completeness Proof

We prove the completeness of the characterization of entailment in Propésition 13. For
a constraintp of the restricted language, the idea is that we can freely extend the P-
automaton(A,, P,) with additional P-edges without affecting universality. This mo-
tives to consideration of a languadeace, which is recognized by the P-automaton
(Ap, QuxQ,) whereQ,, is the set of all states od,,.

Definition 15. We define the s@ase, of basesand Trace, of tracesof ¢ |= <y by:

Base, = {7 | Ju,v: A, F (z,y) — (u,v)}
Trace, = | J{prlor*) | om € Base}

Lemma 16. The seipr,(Base,) is equal to the sef(A,).

Proof. Showing that € L(A,) impliese € pr,(Base,) is left to the reader. Ifri €

L(A,) thenA, F (z,y) = (u,v) for some (final) statéu, v). Thus,mi € Basei.e.
™ € pr,(Base,). For the converse, assumec pr,(Base,). Hence,ri € Base, for

somei. There exists transitiond,, - (z,y) —— (u,v) — (u/,v) with a final step
done by theDecompositionrule in TablesB. Thus(u,v) € Fy, i.e.m € L(A,).

Lemma1b implies thaf(P,) C Trace,. The next proposition states thatif.A,,)
is not universal then neithdirace, nor L(P,,) are universal.

Proposition 17 (Escape)lf o ¢ L(A,) then there is a patl ¢ Trace, with o < p.

Proof. We assume ¢ L£(A,) and definep := o1l°/2 where|o| denotes the length
of ¢ and1™ a word which consists of exactly letters1. We provep ¢ Trace, by
contradiction. Suppose thate Trace,. By definition there exists paths« such that
om € Basg, andp € prion*). Hences € pr{on*) such that eithes < or or or<o.
Itit not possible that- < or since otherwisey € pr,(om) C pr,(Basg,) which by
Lemmd_ 16 contradicts ¢ £(A,). Henceor<o such that = oo for some pathy.
In combination witho = o11912 € pr(or*) this yieldso1!°12 € pr(7*). Furthermore,
|| < |om| < |o|. The key point comes nows, 11712 € pr(z*) and|r| < |o| imply
7 € 1* which is impossible since must contain the letter. Hence, ¢ Trace..

Lemma 18 (Contradiction). Let ¢ be closed and clash-free, ¢ L(A,), ando ¢
Trace,: if 0<p theng is a contradiction path fotp = <y in NS.

Proof of Proposition[13 continued (Completeness)If £(.A,) is not universal then
there exists a path<p such thato ¢ L(A,) andg ¢ Trace, according to the Es-
cape Proposition 17. By Lemrhal18, there exists a contradiction path which proves that
entailmenty = z<y cannot hold.
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Y Ex?2e<Ply ifeyiny

YExmi<PTy if b a?tn<PTzandz=f(z1,...2i...,2n), z:<yinY
Y Eax<Pry?e ifx<yiny

Y <Pyt if Y F 2<PTy?randz=f(z1,...2i...,2n), <z IN Y
Y atr <Py’ if 3z 1 b a?n<PTz andy b 2<PTy

Table 4. Syntactic Support

8 Proof of the Contradiction Lemma

In a first step, we refine the contradiction Lemiméa 18 into Lerimha 21. This requires a
notion of syntactic supporthat is given in Tabl€l4. If: is a path constraint then the
judgmenty F u reads asy supportsu syntactically’. Syntactic support fap refines
judgments performed by the finite automatéy. For instance, it holds for a closed and
clash-free constraint thaty - 2?7 <Pry?riff A, - (z,y) —— (u,u). Judgments like

o Fatr<PTyoro b x?n<P’y?n’ cannot be expressed b, .

Lemma 19. For all path constraintg: if ¢ - u theny = u holds.

Definition 20. We define two functiorig andr,, for the judgmenip = z<y.

l,(0) = max{m | 7<o A Ju.p F 2?71<P u} (left)
ro(0) =max{r | 7<o A Jv.p - v<Py?rl} (right)

Note that ifl,(c) < r,(o) thenl, (o) is the maximal prefix ob in £L(A,). Sym-
metrically, ifr, (o) < I,(o) thenr, (o) is the maximal prefix of in L(A,,).

Lemma 21 (Contradiction refined). Let ¢ be a closed and clash-free constraint and
o<p paths such that ¢ L(.A,) andp ¢ Trace..

1. ifl,(0) <r,(0) thenp A z.0=T A y.o=g X is satisfiable.
2. itl,(0) > r (o) thenp A x.o=x A y.o=; L is satisfiable.

Trivially, LemmalZ1 subsumes the contradiction Lenimh 18. The proof of Lemma
[27 captures the rest of this section. Since both of its cases are symmetric we restrict our-
self to the first one. We assume thais closed and clash-free and satisfieg € V(¢).

Given a fresh variable we define a constrai(, o) that is satisfaction equivalent to
p A x.o=u A y.o=p x and in addition closed and clash-free.

Definition 22. We call a setD C {1,2}* domain closedf D is prefixed-closed and
satisfies the following property for ait € {1,2}*: 71 € D iff 72 € D. Thedomain
closuredd D) is the least domain closed set containifg
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Definition 23 (Saturation). Let ¢ be a constraintz,y € V(p), andp € {1,2}*.
For everyz € {z,y} andw € dd{ol, 02}) let & be a fresh variable ant/(y, o) the
collection of these fresh variables. The saturatsp, o) of ¢ at pathg is the constraint
of minimal size satisfying properties a-f:

- pins(p, )

Cforall gz € W(p,0): GE=0, x5 InS(p,0) if m < p

- Q)=0,, <Gy in S(¢p, 0)

forall gz € W(p, 0),u € V(p) : E<uin s(yp,)if ¢ F z277<Py
Cforallgz € W(p, 0),u € V() : u<@ ins(p, o) if o Fu<P 2?1

©)
forall @, g5, € W(i, 0) : G, <q, in S(p, 0) if @ b 220<P" 270!

-~ DO Qo0 T

Lemma 24. If ¢ is closed and clash-free thesi, o) is also closed and clash-free.

Lemmd2# would go wrong for unrestricted constraints contaitirg T. Its proof
is not difficult but tedious since it requires a lot of case distinctions. We omit it for lack
of space. Instead we note the following lemma which despite of its simplicity will turn
out to be essential.

Lemma 25. Leto ando be paths withv<oo. If o#¢ theno € pr(o*).

The proof of Lemm&Z25 is simple and thus omitted. We can now approach the final
step in which we show tha{(¢, ) A ;=T is also closed and clash-free. Closedness
follows trivially from Lemma24 but clash-freeness requires work. The only clash rule
which might possibly apply is S3. Since does not occur irs(¢, 0), S3 can only be
applied withgb =T andT £, x, i.e. if there arev, wi, w2 € V(S(¢p, 0)) such that:

w=w; Xws iN (¢, 0) andgg<w in s(, o)

We have to distinguish all possible choicesof V(s(¢p, 0)) but restrict ourself to the
more interesting cases wheree W(yp, o). In this caseq’ <w was added t&(¢p, o)
by rule f in Definition 28. Sincev=w; xws in S(¢, o) andw € W(¢, p) it follows that
w =@, orw = ¢ for somer < pandz € {z,y}.

1. Casew = g3: Rule frequiresp - z70<P"y?0 for some prefixr <. This is equiv-
alenttoA, - (z,y) = (u,u) for someu. The Equality rule in the automaton
construction yieldsd,, - (z,y) —% (u,u). Thus,e € £(A,) which contradicts
o ¢ Trace,.

2. Casew = @2 wherer < pand z € {x,y}: Rule f requires the existence of
0,0, 7 such thatp - 270’ <P" 2?7’ wherep = ¢'o andw = 7’o. Fromrn < g it
follows thatm’c < ¢’ and thust’ < ¢'. Leto # ¢ be such that’o = . Thus,
7’0 < 7'oo which in turn yieldss < oo. The key point comes now. We can apply
Lemmé&25 in order to deduee € pr(o*). Henceg = ¢'c = 7o € w'opr(o*) C
pr(w’'o*). Sincep F 2?70’ <P" 277’ there exists:, such thatp F z7o' <P"u; together

with our assumptiorlp,(g) < r,(p) it follows that.Ag, F (x,y) <2 (u,v) for some
u,v. Henceo' € Base,, i.e.n’'o € Basg,. Combined witho € pr(n’o*), we obtain
o € Trace, in contradiction to our assumption.
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| X
z<yxy A | / \
2xy<y A p Ea<y | 11 2 s X
2xT<z [ A N, N
= | 9 s X x X
- AV 7\
. s X x X X X
Entailment holds. l \ /\ /N /N /N /\
1
=

Fig. 4. An example for the general case

9 Conclusion and Future Work

We have solved the problem of non-structural subtype entailment over the signature
{1, T, x} for the restricted language wheteand T are not supported syntactically.

We have proved PSPACE-completeness both for simple and recursive types. We have
presented the notion of a P-automaton and illustrated its importance for understanding
non-structural subtype entailment. Because of its P-edges a P-automaton can recognize
non context-free languages. In what concerns non-structural subtype entailment for the
restricted language, we have proved that non regularity can be safely ignored.

We believe that our methods can be extended to the full problem of non-structural
subtype entailment. However, the full problem may well turn out to be more complex
then PSPACE-complete. More research is needed to answer this question finally. The
main problem in the general case is that we have to take P-edges into account. This is
illustrated by the following example:

wg: e<yxy A zxy<y A zxT<z Ea<y

Entailment holds even though the language of finite automatap,fgiven in Figurd #

is not universal. The construction rules for this automaton are more involved than in
Table[3 sinc€ has to be accounted for. A P-edge fromy) to (y, z) has to be added
even though only one of the two variables is switched.
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Abstract. We show that the cut-elimination for LKT, as presented in
Danos et al.(1993), simulates the normalization for classical natural de-
duction(CND). Particularly, the denotation for CND inherits the one for
LKT. Moreover the transform from CND proof (i.e., Parigot’s Au-term)
to LKT proof can be considered as a classical extension to call-by-name
(CBN) CPS-transform.

1 Introduction

What is LKT?: One constructive classical logic we consider is LK'T presented
by Danos, Joinet and Schellinx(DJS) [1]. It has long been thought that clas-
sical logic cannot be put to use for computational purposes. It is because, in
general, the normalization process for the the proof of classical logic has a lot
of critical pairs. The normalization is the cut-elimination in case of the the
Gentzen’s sequent-style classical logic: LK. It is the Gentzen’s theorem that LK
has a Strongly Normalizing (SN) cut-elimination procedure. However it is not
Church-Rosser(CR). LKT is a variant of LK which is equiped with SN and CR
cut-elimination procedure. We say LK is constructive in this sense. The SN and
CR cut-elimination procedure is called as tg-protocol. The CR property of tq-
protocol is recovered by adding some restrictions on logical rules to LK. Despite
of the restrictions, soundness and completeness w.r.t. classical provability is still
retained in LKT. LKT is “classical logic” in this sence.

What is Classical Natural Deduction?: The other constructive classical
logic is classical natural deduction (CND) presented by Parigot [9]. Church’s
A-calculus is widely accepted as the logical basis of functional programming. It
is also well known that typed A-calculus has Curry-Howard correspondence with
intuitionistic natural deduction. Parigot extends this idea to a classical logic:
CND. Its computational interpretation is a natural extension of call-by-name
(CBN) A-calculus, called Ap-calculus. The Ap-calculus, equiped with so called
“structural reduction” rule, is known to be SN and CR [9]. This exactly means
the normalization procedure (in the sence of Parigot) of CND is SN and CR.
Therefore CND can also be considered as a constructive classical logic. Here-
after we refer to Parigot’s Au-calculus by Aup in order to put stress on the fact
that it is CBN.

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 266-{280] 1999.
© Springer-Verlag Berlin Heidelberg 1999
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Our Work: In this paper, we show how CND and LKT are related. More
precisely, the normalization for CND can be simulated by tq-protocol for LKT
(simulation theorem). Therefore the SN and CR property of Aun is shown to
be a consequence of that of tq-protocol. Moreover we show the transform from
CND proof to LKT proof can be considered as an essence of CPS-transform
which is of computer science interest.

This paper consists of two part. In first part, we present a new term calcu-
lus for LK'T. Hereafter we refer to this term calculus as Ap-calculus. By this
method, LKT which is a purely proof-theoretical artifact is set in correspon-
dence with a simple term rewriting system. In second part, we show how Aun
can be simulated by Apt. Our investigation tool is a transform: it inductively
transform the Aun-term into the Ap-term. As we mentioned before, Aun can
be considered as a classical extension to CBN A-calculus. Also, we already re-
vealed that LKT is the target language of the CBN CPS-transform[7]. In sum,
this transform can be considered as a classical extension to Plotkin’s CBN CPS-
transform[I0]. Note that Plotkin’s result is on the untyped case. However, we
restrict ourself to well-typed case. This is because our investigation is purely
proof theoretical.

As far as the denotational semantics is concerned, the advantage of our
method is clear. Our main result shows that Aun can be simulated by tg-protocol.
Tq-protocol can be simulated further by A-calculus[8]. Hence A\un are shown to
have the denotation in cartesian closed category. This observation confronts the
categorical semantics approach such as “control category” of Selinger[1] and
“continuation category” of Hofmann and Streicher[fi]. Moreover, by the DJS’s
simulation theorem for linear decoration, our Aup also inherits the denotation
in linear logic’s coherent space semantics. This fact seems to be overlooked in
the community of categorical semantics.

Related Works: In the community of proof theory, our simulation theorem
are considered informally by some people. Herbelin[] published a detailed work
on the term calculus of LJT, which is an intuitionistic fragment of LK'T. He in-
terpreted LJT proofs as programs and cut-elimination steps as reduction steps,
just as we do here. DJS also mentioned to the relation between CND and LKT
in [2](p.795). They refer to a manuscript for full details there, however, the
manuscript is not open to the public yet. Hence it should be considered as an
open problem. Moreover what is new to our work is how it is proved. We use
the technique of CPS-transform. That is, we discover the relation between the
constructive classical logic and CPS-transform. Needless to say, they are both
important concept in each community.

In the community of the theory of programming languages, De Groote de-
scribes the CPS-transform of the Aun in [3]. However his method was merely
syntactic; he dose not mention to the relation to the proof theory. That is, the
second part of our work can be seen as a proof theoretical recast of his work.
In addition, our simulation theorem establishes more clear relation. We describe
how De Groote’s work can be recovered within our framework at the end.
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Table 1. Original Derivation Rules for LKT

A; r=a
— Ax
A; = A ;A= A
o, r= A n; r,A, A= a m; r=aAa m; r=a,AA
—_IW— I C——RW—__RC
m; r,A= A m; r,A=a o;1r=4,A m; r=4a,A
II; Ty = Ag, A A; mp= A 3 To = Ag, A mo; I, A= A,
h-cut m-cut
II; Iy, Iy = Ag,Ay II; Iy, Iy = Ag,Ay
B; o= A ;= AL A m; r,A= A,B
— R—
A — B o,y = Ag,A m; r=a,A—B

2 Apg for LKT

In the following, we use the word derivation, instead of proof, for a tree of
derivation rules.

First of all, we quote the original derivation rules for LKT from [I] in Table[dl
= is the entailment sign of the calculus. We use rhs and lhs for the right-
hand-side and left-hand-side of the entailment sign, respectively. The letter L/R
stands for Left and Right introduction, D for Dereliction, C for Contraction
and W for Weakening. Notice also that we use different names for cut rules.
We use m-cut instead of “mid” and h-cut instead of “head”. This is needed to
avoid confusion. Notice that, in their original definition, contexts are interpreted
as multisets, and structural rules are explicit.

2.1 Indexed Logical Systems

Now we will explain our formulation of logical systems. We use indexed for-
mula method which is firstly developed by Zucker to relate a Gentzen’s sequent-
style derivation and a A-terms[I2]. Parigot’s follows his method to relate a Aun-
term and a CIND derivation.

In order to relate a term and a derivation, we need some way to specify for-
mulas. For this, we change the notion of context. We interpret the context as the
set of the indexed formulas. Accordingly, by contrast to the original, struc-
tural rules are implicit. Formulas are that of first order propositional logic
constructed from —. We use same implication symbol between logical systems.
Indexed formula is an ordered pair of a formula and an index. We assume
there are denumerably many A-indices (resp. u-indices) ranged over x,y, z ...
(resp. a, 3,7, ...). We write an indexed formula (A, z) as A and (A, «) as A“.
Sequents of each logical systems are of the form as follows:

LK: I'=s A
LKT: II; I'= A
CND: I'= A
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where ' is a A-context which is a set of A-indexed formulas. Similarly, A is a
p-context which is a set of py-indexed formulas. Comma means taking union as
sets. Thus, the set Iy U I is denoted by “Ip, I1” and {A*} U by “A* I, IT
denotes at most one unindexed formula.

We only handle multiplicative rules in every logical system. That is, \-
contexts (u-contexts) in the conclusion is the union of A-contexts (u-contexts
respectively) in the premises. For example, in L— of LK:

Iy = Ao, A r,BY = a,

L—

(A — B)", 1o, = Ao, A

Hereafter, for readability, we only write active and main formulas, and omit
contexts as follows:
= A® BY =
(A— B)" =

In the above, A and B are active formulas, while A — B is main formula. As
we interpret contexts as sets, occurrences of formulas with the same index are
automatically contracted. One can interpret this that binary rules are always
followed by appropriate explicit contractions which rename the indices to the
same name. We also interpret axiom rules contain appropriate weakenings as
contexts. Therefore, we say, structural rules are implicit. Notice that in LKT,
application of structural rules are restricted within I" and A. Specifically I can
not be introduced by weakening.

We use 7 for the derivation. Initial index is an index which appears for
the first time in whole derivation. We assume all initial indices are distinct
unless they are truly related (i.e., subject of further implicit contraction). This
is possible, by introducing the “concatenation” to indices on every binary rules.
See Zucker.

2.2 Raw Apg-Terms

We introduce a new notion for Au¢-terms. In a word, it has a “bi-directional”
form of application. They correspond to the two orientation of cut in Gentzen’s
sequent-style classical logic. We explain this in the next subsection. Accordingly
we have two kind of S-contractions.

The raw Apg-terms, ranged over s, t,u, etc., are defined as follows:

s, t,u:=1x A-variable
Azt A-abstraction
pot.s p-abstraction

t t-application
(st g-application
[a]s named-term

).t  R-term
h{s,u) L-term.
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In the above definition, t-application corresponds to the usual application (i.e.,
application in A-calculus). g-application is the new form of application in reverse
direction. We often omit the type of A-variable (u-name) in A-abstraction(u-
abstraction), in case it is clear from context.

2.3 The Notion of Orientation of Cut

To begin with, let us introduce briefly the notion of orientation of cut in
tg-protocol|2]. This can be explained through the consideration “why LK has
critical pairs?”. The most typical example of critical pairs are as follows:

= =
—RW — LW
= A A=

cut
=

This simple example shows the source of inconfluency. Obviously, we have to
choose whether the subderivation of the left premise of the cut or that of the
right premise is going to be erased. The premise is going to be erased because it is
introduced by weakening. We get two inconfluent result according to the choice
of the direction. This choice exactly is the orientation of cut. In LKT, the
orientation of cut is fixed beforehand; two cut rules (h-cut or m-cut) represents
the two orientation. Roughly speaking, this is how LKT recovers CR property.

Now, our intention is to express cut-elimination by B-reduction. Therefore
we introduce new notation to express two orientation of cut as follows:

pAs e
q

Az t) (pats): = Ozt t) (pat.s): =

The sequent in the box should be duplicated/erased. Now we adapt this idea to
tg-protocol on LK'T. We split 3 redex rule into two as follows:

Az t) (na?.s) — t [z := pa.s] 0 (R D) (pat.s) — s [a = AhA 1] g

where — denotes one step (-reduction. In the 8¢ rule above, by using the jar-
gon in [2], the cut-formula A" is attractive and main in logical rule. Hence the
attracting subderivation represented by t is the transporting one. When this
transportation passing an instance of contraction/weakening, it should be du-
plicated/erased. This process corresponds to structural step in tg-protocol. We
will come back to this point later.

The Api-term of the form (AzA.t) (ua?.s) is called B'-redex. Similarly,
Mz 1) (o .s) is called 39-redex. t is normal iff no subterm of ¢ is neither 3-
redex nor #9-redex. The result of S-reduction on (-redex is called S-contractum.

2.4 Substitution

t [z? := s] means the standard substitution as meta-operation. In addition to
this, we use p-name substitution. The result of p-name substitution: u [a?
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Table 2. A\ji-Term Assignment for LK'T

. h.
Ax t: A" =

. ph. a —_—D
[o]h: A% = A (Mhtyz: ; A" =
st ; = A° t: Ay = st = A° t: ; A" =
h-cut m-cut
(Aht) (pas): 5 = Az.t) (pa.s): 5 =
u: B"; = s: ; = A” t: ; A® = B
L— R—

b (poes, by : (A — B)Y 5 = (z,8).t: ; = (A— B)”

Ah.s] is obtained from u by recursively replacing every named subterm of u of
the shape [a]v by s [h := v [ := Ah.s]]. Formally it is defined as follows:

([a]v) [a := Ah.s] = s[h:=wv[a:= Ah.s]]
([Bv) [ :=Ahs] = [Bl(v]a:=Ahs]), if a#p

We only show the base case. This definition says that named-term substitution
is made of two substitution. First named-term is interpreted as a t-application.
That is, the result of replacing « by Ah.s is (Ah.s) (v [« := Ah.s]). Then this newly
created redex is immediately reduced. Hence we get s[h := v[a := Ah.s]]. Notice
that h occurs exactly once in s. Since second substitution [h := v [« := Ah.s]]
dose not duplicate/erase the v [a := Ah.s].

2.5 Definitions for Apg-Calculus
Our Ap-term assignment for LKT is displayed in Table 2.

Definition 1 (\yt as a reduction system). The reduction relation —,,,
of Au¢, viewed as a rewrite system, is defined to be the compatible closure of the
notion of reduction defined by two redex rules, namely, 3¢ and (9.

The —»,, defines the full LKT-reduction on Api-terms. We write reflexive
and transitive closure of —»,, as =),,. Hereafter we refer to the reduction
system as Apt-calculus.

Term assignment judgment is an ordered pair of Aut-term and indexed
sequent. We write a judgment (s,II; I' = A) as s: II; I' = A. Derivation
rules define the term assignment judgment. Derivation is a tree of derivation
rules of which leaves are axioms, of which nodes are derivation rules other than
axiom. We use 7 for the derivation. We call the term s as an assigned term to
the derivation , and refer to it by the notion of TermOf(r). Two derivations
are said to be equal if they differ only up to indices of the formulas. Notice
that this equivalence is identical with the weak equivalence of DJS(|2]) thanks
to the indexed formula/implicit structural rules in our formulation. We say that
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the derivation is cut-free if it contains neither m-cut nor h-cut. Let 7w be the
derivation of which last inference rule is m-cut. We call the TermOf(r), which
is a fB-redex, as m-cut redex. h-cut redex is defined as the same way.

2.6 Some Properties of Au¢-Calculus

Our term assignment faithfully reflects the structure of sequent calculus. Thus,
inductive definition of substitution on terms, agrees with the induction on the
length of derivation. We can state this formally as follows:

Proposition 1 (subterm property). In every derivation rule, all terms of
premises are included as subterms in the term of the derivation rule.

Proof. Mechanical checking of term assignment for each derivation rules.

Proposition 2 (cut-freeness and normality). The derivation 7 is cut-free
iff TermOf(m) is normal.

Proof. (=) By induction on the length of derivation. E.g. for L— : By induction
hypothesis s and ¢ are normal, hence {\y.t)(x s) is normal. (<) Obvious, as
term of of h-cut is of the form of 3*-redex, and term of m-cut is B9-redex.

Now we are ready to prove that our term assignment and bi-directional S-redex
simulates tq-protocol.

Theorem 1 (tg-protocol simulated by normalization). If an LKT deriva-
tion m reduces to @' by one tg-protocol step, then TermOfir) — TermOf(r') by
reducing the m-cut(h-cut) redex associated to the m-cut(h-cut).

Proof (sketch). Naturally, the Au¢-terms are assigned to be compatible with
tg-protocol. The rule Ax says that we identify the head-variable with the head-
index. The rule D says that we identify the set of A-variables with the set of
A-indices. It also says that we identify pu-names and p-indices. Namely, in the
term assignment judgment, each A-variable (resp. p-name) that occurs free in
Apg-term is identified with the A-index (resp. u-index) of the same name.

Structural Step (or S-step) of tg-protocol: S-step consists of two phases,
namely Sl-step and S2-step.

Elimination of h-cut corresponds to S2-step. In case of h-cut, attractive cut-
formula is main in a logical rule (i.e., introduced by L—). Hence we transport
attracting subderivation: t. Transporting t exactly correspond to the py-name sub-
stitution: s [« := Ah.t].(The definition of p-name substitution will be displayed
later in this section.) In the process of p-name substitution, Ah.t is duplicated
(erased, resp.) whenever passing an instance of (implicit) contraction (weaken-
ing, resp.). That is, elimination of h-cut corresponds to S2-step in tq-protocol.

Similarly, elimination of m-cut corresponds to Sl-step. That is, Sl-step is
simulated by A-variable substitution. When the A-variable substitution reaches
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to an instance of D rule, it turns into h-cut. That is, S1-step will change into
S2-step at the point of the occurrence of D rule.

Logical Step (or L-step) of tg-protocol: L-step decompose the implica-
tion (—). One may think of R-term as a kind of abstraction, and L-term as a
kind of application. Moreover, an L-step can be considered as a communication.
L-term: h(s,u) sends the two subderivations s and u to R-term. R-term: (z, ).t
receives the two subderivations by x and 3. Under these intuitions, we display
how L-term and R-term works in simulating of L-step of tg-protocol:

u: B": = s: ; = A® t: ; A= B
77 L— R—
B (ua.s,\hu): (A— B)" ; = V(z,B).t: ; = (A— B)” N
-cut
NI (s, M) (57171, B)-6) = 5 =
reduces to:
s: ; = A® t: ; A= B
m-cut
(A\z.t) (pos): ; = BP u: B"; =

h-cut

M) (uB.(Ax.t) (paes)): 5 =

Obviously, (\h'.B' (pa.s, Ah.w)) (uy.[¥](z, B). t) reduces to ((z,3).t) (pa.s, Ah.u)
by p-name substitution. However this is not equal to the series of application
of m-cut and h-cut. Hence we need syntactic trick to mimic this. We define the
syntactical equality as follows:

((z, B). t) (pa.s, Nhaw) = (Whad) (uB.(Az.t) (pa.s))

((x, B).t) {pa.s, Ah.u) can be regarded as representing simultaneous application
of m-cut and h-cut. In fact, two cuts are commutative; we can change the order
of m-cut and h-cut for free. This is the essence of CR property of tq-protocol.
Let us say that this syntactical equality is needed to fill the gap of term-calculus
and sequent calculus.

At last we mention to immediate reduction of axiom cuts which is required
by tqg-protocol. It is easy to see that our substitution semantics agrees with
immediate reduction of axiom cuts. To be more precise,

(\z.t) (uaa]h) = M.t
) =

(Az o)) (pov.s) = povs fo = o]
(AR-t) (ua-[a]h) = Ah.t

(M-[a'Th) (povs) = pdd s o := o]

These p-name substitution stands for the syntactical replacement of « by «/.

3 CBN CPS-Transform of Aup-Calculus

In this section, we define the transform from App into Apg. Our goal is to prove
that the SN and CR property of Aun is a consequence of that of Auy.
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Table 3. Aun-Term Assignment for CND

L: I'=B,A% A
fAX rename
v: A=A *q[BlL: I'=AB° A

L: INA®* = B, A M: Th=A—B,Ay N: I'= A A
—7T —&
Ax.L: F:>A—>B,A (MN) F(),F1:>B,A0,A1

3.1 Parigot’s Aun-Calculus

To begin with, we adopt Aun-calculus of Parigot from [9]. It is defined on a nat-
ural deduction-style logic, called Classical Natural Deduction (CND). Sequents
of CND is similar to that of LK. The only difference is, it has exactly one unin-
dexed formula in rhs. The term assignment for CND is displayed in Table Bl
We refer to the term as Aun-terms, ranged over L, M, N, etc. There are three
redex rules, namely (3, and muetaCBN:

Me.M)N — M [z := M] b

(W [6]M) N — p*B.[0]M [y := Az.[](z N)] ‘

* * * H-n
1 8.[a/) (1 e [BIL) — pr8.([BIL) o := o]
In ¢ redex rule, we use one more new notion called p-name substitution for
App-calculus.

Definition 2 (u-name substitution for Aun). The p-name substitution is of
the form M [y := Ax.[08](x N)]. The result of it is obtained from M by recursively
replacing every named subterm of M of the shape [y]L by [B](L N).

That is, if we interpret named term [y]L as t-application, i.e., as (v L), y-name
substitution could be understood as a standard variable substitution. Note that
( is essentially identical with Parigot’s structural reduction.

Definition 3 (Aun as a reduction system). The reduction relation —,,,
of An, viewed as a rewrite system, is defined to be the compatible closure of the
notion of reduction defined by three redex rules, namely, 8 and ¢ and u-n.

The —,,, defines the full Au-reduction relation, written —,,,; its reflexive
and transitive closure is ==»,,,. We say M is intuitionistic if it is of the form
of x, \x.M or (M N).
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3.2 The “Naive” CPS-Transform

The naive transform a Api-term M of a Aun-term M is based on the naive, induc-
tive transform of each CIND derivation rule into a sequence of LKT derivation.

=
w®
=
=

=1
=
c
<=

)

1.
(M ):ﬂ

In the above, we use abbreviation (8)t for {(A\y.[G]y)t. We show how —& is trans-
formed into an LKT derivation:

s:; = A* [flh: B"; = BP
u: ; = (A— B)? h{pe.s, \h.[B]h): (A— B)"; = B?
Oh.h(pa.s, \h[BIRY) (uy.u) = 5 = BP

L—
h-cut

3.3 The “Modified” CPS-Transform

Then, we proceed to the “modified” transform. The intention of this transform

is, to remove disturbing m-cut during transform. Specifically, we transform the
k-successive application of the form (...(MN;)...Ny) into k-successive L—
in LKT. In fact, as we show later, this transform maps normal Aun-terms to
normal Aut-terms. These m-cut are part of what Plotkin calls administrative
redexes[10]. Similar observation is also reported by Herbelin[]. His solution
was to introduce special term, called argument list.

Let r be the continuations which is generated from the grammar: r :=
a | Ah.h{pa.s, ). Now we introduce modified transform M of M as follows:

L= pp.(L:3)
pra.[BIL = po.(L: )

In the first line, L is intuitionistic and [ is a fresh py-name. Then the infix
operator “colon (:)” : Aup-term x Ap¢-term — Apt-term is defined as follows:

(Az. L) = [(z, B).

(Az.L): Ah.h(N,7) = ((z, 5). )
(M N):r = M:\h. h@,w

(e [BIL) :r = {r) (pa.(L: B))
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In the second and third line, we assume L is intuitionistic and § is a fresh name.
Otherwise, the it is defined as follows:

Az (" B.LOIL) v = [V](z, B). (L :0)
Az.(p* B.[8]L) : Mhh (N, 7) = ((2, B). (L :8)) (N, 7)

This transform is very similar to Plotkin’s “colon” translation. The difference
is, we ask the “argument part” N of (M N) to be transformed by this modified
transform again. This is because we consider full reduction, instead of CBN
reduction strategy. In the following, we considerably omit the proof for the lack
of space.

Lemma 1. if M is normal, then M is normal.

Proof. By induction on the structure of M.

Lemma 2. If v does not occur in M, then (M :7) [y:=71'] = M:(r [y:=7"]).
Proof. By induction on the structure of M. For example,

(Az.L:7y) [y := Ah(N,r)] = (W2, B)- (L2 B)) [y := Ahh(N, 7)]
= (2, 8). (L: B) (N, )
= Az.L: Ah.h(N,7)

Lemma 3. ()N —,

[
-

t

Proof. By cases whether N is intuitionistic or not.

Lemma 4. L =), L

Proof. By induction on the structure of L. For example, suppose L is of the form
(M ]V)7 where M = (Ml Mg)

(MN) = pBMhh(N,B) M
= e 1B (N, B)) M i.h
— e HBARR(N, B)) (v (M :7))
— WO (M : ARI(N, 3))
= pB.((M N):p)
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3.4  Ap¢ Simulates Aun

In this subsection, we establish the simulation of the normalization for CND by
tg-protocol for LKT.

Lemma 5. M [z := N| =,,, M [z := N]

Proof. By induction on the structure of M. For the base case,

1=

[t:=N] = (pafo)z) [z :=N]

T = odN
‘U\ytﬂ

Lemma 6. (M :r) [z := N] =, (M [z := N]J):r

Proof. By induction on the structure of M. For the base case,

(@) fe:=N] = ON  —a. DN

Lemma 7. ((Ax.L) N) =, L [z := N]
Proof. Suppose M is intuitionistic. Another case is similar.

(ML) N) = pB'((z,8). (L:B) (N, B)
s 1B (L2B) o = N [ = ]
e 1Lz o= N])
= L[z:=N]

Lemma 8.

M [y := Anh(N, )] = au, M [y := A [B](z N
[r:= Az.[B](x N)]) = (r [y := AR (I, B)])

(MT) h/ = Ahh<£7 ﬂ” :>>\llt (M
Proof. By induction on the structure of M. Suppose M = (M; Ma).

M [y = Ah(N, B)] = pé.(M :v)[. . ]
= pd.(M [y := Az.[f](z N)]) : Ah.h (N, B)
= pd.(M[...]N):3)

— 18.18)(M]...] N)
= M [y = \a.[f)(@ N))
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From second to third line, we use secondary induction as follows:

((My Ma):r) [y := Ahh(N, B)] = (M1 : Ah.h(My, 7)) [y := Ah.h(N, B)]
— (Mi[. ) (\eh (Mo, 7)) [y i= AhA(Y, )
= M[...]: (Ah.h{Ms [y := Ae.[B](z N)],r[...])
= ((My M) [y := Az.[f](z N)]) :r[.. ]

Lemma 9. ((1*7.[8]M) N) =, w*B[81M [y := Aa.[B)(a N)]

Proof. By induction on the structure of M. The only interesting case is as follows:

((u™y-[6]M) N) pB-(((1"y.[6]M) N) : B)
pB-((n*y.[6]M) : Ah.h(N, )
uB-AhR(N, B)) (pry.M :0)
— e ﬂﬂ( 10) [y == Ah.h (N, B)]
= WOPIM [y:= Ahh(N, 5)]

= P ﬂ [0]M [y := Az.[5](z N)]

Lemma 10. jr*a.[8](u* B[5]M) —sx,,, (1 a.5]M) [3' = ]

Proof. easy.

Theorem 2 (Simulation). if M —,, N, then M =, N.

Proof. Lemma [fl Lemma [0 and Lemma [I0] shows that 3,¢ and p-n redex rules
are correctly simulated by =), .

Corollary 1. SN and CR property of ==, 15 a corollary of that of ==, -

3.5 Relation to De Groote’s Work

First, we briefly quote our result described in [7} [8]. We have revealed that
CBN CPS-calculi are exactly the term calculi on the (intuitionistic decoration
of) LKT; CBN CPS-calculi simulates tg-protocol for LKT.

Theorem 3 (Simulation). Apz-caleulus can be simulated by A-calculus(i.e.,
Plotkin-style CBN CPS-calculus).

The transform of Ap¢-term s into Plotkin-style CBN CPS-terms s* are fairly
simple. It can be described briefly as follows: ([a]s)” = (k s*), ({)s)" = (s* k),
(pa.s)™ = Mk.s* and ((t)s)* = (s* t*). A given mapping from p-names into con-
tinuation variables such as (4%)* = (=4%)", (B)" = (=BY)", (4 — B)")"
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(—~(A — B)t)k“ are assumed. For object variable, (A%)" = (-—A")" is also as-
sumed. With this further simulation of Auyt, our “naive” CPS-transform recovers
De Groote’s CPS-transform of Aun as follows:

x=Xk.x k
M. L = ME" K" Nz, k). (LK)
(M N) = X\c'.M (\h.h(N, k"))

o lB)L = Ak.L k'

Note that this transform raise “double negation translation” on types. Hence
we can see that Plotkin’s CPS-transform can be divided into two phases. One
is the simulation of CND by LKT, and the other is the simulation of LKT
by its intuitionistic decoration in LJ. Recall that the intuitionistic decoration
is the homomorphic transform. Thus we know that the simulation of CND by
LKT is the essential part of the CPS-transform. This fact connects the theory
of constructive classical logic and CPS-transform.

4 Conclusions and Further Directions

Naturally, the CBV system needs further study. One can easily adapt the term
assignment method (i.e., first part) to the LKQ which is the dual of the LKT.
From its duality, Auq-calculus seems to be the candidate to simulate CBV version
of Ap-calculus.

Our transform allows Aup-calculus to be interpreted in LKT, hence its se-
mantics. It should be more understood how these syntactical characterization of
CBN relate to their (maybe more intrinsic) characterizations using domains, cat-
egories and more recently games. We should not be satisfied with the embedding
into the coherent space.

It is known that A — B, the set of stable morphisms in stable domain theory,
is the same with (!.4) —o B, the set of linear morphisms that linearize the source
space. The discovery of this splitting of — into ! and —o was a very important
step towards the Girard’s discovery of linear logic. Our investigation seems to go
the other way round. It strongly implies the existence of “classical” CBN stable
domain theory. That is, (!?.4) —o(? B), represents CBN stable function.
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Abstract. We have formally verified the MCS list-based queuing lock
algorithm (MCS) with CafeOBJ and UNITY. What we have shown is
that it has the two properties that more than one process can never
enter their critical section simultaneously and a process wanting to enter
a critical section eventually enters there. First a simple queuing lock
algorithm (MCS0) has been specified in CafeOBJ by adopting UNITY
computational model, and verified with UNITY logic. Secondly a queuing
lock algorithm (MCS1) specified in the same way as MCS0O has been
verified by showing the existence of a simulation relation from MCS1 to
MCSO0 with the help of CafeOBJ. Lastly MCS has been derived from a
slightly modified MCS1.

1 Introduction

We have formally verified the MCS list-based queuing lock algorithm (MCS) [6]
with CafeOBJ [2] and UNITY [I]. MCS is a scalable algorithm for spin locks
that generates O(1) remote references per lock acquisition, independent of the
number of processes (or processors) attempting to acquire the lock. We have
shown MCS has two properties: one is a safety property, and the other a liveness
property. The safety property is that more than one process can never enter their
critical section when MCS is used to implement the mutual exclusion problem.
The liveness property is that a process wanting to a critical section eventually
enters there when MCS is used to implement the mutual exclusion problem.

The verification is divided into three stages. First a simple queuing lock
algorithm (MCSO0) has been specified in CafeOBJ by adopting the parallel com-
putational model of UNITY, and verified w.r.t. the two properties using UNITY
logic with the help of CafeOBJ rewrite engine [7]. Secondly a queuing lock al-
gorithm (MCS1) has been specified in the same way as MCS0. We have then
shown there exists a simulation relation from MCS1 to MCS0 with the help of
CafeOBJ rewrite engine, which indicates MCS1 has the safety properties that
MCSO0 has [4]. MCS1 has also been verified w.r.t. the liveness property using
the simulation relation and UNITY logic. Lastly MCS has been derived from a
slightly modified MCS1.

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 281293 1999.
© Springer-Verlag Berlin Heidelberg 1999
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2 Preliminary

The parallel computational model of UNITY is basically a labeled transition sys-
tem. It has some initial states and finitely many transition rules. The execution
starts from one initial state and goes on forever; in each step some transition rule
is nondeterministically chosen and executed. The nondeterministic choice is con-
strained by the following fairness rule: every transition rule is chosen infinitely
often. Execution of one transition rule may simultaneously change (possibly
nothing) multiple components of the system.

UNITY has a mini programming language to represent the parallel compu-
tational model. A program consists of a declaration of variables, a specification
of their initial values, and a set of multiple-assignment statements. A multiple-
assignment statement corresponds to a transition rule.

UNITY also provides a proof system based on the logic that is an extension of
Floyd-Hoare logic to parallel programs, with a flavor of temporal logic [5]. The
logic is based on assertions of the form {p} s {¢}, denoting that execution of state-
ment s in any state that satisfies predicate p results in a state that satisfies predi-
cate g, if execution of s terminates. Properties of a UNITY program are expressed
using assertions of the form {p} s {¢}, where s is universally or existentially quan-
tified over the statements of the program. The properties are classified into a
safety or a liveness property. Existential quantification over program statements
is essential in stating liveness properties, whereas safety properties can be stated
using only universal quantifications over statements (and using the initial condi-
tion). Although all properties of a program can be expressed directly using asser-
tions, a few additional terms are introduced for conveniently describing proper-
ties of programs: unless, stable, invariant, ensures, and leads-to (or —). The first
four terms are defined as follows: p unless ¢ = (Vs:sin F :: {pA—q} s {pVq}),
stable p = p unless false , invariant p = (initial condition = p) A stable p, and
p ensures ¢ = (p unless ¢Q)A(Js : sin F :: {pA—q} s {q}), where F is a program,
s a statement, and p and ¢ predicates. A given program has the property p — ¢
if and only if this property can be derived by a finite number of applications of

. . VYm: W::
the following inference rules; 2054 4 P = 4. 9 = T " and {ym:meW::p(m) — a)
D= q ’ p =T ’ (Fm:meW::p(m)) —q

for any set W.

CafeOBJ provides notational machinery to describe labeled transition sys-
tems, and the corresponding semantics, namely, hidden algebra|3]. In hidden
algebra, a hidden sort represents (states of) a labeled transition system. Action
operations, which take the state of a labeled transition system and zero or more
data represented by wvisible sorts, and returns another (possibly the same) state
of the system, can change the state of a labeled transition system. The state
of a labeled transition system can be observed only with observation operations
that take the state of a labeled transition system and returns the value of a data
component in the system.
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3 The MCS List-Based Queuing Lock

The MCS list-based queuing lock (MCS) is a scalable algorithm for spin locks
that has the following properties:

— it guarantees FIFO ordering of lock acquisitions;
— it spins on locally-accessible flag variables only;
— it requires a small constant amount of space per lock; and

— it works equally well (requiring only O(1) network transactions per lock
acquisition) on machines with and without coherent caches.

The code in a traditional style is given below:

type gnode = record
next : “qnode
locked : Boolean

type lock = “gnode

procedure acquireLock( L : ~“lock, I : “gnode )
I->next := nil
pred : “gnode := fetch&store( L, I )
if pred != nil
I->locked := true
pred->next := 1
repeat while I->locked

procedure releaseLock( L : ~“lock, I : “gnode )
if I->next = nil
if comp&swap( L, I, nil )

return
repeat while I->next = nil
I->next->locked := false

MCS uses two atomic operations fetch& store and comp&swap. fetch& store takes
as arguments the address of a memory location and a value, and indivisibly
stores the value into the memory location and returns the old value stored in
the memory location. comp& swap takes as arguments the address of a memory
location and two values, and indivisibly stores the second value into the memory
location only if the first value is equal to the old value stored in the memory
location and returns true if so and false otherwise.

4 Verification of MCS

We formally verify MCS w.r.t. the following two points:

ME1 more than one process can never enter their critical section simultaneously
when MCS is used to implement the mutual exclusion problem; and

ME2 a process wanting to enter a critical section eventually enters there when
MCS is used to implement the mutual exclusion problem.
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4.1 Simple Queuing Lock

The simple queuing lock MCSO0 uses two atomic operations with large granularity.
The operations are atomicPut and atomicGet. atomicPut takes as input a queue
and a queue item, and indivisibly puts the item into the queue at the end, and
atomicGet takes as input a queue, and indivisibly deletes the top item from the
queue. The code for MCSO in a traditional style is given below:

type queue = record

head : “gnode
tail : “gnode

procedure acquireLock( Q : “queue, I : “gnode )
I->next := nil
atomicPut( Q, I )
repeat while I != Q->head

procedure releaseLock( Q : “queue, I : “qgnode )
atomicGet( Q )

Processes can mutually exclusively enter a critical section with acquireLock
and releaseLock. The code in a traditional style is as follows:
acquireLock( &queue, &item[i] )

Critical Section
releaseLock( &queue, &item[i] )

queue is a global variable, and item][i] is a local variable to each process i. Initially
queue is empty, that is, queue—>tail is nil. We will later refer this code as ME-
CODE. Suppose that a process that has entered the critical section eventually
exits from there.

Specification We formally specify ME-CODE in CafeOBJ by adopting UNITY
computational model. First ME-CODE is divided into six atomic actions:
acquireLock, setNext, atomicPut, checkHead, releaseLock, and atomicGet. For
example, setNext corresponds to (&item[i])—>next := nil, and atomicPut to
atomicPut(& queue, &item|[i]). Each atomic action corresponds to a UNITY
assignment-statement. Next let each process have six states: rem0, try0-1, try0-
2, try0-3, crit0, and exit0-1. For example, that a process is in rem0 means that
it is executing any code segment but ME-CODE, and a process changes its state
to try0-1 whenever it executes acquireLock only if its state is rem(0. The state
transition diagram is shown in Fig.[ (a).

We specify each atomic action with an action operator of CafeOBJ’s behav-
ioral specification. In the specification, there are also four observation operators
for each variable or state in ME-CODE. They are p, head, tail, and next. We can
use p to observe the state of each process. Positive integers are used to identify
processes, and also their local variables item’s. Let 0 mean nil. The main part
of the signature of the specification is as follows:

-- Initial system state

op init0 : -> SState0
-- Observation operators

bop p : NzNat SState0 -> PStateO
bops head tail : SState0 -> Nat
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bop mnext : NzNat SState0 -> Nat

-- Action operators

bops acquireLock setNext atomicPut : NzNat SStateO -> SState0
bops checkHead releaselLock atomicGet : NzNat SState0 -> SStateO

SStatel is a hidden sort that represents the state of ME-CODE, and Nat, NzNat,
and PState0 are visible sorts that represent natural numbers, positive integers,
and the states of processes. init0 is any initial state of ME-CODE.

In this paper, we give only two sets of equations for the two states after a

process has executed atomicPut and atomicGet, respectively. We will refer to
the specification for ME-CODE as MCS0-SPEC.

-- 3. after execution of ‘atomicPut’
ceq p(I,atomicPut(I,S)) = try0-3 if p(I,S) == try0-2 .
ceq p(J,atomicPut(I,s)) = p(J,s) if I =/= J or p(I,S) =/= try0-2

ceq head(atomicPut(I,S)) =1I if p(I,8) == try0-2 and tail(S) == 0 .
ceq head(atomicPut(I,S)) = head(S) if p(I,S) =/= try0-2 or tail(S) > 0 .
ceq tail(atomicPut(I,S)) = I if p(I,8) == try0-2 .

ceq tail(atomicPut(I,S))
ceq next(J,atomicPut(I,S))
ceq next(J,atomicPut(I,S))

tail(8) if p(I,8) =/= try0-2 .

I if p(I,8) == try0-2 and tail(S) > 0 and J == tail(S) .
next (J,8)

if p(I,8) =/= try0-2 or tail(S) == 0 or J =/= tail(S) .

-- 6. after execution of ‘atomicGet’

ceq p(I,atomicGet(I,S)) = rem0 if p(I,S) == exitO-1 .

ceq p(J,atomicGet(I,S)) = p(J,8) if I =/= J or p(I,8) =/= exitO-1 .

ceq head(atomicGet(I,S)) = next(head(S),S)

if p(I,S) == exit0-1 and next(head(S),S) > 0 .

head(S) if p(I,S) =/= exit0-1 or next(head(S8),S) == 0 .
ceq tail(atomicGet(I,S)) 0 if p(I,S) == exit0-1 and next(head(S),S) == 0 .
ceq tail(atomicGet(I,S)) tail(S) if p(I,S) =/= exit0-1 or next(head(S),S) > 0 .
eq next(J,atomicGet(I,S)) = next(J,S) .

ceq head(atomicGet(I,S))

Verification We formally verify MCS0-SPEC w.r.t. ME1 and ME2 with
UNITY logic and CafeOBJ. First ME1 and ME2 are restated more formally.
Let p; be the state of a process i.

1. dnvariant p; = crit0 A p; = crit0 = i = j; and
2. p; = try0-1— p; = crit0 .

Proof sketch 1: We actually prove the more powerful property that is given below:
invariant p; € {crit0, exit0-1} A p; € {crit0, exit0-1}y =i =7,

where z € {v1,...,v,} means ¢ = vy, ..., or & = v,. Suppose the property
“invariant p; € {crit0, exit0-1} = head = ©’ holds, the desired property can be
derived. Thus we prove the assumed property. In the initial state, the predicate
is vacuously true. Thus it is sufficient to show that a process ¢ changes its state
to crit0 whenever it executes checkHead only if its state is try0-3 and head = i,
and that head does not change unless the process ¢ in crit0 or exit0-1 changes its
state to rem0. In this paper, only the proof score for the latter case is shown. In
the proof, suppose another property ‘invariant p; € {crit0, exit0-1} = tail # nil’
holds, which can be shown in the same way. The proof score is given below:
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open MCSO-SPEC
op s : -> SState0 . ops i j1 j2 j3 j4 : -> NzNat .
eq p(i,s) = crit0 . eq p(j1,s) = rem0 . eq p(j2,s) = try0o-1 .
eq p(j3,s) = try0-2 . eq p(j4,s) = try0-3 .
eq head(s) =i . eq tail(s) > 0 = true . eq j3 > 0 = true .
red head(acquireLock(jl,s)) == i and tail(acquireLock(jl,s)) > 0 .
red head(setNext(j2,s)) == i and tail(setNext(j2,s)) > 0 .
red head(atomicPut(j3,s)) == i and tail(atomicPut(j3,s)) > 0 .
red head(checkHead(j4,s)) == i and tail(checkHead(j4,s)) > 0
red head(releaselLock(i,s)) == i and tail(releaseLock(i,s)) > 0 .
close

We can show the latter case that head does not change unless the process @
in crit0 or exit0-1 changes its state to rem0 by having CafeOBJ rewrite engine
execute the proof score. O

Proof sketch 2: It is easy to show the property ‘p; = try0-1 — p; = try0-3’ holds.
Thus it is sufficient to show the property ‘p; = try0-3 — p; = crit0’ holds. From
these two properties, the desired one can be obtained.

First we define a partial function d that takes as arguments two queue items,
and returns the distance between them in the queue if both of them are in a
queue and the first item is not in the rear of the second one in the queue. It is
defined as follows:

. 0 ifi=j
(i, 7) = { 1+ d(i—>next, k) otherwise.
To prove the property, it is sufficient to show the following one:
p; = try0-3Ad(head,i) = k — (p; = try0-3Ad(head,i) < k)Vp; = crit0 .

By applying the induction principle for leads-to to this one, the desired property
‘pi = try0-3 — p; = crit0’ can be derived. This property is then proven.

If d(head, i) = 0, it is easy to show ‘p; = try0-3 +— p; = crit0’ since head = 1.
So, suppose d(head,i) > 0. If so, there must be exact one process j such that
head = j. The process j must be in try0-3, crit0, or exit0-1. All we have to do is
to show that only the process j whose state is exit0-1 decrements d(head, i), but
any other process does not change d(head,i). The two cases that a process k in
try0-2 executes atomicPut, and the process j in exit0-1 executes atomicGet are
more interesting than others. Only the two cases are handled here. In the former
case it is shown that neither head nor the next field of a non-tail item ¢ in the
queue changes, and in the latter case it is shown that head changes to the second
item in the queue, but the nezt field of a non-tail item ¢ does not change. In
both cases, the process i does not change its state. By having CafeOBJ rewrite
engine execute the following proof score, they are shown.

open MCSO-SPEC
op s : —> SState0 . ops i j k : -> NzNat .
eq p(i,s) = try0-3 . eq p(j,s) = exit0-1 . eq p(k,s) = try0-2 .
eq head(s) = j . eq tail(s) > 0 = true . eq next(j,s) > 0 = true
red next(i,atomicPut(k,s)) == next(i,s) and next(i,atomicGet(j,s)) == next(i,s) .
red head(atomicPut(k,s)) == head(s) and head(atomicGet(j,s)) == next(head(s),s) .
red p(i,atomicPut(k,s)) == try0-3 and p(i,atomicGet(j,s)) == try0-3

close
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4.2 Queuing Lock

We prove the queuing lock MCS1 has the two properties ME1 and ME2 by
showing there exists a simulation relation from MCS1 to MCS0. MCS1 uses the
same atomic operations as MCS. The code for MCS1 in a traditional style is
given as follows:
procedure acquireLock( Q : “queue, I : “qgnode )

I->next := nil

pred : “qnode := fetch&store( &Q->tail, I )

if pred = nil

Q->head := I
else

pred->next :=1
repeat while I != Q->head

procedure releaseLock( Q : “queue, I : “gnode )
if Q->head->next = nil
if comp&swap( &Q->tail, Q->head, nil )
return
repeat while Q->head->next = nil
Q->head := Q->head->next

Specification We formally specify ME-CODE with MCS1 instead of MCS0
in the same way as ME-CODE with MCS0. The specification is referred as
MCS1-SPEC. Each process in MCS1-SPEC has 10 states: rem1, tryl-1, tryl-2,
tryl-3, tryl-4, critl, exitl-1, exit1-2, exit1-3, and exitl-4. There are 10 atomic
actions: acquireLock, setNext, fetch&store, checkPred, checkHead, releaseLock,
checkHNext1, comp&swap, checkHNext2, and setHead. The state transition dia-
gram is shown in Fig.[l] (b). The main part of the signature of MCS1-SPEC is
as follows:

-- Initial system state

op initl : -> SStatel
—-- Observation operators
bop p : NzNat SStatel -> PStatel

bops head tail : SStatel -> Nat

bops next pred : NzNat SStatel -> Nat

-- Action operators

bops acquireLock setNext fetch&store checkPred checkHead : NzNat SStatel -> SStatel
bops releaseLock checkHNextl comp&swap checkHNext2 setHead : NzNat SStatel -> SStatel

In this paper, we give only two sets of equations for the two states after a process
has executed fetch&store and comp& swap, respectively.

-- 3. after execution of ‘fetch&store’

ceq p(I,fetch&store(I,S8)) = tryl-3 if p(I,S) == tryl-2 .

ceq p(J,fetch&store(I,S)) = p(J,S) if I =/=J or p(I,S) =/= tryl-2 .

eq head(fetch&store(I,S)) = head(S)

ceq tail(fetch&store(I,S)) = I if p(I,8) == try1-2 .

ceq tail(fetch&store(I,S)) = tail(8) if p(I,S) =/= tryl-2 .

eq next(J,fetch&store(I,S)) = next(J,S)

ceq pred(I,fetch&store(I,S)) = tail(s) if p(I,S) == tryl-2 .

ceq pred(J,fetch&store(I,S)) = pred(I,S) if I =/= J or p(I,S) =/= tryl-2 .

-- 8. after execution of ‘comp&swap’

ceq p(I,comp&swap(I,S)) = reml if p(I,8) == exit1-2 and tail(S) == head(S)
ceq p(I,comp&swap(I,S)) = exit1-3 if p(I,S) == exit1-2 and tail(S) =/= head(S)
ceq p(J,comp&swap(I,S)) = p(J,8) if I =/=J or p(I,8) =/= exitl-2

eq head(comp&swap(I,S)) = head(S)
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simulation relation from MCS1 to MCSO

atomicGet

(a) state transition in MCSO (b) state transition in MCS1

Fig. 1. Correspondence between states in MCSO and MCS1

ceq tail(comp&swap(I,S)) = 0 if p(I,8) == exitl-2 and tail(S) == head(S) .
ceq tail(comp&swap(I,S)) = tail(S) if p(I,S) =/= exitl-2 or tail(8) =/= head(S) .
eq next(J,comp&swap(I,S)) = next(J,S) .
eq pred(J,comp&swap(I,S)) = pred(J,S) .

Verification We formally verify MCS1-SPEC w.r.t. ME1 and ME2. First we
prove MCS1-SPEC has ME1 by showing there exists a simulation relation from
MCS1-SPEC to MCSO0-SPEC with the help of CafeOBJ rewrite engine. Next we
prove MCS1-SPEC has ME2 with UNITY logic and the simulation relation.

Proof sketch1: We make a mapping from each state in MCS1-SPEC to some
state in MCSO-SPEC. Given a state of MCS1-SPEC, that is, each process’s
state, next and pred, and global head and tail, we have some corresponding state
of MCS0-SPEC, that is, each process’s state and nezt, and global head and tasl.

Given a state of MCS1-SPEC, each process’s state in MCS0-SPEC corre-
sponding to the MCS1-SPEC state is defined as shown in Fig.[ll. The correspon-
dence is given in terms of equations. Only two equations are shown here:

ceq p(I, sim(S))
ceq p(I, sim(S))

try0-3 if p(I, 8) == tryl-3 or p(I, S) == tryl-4 .
crit0  if p(I, 8) == critl .

Even if a process i in MCS1-SPEC executes some action, the others do no change
their states. In the corresponding situation in MCS0-SPEC, all processes but
i do not change their states either. Thus we also have the equations such as
‘ceq p(J, sim(acquireLock(I, $))) = p(J, sim(8)) if T =/=J . .

Given a state of MCS1-SPEC, the corresponding head in MCSO-SPEC is 4
if there exists a process ¢ in MCS1-SPEC such that its state is try1-8 and its
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pred is nil, and otherwise it is the same as that in MCS1-SPEC. It is sufficient
to have the following two equations for mapping each state in MCS1-SPEC to
head in MCS0-SPEC:

ceq head(sim(8))
ceq head(sim(8))

I if p(I, 8) == tryl-3 and pred(I, S) == 0 .
head(S) if p(I, S) =/= tryl-3 or pred(I, S) > 0 .

However, since the equations have a variable that does not appear in the left-
hand sides, the proof process becomes complicated if these equations are used.
So, instead of the two equations, we have equations that indicate how head in
MCSO0-SPEC changes when a process executes an action in MCS1-SPEC. Some
of the equations are given here:

eq head(sim(setNext(I, S))) = head(sim(8)) .

ceq head(sim(fetch&store(I, S))) = I if p(I, 8) == tryl-2 and tail(8) == 0
ceq head(sim(fetch&store(I, S))) = head(sim(S)) if p(I, S) =/= tryl-2 or tail(S) > 0 .

The first equation, and the second and third equations indicate how head in
MCSO0-SPEC changes if a process in MCS1-SPEC executes setNext and fetchd&
store, respectively. The second equation specifies head in MCSO-SPEC is set to
i whenever a process ¢ in MCS1-SPEC executes fetch&store only if its state is
tryl-2 and tail is nil, that is, the queue is empty. In this case, the corresponding
action in MCS0-SPEC is atomicPut as shown in Fig.[Il

It is straightforward to map a state in MCS1-SPEC to tail in MCSO-SPEC.
Given a state of MCS1-SPEC, the corresponding ta:l in MCS0-SPEC is the same
as that in MCS1-SPEC.

Given a state of MCS1-SPEC, the corresponding next of a process j in MCS0-
SPEC is i if there exists a process i in MCS1-SPEC such that its state is try1-3
and its pred is equal to j, and otherwise it is the same as that in MCS1-SPEC.
It is sufficient to have the following two equations for mapping each state in
MCS1-SPEC to each next in MCS0-SPEC:

ceq next(J,sim(8)) = I if p(I,S) == tryl-3 and pred(I,S) > 0 and J == pred(I,S) .

ceq next(J,sim(S)) = next(J,S)
if p(I,8) =/= try1-3 or pred(I,S) == 0 or J =/= pred(I,S) .

As is the case for head, however, the proof process becomes complicated if these
equations are used. So, instead of the two equations, we have equations that
indicate how each next in MCSO-SPEC changes when a process executes an
action in MCS1-SPEC. Some of the equations are given here:

ceq next(I,sim(setNext(I,S))) = 0 if p(I,8) == tryl-1 .
ceq next(J,sim(setNext(I,S))) = next(J,sim(8)) if I =/= J or p(I,S) =/= tryl-1 .
ceq next(J,sim(fetch&store(I,S))) = I
if p(I,8) == tryl-2 and tail(8) > 0 and J == tail(S) .
ceq next(J,sim(fetch&store(I,S))) = next(J,sim(S))
if p(I,8) =/= tryl-2 or tail(S) == 0 or J =/= tail(S) .

The first and second equations, and the third and fourth equations indicate
how each next in MCS0-SPEC changes if a process in MCS1-SPEC executes
setNext and fetch&store, respectively. The third equation specifies the process
j’s nextin MCSO-SPEC is set to ¢ whenever a process i in MCS1-SPEC executes
fetch&store only if its state is tryl-2, tail is not nil, and tail is equal to j.
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Now that we have defined the mapping sim from each state in MCS1-SPEC
to some state in MCSO0-SPEC, we give a candidate R for a simulation relation
from MCS1-SPEC to MCS0-SPEC. Here the signature and equation for the
candidate is shown:

op _R[_]_ : SState0O NzNat SStatel -> Bool
eq SO R[I] S1 = p(I,S0) == p(I,sim(S1)) and head(SO0) == head(sim(S1)) and
tail(80) == tail(sim(S1)) and next(I,SO) == next(I,sim(S1)) .

Then we prove the candidate is a simulation relation from MCS1-SPEC to
MCSO0-SPEC with CafeOBJ. It is easy to show init0 and init! are under the
candidate, i.e. init0 R[i] initl for any process i. Thus we show the candidate is
preserved if any process executes any action in MCS1-SPEC. First we define two
states, one for MCSO0 and the other for MCSI1, that are under the candidate as
follows:

mod SIMREL1-PROOF1 {
pr (SIMREL1)
ops i j : -> NzNat op sO : -> SState0 op sl : -> SStatel
eq p(i,s0) = p(i,sim(s1)) . eq p(j,s0) = p(j,sim(s1)) .
eq head(s0) = head(sim(s1)) . eq tail(s0) = tail(sim(sl1)) .
eq next(i,s0) = next(i,sim(s1)) . eq next(j,s0) = next(j,sim(sl)) .

}

SIMREL1 is the module in which the candidate is defined. We give some proof
scores that show the candidate is preserved if a process i executes some action.

-- 3. after execution of ‘fetch&store’
-- 3.1 in the case that ‘tail(sl) = 0’
open SIMREL1-1-PROOF1
eq p(i,sl1) = tryl-2 . eq tail(sl) =0 .
red atomicPut(i,s0) R[i] fetch&store(i,sl) .
red atomicPut(i,s0) R[j] fetch&store(i,sl) .
close
-- 3.2 in the case that ‘tail(sl) > 0’
open SIMREL1-1-PROOF1
eq p(i,sl1) = tryl-2 . eq tail(sl) > 0 = true .
red atomicPut(i,s0) R[i] fetch&store(i,sl) .
red atomicPut(i,s0) R[j] fetch&store(i,sl) .
close

The above two proof scores show the relation R between sO and sl is preserved
after a process i in tryl-2 executes fetch&store in sl and the corresponding
process i executes atomicPut in s0. The former score is the case where tail = nil,
and the latter the case where tail # nil. In both scores, j denotes any process
but ¢. Even if any process whose state is not try1-2 executes fetch&store in sl,
nothing changes. Thus in that case the relation is vacuously preserved.

-- 8. after execution of ‘comp&swap’

-- 8.1 in the case that ‘head(sl) = tail(sl)’

open SIMREL1-1-PROOF1
eq p(i,sl) = exit1-2 . op k : -> NzNat . eq tail(sl) =k .
eq head(sl) = tail(sl) . eq head(sim(s1)) = tail(sim(sl)) .
eq next(k,sl) = 0 . eq next(k,sim(s1)) = 0 . eq next(k,s0) = next(k,sim(sl1)) .
red atomicGet(i,s0) R[i] comp&swap(i,sl) .
red atomicGet(i,s0) R[j] comp&swap(i,sl) .

close

-- 8.2 in the case that ‘head(sl) =/= tail(sl)’

open SIMREL1-1-PROOF1
eq p(i,sl1) = exitl-2
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red sO R[i] comp&swap(i,sl) .
red sO R[j] comp&swap(i,sl) .
close

The above two proof scores show the relation R between s0O and sl is preserved
after a process i in exit!-2 executes comp&swap in sl and the corresponding
process ¢ in s0 executes atomicGet or does nothing depending on whether head =
tail in s1 (and also s0).

Since we have proven the candidate is a simulation relation from MCSI1-
SPEC to MCSO0-SPEC as described above, we can say MCS1-SPEC also has the
safety properties such as ME1 that MCS0-SPEC has. a

Proof sketch 2: It is sufficient to show ‘p; = tryl-4 — p; = crit1’ in MCS1-SPEC
in order that MCS1-SPEC has the liveness property ME2. For this sake, all we
have to do is to prove the following property in MCS1-SPEC:

p; = tryl-4Ad(head,i) = k — (p; = tryl-4Nd(head,i) < k)Vp; = crit] .

Since we have shown there is a simulation relation from MCS1-SPEC to
MCSO0-SPEC, mapped critl to crit0 and each of exit0-1 through exit1-4 to exit0-
1, and proven there is at most one process in crit0 and exit0-1 in MCSO-SPEC,
there must be at most one process in criti, exitl-1, exit1-2, exitl-3 and exit1-4.

We show a process in one of crit! through eziti-4 eventually reaches exitl-
4 if there is at least one process in tryl-4. We here handle only the case that
a process is in exit{-3. A process in crit! or exitl-1 has to go through exit1-2
in order to reach exitl-3. A process in exitl-1 (or exitl-2) changes its state to
exitl-2 (or exitl-3) whenever it executes checkHNext! (or comp&swap) only if
head—>next = nil, i.e. head = tail (or head # tail, that is, another process k
has executed fetch& store before the process executes comp& swap). In the latter
case, the k’s pred is equal to head, and head—>next eventually becomes k that
is non-nil. Thus a process in exitl-3 eventually reaches exit1-4.

Since there is at most one process j in crit! through exiti-4, head exactly
changes to the second element in the queue whenever the process j reaches rem1
if there are at least two elements in the queue, that is, at least one process is in
tryl-4, before the process j reaches rem1. Moreover since there is a simulation
relation from MCS1-SPEC to MCS0-SPEC, we can say the nezt fields of non-
tail elements in the queue corresponding to processes in try1-4 do not change at
least until the processes reach remi. Consequently the desired property can be
obtained. O

4.3 MCS Queuing Lock

First qnode’s locked field is used to slightly modify MCS1. The modified version
is called MCS2 whose code in a traditional style is as follows:

procedure acquireLock( Q : “queue, I : “qgnode )
I->next := nil
pred : “qnode := fetch&store( &Q->tail, I )
if pred = nil



292 Kazuhiro Ogata and Kokichi Futatsugi

I->locked := false
Q->head := I
else
I->locked := true
pred->next := I
repeat while I->locked

procedure releaseLock( Q : “queue, I : “gnode )
if Q->head->next = nil
if comp&swap( &Q->tail, Q->head, nil )
return
repeat while Q->head->next = nil
Q->head, Q->head->next->locked := Q->head->next, false

In the above code, x, y := v1, v2 means x and y are synchronously set to v; and
ve. The specification for ME-CODE with MCS2 in CafeOBJ is called MCS2-
SPEC. We can show there exists a simulation relation from MCS2-SPEC to
MCS1-SPEC, and then verify MCS2-SPEC w.r.t. ME1 in the same way as
the verification of MCS1-SPEC. Besides MCS2-SPEC can be also verified w.r.t.
ME2 using the simulation relation and UNITY logic in the same way.

In acquireLock of MCS2, the repeat while statement can be lifted up to the
else clause of the if statement because the repeat while statement is meaning-
less if pred = mnil, that is, if so, I—>locked is set to false. In releaseLock of MCS2,
the last assignment can be reduced to Q—>head—>next—>locked := false. In
addition the second argument I must be equal to Q—>head because of the proof
of the safety property of MCS1 and the existence of a simulation relation from
MCS2-SPEC to MCS1-SPEC. Hence all Q—>head’s can be changed to the sec-
ond argument . Moreover the two assignments can be deleted from the if clause
in acquireLock of MCS2. Consequently we can derive the MCS list-based queuing
lock by finally modifying the first argument and & Q—>tailinto L : “lock and L,
respectively.

5 Conclusion

We have described how MCS is verified w.r.t. ME1 and ME2 with CafeOBJ
and UNITY. The verification is divided into three stages. First MCSO specified
in CafeOBJ by adopting UNITY computational model has been verified w.r.t.
ME1 and ME2 using UNITY logic with the help of CafeOBJ. Secondly MCS1
specified in the same way as MCS0 has been verified w.r.t. ME1 by showing the
existence of a simulation relation from MCS1 to MCS0, and verified w.r.t. ME2
using UNITY logic and the simulation relation. Lastly MCS has been derived
from MCS2 that is a slightly modified MCS1.
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Abstract. Normally a whole BDD is associated with its root node. We
state that this is not necessarily the best choice. BDDs can be stored
more memory efficient if a possibility is introduced that one node can
represent several BDDs.

BDDs made it possible to apply symbolic model checking [15] to systems
which could not be verified with methods based on an explicit state space
representation. However, they cannot always avoid an exponential blow-
up known as the state space explosion which is caused by the fact that
the system is build through a composition of modules.

We divide the variable index placed in the BDD nodes into two parts.
Only one of it is included in the new nodes called CBDD-nodes. This
allows the use of one BDD label, i.e. one BDD node, for different vari-
ables. Moreover a branching possibility at the end of a BDD-part is
introduced such that BDD-parts situated in different layers of the BDD
can be shared.

A prototypical BDD-library was implemented that uses cyclic BDDs
(CBDDs). It was used to verify examples out of the following domains:
hardware verification, model checking and communication protocols.
Some encouraging results have been achieved where it was possible to
represent certain functions with a constant number of CBDD-nodes while
classical BDDs grow linearly.

1 Introduction

BDDs are the state-of-the-art representation for boolean functions. They al-
low the application of symbolic model-checking to systems with 10%° states and
beyond [6]. Most of the systems are build out of several distributed modules com-
municating with each other. As all sequences of the system have to be consid-
ered, the construction of the product automata typically leads to an exponential
blow-up in the number of states.

Memory efficiency is a central problem of existing model-checkers. Although
BDDs lead to a compact system representation, they can grow exponentially in
the size of the system causing an overflow of the main memory. The transition
relation and the set of reachable states are represented as BDDs. Model checking
temporal logic properties can now be reduced to the calculation of fix-points for
functions which represent sets of states. These functions are represented as BDDs
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and so the calculations can be done very efficiently treating many states in each
iteration step.

Often a system contains several modules of the same structure. For example
in hardware verification for slightly different purposes the same standard module
is used or in protocol verification a common protocol is used by all communicat-
ing stations. In this case, the relation describing the transitions of one module
has the same structure for a set of modules. As each one is represented with dif-
ferent variables they appear in different layers of the BDD and therefore cannot
be shared using the reduction rules of classical BDDs.

The aim of our approach is to provide a possibility to share nodes in different
layers. This variation of classical BDDs permits a representation with less nodes
while the efficiency of the BDD-algorithms is not affected. As the approach only
tries to reduce the memory consumption there is no direct gain of time. But if
the verification of a system exhausts the whole main memory and the secondary
memory has to be used, the additional reduction of space turns into a significant
reduction of time if it allows to perform the computations within the given
memory limitations. Therefore, it is not useful to apply this method to small
systems which can easily be verified with low main memory requirements. On
the other hand, with a growing size of a system it becomes more interesting to use
space reduction techniques like the one presented here even when some auxiliary
time is spent on the determination of the additional reduction. Moreover the
experiments will show that the possibility of an additional reduction increases
with the size of a system.

The paper is organized as follows. In the next section, a short survey about
some existing BDD variations and related work is given. In section 3 some pre-
liminaries about BDDs and model-checking are explained while in section 4 the
new structure of CBDDs is introduced. Finally, some experimental results are
presented in section 5.

2 Related Work

There were many attempts of BDD-variations trying to overcome the weaknesses
of BDDs to represent for example a multiplication or the hidden-weighted-bit
function which require an exponential number of BDD-nodes.

Free BDDs: Free BDDs [12] use different variable orderings on different
paths. They are a generalization of BDDs. Instead of a fixed ordering, an FBDD-
type describes the different orderings on different paths. The FBDDs are con-
structed according to a fixed type which is also a graph. The problem is that
no efficient way is known to determine an optimal or at least a “good” type in
general.

Zero-suppressed BDDs: Zero-suppressed BDDs [17] use a different reduc-
tion rule. A node is omitted if its O-successor leads to false and not when its
successors are identical. Depending on the function which is represented with
either reduction rule a smaller representation is possible.
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Indexed BDDs: Indexed BDDs [3] allow variables to be tested several times
on a path. This structure allows a very compact representation of the hidden-
weighted-bit function but uniqueness is lost. The algorithms for the manipulation
of IBDDs and the test of equality become more complicated.

Differential BDDs (A-BDDs): In differential BDDs [1], the nodes do not
include the index of the variables but the difference of indices to the upper
variable. This allows a reduction of nodes in different layers as proposed in our
approach. The difference is that two BDD-parts in different layers can only be
shared if they are both at the bottom of the A-BDD. They are unique but a
transformation of a BDD into a A-BDD can also lead to a blow-up in the number
of nodes.

Function descriptors (for LIFs): Function descriptors (FDs) [13] are a
BDD-like representation for linearly inductive functions (LIFs). It is possible to
share parts in different layers and they can be manipulated very efficiently. The
drawback of the method are the strong regularity constraints. All modules of a
system must have exactly the same structure and there must be a way to arrange
them hierarchically.

BDD trees: BDD trees were introduced in [I6]. They are a generalization
of BDDs where the linear ordering is replaced by a tree order. A decomposition
of the system has to be found which in case of a hierarchical system can be
determined easily. McMillan managed to match the same complexity as classical
BDD-algorithms but the algorithms for the determination of logical functions
have to be changed and become more complicated. BDDs appearing in different
layers cannot be shared and the method is only suitable for hierarchical systems.

Symmetry and abstraction: Symmetry [9][7] and abstraction [8] are very
powerful methods to reduce the necessary resources for the verification of a
system. The problem is that it has to be proven manually that the application
of a certain abstraction or symmetry relation preserves the correctness of the
verification. To exploit symmetry, the orbit relation and a representative for
each orbit have to be determined, which can lead to very complex computations
and demand an experienced user.

Other approaches try to prove properties for systems with many identical
processes [4] or rings of processes [11]. These methods also require the man-
ual proof of preconditions and make restrictions to both the system and the
properties which can be shown.

Our approach provides a different way to reduce memory consumption. Tak-
ing advantage of the modular structure of a system only the potential structural
similarities have to be indicated and there is no need to prove any precondi-
tions. Depending on the structure of the BDD the existent structural identities
are found automatically, if they exist, and a more compact representation of the
BDD is achieved.
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3 Preliminaries

3.1 BDDs

Ordered binary decision diagrams (OBDDs) introduced by Bryant [A] are a
graphical representation for boolean functions. An OBDD G(f, 7) with respect
to the function f and the variable ordering 7 is an acyclic graph with one source
and two sinks labeled with true and false. All other (internal) nodes are labeled
with a boolean variable x; of f and have two outgoing edges left and right. For
all edges from an x; labeled node to an z; labeled node, we have 7(i) < 7 (j),
such that on every path in G the variables are tested in the same order and each
variable is tested at most once.

Reduced OBDDs with respect to a fixed variable ordering are a canonical
representation for boolean functions. An OBDD is reduced if isomorphic sub-
BDDs exist only once and nodes whose outgoing edges lead to the same successor
are omitted. The reduced OBDD is build directly, integrating the reduction rules
into the construction to avoid the construction of the full graph.

The variable ordering 7 can be chosen freely but it has a great influence on
the size of the OBDDs, e.g. there are functions which have OBDDs of linear
size for a “good” and of exponential size for a “bad” ordering. To determine the
optimal ordering is an NP-hard problem but there exist heuristics which deliver
good orderings for most applications [2].

In the following, we will only speak of BDDs, however we always mean re-
duced OBDDs.

As already mentioned, the variable ordering has a great influence on the size
of the BDDs. A popular heuristic is to place variables depending on each other
close to each other in the ordering. So we define blocks of variables where each
block corresponds to the variables of one module, because it is assumed that the
dependence inside a module is stronger than to variables outside the module.
The blocks are ordered in a style that communicating modules appear as close
as possible in the ordering. The ordering of the variables inside one block can be
chosen freely or determined with other heuristics, but in the following it will be
important that the orderings are identical for similar modules.

Since we intend to share BDD-parts in different levels of the BDD we will
first define what is meant exactly with a BDD-part:

Definition 1 (BDD-part).

A BDD-part identified with the node x; is the part of the whole BDD which
starts at node x; and includes all nodes reachable on a path from x; of the same
module.

A maximal BDD-part is a BDD-part which has a parent node which belongs
to another module.

We use the convention that the false-leaf belongs to a BDD-part if it is reach-
able from one of its nodes. In contrast, the true-leaf is an independent BDD-part
and does not belong to any other BDD-parts. This is necessary for the following
inductive definition of structural identity for BDD-parts. The motivation for the
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different treatment of the two leafs is that in most applications an edge to false
from an upper level of the BDD is much more frequent than an edge leading
directly to true. The definition of structural identical BDD-parts is necessary to
describe the additional reduction provided by CBDDs.

Definition 2 (Structural identity). Two BDD-parts p and q are structural
identical with distance k (denoted by idi(p,q)), if and only if:

— p=gq= false or
— var(p) = xz; and var(q) = x4 and the successors satisfy the following con-
ditions:

e idi(1(p), 1(q)) or both do not belong to p, resp. ¢ and
e id;(0(p),0(q)) or both do not belong to p, resp. q

where 0(s) and 1(s) designate the 0- and the I-successor of node s, respec-
tively and var(s) the variable index of s.

3.2 Model Checking

In the following, we will suppose that the system consists of identical modules
only, but in fact our approach can be used whenever there exist at least some
modules which are represented by isomorphic sets of variables. The only require-
ment we make is that there exists a partitioning of the system into modules.

A state s of the whole system corresponds to the product of states of the single
modules: s = {s1,...,8,}. The transition relation Trans(s,t) is constructed
using the transition relations of the single modules Trans;(s,t;). Such a relation
changes the state of module ¢ from s; to ¢;. As it can communicate with other
modules this transition can depend on the states of all modules, hence the whole
state s serves as input to Trans;.

In the simplest case, all modules have the same structure. Thus, the same
transition relation Trans; is used for all of them but with different input vari-
ables.

There are three types of finite state machines: The synchronous, the asyn-
chronous and the interleaving model. They differ slightly in the structure of
their transition relation but all models have in common that their transition
relation depends on the relations of the single modules. The following expression
describes exemplarily the structure of the transition relation for an interleaving
model where CoStab; fixes the states of all modules except module i.

Trans(s,t) = \/ Trans;(s,t;) A CoStab;(s,t) (1)

i=1,....,n
For model checking of any kind of temporal properties the BDDs needed

beside this transition relation describe sets of states, for example the set of
reachable states.
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4 Cyclic BDDs (CBDDs)

CBDDs try to be more memory efficient than classical BDDs through a better
exploitation of structural similarities inside the BDD. Concentrating on systems
with similar modules structural identical BDD-parts appearing in different lay-
ers of the BDD should be represented only once and used several times. For
this purpose mainly two characteristics are necessary which are not offered by
classical BDDs:

1. One node should have the potential to represent different variables, so the
labels of the nodes must be different from variables.

2. A possibility has to be introduced which allows to branch to different nodes
after the use of a common BDD-part.

4.1 Labels of CBDD-Nodes

The idea is to split a BDD into layers according to the modules. Suppose that
the maximal number of variables in one module is m. In a classical BDD the
nodes could be labeled with the values i * m + k where ¢ is the index of the
module, and k € {0,...,m — 1} is the index of the variable inside the module.

In a CBDD-node the ixm part is omitted and the nodes are only labeled with
the index k. In a BDD the knowledge of the root node was sufficient to charac-
terize a boolean function. Now in addition it is necessary to know the module
this node belongs to. A boolean function can be derived from the combination
of a node and its module index.

When an evaluation path through a CBDD is traced the module index has to
be adjusted when the successor node belongs to a different module. A marking
on such an edge would be sufficient indicating that the module index has to
be increased by one. In case that two nodes belong to non-adjacent modules
the index has to be increased by a number greater than one. Therefore we will
assume that the marking is realized by an auxiliary special node placed on an
edge between two nodes of different modules; it contains the information for the
determination of the module index for the next node. The reason why we use a
node and not a more expressive marking will be explained in Section where
these special nodes are used for an additional functionality.

Until now a CBDD is a BDD where blocks of nodes are placed side by side
instead of one among another. The nodes are labeled with a restricted set of
values and some edges include additional information to determine the module
to which the next node of the CBDD belongs to.

As the restricted set of labels can be represented by less bits the size of
a normal CBDD-node is smaller than a BDD-node. Such a restriction of the
label representation can also be an approach to address more nodes without
increasing the node-size since more bits remain for the encoding of the pointers
to the successors.
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4.2 Branching Points

As introduced in the previous section nodes which belong to different modules
are separated by a special node. These nodes can be used as branching points.
When a structural identical BDD-part appears in different levels of the CBDD
it is not necessary to replicate it twice. It suffices to introduce an edge which
leads to the root node of that BDD-part which is originally used in a different
level. As this edge can correspond to a back-edge a cycle is introduced into the
BDD explaining the name: Cyclic BDDs.

Following a path through a CBDD after each BDD-part a special node is
encountered. These special nodes are not anymore only an interruption of an
edge but several edges can start from them each labeled with a module index.
When a BDD-part is used several times additional edges have to be appended
to the special nodes at the end of this BDD-part. Depending on the current
module index the corresponding successor node is determined by the choice of
the correct outgoing edge of the special node. Furthermore the module index has
to be adapted.

Fig.1. BDD and CBDD for the same function. The false leaf is omitted.

In Figure I an example for such a CBDD and its corresponding BDD is
shown. It represents the reachable states of Milners scheduler. The BDD grows
linearly while the number of CBDD-nodes remains constant and only the degree
of the outgoing edges of the special nodes increases.

The additional reduction when variables of different modules are represented
by the same nodes is called second order reduction.

When CBDDs are applied to systems which contain no similar modules a
certain overhead can be caused by the introduction of the special nodes which



BDD-Nodes Can Be More Expressive 301

are not necessary when BDDs are used instead. Until a reduction is found special
nodes are only needed to indicate that the module index has to be increased.
This is implicitly clear when an edge leads from a kg-labeled node to a kj-labeled
node if k; is smaller than kg. A possible optimization is to omit those special
nodes until a reduction is found and to introduce them only when they are
needed as branching points. This could avoid most of the overhead in practice.

4.3 Definition of CBDDs

After the informal description of the data structure in the last two sections we
will now give a more formal definition of CBDDs:

Definition 3 (CBDD). A CBDD is a directed graph with three types of nodes:

Leafs are labeled with true and false like in BDDs.

Normal nodes are labeled with an index k € {0,...,m—1}. They have ezactly
two outgoing edges which can lead either to the leaf false, to a normal node
with an index greater than k or to a special node.

Special nodes have an arbitrary number of successors. Each outgoing edge is
labeled with a module index. A successor node of a special node is either the
leaf true, a normal node, or another special node. The next special node on
each path which starts with an i-labeled edge must possess an (i+1)-labeled
edge.

A CBDD must always be reduced according to the usual two BDD-reduction
rules.

The BDD reduction rules are applied during the construction of CBDDs just
as for classical BDDs. So the number of normal nodes in a CBDD never exceeds
the number of nodes for the corresponding BDD. On the other hand it is not
necessary that all possible second order reductions are executed. A CBDD where
all special nodes have exactly one outgoing edge is a valid CBDD. This offers
the possibility to mix CBDDs where the second order reduction has already
been applied with unreduced CBDDs. Note that CBDDs are always reduced
with respect to the classical BDD reduction rules; they are so-called unreduced
if there is no reduction between different levels.

4.4 Manipulation of CBDDs

The major change when CBDDs are used instead of BDDs is that a node with-
out its corresponding module index is not sufficient to characterize a boolean
function. So in practice there has to be made a strict distinction between a
CBDD-node and a CBDD represented as a tuple (node, module index).

Fortunately the algorithms for boolean operators, restriction, quantification
and the relational product which have been proven to be very efficient for BDDs
are not affected and remain unchanged. The only functions which have to be
adapted are the following basic BDD-manipulation operations:
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Extraction of a variable from a CBDD-node: It is necessary to know the
module index to calculate the correct variable index.

Successor determination: When the 0- or the 1-successor of a CBDD-node
should be determined the case has to be respected where the direct succes-
sor is a special node. Special nodes can never be the result of a successor
operation. The correct normal node (or leaf) has to be chosen with respect
to the module index. In combination with the increased module index this
tuple is the result of the operation.

Construction of new nodes: Nothing has to be changed if the new node and
its successors belong to the same module. In case a successor node belongs
to another module a special node has to be inserted.

However, the most important change is the detection and realization of the
additional reduction. How the possibilities for the second order reduction are
determined efficiently and when this reduction is performed will be explained in
detail in the following section.

When the unique-table which contains all nodes is consulted to determine if
a node already exists it has to be considered that the table can contain a node
more than once. When the direct successor of a node is a special node it can have
several normal nodes as “real” successors so it will be inserted into the unique-
table with different hash values. This also becomes important when a garbage
collection is applied. Nodes can only be deleted when they are unreachable from
all modules.

4.5 Determination of the Second Order Reduction

In the last section the necessary modifications were discussed when CBDDs are
used instead of BDDs. Those internal changes are only important inside a CBDD-
library and do not affect the user. The only information which must be indicated
by the user is the affiliation of the variables to the modules. This information
could be determined by an intelligent parser and an appropriate input syntax
but this has not yet been implemented. Moreover a direct manipulation of the
module structure should remain possible for an experienced user to exhaust the
potential of CBDDs.

A very important point is that these informations concerning the module
structure do not affect the correctness of the verification. When two modules
turn out to be different the probability to find structural identities between the
BDD-parts is very low but the verification result will still be valid. So the user
only influences the application possibilities of the second order reduction but it
is not necessary that any preconditions have to be proven for the use of CBDDs.

To apply the second order reduction isomorphic BDD-parts, which corre-
spond to Multi-Terminal-BDDs, have to be determined. To handle the addi-
tional reduction, a new hash-table is introduced. It contains the root nodes of
the maximal BDD-parts. The hash value depends on the structure of the whole
BDD-part. When two entries have the same hash value it is tested whether their
structure is identical. Supposing an appropriate choice of the hash function the
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test if two BDD-parts with the same hash-value are structurally identical has to
visit all nodes of the BDD-parts only when the test is successful. In the other
case, a difference will in general appear after the comparison of very few nodes,
which allows an efficient determination of the second order reduction.

Typical efficient implementations of BDD-libraries do not allow the applica-
tion of the second order reduction during the construction efficiently, because the
reduced nodes could not be removed. As there can be pointers from other nodes
and from the computed table to the reduced nodes they had to be kept until
a garbage collection is performed or a traversal of the two hash-tables would
be necessary. Therefore, we delayed the search for the reduction until a garbage
collection takes place and perform all possible second order reductions in a re-
duction phase. At that point, the hash-tables have to be traversed anyway and
after the dead nodes have been marked it is checked whether structural identities
allow a further reduction of the remaining nodes.

In [21] it was shown that it is most efficient to perform a garbage collection
as late as possible because nodes can be reallocated allowing the reuse of already
performed computations. So another approach to integrate the reduction phase
into the verification process is to replace a garbage collection by a reduction
phase. If enough nodes can be reduced the execution of a garbage collection can
be retarded because the same information can be represented with less nodes
and there is enough memory left to continue the verification.

4.6 Uniqueness

One of the most important properties of BDDs is the uniqueness of the repre-
sentation already proven by Bryant [5]. Two boolean functions are equivalent if
and only if their BDD-representation is equal. As this test can be performed in
constant time it is frequently used by the classical BDD-algorithms and allows
the reuse of former results contributing strongly to the efficiency of BDDs.
Unfortunately, CBDDs are not unique. Uniqueness is lost because of different
possibilities for the second order reduction. This seems to influence the efficient
use of CBDDs badly but this deficiency can be avoided. Similar as for BDDs, the
equality-test for CBDDs still can be performed in constant time. In Section B4 it
was explained that only the algorithms for the basic CBDD-manipulations have
to be changed slightly while the boolean operations are not affected. Neither for
an efficient CBDD-manipulation nor for an equivalence test in constant time the
uniqueness of the underlying data-structure is a necessary condition.

Definition 4 (weak uniqueness). A set S = {®(f)|f : B" — B} of represen-
tations @(f) for boolean functions f is called weak unique if equivalent boolean
functions are represented by the same representative:

Vfi, f2 : B" — B,(2(f1),2(f2) € S) = (f1 = fa & D(f1) = D(f2))

Lemma 1. The set of CBDDs stored by a CBDD-library is weak unique.



304 Frank Reffel

Proof idea: The unique-table guarantees that each newly created node is not
contained in the set of stored CBDD-nodes. CBDDs are constructed in a bottom-
up style like BDDs. Therefore an induction on CBDD-size is possible. The fact
that the successor nodes exist only once is sufficient to guarantee in combination
with the use of the unique-table that a set of CBDDs is weak unique. O

Note that the definition of weak uniqueness is different from uniqueness.
When a unique representation is used its structure is fixed from the moment
when the semantics of a concrete function is defined. If a weak unique structure is
used during the construction process of the representation for a concrete function
there can be several points where an indeterministic choice has to be made. The
important condition to guarantee the weakened form of uniqueness is that once
this choice has been made it can be guaranteed that arriving at that point again
the same choice will be taken.

5 Experiments

We evaluated our approach on several examples. In [I4], a scalable circuit for
a division is given. For a dividend of n bits and a divisor of d bits it consists
of (n —d) * d cells of two different types. The verification can be divided into
two steps. First, an intermediate result has to be determined which contains
variables for each cell. These variables are eliminated with a quantification but
as the intermediate result is usually bigger than the final BDD, it is important
also to reduce this intermediate result. When the bit length of the divisor is fix,
the number of CBDD-nodes increases up to a certain bit length of the dividend.
Afterwards, the number of CBDD-nodes remains constant, only the number of
successors of the special nodes increases linearly. In the corresponding BDD, the
number of nodes grows linearly.

As a model checking example we used the tree-arbiter [10]. It is a distributed
hardware solution for a mutual exclusion mechanism. There are 2n users who
can request the use of one resource and the tree-arbiter eventually returns an
acknowledge. It has to be assured that no two users are granted simultaneous
access to the resource. The tree-arbiter is constructed out of 2n — 1 cells of the
same type which form a pyramid structure where each internal cell communicates
with three other cells, so there exists no “good” variable ordering which would be
necessary for a linear BDD representation. We experimented with tree-arbiters
with 5 to 21 modules. The transition relation ranges from 4200 to 578000 BDD-
nodes which could be reduced to 48% — 75% if CBDDs are used. During the
iteration process which calculates the set of reachable states the necessary BDDs
can be reduced to 75% on average. Note that the best percentage of reduction
was obtained for large systems while for arbiters with few modules only a small
amount of nodes could be reduced. A similar system is the DME (distributed
mutual exclusion) where the modules are organized as a ring structure. There we
observed the effect that for the transition relation, the number of BDD-nodes
increases linearly while from a certain system size on the number of CBDD-
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nodes remains constant and only the number of successors of the special nodes
increases.

An example for protocol verification is the PCI-bus protocol [20]. We exper-
imented with a scenario with up to 6 slots and two modes of policy: round robin
and fixed priority. Each of the slots can be empty or equipped with a “user”
which eventually requests the bus. So the system is scalable depending on the
number of non-empty slots. In addition, an arbitration module with a different
structure is needed. We observe that an intermediate result is bigger than the
transition relation itself (factor 2 to 8). The BDD representing the reachable
states has only very few nodes in comparison to the transition relation. For a
scenario where all slots are empty, a very good reduction can be obtained be-
cause the transition relations for all slots are equal. For two filled slots the least
reduction is found, only 18% can be reduced for a fixed priority policy (12%
for round robin). Then the percentage of reduction increases with the number
of filled slots. For the round robin policy and 5 equipped slots the BDD of the
intermediate result could be reduced from 1.300.000 nodes to 920.000 and for
the fixed priority policy with 6 slots only 387.000 CBDD-nodes are necessary
instead of 776.000 BDD-nodes corresponding to a reduction of more than 50%.

Big transition relations can also be coped using a partitioned transition re-
lation. In this case only the relations for the single transitions have to be de-
termined each represented by a different BDD because they depend on different
variables. In this case CBDDs can also help to save memory because one CBDD
can be used to represent several transition relations of single modules which are
structurally identical for equal modules.

The experiments show that the best reduction is obtained for big systems
which is very desirable because the application field for this method are systems
which cannot be represented within the available main memory. Regarding the
example of the PCI-Bus, the BDD for the representation of the reachable states
is very small but before it can be constructed the BDD for the transition relation
has to be determined. It is much bigger and must be held in main memory for the
whole calculation of the reachable states. A reduction of this BDD which allows
to perform the rest of the calculation without exceeding the space limitations
can yield an important gain of time.

In all experiments the additional time necessary for the determination and
realization of the second order reduction did never exceed 15% of the time needed
for the whole verification.

6 Conclusion

We presented an alternative technique to represent boolean functions using a
BDD-variation. It was shown that the characterization of a boolean function with
its root node is not necessarily the best choice. The introduced enhancements of
the classical BDD structure allow the economization of nodes while the efficiency
of BDD-algorithms is not affected.
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Depending on the application and its modules, structural identities appear
in the BDD which can be exploited by the approach. This leads to a more
space efficient system representation increasing the degree of reduction: nodes
are “used” from different levels of the CBDD without the obligation to prove
any properties by manual interference. The user only has to identify the modules
which occur several times or probably have the same structure. The second
order reduction is found automatically in case identical BDD-parts exist. As
the method only tries to reduce the main memory requirements it causes an
overhead in time which is necessary to determine the additional reduction. So
its advantages are mainly important for the verification of big systems which
cannot be verified within the main memory limitations. In this case the reduction
of space quickly turns into a reduction of time. Thus, the use of the second level
memory can be avoided which is usually a magnitude slower.

Sharing of BDD-parts in one layer would require the possibility to remove
former reductions. As this seems not to be feasible efficiently the reduction is
limited to the reuse of BDD-parts in different layers. Therefore the maximal
reduction is linear in the number of modules. This cannot avoid an exponential
blow-up but the memory consumption can be reduced.

It is intended to evaluate the efficiency of the approach on further examples
and to examine the applicability of it to other BDD-variations. Also, the com-
bination of this method with popular BDD-optimizations like dynamic variable
reordering [I8] will be investigated.
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Abstract. Formal verification tools must often cope with large memory
sizes and indirect addressing. This paper presents a new approach of
how to handle memory operations in the symbolic simulation of designs
with complex control logic, e.g., processors. The simulator is currently
used to check the equivalence of two processor descriptions with distinct
order of memory operations. During symbolic simulation, relationships
between memory operations are automatically detected while addresses
and the memory states are given symbolically to summarize many test-
vectors. The integration of the technique in the equivalence checker is
demonstrated by example designs.

1 Introduction

Formal verification of designs with complex control has to consider memories
which have large sizes and are addressed indirectly. In [I3] we presented a new
approach for the automatic equivalence checking of designs with complex control.
Our method is able to cope with different numbers of control steps and differ-
ent implementational details in the descriptions to be compared. The verifica-
tion tool combines symbolic simulation with a hierarchy of equivalence checking
methods, including decision-diagram based techniques. A complete verification is
possible in contrast to “classical” simulation since symbolic values are used. One
symbolically simulated path corresponds in general to a large number of “clas-
sical” simulation runs. During the symbolic simulation, relationships between
symbolic terms, e.g., the equivalence of two terms are detected and recorded.
The equivalence detection for memory operations, which has to consider sym-
bolic address relationships, is described in this paper. Addresses are compared
using only the information of equivalence classes established previously. This
makes a fast equivalence detection possible, which can cope with complex re-
orderings of memory operations.

Currently the symbolic simulator is used to check the computational equivalence
of two descriptions of complex control logic. Two descriptions are computation-
ally equivalent if both produce the same final values at definite time steps on
the same initial values relative to a set of relevant variables. For instance, the
two descriptions in Fig. [[l are computationally equivalent with respect to the
final value of the relevant variable z. Parenthesis enclose synchronous parallel
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Specification Implementation
rf[adrA]«a; (rf[adrB] «b,

rf[adrB] < b; x<mem[adr2]);
mem[adri]+«val; (if adrA#adrB

x«—mem[adr2] ; then rf[adrA]l«<a endif,
z«—x+rf [adrR]; mem[adri]«val);

(if adri=adr2
then z«val+rf[adrR]
else z«x+rf[adrR] endif);

Fig. 1. Forwarding example

transfers in Fig. [l The sequential composition operator ;” separates consecutive
transfers. There are two examples for a reordering of memory operations in Fig.
[ Firstly, the order of the read- and the store-operation to mem is reversed
in the implementation. Thus, val is forwarded if the addresses are identical,
otherwise the value assigned to x is used. This is a typical forwarding example
occurring in pipelined systems. Secondly, the order of the store-operations to
the register file rf is reversed. This can, for example, happen during synthesis
of architectures using data memory mapping, i.e., some single registers can be
addressed by instructions in the same manner as registers of the register file.
This is common for many microcontrollers, e.g., PIC, 8051, etc. Synthesis can
change the order of accesses to this “common” data memory, e.g., by introducing
pipelining. Formal verification has to consider the access to registers and regis-
ter file by a single memory model. Otherwise it may remain unrevealed that, for
example, the program counter is erroneously overwritten by an instruction due
to a lacking address comparison.

Fig. 2 gives a simplified overview of the symbolic simulation algorithm which
has been implemented iteratively for optimization [13|. The equivalence checker
simulates symbolically all possible paths. Each symbolically executed assignment
establishes an equivalence between the destination variable on the left and the
term on the right side of an assignment. Additional equivalences between terms
are detected during simulation. Equivalent terms are collected in equivalence
classes. False paths are avoided by making only consistent decisions at branches
in the description. When simulation reaches a condition C' that cannot be de-
cided in general but depends on the initial register and memory values (line 2
e.g., adri=adr2 in Fig.[l), a case split is performed (line Bl). Note that equiv-
alence_check is only called recursively with those parts of spec and impl that
are not simulated yet.

A complete path is found when the end of both descriptions is reached. The first
check of the final values of the registers (line ) may lead to a false negative,
since equivalence detection during the path search is not complete. Only relation-
ships between terms that are fast to detect or are often crucial to demonstrate
computational equivalence are considered on the fly. Therefore, more accurate
equivalence checking methods, including decision diagram based techniques, are
used to verify if computational equivalence is given in this path but was only
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Algorithm equivalence_check
INPUT spec, impl;

1. Simulate spec and impl in parallel UNTIL
(a) a condition C' is reached that cannot be decided in general but depends on
the initial register and memory values or
(b) the end of both descriptions is reached.
2. IF a condition C' blocks THEN

(equivalence_check (spec,impl) |c=raLse) N

3 RETURN (equivalence_check (spec, impl) |c=TrUE)
4. ELSEIF final values of registers are equivalent THEN
5. RETURN (TRUE) ;
6. ELSE
7. Use more accurate equivalence checks;
8 (final values of registers are equivalent) V THEN
' (a condition has been decided inconsistently)
9. RETURN (TRUE) ;
10. ELSE
11. RETURN (FALSE) ;

Fig. 2. Simplified algorithm of the symbolic simulation

not detected on the fly or a condition has been decided inconsistently (line ),
i.e., a false path is reached. Otherwise the counterexample with relevant details
about the simulation run for debugging is reported. Our automatic verification
process does not require insight of the designer into the verification process.
[13] gives a detailed description of the symbolic simulation, the decision process
and the decision diagram based techniques. The efficiency of our symbolic sim-
ulation is demonstrated and compared with other approaches. The focus of this
paper is the equivalence detection for memory operations, which must consider
large memory sizes and indirect addressing.

Some related work is reviewed in section Pl The internal data structure, the
memory model and some terminology are given in section Bl Section M overviews
the equivalence detection for memory operations. A more detailed description
is given for read-operations in section [0 and for store-operations in section
Experimental results are presented in section [71 Finally, section Bl gives a con-
clusion.

2 Related Work

Various representations for memory operations have been proposed for formal
verification of designs with complex control. States are represented by decision
diagrams in [4] for traversing an automata for model checking and in [3] for equiv-
alence checking. This permits the representation of a register file, but not, e.g.,
of a large data memory due to the sensitivity to graph explosion. [14] uses deci-
sion diagrams combined with an encoding technique to represent uninterpreted
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symbols. Memories and functional units (e.g., the ALU) are abstracted by mem-
ory models. OBDD’s represent the addresses of those models and are used for
address comparison. The approach has the disadvantage that the complexity of
the simulation increases exponentially if the memory models are addressed by
data of other memory models. This is for example the case when a data memory
is addressed by an ALU and writes to the register file. Note that the ALU has
to be represented by a memory model. Therefore, the processor they verified in
[14] contains neither a data-memory nor branching.

SVC (the Stanford Validity Checker) [I, 2| [TT] is a proof tool for automatic
verification of formulas which can contain the two array operations read and
write to model memory operations. Verification of control logic is possible us-
ing SVC if the verification task can be reduced to a formula which is suffi-
cient to demonstrate the verification goal. For instance, [5] proposed an ap-
proach to generate such a formula for the verification of a pipelined system
against its sequential specification. Formal verification of control logic with
SVC compared to our symbolic simulation method is discussed in [13]. Rela-
tionships of memory operations are revealed by SVC basically by case analysis.
A read-operation read (write(s,aW,v),al) after a write-operation is rewrit-
ten to ite(al = aW,v,read(s,al)). A case analysis is required to prove that
read(write(s,aW,v),al) = read(write(s,aW,v),a2) follows from al = a2.
Our approach avoids case analysis on memory operations. Equivalences of mem-
ory operations as the example above are detected in a different manner during
the simulation. Furthermore, rewriting and case analysis can become also not
practicable in a formula prover if the memory operations cause to much case
splittings. This is, for example, the case, if operands are read repeatedly from
a memory and the result is written back. Consider a simple architecture, where
an instruction with two source- and one destination-address is read from an
instruction memory. The source values are read from data memory, are added
and the result is written back. Finally the program counter is incremented and
the next instruction is fetched. Equivalence checking of the data memory after,
e.g., six instructions requires already 11,868,920 case splits using SVC (4,396s
on a 300 MHz Sun Ultra II), if we reverse the order of the first two instructions
addressing distinct places in the data memory. Our approach avoids these case
splits.

[12] uses ACL2 to simulate symbolically executable formal specification with-
out requiring expert interaction. Related is the work in [7], where pre-specified
microcode sequences of the JEM1 microprocessor are simulated symbolically us-
ing PVS. [12] models memories as lists of symbolic values which represent the
memory contents, i.e., the length of the lists grows with the memory size. This
explicit modeling allows no symbolic values in indirect addressing, since e.g., a
store-operation with an symbolic address can change any memory place. But
the intention of [12] is completely different. The tool provides a fast simulation
on some indeterminate data for debugging a specification, i.e., the instruction
sequence at the machine level is fixed. Our tool copes not only with some inde-
terminate data but verifies every possible control flow.
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3 Preliminaries

Our equivalence checker compares two acyclic descriptions at the rt-level. For
many cyclic designs, e.g., pipelined machines the verification problem can also
be reduced to the equivalence check of acyclic sequences [T3].

The memory model used by the symbolic simulator assumes an infinite size of
each memory in the descriptions. Similar to [5] 1], two array operations are
used to model memory access: read(mem,adr) returns the value stored at the
address adr of memory mem. The operation store(mem,adr,val) returns the
whole memory state of mem after changing the memory state only at adr to val.
The two operations are used for all accesses to arrays of a description that can
be addressed indirectly. This includes not only, e.g., the data-memory of a pro-
cessor but also an indirectly addressed register file. On the other hand, directly
addressed memories, i.e., cases where the addresses are constants, need not to
be modeled by the read/store-scheme. A directly addressed memory place can
also be considered as a register which is practically done by replacing all memory
operations by a new distinct register name (e.g., mem[3]«x becomes mem3+x).
The inherent timing structure of the initial description is expressed explicitly by
indexing the register and memory names. An indexed register name or memory
name is called a RegVal. A new RegVal with an incremented index is introduced
after each assignment and after each store-operation to a memory. An additional
upper index s or 7 distinguishes the RegVals of specification and implementation.
For example, ar<—a+b; is replaced by arj «—aj+bj; in the specification if all reg-
isters have been already assigned once. The third store-operation to a memory
mem[adr]«<val; becomes mem} < store(mem$, adr{,valf). The RegVals mem}
and mem3 represent the memory state before and after the store-operation.
Only the initial register/memory names as anchors are identical in specifica-
tion and implementation, since the equivalence of the two descriptions is tested
with regard to arbitrary but identical initial register values and memory states.
Checking computational equivalence consists of verifying that the RegVals of the
register or memories with the highest index are always equivalent.

Our symbolic simulation method has to detect equivalent terms.

Definition 1 (Equivalence of terms). Two terms or RegVals are equivalent
=term, of under the decisions Cy,...,C, taken preliminary on the path, their
values are identical for all initial RegVals. The operator | denotes that each
case-split, leading to one of the decisions Cy, ..., C,, constrains the set of possible
wmitial RegVals.

termy Zierm terma < VRegValinitia = (termy = terma) | (Co A Ch... A Cy)

Equivalent terms are detected along valid paths, and collected in equivalence
classes. We write termy =g, terms if two terms are in the same equivalence
class established during simulation. If termq =g, terms then termi =ierm
terms. Note that RegVals describe also different memory states, e.g., mem] =g,
mem}, indicates that the two memory states are equivalent. Initially, each RegVal
and each term gets its own equivalence class. Equivalence classes are unified after
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every assignment, if two terms are identified to be equivalent and when deciding
the condition of an if-then-else-clause in a case split. Equivalence classes permit
to keep also track about unequivalences of terms:

Definition 2 (Unequivalence of terms). Two terms or RegVals are unequiv-
alent Zierm, if under the decisions Cy, ..., C, taken preliminary on the path their
values are never identical for arbitrary initial RegVals:

termy Zierm termo < —IARegValinitia : (termy = terma) | (Co A Cr... ACy)

We write termy Zgim terms if two terms are identified to be Ziep, during
simulation. Equivalence classes containing Zg;, terms are unequivalent, i.e.,
they contain different constants or terms, that have been decided in a case split
to be unequivalent. The information of the equivalence classes is required to
decide conditions consistently each time a new if-then-else is reached, i.e., to
avoid false paths.

4 Equivalences of Memory-Operations

Three types of equivalences have to be detected concerning memory-operations:

e Value stored by a store is equivalent to a read Section [5.1], (.3
A read-operation reads always a value previously stored by an unique store-
operation. Note that the read-operation occurs after the store-operation
during simulation, i.e., this equivalence is only checked for read-operations.

e Equivalence of two read-operations Section 5.2, 5.3l
Two read-operations are equivalent since they always yield the same value.

e Equivalence of two store-operations Section
The resulting memory states are equivalent, i.e., the contents of the mem-
ories after the two store-operations in specification and implementation,
respectively, are always identical. Often, the memory states before the store-
operations are also equivalent, which is fast to check. The stores can also
result in identical memory states in the opposite case for two reasons:

- a store-operation is overwritten by succeeding stores, see section

- the order of store-operations to the memory is different in specification

and implementation, see section

Our equivalence detection is hierarchical: first an identical store-order in
both descriptions is assumed, i.e., the memory states are pairwise identi-
cal. Then possibly overwritten stores are considered. Only if still a store-
operation has no equivalent counterpart in the other description and a fast
pre-check is satisfied, the more time consuming technique presented in sec-
tion [6.9] is used to detect a changed order of store-operations.

For many operations the equivalence of terms can be decided by simply testing
if the arguments are =g, Or Zgin, Which avoids the expansion of the arguments.
This is also consequently used for the equivalence detection of read- and store-
operations. Only the information of the equivalence classes of the addresses is
used, i.e., our address comparison checks if two addresses adrl and adr2 are
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1. in the same equivalence class, i.e., adrl =4, adr2
2. are in unequivalent equivalence classes adrl #g;,, adr2, or
3. if the equivalence depends on the initial register or memory values.

Expansion of arguments as in [14], where boolean expressions are evaluated, is
avoided. Note that the equivalence detection first considers the arguments of a
term, i.e., the subterms.

Due to the space limitations and to clarify the problems, we use the following
abbreviations in the examples of the next sections:

e Only the relevant read- and store-operations and address relations are
shown. The in general complex control structure (e.g., if-then-else clauses)
and all assignments to registers which do not include a read-operation are
omitted. We, therefore, consider always only one path of the symbolic simu-
lation. Note that our equivalence detection for memory operations does not
require additional case splits.

o It is assumed that equivalences/unequivalences of the addresses have already
been determined by other equivalence detection techniques [13] or are caused
by case splits at preceding conditions of if-then-else-clauses which are omit-
ted, see above.

e Addresses or values with identical name in specification and implementa-
tion, i.e., without the upper index s or ¢ stand for arbitrary terms, which
are assumed to be detected previously to be =g;,,. Using adrl can signify
textually different terms in both descriptions, e.g., adrl® = aj + b3 and
adrl® = ¢} + a%, which are equivalent if b§ = ¢! and aj = aj.

e The boxes below the examples indicate, which additional relationships of the
addresses must hold for two terms or memory states to be equivalent.

5 Detecting Equivalences of Read-Operations

5.1 Reading a Previously Stored Value

If the address of a read-operation reading from a memory and the address of the
last store-operation referring to this memory are =g;,,,, then the value stored
by this store-operation is always read. Fig. Bl(a) gives an example. The memory
state mem; resulting from the last store-operation is in this case the same as the
first argument of the read-operation.

If there is another intervening store-operation as in Fig. Bl (b), this relationship
does not hold, since the second store-operation can overwrite the value stored
by the first. But if the address of the read-operation is #g;, to the address
of the second store, its value is mever read by this read-operation. For the
read it seems as if the last store did not happen. In general, all preceding
stores of a read with unequivalent addresses have to be ignored. This is done
by calculating the read access of a read-operation, i.e., the relevant memory
state. The addresses of all store-operations in-between this memory state and
the read-operation are unequivalent to the address of the read. The store
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(a) mem; < store(mem,adrl,vall); (b) mem; < store(mem,adrl,vall);
reg, < read(mem;,adrR); mem; < store(memi, adr2, val2);
P R —— reg; < read(memz,adrR);
= reg; =sim vall

= reg; =sim vall

[(aer Zsim adrR) A (adrl =sim adrR)}

Fig. 3. Reading previously stored values

previous to the read access has an address that is not unequivalent and its value
might be read. If the address of this store is even =g;,,, the stored value is
always read and, therefore, =g, to the read-operation.

5.2 Equivalence of Read-Operations

Two read-operations from specification and implementation are equivalent if
their addresses and their read accesses are equivalent. The equivalence of the

Specificiation Implementation
mem; < store(mem,adrl,vall); mem; < store(mem, adrX,valX);
reg; < read(memj, adrR); mem; <« store(memi, adrl,vall);

regi « read(mem, adrR);

[adrR Zsim adrX = reg] =sim regi]

adrl is assumed to be neither Zgim nor =g, to adrR

Fig. 4. Equivalence of two read-operations

read accesses guarantees, that all locations of the memory where they might
read from (depending on the concrete value of the symbolic address) are iden-
tical. This procedure fails in the example of Fig. M if adrl is neither #g;,, nor
=sim t0 adrR. The first store in the implementation is not relevant for the read-
operation, if its address adrX is unequivalent to adrR. But the read accesses of
the two read-operations are not identical because of the blocking second store
with adrl. Note that if adrl #g;, adrR holds, the read accesses would be both
mem and if adrl =g, adrR holds, vall would be read in both cases.

A supplementary check for two read-operations with equivalent addresses is
provided to cope with mismatching read accesses. If stored value and address
of the “blocking” store-operations are equivalent, the read access is calculated
again for both read-operations without these stores. This process can be re-
peated until either equivalent read accesses are found, i.e., the read-operations
are equivalent, or store-operations block which addresses or values stored are
not equivalent. Note that the memory states of the blocking store-operations
do not need to be equivalent, see the example in Fig. @l

5.3 Re-checking Read-Operations

Our general equivalence detection considers that the equivalence of the argu-
ments of two terms is in most of the cases already obvious, when the second
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term is found on the path. Therefore, it is sufficient to check only at the first
occurrence of a term whether it is equivalent to some previously found term.
When finding a read-operation the first time, not all equivalences and unequiva-
lences relevant for equivalence detection may be already stated, see for instance
the forwarding on z in Fig. [[l The equivalence of the read-operation in the
specification and in the else-path of the implementation is only obvious after
the case split setting adrl Zg;, adr2. This case is common in processor design
with pipelining. A value is read speculatively and used only if there is no data
conflict. Otherwise the relevant value is forwarded. The example indicates, that
it is important to check read-operations whenever the equivalence classes of
the corresponding addresses are modified. Therefore, the read-operations found
during the symbolic simulation are marked at the equivalence classes of their ad-
dresses as dependent read-operations. If there is a change of an equivalence class,
either because it is unified or set unequivalent to another equivalence class, all
dependent read-operations are checked again. In the example of Fig. [ the read-
operation in the specification is marked at the equivalence class of adr2. When
setting the equivalence classes of adrl and adr2 unequivalent, the equivalence
of the read-operations is detected.

6 Detecting Equivalent Memory States

Detecting the equivalence of two memory states is necessary to show compu-
tational equivalence but also required to be able to argue about the equiva-
lence of two read-operations in specification and implementation. Since a store-
operation returns the whole new memory state, finding equivalent memory states
is the same as detecting equivalent store-operations.

6.1 Identical Order of Store-Operations

In some designs, the order of store-operations is identical in the two descriptions
to compare. A sufficient, but not necessary condition for the equivalence of two
store-operations and, therefore, the resulting memory states, is that addresses,
the values stored, and the previous memory states are pairwise in the same
equivalence class, which is fast to test and, therefore, checked first when finding
a new store-operation. The final value of a memory in implementation and
specification depends on the last two stores on both sides, which use the result
of the previous stores as first arguments. By means of an inductive argument,
when building a list in order of appearance of the stores in implementation and
specification, every store may have its “partner” on the other side, if the order
of store-operations is identical. The first store-operations on both sides have
the initial memory state as first argument, which is identical for both sides.

Specification and implementation can have also only partially identical orders
of stores, which begin from two equivalent memory states. The latter may be
either the initial memory state or memory states that have been identified to be
equivalent by one of the techniques described in section 6.2 and[6.3] The partially
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identical store-order ends before the first store-operation-pair, where either
address or stored value are not equivalent. The order of store-operations has to

store(dmem,adrl,vall) store(dmem,adrl,vall)
store(rf,adr2,val2) have the same store order store(dmem,adr3,val3)
store(dmem,adr3,val3) for both rf and dmem store(rf,adr2,val2)
store(rf,adr4,vald) store(rf,adr4,vald)

Fig. 5. Identical store-orders

be the same in specification and implementation only with regard to the same
specific memory. The interleaving of store-operations to different memories can
be arbitrary, see for example Fig.[3.

6.2 Overwritten Store-Operations

An identical store-order as defined in the previous section requires an equal
number of store-operations, which is not given in the example of Fig. Bl Nev-
ertheless, the final memory states are identical if the value stored by the sec-
ond store-operation of the implementation is always overwritten by the third
store-operation, i.e., if the addresses are =g;,,,. This situation can occur for in-

Specificiation Implementation
mem; < store(mem,adrl,vall); mem] < store(mem, adrl,vall);
mem; «— store(mem{, adr2,val2); mem; «— store(memi, adrX,valX);

memj < store(memy, adr2, val2);

[aer =sim adr2 = mem; =gim meméj

Fig. 6. Example for an overwritten store-operation

stance if the second store is speculative, but the speculation fails and the third
store is used to correct the fault. Let’s assume that val2 and valX are not
=sim- Therefore, mem§ and memg cannot be in the same equivalence class and the
equivalence detection of section will fail. But for the last store-operation
in the implementation there is no difference if the previous memory state is
mem} or mem). Therefore the relevant preceding memory state is calculated for
equivalence checking. This is either the memory state after the first preceding
store-operation, which is not overwritten by the new store-operation or the
initial memory state. Two store-operations in specification and implementa-
tion are equivalent if addresses, stored values and the relevant preceding mem-
ory state are =g;,. This criterion copes with different number of overwritten
store-operations in specification and implementation. Determining the relevant
preceding memory state is fast, since, again, only the information of the equiva-
lence classes is used. Furthermore, its calculation is only necessary if there exists
a potential “counterpart” with =g;,, address and stored value.

Note that by considering overwritten stores, there are some special cases where
more than two store-operations, one of the specification and one of the imple-
mentation respectively, are in a single equivalence class. For instance, the mem-
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ory states after the second and the third store in the implementation in Fig.
are identical if adr2 =g;,, adrX and val2 =g;,, valX holds.

6.3 Changed Order of Store-Operations

If the store-order is changed as in the example of Fig. [ for rf and Fig. [7 for
mem, the final memory states can be equivalent, if the addresses of the store-
operations are Zg;,,,. A correct reordering of store-operations can be the result,
for example, of synthesizing designs with data mapping, see section [

When a new store-operation is found and all previous checks fails, there might
exist a store in the other description with equivalent address and stored value,
which is the “counterpart” in a changed store order. Since the new store is
the most recent in its description, there must be some store-operations before
it, which happen after the “counterpart” in the other description. Assume that

Specificiation Implementation
A°  memi « store(mem,adrA,...); A*  mem! — store(mem,adrA,...);
01° memj < store(overwritten later) ; D' mem} « store(mem’,adrD,...);
B° mem3 < store(mems3,adrB,...); ¢*  mem} « store(mem},adrC,...);
02° memj < store(overwritten later); 03" mem) < store(overwritten later);
C° memj < store(memj,adrC,...); B' mem{ « store(mem},adrB,...);

D° mem§ < store(memg,adrD,...);

[(aer Zsim adrC) A (adrD Zsim adrB) A (adrB Zsim adrC) = memg =sim mem J

Fig. 7. Changed order of store-operations

the new store is D* and the “counterpart” D’ in Fig. [l The stores B and C are
before D in the specification but after D in the implementation. The stores 01,
02, 03 are overwritten by succeeding store-operations, i.e., B%, C*, D® or B*. A
valid reordering of the store-operations requires that the addresses of D on the
one hand and B, C on the other hand are #g;,,,. But we do not know that only
B and C have to be checked, since there might be some overwritten stores 01°,
02° or 03! in-between or before B or C (see Fig. [7). For a quick test, first two
sets containing all memory states previous to D®/D’ are determined, where all
store-operations after those memory states and before D* /D’ have a determined
address relationship; i.e., the addresses of those store-operations must be either
Zsim to the address of DS/Di or =g, to the address of one of the succeeding
store-operations. A changed store-order is only checked, if there are equivalent
memory states in those two sets calculated for D* and D’. In the following this is
called that D* and D’ have a common access state.

The next step is to determine the two sequences S; and S, containing the same
store-operations appearing in the two descriptions in changed order. This is not
obvious since only the end of §; and the beginning of Sy are known. Furthermore,
overwritten stores have to be considered correctly, i.e., S = {B*,C*,D*} and
Sy = {D%,C%, B} in Fig. [l We assume in the following that all store-operations
of the changed store-order have already appeared first in the implementation
(A7 to B') and now the last store of the opposite sequence storeS! , is detected
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during the simulation, i.e., D®. This is the first time where again equivalent
memory states can be reached. Since D? is the newest store detected during the
simulation, the algorithm assumes that this is the last element missing and that
it is the end of ;. Tracing back from this point, the first (previous) memory
state is searched, which has an equivalent counterpart in the other description,
i.e., mem{ and mem} in Fig.[d All preceding stores do not have to be considered
since they lead to an equivalent memory state in implementation and specifica-
tion. The store-operations in the two descriptions directly after this equivalent
memory state storefelgm (01°) and storefjgm (D) are the beginnings of the S;
and S before eliminating overwritten store-operations.

Overwritten stores can be removed easily in S; since the latest storefﬁld (D*)
is known. Tracing back from storeS!, (D°) to storefelgm (01%), all store-
operations with an address which is =g;,,, to the address of a succeeding store
are eliminated, which results §; = {B®,C® D*}.

The end storefﬁ; 4 of the sequence S5 is unknown, which makes eliminating over-
written store-operations harder. Symbolic simulation may have already reached
some store-operation after B® which overwrites for instance C? but has to be ig-
nored to find Sy correctly. All store-operations after the unknown end storeff;d
(B") do not have to be considered when eliminating overwritten stores in Sz. Sz
is determined by beginning with storefjgm and adding successively succeeding
stores. Every time a new store is added, eventually overwritten stores are
eliminated. This process is stopped, when the number of store-operations in Sy
is the same as in Sj.

Finally it is controlled, if every store-operation in &7 has its partner in S with
=gim address, =g, stored value and common access state (see above). In this
case, the memory states after storefﬁd and storeffld, i.e., D° and B? are equiva-
lent. Note that the technique described in this section is not limited with respect
to the length of the changed store order, which is three in our example.

The handling of some exceptional situations is omitted in this paper due to the
space limitations. Consider for example that a store E’ succeeds directly BY,
which overwrites C? with exactly the same value as C?. D® is then not only equiv-
alent to B but also to E’. This is detected by building two sequences Ss, and
So, with B and E? as last elements in this special case.

7 Experimental Results

Results of the verification of four designs with increasing complexity concerning
the equivalence detection of read/store-operations are given in Tab. [0l In all ex-
amples, a sequential specification is compared with the corresponding pipelined
implementation. The specifications reflect a subset of the instructions of the
respective architecture, i.e., the Alpha-architecture from Digital [6], the DLX-
architecture [§], and the PIC16C5X-processor from Microchip [I0]. The imple-
mentations have been generated automatically from the specifications using the
synthesis tool described in [9]. Verification of the pipelined designs was done
using the flushing approach of [5], see also [I3].
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Tab. M gives the verification time, the number of instruction classes and the to-
tal number of paths checked during the symbolic simulation. The sixth column
shows in how many paths stores are overwritten (section [6.2]). The number of
paths with changed order of the store-operations (section [6.3)) is given in the
last column. Paths with changed store-order are not considered in the sixth
column although in these paths stores may be overwritten, too.

The store-order in the DLX-example is always identical in specification and
implementation and no overwritten stores have to be considered. We obtained
the same result for the verification of two structural DLX-descriptions with 5
pipeline-stages (see [13] for details). The Alpha-example requires additionally
the consideration of overwritten store-operations. Consider two stores to the
register file of the Alpha with equivalent addresses, which are executed con-
secutively in the sequential description. One of them is skipped if they are in
different instruction stages which are parallelized by the synthesis tool. Note that
the register file of the DLX (respectively the data memory) is always written in
the same instruction stage.

All techniques presented in the previous sections are required to verify the two
PIC-examples. The store-order was changed significantly in many paths after
introducing pipelining. The reason is the data memory mapping used by this

... _|Pipeline|Instruction|Verification| Total Paths with stores
Description . -
stages classes time paths |overwritten|changed order
DLX 5 5 561.1 s | 225687 - -
Alpha 3 10 7.84 s 2374 88 -
PIC 1 2 17 252.6 s | 107655| 3151 1741
PIC 2 2 17 379.6 s | 161622 4338 5252

Table 1. Experimental results. Measurements on a Sun Ultra II (300 MHz)

architecture, i.e., single registers are addressed in the same manner as registers of
the register file which makes synthesis (and verification) more complicated since
numerous additional data-conflicts have to be resolved. This is also demonstrated
by the higher complexity of PIC 2 compared to PIC 1. The only difference of PIC
1 is that the STATUS-register is excluded from data mapping. Another reason for
the complexity of the PIC-examples compared to the Alpha- and DLX-example
(which have more pipeline stages) is the larger number of instruction classes.
Verification with the symbolic simulator revealed a rare bug in the implementa-
tion of the synthesis tool. The decrement-instruction in the PIC-implementations
was not writing correctly its value in the register file in a corner case due to an
erroneous simplification of a condition during synthesis.

We verified the Alpha-example with the test for changed store order switched off
and the DLX-example also without the checks for overwritten stores. The com-
putation time changed only less than one second, which demonstrates that the
overhead introduced by testing for complex read/store-schemes in the equiva-
lence detection is acceptable.
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8 Conclusion

Symbolic simulation must be able to handle memory operations to make formal
verification of designs with complex control logic possible. The verification tool
has to cope with two aspects: Firstly, the in general large sizes of the memo-
ries. We argue only about memory operations, i.e, store- and read-operations.
Therefore, the symbolic simulator has to detect equivalences of memory opera-
tions in order to model correctly the behavior of the memory.

Secondly, indirect addressing has to be considered. This makes a reasoning pro-
cess about the relationships of the addresses during the symbolic simulation
necessary, since they can be arbitrary symbolic terms. Collecting equivalent
symbolic terms in equivalence classes permits us to establish a fast address com-
parison for our equivalence detection methods. The new technique makes an
efficient automatic equivalence checking of descriptions with complex reorder-
ings of memory operations possible.
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Abstract. Unfold/fold transformation systems for logic programs have
been extensively investigated. Existing unfold/fold transformation sys-
tems for normal logic programs allow only Tamaki-Sato style folding us-
ing clauses from a previous program in the transformation sequence: i.e.,
they fold using a single, non-recursive clause. In this paper we present
a transformation system that permits folding in the presence of recur-
sion, disjunction, as well as negation. We show that the transformations
are correct with respect to various semantics of negation including the
well-founded model and stable model semantics.

1 Introduction

Unfold/fold transformation systems for logic programs have been used for auto-
mated deduction [8], [I7], and program specialization and optimization [2] 4] [T0]
15]. Normal logic programs consist of definitions of the form A:— ¢ where A is an
atom and ¢ is a boolean formula over atoms. Unfolding replaces an occurrence of
A in a program with ¢ while folding replaces an occurrence of ¢ with A. Folding
is called reversible if its effects can be undone by an unfolding, and irreversible
otherwise.

Given a logic program P, an unfold/fold transformation system generates a
sequence of programs P = Py, P;,...,P,, such that for all 0 < ¢ < n, P
is obtained from P; by applying one of the two transformations. Unfold/fold
transformation systems are proved correct by showing that all programs in any
transformation sequence Py, Py, ... , P, are equivalent under a suitable seman-
tics, such as the well-founded model semantics for normal logic programs. A com-
prehensive survey of research on logic program transformations appears in [14].

As an illustration of unfolding/folding, consider the sequence of normal logic
programs in figure [l In the figure, P, is derived from P, by unfolding the
occurrence of q(X) in the first clause of Py. Program P; is derived from P; by
folding the literal q(Y) in the body of the second clause of p/1 into p(Y) by
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using p(X) :- q(X) in Fy. This clause from a previous program which is used
in a folding step (the clause p(X) :- q(X) of P in this case) is called the folder.

An unfold/fold transformation system for definite logic programs was first
described in a seminal paper by Tamaki and Sato [20]. It allows folding us-
ing a single clause only (conjunctive folding) from the initial program. This
folder clause is required to be non-recursive, but need not be present in the
current program P;. Maher [I2] proposed a transformation system using only
reversible folding in which the folder clause is always drawn from the current
program. However, reversibility is a restrictive condition that limits the power
of unfold/fold systems by disallowing many correct transformations, such as the
one used to derive P, from P; in Figure[Il Hence, there was considerable interest
in developing irreversible unfold/fold transformation systems, for both definite
and normal logic programs.

Existing unfold/fold transformation systems for normal logic programs [I]
13118, [19] are either extensions of Maher’s reversible transformation system [12]
or the original Tamaki-Sato system [20]. Even for definite logic programs, irre-
versible transformations of programs were, until recently, restricted to either fold-
ing using non-recursive clauses (see [7]) or a single recursive clause (see [9, 21]).
In [I6] we proposed a transformation framework for definite logic programs which
generalized the above systems by permitting folding using multiple recursive
clauses. Construction of such a general transformation system for normal logic
programs has remained open. Below, we describe a solution to this problem.

Overview of the results: The main result of this paper is a unfold/fold
transformation system that performs folding in the presence of recursion, dis-
junction as well as negation (see Section[2). The transformations of [I6] associates
counters with program clauses (¢ la Kanamori and Fujita [9]) to determine the
applicability of fold and unfold transformations. In this paper, we extend this
book-keeping to accommodate negative literals. We show that this extension is
sufficient to guarantee that the resulting transformation system preserves a va-
riety of semantics for normal logic programs, such as the well-founded model,
stable model, partial stable model, and stable theory semantics. Central to this
proof is the result due to Dung and Kanchanasut [6] that preserving the se-
mantic kernel of a program is sufficient to guarantee the preservation of the
different semantics for negation listed above. However, in contrast to [I] where
this idea was used to prove the correctness of Tamaki-Sato style transformations,

e p([). p().
PE’S)' . p(IXIY]) - —r(0),q(). p(XIY]) i —r(X),p(¥).
Ry q(I) . q(I1).

QUXIYD = =r 0,900 vy e @), g1 . qUIXIYD - (0 ,q(Y) .

Program Py Program Py Program P»

Fig. 1. Example of an unfold/fold transformation sequence
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we present a two-step proof which explicitly uses the operational counterpart of
semantic kernels (see Section [3). In the first step of our proof, we show that
the transformations preserve positive ground derivations, which are derivations
of the form A ~ —By,—Bs,..., B, such that there is a proof tree rooted at
A with leaves labeled ~B; through —B,, (apart from true). We then show that
preserving positive ground derivations is equivalent to preserving the seman-
tic kernel of the program. Thus positive ground derivations are the operational
analogues of semantic kernels.

This proof suggests that we can treat the negative literals in a program as
atoms of new predicates defined in a different (external) module. The correctness
of the transformation system is assured as long as the transformations respect
module boundaries (see Section Hl). This observation indicates how a transfor-
mation system originally designed for definite logic programs (such as the one
we proposed in [16]) can be readily adapted for normal logic programs.

2 The Transformation System

Below we present our unfold and fold transformations for normal logic programs.
In the following we assume familiarity with the standard notions of terms, substi-
tutions, unification, atoms, literals. We will use the following symbols (possibly
with primes and subscripts): P to denote a normal logic program; C' and D for
clauses; A, B to denote atoms ; L, K to denote literals ; A to denote sequence
of literals and o, 8 for substitutions.

In any transformation sequence Py, Py, ... , P, we annotate each clause C in
program P; with a pair (v, (C),~:,(C)) where 7} (C),~:,(C) € Z and ~{, (C) <
74 (C). Thus, ~;, and 7, are functions from the set of clauses in program P;
to the set of integers Z. The transformation rules dictate the construction of
,le'0+1 and fy;jl from v}, and ~i,. We assume that for any clause C in the initial
program Py, 70 (C) = ~1,(C) = 1. Intuitively, v/, (C) and 7},(C) for a clause
C' are analogous to the Kanamori-Fujita-style counters [9]; the separation of hi
and [o permits us to store estimates of the counter values in the presence of
disjunctive folding.

Rule 1 (Unfolding) Let C be a clause in P; and A a positive literal in the
body of C. Let C1, ..., Cy, be the clauses in P; whose heads are unifiable with A
with most general unifiers o1, ..., 0. Let C]’- be the clause that is obtained by
replacing Aco; by the body of Cjo; in Co; (1 <j <m).

Then, assign P4y = (P, — {C}) U{C,...,Cl.}. Set 'ylijl(CJ’-) =~ (C) +
%,(C;) and 741 (Ch) = ~1,(C) + 74;(C;). The annotations of all other clauses
in P;;1 are inherited from P;. O

Rule 2 (Folding) Let {C1,...,Cy} beclausesin P; and { Dy, ..., Dy, } be clauses
in P; (j <) where C; denotes the clause A:— L;1,...,Lin,, L}, ..., L), and D,
denotes the clause B;:— K 1,..., K p,. Also, let

1.V1<I<mdo V1 <k<n L= Koy, where oy is a substitution.

2. Bldl = BQO’Q =..= BmCTm =B
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3. Dy, ..., Dy, are the only clauses in P; whose heads are unifiable with B.

4. V1 <1 < m oy substitutes the internal variables of D; to distinct variables
which do not appear in {A, B, L}, ..., L}, }.

5.V1 <1 <m~i, (D) <7,(Ci) + Number of positive literals in the sequence
Ly,... L.

Then, assign Py := (P;—{C4,...,Cy, })U{C'} where C' = A:— B, L1, ..., L},. Set
Vg H(C") = mini<i<m (i, (C1) = 77, (D) and 3 FH(C") = mazi<i<m (77,(Cr) —
Y, (Dy)). The annotations of all other clauses in P;1; are inherited from P;. O

An Example: The following example (derived from [7]) illustrates the use of
our basic unfold/fold transformation system.

C} :in_position(X,L) :- in_odd(X,L), — even(X). (1,1)
Cs : inposition(X,L) :- in_even(X,L), = odd(X). (1,1)

C3 :in_odd (X, [XIL]). (1,1
Cy :in_odd (X, [Y,ZIL]) :- in_odd(X,L). (1,1)
Cs :in_even(X, [Y,XIL]). (1,1)
Cg :in_even(X,[Y,Z|L]) :- in_even(X,L). (1,1

In the above program, in_odd(X,L) (in_even(X,L)) is true if X appears in an
odd (even) position in list L. Thus, in_position(X,L) is true if X is in an odd
(even) position in list L, and X is not an even (odd) number. The odd/1 and
even/1 predicates are encoded in the usual way and are not shown.

Unfolding in_odd (X,L) in C; we get the following clauses:

C7 :in_position(X, [XIL]) :- — even(X). (2,2)
Cg :in_position(X, [Y,Z|L]) :- in_odd(X,L), — even(X). (2,2)

Unfolding in_even(X,L) in C5 yields the following clauses:

Cy : in_position(X,[Y,XIL]) :- = odd(X). (2,2)
Cio : inposition(X,[Y,ZIL]) :- in_even(X,L), — odd(X). (2,2)

Finally, we fold clauses {Cs, C1o} using the clauses {C, C3} from the initial
program as the folder to obtain the following definition of in_position/1.

C7 : in_position(X, [XIL]) :- = even(X). (2,2)
Cy : in_position(X, [Y,X|L]) :- = 0dd(X). (2,2)
C1 @ inposition(X, [Y,Z|IL]) :- in_position(X,L). (1,1)

Note that the final step is an irreversible folding in presence of negation that uses
multiple clauses as the folder. Such a folding step is neither allowed in Tamaki-
Sato style transformation systems for normal logic programs [Il [18] [19] nor in
reversible transformation systems [13].

Remark: We can maintain more elaborate book-keeping information than inte-
ger counters, thereby deriving more expressive unfold/fold systems. For instance,
as in the SCOUT system described in [I6], we can make the counters range over
use a tuple of integers, and obtain a system that is strictly more powerful than
the existing Tamaki-Sato-style systems [20} 2T [9, T8, [T9] [7, [T]. The construction
parallels that of the SCOUT system in [I6]; details are omitted.
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3 Proof of Correctness

In this section, we show that our unfold/fold transformation system is correct
with respect to various semantics of normal logic programs. This proof proceeds
in three steps. First, we introduce the notion of positive ground derivations and
show that it is preserved by the transformations. Secondly, we show that preserv-
ing positive ground derivations is equivalent to preserving semantic kernel [6].
Finally, following [1], preserving semantic kernel implies that the transformation
system is correct with respect to various semantics for normal logic programs
including well-founded model, stable model, partial stable model, and stable
theory semantics. We begin with a review of semantic kernels.

3.1 Semantic Kernel of a Program

Definition 1 (Quasi-Interpretation) [6, 1] A quasi-interpretation of a nor-
mal logic program P is a set of ground clauses of the form A:— —By,...,—B,
(n > 0) where A, By, ..., B, are ground atoms in the Herbrand Base of P.

Quasi-interpretations form the universe over which semantic kernels are defined.
For a given normal logic program P, the set of all quasi-interpretations of P
(denoted QI(P)) forms a complete partial order with a least element (the empty
set ¢) with respect to the set inclusion relation C.

Definition 2 Given a normal logic program P, let Gnd(P) denote the set of
all possible ground instantiations of all clauses of P. The function Sp on quasi-
interpretations of P is defined as

Sp : QI(P) — QI(P)
Sp(I) = {R(C,D1,...,Dy,) | C € Gnd(P)AD; €I, 1 <i<m}

where, if D;(1 <i<m) are ground clauses
Aiy— —Bii,...,"Bin, (n; >0)

and A1,... ,An(m > 0) are the only positive literals appearing in the body of
ground clause C, then R(C, D1,...,Dy,) is the clause obtained by resolving the
positive body literals A1, ..., Am in C using clauses D, ... , D, respectively. O

If P is a definite program, then the function Sp is identical to the logical con-
sequence operator Tp [I1]. The semantic kernel of the program P is defined in
terms of Sp as:

Definition 3 (Semantic Kernel) [6l[1] The semantic kernel of a normal logic
program P, denoted by SK(P), is the least fixed point of the function Sp, i.e.,

SK(P) =, ., SK"(P) where SK°(P) = ¢ and SK""*(P) = Sp(SK"(P))

new
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Example : Consider the following normal logic program P:

p:-—"q, r.
r - -r.

The semantic kernel of P will be computed as follows.

SKO(P) = {}

SK'(P) = Sp(SK(P) = { (r = = 1) )

SK*(P) = Sp(SK'(P) ={ (r i~ = 1), (p = = a, = 1)}
SK3(P) = Sp(SK?(P)) = SK2(P)

Therefore, SK(P)={ (r :- = r),(p :- ~q, 7 1) }

The following theorem from [I] formally states the equivalence of P and SK(P)
with respect to various semantics of normal logic programs.

Theorem 1 [Aravindan and Dung] Let P be a normal logic program and SK (P)
be its semantic kernel. Then :

(1) If P is a definite logic program, then P and SK(P) have the same least
Herbrand Model.

(2) If P is a stratified program, then P and SK(P) have the same perfect model
semantics.

(8) P and SK(P) have the same well-founded model.

(4) P and SK(P) have the same stable model(s).

(5) P and SK(P) have the same set of partial stable models.
(6) P and SK(P) have the same stable theory semantics.

3.2 Preserving the Semantic Kernel

We now show that in any transformation sequence Py, Py, ..., P, where V0 <
i <n Py is obtained from P; by applying unfolding (rule [} or folding (rule[2]),
the semantic kernel is preserved, i.e., SK(Py) = SK(P;) = ... = SK(P,). To

do so, we introduce the following notion of a positive ground derivation:

Definition 4 (Positive ground derivation) A positive ground derivation of
a literal in a normal logic program P is a tree T such that: (1) each internal
node of T is labeled with a ground atom (2) each leaf node of T is labeled with
a negative ground literal or the special symbol true, and (3) for any internal
node A of T, A:— Lq,..., Ly, must be a ground instance of a clause in program
P where Ly, ..., L, are the children of A inT.

Thus, consider any positive ground derivation T in program P. Let the root of T
be labeled with the ground literal L and let A/ be the sequence of negative literals
derived in T, i.e., N is formed by appending the negative literals appearing in
the leaf nodes of T' from left to right. Then we say that L derives A/ in P, and
denote such derivations by L ~»p N (and L ~» N if P is obvious from the
context). We overload this notation, often denoting existence of such derivations
also by L ~p N. Note that if L is a ground negative literal, there is only one
positive ground derivation for L in any program, namely the empty derivation
L ~~ L. We now define:
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Definition 5 (Weight of a positive ground derivation) Let L ~p N be a
positive ground derivation. The number of internal nodes in this derivation (i.e.
the number of nodes labeled with a ground positive literal) is called the weight of
the derivation.

Definition 6 (Weight of a pair) Let Py, P1,..., P, be a transformation se-
quence of normal logic programs. Let L be a ground literal, N be a (possibly
empty) sequence of ground negative literals s.t. L ~p, N'. Then, the weight of
(L,N), denoted by w(L,N), is the minimum of the weights of positive ground
derivations of the form L ~>p, N.

Note that for any program P; in the transformation sequence, the weight of
any pair w(L, ) is defined as the weight of the smallest derivation L ~p, N.

Definition 7 Let Py, Py, ..., P, be a transformation sequence of normal logic
programs. A positive ground derivation L ~p, N is said to be weakly weight-
consistent if for every ground instance A:— Ly, ..., Ly of a clause C used in this
derivation, we have w(A,Na) < i, (C)+>", cjcp w(Li, Ni) where Na, N1, ..., N,
are the sequence of negative literals derived from A, L1, ..., Ly, in this derivation.

Definition 8 Let Py, P, ..., P, be a transformation sequence of normal logic
programs. A positive ground derivation L ~>p, N is said to be strongly weight-
consistent if for every ground instance A:— L1, ..., Ly of a clause C' used in this
derivation, we have

= w(A,Na) > ,(C) + 2, cyap w(Li, 1)
- V1<I<kw(A,Ny) >w(l,N)

where Na, N1, ..., Ny are the negative literal sequences derived from A, Ly, ..., Ly
in this derivation.

Definition 9 (Weight consistent program) Let Py, P1,..., P, be a trans-
formation sequence of normal logic programs. Then, program P; is said to be
weight consistent if

— for any pair (L,N'), whenever L derives N in P;, there is a strongly weight
consistent positive ground derivation L ~p, N.
— ewvery positive ground derivation in P; is weakly weight consistent.

Using the above definitions, we now state certain invariants which always
hold after the application of any unfold/fold transformation.

— I1(P;) =VLVN (L derives N in Py < L derives N in P;).
— I2(P,)) = P, is a weight consistent program

We now show that these invariants are maintained after every unfolding and
folding step. This allows us to claim that the set of positive ground derivations
of Py is identical to the set of positive ground derivations of program F;.
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Lemma 1 If (Vj < i I1(P;)) holds, then VLVN ( L derives N in Piy1 = L
derives N in P;)

Lemma 2 (Preserving Weak Weight Consistency) Let P, ..., P;, P41 be
an unfold/fold transformation sequence s.t. V0 < j <4 I1(P;) A I2(P;). Then,
all positive ground derivations of P;y1 are weakly weight consistent.

The proofs for both Lemmal[ll and Bl follow by induction on the weight of positive
ground derivations in P;;;. We now establish the main theorem concerning the
preservation of positive ground derivations in a transformation sequence.

Theorem 2 Let Py, P;,... be a sequence of normal logic programs where P;1q
is obtained from P; by applying unfolding (rule [d) or folding (rule[3). Then
Vi > 0 I1(P,) A I2(P).

Proof : The proof proceeds by induction on . For the base case, I1(Pp) holds
trivially, and I2(P,) holds because every positive ground derivation of Py is
weakly weight consistent, and for any pair (L, ') the smallest positive ground
derivation L ~»p, N is strongly weight consistent.

For the induction step, we need to show I1(P;11) A I2(Pit1). By Lemma [I]
we have L ~p, N=1L ~p, N, and by Lemma [l we know that all positive
ground derivations of P;;; are weakly weight consistent. We need to show that
(i) L ~»p, N = L ~~p,,, N, and (ii) for any pair (L,N) s.t. L ~»p,_, N, there
exists a strongly weight consistent derivation L ~ N in P;,;. Thus, it suffices
to prove that for any pair (L,N) s.t L ~p, N, there exists a strongly weight
consistent derivation L ~»p, , N.

Consider a pair (L, ) such that L ~p, N. Since P; is weight consistent,
therefore there exists a strongly weight consistent derivation L ~ A in P;. Let
this be called Dr. We now construct a strongly weight consistent derivation
Dr" = L ~p,., N. Construction of Dr’ proceeds by induction on the weight
of (L,N) pairs. The base case occurs when L is a negative literal, N' = L and
w(L,N) = 0. We then trivially have the same derivation L ~» N in P41 as well.
Otherwise if L is a positive literal, let C' be the clause used at the root of Dr. Let
L:— Lq,...,L, be the ground instantiation of C used at the root of Dr. Since
Dr is strongly weight consistent w(L,N) > w(L;, N;) where A is the sequence
of negative literals derived by L; for all 1 < [ < n. Hence, we have strongly
weight consistent derivations L; ~p, ., N;. We construct Dr’ by considering the
following cases :

Case 1: C is inherited from P; to P11

Dy’ is constructed with the clause L:— L1, ... , L, at the root and then append-
ing the derivations L; ~p, N for all 1 <1 < n. This derivation Dr’ is strongly
weight consistent.

Case 2: (C is unfolded.

Let the L; be the positive body literal of C' that is unfolded. Let the clause used
to resolve L in the derivation Dr be C and the ground instance of C used be
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Llif Ll,la e 7L1,k- By definition of unfolding L:— Ll,la . 7L1,ka LQ, e ,Ln is
a ground instance of a clause C in P;41 with 7,71 (C}) = 4}, (C) +~,(C1). Also,
let M11,...,N1 be the sequence of negative literals derived by Ly 1,..., L1k
in Dr. Then, by strong weight consistency w(Lq;,N1,;) < w(L1,N71) < w(L,N)
for all 1 <1 < k. Thus we have strongly weight consistent derivations Li; ~+p, -
Ni,. We construct Dr’ by applying L:i— Ly 1,...,L1 g, Lo, ..., L, at the root
and then appending the strongly weight consistent derivations Li; ~p,,, Ny
(for all 1 <1 < k) and Ly ~p,, N; (for all 2 <1 < n). Since Dr is strongly
weight consistent, therefore

w(L,N) > ’ylio(_c) + 2 1<1<n WL, M)
and w(L1,N7) > 750(01) + > 1cicr WL, Nig)
= w(L,N) > ’lejl(ci) + Z1glgk w(Lyi, Nig) + Zgglgn w(Ly, Np)
This shows that Dr’ is strongly weight consistent.
Case 3: C is folded

Let C (potentially with other clauses) be folded, using folder clause(s) from

P;(j <1), to clause C" in P; ;1. Assume that Li,... , L are the instances of the
body literals of C' which are folded. Then, C’ must have a ground instance of
the form L : —B, Lx41, ..., Ly, where B:— Ly, ..., L is a ground instance of a

folder clause D in P;. Since, we have derivations L; ~p, N foralll <1l <Ek,
therefore by I1(P;) AI1(P;) there exist derivations L; ~+p, N;. Then, there exists
a derivation B ~»p, Np where Np is obtained by appending the sequences
M, ..., Nj. Since P; is a weight consistent program, this derivation must be
wealkly weight consistent, and therefore w(B,Ng) < 7. (D)+ 3, cicp w(Li, N7).
By strong weight consistency of Dr, we have

w(LAN) 27,0+ 3w M)+ Y w(ln, M)

1<I<k k+1<i<n
> 71,(C) + w(B,NB) — 7,(D) + Z w(Ly, Nj) e (%)
k+1<i<n

> w(B,Ng) (by condition (5) of folding)

Hence there exists a strongly weight consistent derivation B ~p,,, Np. We
now construct Dr’ with L:— B, Lgy1,...,L, at the root and then append-
ing below the strongly weight consistent derivations B ~p, ., Npg, Lgi1 ~p, -
Niity ..., Ly ~ P N,.. To show that Dr’ is strongly weight consistent, note
that v/ (C") < 4} (C) — fyi;i(D) since C' and D are folded and folder clauses.
Combining this with (*),

w(L,N) =4 (C) +w(BNp) + Y w(Li, M)

k+1<i<n

This completes the proof. O
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Thus we have shown that all positive ground derivations are preserved at
every step of our transformation. Now we show how our notion of positive ground
derivations directly corresponds to the notion of semantic kernel. Intuitively, this
connection is clear, since a clause in the semantic kernel of program P is derived
by repeatedly resolving the positive body literals of a ground instance of a clause
in P until the body contains only negative literals. Formally, we prove that :

Theorem 3 Let P be a normal logic program and A, Bi,...,Bp(n > 0) be
ground atoms in the Herbrand base of P. Let N be the sequence —By,... ,~By.
Then, A derives N in P iff (A:— N) € SK(P)

)

Proof Sketch: We prove A ~»p N = (A:— N) € SK(P) by strong induction on
the weight (i.e. the number of internal nodes, refer definition[H) in the derivation
A ~»p N. The proof for (A:— N) € SK(P) = A ~p N follows by fixed-point
induction. o

We can now prove that the semantic kernel is preserved across any unfold/fold
transformation sequence.

Corollary 3 (Preservation of Semantic Kernel) Suppose Py,...,P, is a
sequence of normal logic programs where Py is obtained from P; by unfold-
ing (Ruled) or folding (Rule[). Then V0 <i <n SK(P;) = SK(P).

Proof: We prove that SK(Py) = SK(P;) for any arbitrary i. By Theorem [

we know that A ~p, N & A ~»p N for any ground atom A and sequence of

ground negative literals A/. Then, using TheoremBlwe get (A:— N) € SK(P) &

(A:— N) € SK(P;). Thus, SK(Py) = SK(P,). m|
Following Theorem [l and Corollary [3 we have:

Theorem 4 (Correctness of Unfolding/Folding) Let Fy,...,P, be a se-
quence of normal logic programs where P;y1 is obtained from P; by an applica-
tion of unfolding (Rule) or folding (Rule[3). Then, for all 0 < i < n we have

(1) If Py is a definite logic program, then Py and P; have the same least Herbrand
Model.

(2) If Py is a stratified program, then Py and P; have the same perfect model
semantics.

(3) Py and P; have the same well-founded model.

(4) Py and P; have the same stable model(s).

(5) Po and P; have the same set of partial stable models.

(6) Py and P; have the same stable theory semantics.

4 Discussion

In this paper we have presented an unfold/fold transformation system, which to
the best of our knowledge, is the first to permit folding in the presence of recur-
sion, disjunction, as well as negation. Such a system is particularly important
for verifying temporal properties of parameterized concurrent systems (such as
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a n-bit shift register for any n) using logic program evaluation and deduction
[5l 17].

The transformation system presented in this paper can be extended to incor-
porate a goal replacement rule which allows the replacement of a conjunction of
atoms in the body of a clause with another semantically equivalent conjunction
of atoms provided certain conditions are satisfied (which ensure preservation of
weight consistency). In future, it would be interesting to study how we can per-
form multiple replacements simultaneously without compromising correctness
(as discussed in [3]).

Apart from the transformation system, the details of the underlying cor-
rectness proof reveal certain interesting aspects generic to such transformation
systems. First of all, our proof exploits a degree of modularity that is inher-
ent in the unfold/fold transformations for logic programs. Consider a modular
decomposition of a definite logic program where each predicate is fully defined
in a single module. Each module has a set of “local” predicates defined in the
current module and a set of “external” predicates used (and not defined) in the
current module. It is easy to see that Lemma[Il, Bl and Theorem 2] can be mod-
ified to show that unfold/fold transformations preserve the set of local ground
derivations of a program. We say that A ~ B, Bs,..., B, is a local ground
derivation (analogous to a positive ground derivation), if each B; contains an
external predicate, and there is a proof tree rooted at A whose leaves are labeled
with By, ..., B, (apart from true). Consequently, transformations of a normal
logic program P, can be simulated by an equivalent positive program module @
obtained by replacing negative literals in P with new positive external literals.
The newly introduced literals can be appropriately defined in a separate module.
Thus any transformation system for definite logic programs that preserves local
ground derivations also preserves the semantic kernels of normal logic programs.

Secondly, we showed that positive ground derivations form the operational
counterpart to semantic kernels. This result, which makes explicit an idea in the
proof of Aravindan and Dung [I], enables the correctness proof to be completed
by connecting the other two steps: an operational first step, where the mea-
sure consistency technique is used to show the preservation of positive ground
derivations and the final model-theoretic step that applies the results of Dung
and Kanchanasut [6] relating semantic kernels to various semantics for normal
logic programs.

Semantic kernel is a fundamental concept in the study of model-based se-
mantics. By it very nature, however, semantic kernels cannot be used in proving
operational equivalences such as finite failure and computed answer sets. The im-
portant task then is to formulate a suitable operational notion that plays the role
of semantic kernel in the correctness proofs with respect to these equivalences.
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Abstract. We show that there is a class C of finite structures and a
PTIME quantifier @ such that

(1) IFP(Q) is bounded on C but Ly, , (Q) # PFP(Q) # IFP(Q) =
FO(Q) over C.

(2) For all k > 2, IFP*(Q) is bounded but not uniformly bounded over
C. (IFP*(Q) denotes the k-variable fragment of IFP(Q))

(3) For all k > 2, IFP*(Q) is not uniformly bounded over C' but
IFP*(Q) = L*(Q) over C.

1 Introduction

First order logic (FO) has limited expressive power on finite structures. There-
fore, fixed point logics, such as LFP and PFP have been studied widely in finite
model theory. On ordered structures LFP expresses exactly PTIME queries but
on unordered structures its expressive power is limited and is hard to character-
ize.

In the study of expressive power of LFP and other fixed point logics, an
important role is played by an infinitary logic with finite variables, denoted
L%, - LFP can be viewed as a fragment of Lg, . To understand the relative
expressive power of FO, LFP and Lg, , on subclasses of finite structures, McColm
made two conjectures in [10]. These conjectures are centered around the notion
of boundedness for fixed point formulae over a class of finite structures. Let C' be
any class of finite structures. McColm'’s first conjecture states that LEP collapses
to FO on C' iff LFP is bounded on C. McColm’s second conjecture states that
L%, , collapses to FO on C' iff LFP is bounded on C.

The first conjecture was refuted in [5] and the second conjecture was con-
firmed in [§]. Further, in [9] ramified versions of these conjectures, that is anal-
ogous questions for fixed variable fragment of these logics, have been studied.
For this a suitable definition of k-variable fragment of LFP, LF P* is formulated.
The notion of boundedness for LFP* over a class of structures can be defined
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in the usual manner, by requiring bounded induction for each LFP* formula
(or system of L* formulae). However for LFP* a stronger notion of bounded-
ness called uniform boundedness [9] can also be defined. Uniform boundedness
requires that there is a constant which bounds the number of inductive stages
over C for all systems of formulae in LF P*. It is shown in [9] that on any class
C of finite structures, L’;Qw collapses to L* on C iff LFP* is uniformly bounded
on C.

After some successful development of model theory of finite variable logics
in recent years, for example as witnessed by elegant results mentioned above,
it is natural to examine if these results also hold for more general logics or if
the techniques developed there can also be applied to richer contexts. Recently,
extensions of first order, fixed point and infinitary logics with generalized quan-
tifiers have been studied extensively [7I2]3]. In this paper, we study questions
analogous to McColm’s conjectures and ramified versions of these for logics with
generalized quantifiers.

We show that McColm’s second conjecture cannot be extended to logics
with arbitrary generalized quantifiers whereas a ramified version of the second
conjecture does hold for arbitrary finite set of generalized quantifiers. Our main
result is a construction which disproves extension of McColm’s second conjecture
for logics with generalized quantifiers. We construct a generalized quantifier
and a class C of finite structures such that IFP(Q) is bounded over C' but the
number of L?(Q) types realized is unbounded over C. This in turn implies that
L%, , (Q) # FO(Q) over C. Further, we can also construct a PTIME computable
generalized quantifier with the above properties.

A byproduct of this construction is a different proof of a result in [3], that
there is a PTIME computable generalized quantifier @ such that L*(Q) types
cannot be ordered in IFP(Q). The construction of [3] does not imply the result
mentioned above as the class C' over which IFP(P) # PFP(P) (and hence
FO(P) # Lg, , (P)) is established in [3] for a quantifier P, admits an unbounded
induction because a linear order is explicitly defined on part of each structure
in C. The linear order in that construction is used in an essential way.

For the same class of structures C' and PTIME, quantifier @, used to disprove
the extension of McColm’s second conjecture, we show that IFP*(Q) is bounded
but not uniformly bounded on C. To our knowledge, this is the first example
in which the two notions of boundedness for (extensions of) fixed point logic
are provably distinct. It also follows easily that IFP*(Q) = L*(Q) on this class
which disproves a version of ramification of the first conjecture with generalized
quantifiers. It is interesting to note that these results hold for an extension of
IFP which is still in PTIME. It should be noted that both these questions,
boundedness vs. uniform boundedness and ramified version of McColm’s first
conjecture are open when no generalized quantifiers are allowed.

Our construction of the generalized quantifier is by diagonalization. Gener-
ally, this process for constructing quantifiers can be thought of as similar to
oracle constructions in complexity theory. However, the diagonalization process
in constructing quantifiers is more involved than the usual oracle constructions
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in complexity theory. One reason for this is that in constructing generalized
quantifiers one does not operate just on the level of strings or a specific repre-
sentation of a structure but on a more abstract level of the structure itself. If we
include (exclude) a structure in the class defining a generalized quantifier then
we also have to include (exclude) all structures isomorphic to it, in the class.

In our construction we need to define an equivalence relation coarser than
isomorphism on structures such that whenever we include (exclude) a structure
in the class defining generalized quantifier then we also have to include (exclude)
all structures related to it, in the class. To go through the construction we look
into the structure of equivalence classes of this relation and find an invariant of
an equivalence class. The technical machinery devloped to achieve this may be
useful to construct generalized quantifiers in other contexts also.

2 Preliminaries

We assume the reader to be familiar with basic notions of finite model theory.
In this section, we will present only some concepts and notations relevant to us.
For a detailed introduction see, [4/1].

We consider finite structures over (finite) relational vocabularies. If 2 denotes
a structure then |2 will denote its domain and ||2(|| will denote cardinality of
the domain.

We use @ to denote disjoint union of two structures. That is if 2, B are o
structures, then A®*B is a o structure with domain {0} x [2|U{1} x |B]|. For any
relation R or arity 7 in o and any di,...,d; € |A®B|, A DB E R(d1,...,d;)
iff either (l) dl = Oal, ‘e ,di = Oai and 2A ': R(al, AN .,ai) or (11) d1 = lbl,. AN
...,d; = 1b; and B = R(by,...,b;). The operation @ extends to more than two
structures in an obvious way.

Generalized Quantifiers: Let K be any class of structures over the vocabulary
o ={Rs,...,R,}, where R; has arity n;. We associate with K the generalized
(or Lindstrom) quantifier Q.

For a logic L, define the extension L(Qx) as the set of formulas arising by
adding to the formulae formation rules of L, the following new rule for formulae
formation: if ¢1,..., ¢, are formulas of L(Qk) and @1,...,x,, are tuples of
variables (with the length of @; being n;), then Qxx1, ..., xm(d1,...,0m) is a
formula of L(Qk). The type of this quantifier is the tuple (nq,...,n,,) and its
arity is max(n;).

The semantics of the quantifier is given by:

AEQrxi, ..., x;m(d1(21,Y), .-, dm(Tm,y))[a] if and only if

(1], ¢1'(al,....on[a]) € K, where ¢'[a] = {b e [A" | A= ¢i[b,al}.

Fixed point logics, infinitary logic and types: The definition of LF' P (Least
fixed point logic) and I F P (Inflationary fixed point logic), can be found in [4/[T].
As a technical remark, we just mention that we do not allow any parameter
variables in the definition of fixed point, this is convenient for our purposes and
is not a real restriction, see [4, Lemma 7.1.10 (b), pp. 171].
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Both LFP and IFP are equivalent in expressive power (over finite structures)
(see [6]). However, IFP is more robust in that it can be naturally extended with
arbitrary generalized quantifiers, so we will use mostly IF P in this paper.

We denote the k-variable fragment of first order logic by L*. For the definition
of infinitary logic, L¥-types and L*(Q)-types, see [T].

McColm’s conjectures: A detailed exposition of McColm’s conjectures may
be found in [TI8]9]. These conjectures are centered around the following definition
of boundedness.

Definition 1 Let ¢(x1,...,zp,,S) be a first order formula positive in S over
vocabulary o U {S}, where S is an n-ary relation symbol not in o. ¢ is bounded
over a class C' of structures if there is an m such that on every structure A € C,
LFP iteration of ¢ converges in < m steps. LFP is bounded over C if every first
order formula ¢ as above is bounded over C.

Note that boundedness for I F'P can be defined in the same way as has been
defined for LF'P and LFP is bounded on a class of finite structures iff 1FP
is bounded on this class. In [10], McColm made following conjecture relating
boundedness of LF'P over a class C' to the relative expressive power of fixed
point and infinitary logic over C.

Conjecture Let C be a class of structures. The following are equivalent.

(i) LFP is bounded over C.
(ii) LFP = FO over C.
(iii) L%, = FO over C.

The equivalence between (i) and (ii) above is termed as McColm’s first con-
jecture in [§], and was refuted in [5]. The equivalence between (i) and (iii) is
termed as McColm’s second conjecture in [§], where it was shown to hold.
Bounded variable fragment of fixed point logics: In [9] the k-variable
fragment of LFP, LFP*, is defined as a system of positive L* formulae. The
semantics of this system is obtained by taking simultaneous fixed points of for-
mulae of the system. Essentially the same definition works for IFP*(Q). We
also define fragments of IFP*(Q) based on the number of components in the
system.

Definition 2 I1FP**(Q) denotes the fragment of IF P*(Q) obtained by taking
systems of at most i formulae of L¥(Q).

Given a system of L*(Q) formulae, its closure function and change function
is defined in exactly the same way as in [9]. We recall the definition of uniform
boundedness of IFP*(Q) over a class C of structures as in [9].

Definition 3 Let k be a positive integer, C a class of o structures and Q a
set of generalized quantifiers. I F P*(Q) is uniformly bounded on C if there is a
positive integer mg such that for all 1 > 0, for every system S = (¢1,...,¢1) of
LE(Q) formulae and for every o-structure % € C we have that, ch(S)(A) < mo.
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Following is the ramified version of McColm’s second conjecture, proved in
[9].

Theorem 1 [9] Let k be a positive integer. The following are equivalent over a
class C' of finite structures.

1. LFP* is uniformly bounded over C.
2. L’;o’w = L* over C.

3 Constructing a Quantifier

In this section we construct a class C' of rigid structures over the vocabulary
XY = {R}, consisting of one binary relation, and a quantifier P such that I F P(P)
is bounded on C but L%, , (P) # FO(P) over C. The quantifier P is over the
signature o consisting of one binary and two unary relations.

We construct a sequence of rigid connected graphs 9y, Mo, ..., M;,.... Let
&, =9 B ... dM,;. The class C is defined as {&,|n > 1}. The quantifier P
is obtained by diagonalization over a fixed enumeration (¢;);c,, of all IFP(P)
formulae. Each &; has at least i many, L?(P) types and the number of iterations
for each IF P occurrence in ¢; is bounded by (d.||&;|| + d), for a fixed constant
d, over the entire class C. For brevity, we use 9; ; denote M; & ... ® M;.

Following lemma gives some information about structures in class C. It can
be easily proved using EF games.

Lemma 1 Let k be a positive integer.

Let C, ={21®...0A, | n>1, each ; satisfies k-extension axioms }. Then
the number of LF types realized in each structure A € Cy, is bounded, that is, it
is only a function of k and is independent of the structure.

Proof: Easy. 0O

Lemma 2 Let k,m,n be positive integers. Let A = By dB1 ... DB, be a
structure such that B+, ..., B, satisfy k-extension axioms. Let a1 € \91|1, i< m.
Suppose ay is extended to (a1, az), where az € By @ ... HB,|™ "¢ and az has
at least one element not in a1. If (a1, a2) has type 7 in A then there are at least
|k/m] distinct extensions of a1 which have type T in .

Proof: This can be easily proved using the definition of extension axioms and
observing the structure of k-types for each 2 € C,,, in the proof of Lemma [
O

Note that the restriction that as ¢ ay is needed otherwise there is a unique
extension of ay to type 7.

A quantifier P can be seen as a collection (P"),e,,, where P™ is the set of
structures in P whose domain size is n. P™ can be viewed as an isomorphism
closed class of structures which have domain of size n.

For our construction below, we need to give a definition of a partial quantifier
on structures of domain size n. Following definition of this is along the expected
lines. We consider structures equal upto isomorphism.
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Definition 4 A total  quantifier P™ is a  mapping  from
{2 | A ao structure, ||A|| = n} to {true, false}. A partial quantifier P™ is
a mapping from {A | A a o structure, ||A|| = n} to {true, false,*}. The * can
be thought of as ‘undefined’ element. The domain of a partial quantifier P™ is the
pre-image of {true, false} under P™. A partial quantifier Py extends a partial
quantifier P* if Py restricted to the domain of P[* is the same as Pj*.

We will often use the following easy observation. Let ¢(x) be a L(P;) formula
for a logic L and generalized quantifier P;. If evaluation of ¢ on structure 2 does
not entail evaluation of a subformula of ¢ beginning with P, on a ¢ structure
which is outside the domain of P; then for all quantifiers P> which extend P,
¢(x) and ¢(x)[P2/P1] are equivalent over 2.

Consider a structure 2 = B; & By. We wish to define subsets of [2A|* whose
projection over Bs is closed under the =* relation over Bs.

Definition 5 Let A =B, & Bs be a structure. Let k be a positive integer and
(k] = {1,...,k}. Let m C [k] with || = r. Let E C |B2|*~" be an equivalence
class of the = relation on |B2|*~" and let a € |B,|". We call (E,a,T) a k-
triple over (B1,B,). For such a triple (E,a,7) we define a set S(gqx) =
{b € |A* | projection of b on 7 is a and projection on [k] — 7 is in E}. Note
that if r = 0, then we just have (E, ) as triple and S(g ) C |B2|*. On the other
hand if r = k then we have (a, ) as triple and S(q ) C |B1|*.

A set T is k-closed over B, if it is a union of sets of the form S, where
e ranges over some set of k-triples over (B1,B3).

Let ¢1(x1,...,x%), P2(x1, ..., xk), d3(21, . . ., k) be formulae (On a structure
2 these can also be thought of subsets of ||*) and let o, 3,7 be permutations
on {1,...,k}. We can associate with this data a formula ¢ as follows.

¢(x1,. -, Tk) = PTa(1)Ta(2), Ta(1)s Ty (1) (D1 (Ta(1)s - - Tak))s

2 02(Tp(1); - Ta(k))> D3(Ty(1)5 -+ 5 Ty (k)

For a ¢ as above and (ay, ..., ax) € |A|*, ¢(a1,...,ax) naturally gives rise to
a structure over vocabulary o of quantifier P. This structure is (|2|, R, U, V),

where R = {(bl, bg) ‘ A ): ¢1(b1, bg, A (3)y -+ ,aa(k.))}

U={b|AEg2(bag), .- apm)}, V=_b[ A E ¢3(b,ay2), .-, ayn)}

We will call (||, R,U,V) the structure associated with ¢(aq,...,ar). Note
that 2 = ¢(aq,...,ax) iff P is true on (|2|, R, U, V).

Definition 6 Let A = B DBy be a X structure. We call two structures A1 and
Ao over o to be (B1,Bo) related if there are ¢1, P2, P3 defining k-closed sets over
By, permutations «, 3,y and tuples by, bz € S(g q,rx), for some k-triple (£, a, )
over (B1,B2) such that Ay corresponds to ¢(by1) and Uz corresponds to P(ba),
where ¢(x) is as defined above.

It is easily seen that transitive closure of the above relation is an equivalence
relation. We denote it by EQwm, s, (we will drop the subscript when it is fized
by the context). By EQ(1), we denote the equivalence class of this relation
containing the structure 2A; .
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We define the quantifier on &; = 9 ;, in j steps. At step 4, i < j, we
make sure that TF'P(P) formula ¢;, can ‘access’ only sets which are closed over
(M5, Mitq,5). This will ensure that all inductions in ¢; are bounded in terms
of |&,| only.

The idea of EQ classes is introduced because if we start with k-closed sets
@1, P2, ¢3 and wish that ¢ constructed from generalized quantifier P using these
sets also gives rise to k-closed sets, then P should be assigned the same value on
all elements of an EQ class.

In order to extend the quantifier further, we need some information about
the elements in the FQ class of a o structure to know which structures have
been included in the domain of the quantifier. Also, we require many unrelated
structures with respect to relation FQ, so that including a structure in the
domain of the quantifier still leaves enough structures outside the domain of the
quantifier on which the value of the quantifier can be decided at later stages.
We achieve this by requiring our structure A = 81 ¢ B, to satisfy the following

property.

Definition 7 Let A = B, @ By be a structure. We say that 2 satisfies the
k-extension property over B, if for each by € |A|* and by € |Bs]’, by € by,
i,i+j <k, there are at least |B1|+1 distinct ¢’s such that (b1, b2) =* (b1, c) in
A. In other words, if a k-type can be extended to another k-type by adding new
elements then it can be extended to that type in at least |B1| + 1 distinct ways.

The following Lemma gives some information about the structures in EQ (D)
in terms of the substructures they may possess. We first define notion of an
isolated substructure and a unique substruture of a ¢ structure which is suitable
for our purpose.

Definition 8 Let M = (M|, R,U,V) be a o structure. Let S C |9M|, we call
(S, RN (S x 85),UNS, VNS) an isolated substructure of M, if |S| > 2, there
are no R edges between S and |9M| — S and each element of S is connected to
at least one another element of S. The size or cardinality of this substructure is
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Definition 9 Let A = (A, R, U, V) be a o structure. A substructure
A1 = (4], R1,U1, V1) of A is a unique substructure of A if for any isolated
substructure of A isomorphic to A} = (|2A1], R1,U;, V), we have Uy = U] and
Vi = V{. In other words, up to an isomorphism, (|2], R1) has a unique extension
to an isolated substructure of A.

Lemma 3 Let A =B DBy be a structure such that A satisfies the k-extension
property over Bo. If a o structure (||, R,U,V) has a unique substructure §,
19| < [B1], then all structures (|A|, R',U’, V') in EQp, »,) (|2}, R,U,V) have

a unique substructure isomorphic to §.
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Proof: This nontrivial proof requires a careful analysis of substructures of two
structures related by EQ (%, m,) relation. Details are given in the full version.
O

Definition 10 Let A = B, BB be a structure and P a partial quantifier on 2.
We say that P is consistent over (B1,B2), if for every EQ class T over (B1, Bz2)
and every €1, &y € T in the domain of P either P is true both on €1,& or false
on both €1, €5,

A consistent partial quantifier P is complete over (B1,B2) if for each EQ
class T over (B1,B2), P either includes the entire class T in its domain or it
includes mo structure from 7 in its domain.

Given a P consistent over (By1,Bs), its least (B1,Ba) complete extension
P’ is an extension of P with the smallest domain size which is (consistent and)
complete over (B1,B2). Note that it always exists.

Definition 11 Let A = B BB be a structure and P a partial quantifier on 2.
We say that L%, (P) is k-closed over Bs, if each L%, , (P) formula ¢(x),
whose evaluation on A does not require a query to P outside its domain, defines
a subset of |2A|¥ which is k-closed over Ba. (Note that even if ¢ has less than k
free variables, it can be thought of as defining a subset of |A|* by adding dummy
free variables).

Lemma 4 Let A = B, & By and let Q be a partial quantifier on A which is
consistent over (B1,B2). Then LE, ,(Q) is k-closed over Bs, in the sense of

definition [T,

Proof: This follows by an easy induction on L’;O’w (Q) formulae. 0O
This Lemma confirms the intuition mentioned in the remarks after Definition

Lemma 5 Let A =B, &B3 be a rigid structure and let Q) be a partial quantifier
on A such that L’;o’w (Q) is k-closed over By. Then for each IFP(Q) formula
¢, with at most k variables, whose evaluation on A does not query Q outside its
domain, there is a polynomial Py such that in its evaluation on A subformulae
beginning with Q@ need to be evaluated at most Py(|B1]|,t) times, where t is the
number of k-types realized in |Bo|. Further, all IFP stages in ¢ define k-closed
sets over Bs.

Proof: In full version. 0O

The point to note about the polynomial bound in the Lemma above is that
it is polynomial in |%B1| and not in ||.

Finally, we are ready for the actual construction. As mentioned in the begin-
ning of this section, we construct a class C of rigid structures, over the vocabulary
Y = {R}, consisting of one binary relation, and a quantifier P over o.

The construction is by diagonalization over a fixed enumeration (¢;)ic.
of all IFP(P) formulac. We construct a sequence of rigid connected graphs
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DMy, Mo, ..., My,.... Let &; = Py @& ... & M;. The class C is defined as
{&,|n > 1}. In stage i, we come up with M; and define P!l®:ll. Each a € |&;]
has a distinct L?(P) type. The number of stages in each IF P iteration of ¢; is
bounded by (d.||®;]|¢ +d), for a fixed constant d which may depend on ¢; alone,
over the entire class C.

For any j, let m; > 3 be such that all ¢y, ..., ¢; have at most m; variables
and let pj(x,y) be Py, + ...+ Py;, where Py, | < j, is as in Lemma Bl We
will assume, without loss of generality, that all our bounding polynomials are
monotone. Using Lemmalll let ¢, be the upper bound on the number of m types
realized in structures of class C,,.

We now describe stage i in the construction of P, C. Let n be such that for
allm > n, 2™ —m—m? > p;(m, tm,). Choose M; a rigid, connected graph of size
> n which satisfies m; + m;.||®;_1]||-extension axioms. This ensures the desired
m;-extension property by Lemma [l Let the size of |91;| be n;. Recall that we
use the abbreviation 9M; ; for NM; & ... G M;

Note that, it follows by our definition of isolated substructures and the sizes
of various M;’s, that for every j < i, (M1 ;, U N [My ], V N |9y ;]) is a unique
substructure of (&;,U,V).

Let <sn,, ..., <om, be canonical orderings on |9, ..., |9;| respectively (such

orderings can be defined in the second level of the polynomial hierarchy).
We will define sets Ti70 C Ti71 cC...C Ti,i—l, such that Ti70 = @, Ti’j - |9:ni’j‘
and |T; ;| > |T;j—1| +2, 1 < j <i— 1. The quantifier PlI®il! will be defined as
true on o structures (of domain size ||®;]||), which have a unique substructure as
(at least) one of the structures, (M; ;, {a} UT; ;_1,{b} UT; 1), where a <gn, b
and 1 < j < i. PlI%l is false on other o structures (of domain size ||&;]||).

We claim that, for any such T;0,T;1,...,T;—1, any subset S C |9;] will
be L?(P) definable. More precisely, for each S as above there is L?(P) formula
¢s(z) such that for all a € |&,|, &, E ¢s(a) iff a € S. We prove this by induction
on j.

Base case j = 1 : Note that L?(P) formula

O(x,y) = Pry,y,z(R(z,y),y = x,x = y) when interpreted over &; defines a
linear order on |Mt;| and does not relate any other elements of &;. (The clever
cross-wiring of variables in the above formula is from [2, Lemma 4.9, pp. 179]).
Using this order we can define any S C |90 | by an L?(P) formula.

Induction step j = k + 1: Assume that the induction hypothesis holds for
j = k, Therefore T} j, is L?(P) definable. Let ¥(y) be the formula defining T; .

Note that L?(P) formula
G(I,y) = nyay7I(R(xay)7y =xzV 7/’(9)71” =yV Ely[y =z A 7/’(9)]% when
interpreted over &; defines a linear order on |[9My41| and does not relate any
other elements of |®;|. Using this order we can define any S C |941| by an
L?(P) formula. This completes the induction.

Using the procedure below we define T; 0,7 1, ...,T;;—1 with the properties
mentioned above and define the quantifier P!I®:l in the following i steps.

Pilyl(?i'” = 0; T; 0 = 0; (we drop the superscript in PZ»|7|]-®7‘|| in the loop below)
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For j=1to i do

1. Let P; ;s be the least such that, P; ;; 2 F;;_1 and F;;  is true on any o
structure which has a unique substructure (M ;,{a} UT; ;j—1,{b}UT; ;j_1)
for some a,b € |M;], a <gn, b.

Note that P; ;; is complete over (9 j,9M,414), by Lemmal[3

2. Consider the evaluation of ¢;(F; ;) on &;, answering any query to P; j
outside its domain as false and extending the domain of P; j;» to reflect this.
Let P; j» be the quantifier obtained after this evaluation.

3. Since P; j is complete over (I ;,9M;41,;) and we have only added structures
with same truth values to the domain of F; j/, quantifier P; ;» is consistent
over (M j, M 41,:). By Lemmald, we get that every LE  (P; j») formula is
k-closed over (M j,M,11,). All IF P iterations in ¢(P; ;) terminate in the
number of stages bounded by the number of m,-triples over (M ;, M ;411.4),
which is bounded by (2.9 ;| .ty ).

4. By choice of 9; and using Lemma [ there is a T C |9, |T'| > 2, such
that P; j» is not queried on any o structure which has a unique substructure
(mTl’j,Ti’j_l UT,T; ;-1 U T) We define T;; =T;j—1UT. Let P, ; be P, ju.

End For
Finally, P!l®:ll is obtained by extending P!'% !l 56 that on all inputs outside

the domain of Pillﬁill, PlI%ill is set to false. We define P as Uicw PlI®:l,

To see that IFP(P) is bounded on C, consider ¢; in the enumeration of
IFP(P) formulae. As shown above, for all 4, all IFP(P; ;) iterations in ¢; on
®; are bounded by (2™9.[My ;|™ ty;). P extends P, so by an observation
before, IFP(P; j») and IFP(P) operate identically on &;. Therefore IFP(P)
iterations on &; are also bounded by a constant independent of &;.

We have also seen above that each element in |&;| has a distinct L?(P) type.
Therefore the number of L?(P) types realized over structures in C'is unbounded.
Hence we have proved the following.

Theorem 2 There is a quantifier P and a class C of rigid structures, such that
L?(P)-types realized over C' are unbounded but IFP(P) over C is bounded.

Combining [2] Corollary 4.5, pp. 178] with Theorem B] we immediately get
the following corollary which shows that McColm’s second conjecture can not
be extended in the presence of generalized quantifiers.

Corollary 1 There is a quantifier P and a class C of rigid structures, such that
IFP(P) is bounded on C but LZ, ,(P) Z FO(P) over C.

We can modify the construction presented above to make the quantifier in
Theorem[2, PTIME computable. The idea is to pad each &; in that construction
with a large clique. So each &; will now be replaced by $; = 9t ; © N;, where
N, is a large enough clique. As a result we do not get a class of rigid structures
this time. The construction goes through with some easy changes. Due to lack
of space we leave details of this to the full version and only note the statements
of the results below.
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Theorem 3 There is a PTIME computable quantifier QQ and a class D of finite
structures, such that L*(Q)-types realized over D are unbounded but I1F P(Q)
over D is bounded. It follows that L2, ,(Q) € FO(Q) over class D.

Corollary 2 [3] There is a PTIME computable quantifier Q such that =% is
not IFP(Q) definable over the class of finite structures.

4 Ramified Conjectures with Generalized Quantifiers

By the standard techniques for obtaining normal forms for the fixed point logics
(see ch. 7, []), it can be shown that IFP(Q) = UrIFP*(Q). The following
generalization of Theorem 2.3 of [9] can be proved easily.

Lemma 6 [J] Let k be a positive integer and let Q be a set of generalized quan-
tifiers. Let (¢1,...,¢1) be a system of L¥(Q) formulae. Then the following hold
for 1 <i<I.

(i) Each component 7" of every stage ™ = (P, ..., P7"), m > 0, of the
inflationary operator @ is defined by an L*¥(Q) formula.

(13) Each component $° of the inflationary fized point (93°,...,P5°) of the
system is L%, (Q) -definable. As a result, we have that IFP*(Q) C Lk, ,(Q).

4.1 Relating Number of k-Types and Uniform Boundedness of
LFP* and IFP*

The following lemma shows that, for any given 2 there is a k-variable I F P*(Q)
formula which can pass through as many distinct stages, during the computation
of a fixed point, as the number of L*(Q)-types in .

Lemma 7 Let o be a vocabulary, k a positive integer and Q a finite set of

generalized quantifiers. Let A be a structure over o realizing m, L¥(Q) types.
Then there is an I[FP*1(Q) system S such that ch(S)(A) = m.

Proof: Easy. See full version. 0O

Corollary 3 Let 2 be a structure realizing m L* types. Then there is an LFP*1
system S such that ch(S)(2) = m.

Proof: Just observe that Y occurs only positively in the formula ¢g constructed
in the proof of Lemma ] O
Using Lemma [M and Theorem B] we get the following theorem.

Theorem 4 There is a class D of structures and a PTIME computable quan-
tifier Q such that for each k > 2, IFP*(Q) over D is bounded but not uniformly
bounded.
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4.2 Second Conjecture

Theorem 5 Let k be a positive integer, C' a class of finite structures and Q a
finite set of generalized quantifiers. Then the following are equivalent.

1. LF(Q) = Lk, (Q) over C.
2. IFP*(Q) is uniformly bounded on C.
3. IFP*Y(Q) is uniformly bounded on C.

Proof: See full version. O
Using Corollary Bl we also get a slightly stronger version of a result in [9] as
follows.

Corollary 4 Let k be a positive integer and C' a class of finite structures. Then
the following are equivalent.

1. LF =Lk, over C.

2. LFP* is uniformly bounded on C.

3. LFP* is uniformly bounded on C.

4.3 First Conjecture

Because the two notions of boundedness are different we have two versions of
this conjecture. We disprove the version with uniform boundedness.

Theorem 6 There is a PTIME computable quantifier Q and a class D of struc-
tures, such that IFP?(Q) is not uniformly bounded on D but for each k > 2,
IFP*(Q) = L*(Q) over D.

Proof: Straightforward using boundedness of IFP(Q) and Lemma@. O
The other version of the first conjecture remains an open question.

Open: Let C be a class of finite structures and Q be a finite set of generalized
quantifiers. Is IFP*(Q) = L¥(Q) on C iff IFP*(Q) is bounded on C.
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Abstract. We show that all minimal a-b separators (vertex sets) dis-
connecting a pair of given non-adjacent vertices a and b in an undirected
and connected graph with n vertices can be computed in O(n?R,p) time,
where R, is the number of minimal a-b separators. This result matches
the known worst-case time complexity of its counterpart problem of com-
puting all a-b cutsets (edge sets) [13] and solves an open problem posed
in [11].

Keywords: Algorithms, complexity analysis, cutsets, data structures, separators.

1 Preliminaries

A separator S in a connected graph G is a subset of vertices whose removal
separates G into at least two connected components. An a-b separator in G is a
separator whose removal disconnects vertices a and b in G. That is, removal of
S results that a and b reside in two different connected components of G [5]. An
a-b separator is minimal if it does not contain any other a-b separator. When a
and b are two vertex sets A and B in V respectively, an a-b separator becomes
more general A-B separator that disconnects A and B.

Computing separators under various constraints [2,3,7] is closely related to
determining (vertex) connectivity of a graph, which is a fundamental graph-
theoretical problem with many important applications. The problem of comput-
ing (enumerating) all minimal a-b separators in a graph is not only of theoretical
interest but also of significance in applications such as scheduling problems and
network reliability analysis [1,4,7]. Due to its importance, this problem has been
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studied by many researchers within various contexts [2,4,7,8,11]. The current
best known result is due to Shen et al [11] that computes all Rqp, minimal a-b
separators in an n-vertex graph in O(n®Rgu) timdl. It was posed as an open
problem whether there is an algorithm that finds all minimal a-b separators in
quadratic time in n per separator. That is, whether the complexity of finding
a-b separators can match that for finding a-b cutsets, where an a-b cutset is an
edge set whose removal disconnects a and b [3,11].

In this paper, we give a firm answer to the above open problem by presenting
an efficient data structure, namely the n-way bitwise ordered tree, to maintain
all distinct separators generated by level-to-level adjacent-vertex replacement.

First we present some notations and the level-by-level adjacent-vertex re-
placement approach proposed in [11] which we will also use later in this paper.

Let G = (V, E) be an undirected connected simple graph. For any X, Y C V|,
let X -Y = X\Y = {u € X|u ¢ Y}. For notational simplicity, sometimes
we also use X (Y) to denote X — Y. We denote the subgraph induced by the
vertices of X by G[X] = (X, E(X)), where F(X) = {(u,v) € E|u,v € X}, and
a neighbourhood set of X by N(X) ={w eV — X|Fv e X, (v,w) € E}.

Given an a-b separator S defined previously, we denote the connected compo-
nents containing a and b in G[V — S| by C, and C}, respectively. For any X C V,
We define the isolated set of X, denoted by I(X), to be the set of vertices in X
that have no adjacent vertices in Cj, of G[V — X|] and hence are not connected
to Cb.

Let d(z) be the length of the shortest path (distance) from vertex x € V to
a. For any x € V, we define

N*t(z) = {v|(z,v) € E,v €V and d(v) = d(x) + 1}. (1)

That is, N*(z) is a set of x’s neighbours whose distance to a is greater than
that of x precisely by 1.

Let vertices be assigned level numbers according to their distances from a.
That is, a vertex is assigned level number ¢ if it is i-edge distant from a, indicating
that it is ranked at level ¢ from a. If all vertices in separator S are at level i,
this separator is said at level i and denoted by S(). It has been shown in [11]
that all (minimal) a-b separators can be generated by the so-called level-by-level
adjacent-vertex replacement as follows:

Theorem 1. Let L; be the collection of all a-b separators at level i, where 1 <
i < h and h < n — 3 is the mazimal distance from a to any other vertex than b
in G, and Lo = {N(a) — I(N(a))}. The union of all L;’s, Ul L;, contains all
minimal a-b separators, if each separator S in L; is obtained by adjacent-vertex
replacement on some x € SC=Y in L;_y according to the following equation:

SO = (8G=D Uy N*(z)) — I(SED UNT(2)). (2)

L A little more detailed analysis shows that their algorithm runs in O(nmRa) time
for an m-edge G.
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Clearly from each SU~1) we can generate at most [S¢~1| new minimal a-b
separators in next level L;. We say that separator SU—1 precedes separator S
denoted by SG—1) < SO if SO is generated from S¢—1) by the above vertex
replacement scheme.

Let L_1 = {a}. We can now construct a unique expansion tree by taking L_;
as the root and elements (nodes) of L; as the nodes at level i and connecting a
node SG—1) at level i — 1 to any node S in level 7 if S¢—1 < §) 0 <i<n—3.
Apparently this expansion tree contains all minimal a-b separators [11].

If we construct the above expansion tree simply level by level, we may end
up with a huge-size tree with many duplicate notes because every node at level
i — 1 produces new nodes at level i independently. We therefore need to apply
appropriate techniques to ensure that only distinct nodes are generated at each
level of the expansion in order to result in a minimal-size tree. We denote such
an expansion tree by 7.

Clearly 7 is constructed dynamically as level-by-level expansion proceeds.
So a critical question is how we can incrementally maintain 7 for each insertion
of a new node. In [11] the AVL tree is employed for this purpose, which requires
O(nlog|T]) time. In this paper we propose a more efficient data structure to
maintain the expansion tree that uses the binary representation of separators to
guide fast n-way searching for duplicates. Our new data structure can insert a
new separator with ordered nodes (with respect to indices) in O(n) time.

In the next section we describe this new data structure and analyze its time
and space complexity.

2 Maintaining the Expansion Tree

We use an n-way bitwise ordered tree to represent the (minimal) expansion tree
T as follows:

Originally 7 contains only one node (root) Ly = S®©) = N(a) — I(N(a)) at
level 0. When level-by-level expansion proceeds 7 is dynamically growing up to
h < n — 3 levels. Each node t; at level ¢ is an array of n — ¢ bits representing
the last (greatest) n — i vertices in lexicographical order in V: Bt(:) [0.n—i—1],
1 <t < L. Clearly |L;| < (";2) (the total number of ways choosing ¢ elements
from V—{a,b}). All edgesin 7 are implicitly represented: An edge from Bg;l) [t:]

to B,gj) [4] is represented by B,gj) [4] = 1 which indicates that z; appears as the

ith element with x;, being its precedent in at least one separator. Bg) [[]=0
otherwise. A separator of s < n — 2 ordered elements, S = {xg,21,...,25-1}, is
uniquely represented by a path from level 0 to level s — 1: B(©)[zy] — BO(C})) [x1] —

- — BY ™Dz, 1], where BO[2o] = 1 and B [2;] = 1for 1 <i < s— 1.
Since S is lexicographically ordered, clearly z;_1 < x; < x;41 for all i. Therefore
n — 4 bits of a node are sufficient to represent x; at level ¢ in 7. The algorithm
for maintaining 7 works as follows: for each newly generated separator S =
{xo,x1,...,25—1} search T level by level from level 0; if there is an ¢ such that

Bt(j) [x;] = 0 the separator is new and the algorithm will insert it at the ith level
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by assigning Bt(f) [x;] = 1; otherwise the separator is a duplicate and therefore
should be discarded.
Figure 1 depicts the structure of our k-way bitwise ordered tree.

012 3
89 |o 1‘ o‘ ‘ 1‘ L,
B(ll) 123 ’//n-s ijlo)
(o T —-[ldd [ n
Lzl)n - n3 filz \\\\ Bizz)
‘0‘ 1‘ ‘l‘ ‘0‘ 1‘ 1‘ ‘0‘ 1‘ ‘1‘ __________ E- L
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FECrjrEjpe—
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Fig. 1. Structure of the k-way bitwise ordered tree 7°

Note that in fact B,S) requires only n — t; bits instead of n — ¢ because any
element falling into Bgl) has definitely a greater rank than ¢; of its predecessor in
the previous level due to the property that elements in the separator are ordered.
This shows that we need at most half of the space allocated to each level, for
instance, Z?;ll i rather than n? for L;. However, we use here the maximal fixed
length for bit arrays in each level for notational and analytical simplicity. We
will use the precise figure later in the analysis of maximal space requirement of
7.

We construct the expansion tree through dynamically maintaining it for node
(separator) insertions. Our algorithm for maintaining 7" with respect to insertion
of a new node S is described as follows.

i

Procedure ExpansionTree(7, S)
{*Insert ordered minimal a-b separator S = {xg,z1,...,2s—1} to expansion
tree 7. 7 has h < n — 2 levels: Lo, Lq,...,Lp—1, where Ly = {N(a) —
I(N(a))} and non-zero binary array Bt(:) [0..n — i — 1] is a node in level L;
connected to the ¢;th bit (“17) of some node Bt(j;l) [ti]in L;—1,0 < t; <n—i,
1<i<h,0<s<n-—2%}
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i:=0; to9:=0;
while (B{" € L;)AND(B”[z;] = 1)AND(i < 5 — 1) do
tivy1 =25, t:=14+1;
if i <s—1 then
{*S is new and should be inserted to L; of T.*}
for j=itos—1do BY [z;]:=1

I]'71
*Build a corresponding path B To| — Bg(cl) T — o — Bg(gsjl) Te_1] to
g 0 0 s—2
represent S, where all the edges are implicit. If ng),l & L;, get a new cell
(n bits) and insert it to L;.*}
else discard S
{*S is a duplicate.*}

end.

It is not difficult to see that Algorithm ExpansionTree correctly maintains
the expansion tree 7 that contains all distinct minimal a-b separators inserted
to it (proof in the long version of the paper [12]. We now analyze the time and
space complexities of the algorithm. Time complexity of the algorithm can be
easily seen O(s) = O(n). Space complexity analysis is little bit more complex.
Due to the property of minimal separator, we know that if S and S’ are two
distinct minimal separators, then S ¢ S’ and S’ ¢ S. Assume that a single word
requires logn bits to store. We call the storage of |S|logn bits for separator
S the minimum ordinary storage, as this is needed in ordinary word-by-word
information storage. Clearly for |S| = ¢ there are (":2) separators corresponding
to at most (":2) nodes at level L; in 7. This indicates that the number of nodes
in L; of T is at most (”;2) We use i-separator to denote a minimal a-b separator
of size i. As we are mainly interested only in terms of magnitude, for simplicity
in notation sometimes we use n and n — 2 indistinguishably in our analysis.

Lemma 1. Let M be the minimum ordinary storage for storing all minimal a-b
separators. The space requirement of T is at most O(==

logn
and @(@M} in the best case.

)M in the worst case

Proof. See the long version of the paper [12].

Another important measure we need to work out is the maximal space re-
quirement of 7. Here we use the precise space allocation to nodes in 7, that
is, Bg) requires only n — t; bits instead of n — i. We shall prove the following
lemma:

Lemma 2. The mazimal space requirement of T is O(2") bits for a maximal
number of O(2"/\/n) minimal a-b separators, each containing “52 elements.
This space is effectively \/n bits per separator on average and therefore is signif-
icantly smaller than the ordinary storage which requires nlogn/2 bits per sepa-
rator.

See the long version of the paper [12].
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Proof.

Lemma [21shows an interesting property of our data structure 7" that it saves
O(y/nlogn) factor of the maximum space required by the ordinary storage for
separators.

Now let us look at how likely the worst and best cases can occur respectively.

Lemma 3. If the number of all minimal a-b separators is s, the worst case space

complezity of T occurs at probability less than n~51L, whereas the best case space

s+n

complexity occurs at probability greater than n™ "= .

Proof. First we have all elements in each separator ordered lexicographically. The
probability of each case can be worked out by looking at the ways of distributing
possible elements at the ith position of each separator among all bits node by
node at level L; and finding out the ratio of the number of ways forming the
required distribution (worst and best) versus the number of all possible ways such
that each node gets at least one element. It is easy to see that when the level-
by-level distribution proceeds the probability in either case decreases because
the above ratio for each node is always smaller than 1 and the probability is the
product of all the ratios on the nodes to which elements are already distributed.
Therefore the ratio of any two of them will remain about the same at Ly and all
levels in 7. Thus working out this ratio on the root at level Lg is sufficient for
simplicity.

The number of all possible ways of distributing all first elements in s sepa-
rators to n bits of Ly is the number of ways of distributing values 0 to n — 1 to
s elements with repetitions allowed: U = n®.

We use #C(p1+p2+...+p; = s) to denote the number of i-part compositions
of integer s. Represent integer s by a straight line of length s, with left endpoint
0 and right endpoint s, which is divided into s segments of unit length at s — 1
intermediate points. Selecting ¢ points from the s — 1 intermediate points (0 <
1 < s—1) results in i + 1 intervals on the line which correspond to a composition
of s containing ¢ + 1 parts (elements) [10]. This simple analogy shows that

—1
#C(p1+p2+...+pi=38) = (j_1>.

In the worst case all s first elements must be the same which can be any
value between 0 and n — 1. Therefore the number of ways of distributing them

to one bit is .
Et = (?)#C(pl =) :n(so ) =n.

In the best case all s first elements must cover the whole range of values from
0 to n — 1, which is only possible when s > n. In this case, the number of ways
of distributing them to all n bits is

n—1

E- = <Z>#C(p1+p2+...+pn=s)= (8_1).
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Since s < (n7/’2) ~ 2" /y/mn by Stirling’s formula, the proportion that s > n
covers the whole range of s is more than % ~ 1. So we can s imply

regard that s covers the whole range. We approximate E~ to:

(s=1)(s—=2)--'n
(s—n)(s—mn—-1)---1
(s=1) (s-2) n

Thus we have that probabilities of the worst and best cases occurrence re-
spectively:

PrlE*) = EYJU = n~*+! (3)
PrlET|=E /U>n""7", s>n. (4)

From the above lemma we know that Pr[E~| > Pr[E*] when s > n. Now
let us see what their relationship is when s < n by relaxing the the best case
definition to that each node in 7 contains s “1” bits when s < n. In this case,
E~ = (M)#C(p1 +p2+ ... + ps = s) = (7). Taking the average value over

0 < s < n, we have
1 & /n) 27 -2
B — —
n—ls_zl(s> n—1"

and

Hence
PrlE7~ (2/n)"/(n—1)%, s<n. (5)

This shows that Pr[E~] > Pr[E*] also holds for s < n. Therefore we can
conclude that the worst case occurs always at a probability much smaller than
the best case.

We now find out the probability at which our 7 requires less space than the
minimum ordinary storage M. Clearly 7 requires less space than M if every
node in 7 on average carries more than n/logn “1” bits representing n/logn
elements of some separators, because the minimum ordinary storage for n/logn
is n bits which is the maximum size of a node in 7. Same as the analysis of the
worst and best cases, for simplicity we only consider the first level Ly. We first

compute the combined probability Pr[E] of Ly containing ¢ “1” bits for ¢ = 1
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or 2, ..., or n/logn. Since Ly (and each other node) must contain at least one
“1” bit, the probability of Ly containing more than n/logn “1” bits is simply
P[E] =1 — Pr[E]. Let s > n/logn, which is a necessary condition to enable T
requiring less space than M, since otherwise Ly can contain at most s < n/logn
“1” bits. For notational simplicity, we assume that s > n. The same way of
analysis also applies to the case of s < n.

The total number of ways of distributing s first elements to ¢ bits in Lo for

1=1,2,...,n/logn is

n/logn
_ n
E= <)#C(p1+p2+...+pi:s)

I
vy

3
Y
=0 3
N———
N
SRV
[
— =
N———

A
5}
0 | =
3
3
| S
N
+ |~
—_

~

|

3
RS
= 3
N———

wen 1 [2n 22nps—n
=n""— N
logn \ n vmnlogn

The probability for the above event to occur thus is
Pr(E] = E/U < (4/n)"/(y/mnlogn) (6)

Consequently, the probability that Ly contains more than n/logn “1” bits,
and hence 7 requires less space than M is

Pr(E] =1- Pr[E] > 1— (4/n)"/(V/7nlogn). (7)

Apparently Pr[E] is close to 1 as Pr[E] < 1 and asymptotically 1 for large
n and s. Hence we have

Lemma 4. 7 requires less space than the ordinary storage N logn at an asymp-
totic 1 probability at least 1 — (4/n)"™/(\/mnlogn), where N is the total number
of elements in all s a-b separators drawn from [0,n — 1] and s > n.

In the next section we show how to reduce the time complexity of other
steps in level-by-level adjacent-vertex replacement by precomputing necessary
data structures. Based on the n-way bitwise ordered tree, we then present an
efficient algorithm that computes all minimal a-b separators at the cost of O(n?)
per separator.



Separators Are as Simple as Cutsets 355

3 Computing All a-b Separators

Our algorithm for computing all minimal a-b separators computes separators
level by level according to (B) starting from S° = N(a) — I(N(a)), where all
distinct separators are correctly kept (and duplicates are henceforth deleted)
by efficiently maintaining an minimal-size expansion tree 7 for inserting newly
generated separators by algorithm Expansion Tree. In order to avoid repeating
the same computation and hence improve the efficiency of the algorithm, we
precompute necessary common data which will be used frequently in different
steps. Typically, we need to precompute and store Cj, and, for every z € V,
NT(x), Co(NT(z)) and I(NT(z)). Clearly, the space requirement for storing
these data is O(n?) which is much less than that for 7.
We now present our algorithm as follows.

Procedure (a,b)-separators(G, a, b, T)
{*Generate all distinct minimal a-b separators for given non-adjacent vertices
aand b in G = (V,E), |V| = n. Input G, a and b. Output 7 = UL,
where L; contains the nodes of the ith level in 7 .*}
1 Compute the distance d(v) from a to every vertex x € V and label v with
d(v);
2 Compute the connected component Cy (containing b) of graph G[V —{a}];
3 foreachz eV do
3.1 Compute NT(z) = {v |(x v € E,dw) =d(x)+1};

3.2 Compute Cy(N*(x)) = N+(x ;
3.3 Compute I(N*(z)) = (33) b5
4 Ly :={S8}h S:={a}; k:=-1;T :=10;

5  while (k<n—-3)A(C, #0) do
for each S € Lj, do

5.1 I(S) =85 —Cy;
for each x € S that is not adjacent to b do
5.2 Cp(N*(z)US) == Cyp(N*(2)) - S;
if C,(N*(2)US) # () then
5.3 I(SUNT(z)):=I(S)UI(N*(2));
5.4 S":=(SUNT(x)) — I(SUNT(x));
{*Generate a new separator S’ for the next level Ljy;.*}
5.5 Sort S’ in lexicographical order using bucket sort;
5.6 ExpansionTree(7, S');

{*Insert S’ to 7 : insert S’ to 7 and also add it to Ly if S’ is new (distinct);
discard S” otherwise (duplicate).*}
k=k+1
end.

The algorithm correctly computes all minimal a-b separators using level-by-
level adjacent-vertex replacement as stated in Theorem 1, where each separator
is generated by Equation (2). Moreover, all distinct separators generated are
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kept implicitly in 7 as paths from the root to leaves that connect the corre-
sponding “1” bits across different levels, whereas all duplicates are discarded
when inserting them to 7 by Step 5.5.

Figure 2 shows the process of generating all minimal a-b separators of a graph
by the above algorithm and their representation in the expansion tree 7.

Minimal a-b separators:
{c,d, e}, {d, e, g}, {c, e f h}, * Distinct separators

{d, f. g} {f. 9. h} — Replacement relationship

(a) Graph G and its a-b separators(b) Level-by-level adjacent-vertex replacement

Lo cdefgh
19109
L, defgh 7 icefgh ™~ _cdfgh
REEDE otzldo [olgdio

ef/gh “dfgh efgh'cfgh cegh
2lofolo [ol1/o[o] [o[ol1[q |oja1]d [o[q 91

L

3 e g h
ECE

(c) Minimal expansion tree storing all distinct a-b separators of G

Fig. 2. Computing all minimal a-b separators and their representation in 7°

Let us now analyze the time complexity of the algorithm: Step 1 can be done
in O(n?) time by using Dijkstra’s one-to-all shortest path

algorithm to construct a shortest path tree rooted at a and then labeling all
vertices level by level in the tree. Step 2 computing the connected component Cj,
containing b in graph G[V — {a}] can be done O(n?) time by first computing the
connected components of G[V — {a}], which takes time O(|V| + |E|) = O(n?),
and then finding the one containing b in at most O(n) time (there are at most
n — 1 connected components of G[V — N(a)]). For each z, Steps 3.1, 3.2, and
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3.3 each requires O(n) time, therefore the whole Step 3 can be done in O(n?)
time. Step 4 requires O(n) time. For Step 5, the outmost loop is executed at
most n — 2 times (|S| < n — 2), and the next two nested loops are executed
ZZ:OQ |L;| = Rap times, where Ryp, < is the total number of distinct minimal a-b
separators maintained in 7 since 7 does not contain any duplicate separators.
Because |S|, |Cy| < n, Step 5.1 requires O(n) time. Moreover, since the size of
each of the participating sets in the computation in Steps 5.2 — 5. 4 is at most
n, Steps 5.2 — 5.4 all can be done in O(n) time. Step 5.5 requires O(n) time by
well-known buck sort [9], and the same for Step 5.6 by Lemma 2. So the whole
Step 5 can be done in O(n?Rqp). As shown in the previous section, the maximal
number of minimal a-b separators is bounded by

n—2 n—2 n—2
Rap < <(n—2)/2) =27/ /m(n—2)/2 < 2" //n—2. (8)

As a result we have the following theorem.

Theorem 2. Given an n-vertexr undirected graph, all minimal a-b separators
for non-adjacent vertices a and b can be generated in O(n?Ryp) time, where
Ray < 2"72/\/n — 2 is the number of minimal a-b separators.

Replacing the single vertex a with set A and b with B in (a,b)-separators
we can generalize the algorithm for the case that a and b are two non-adjacent
vertex sets A and B in G. Noticing that N*(A) can be obtained in O(|A|n) time,
and that Cp in O((n —|A])?) time by first computing Cp in G[V — A] and then
finding out which one (in case Cp consists of several connected components)
contains all vertices of B. In Step 5 the dominating part of (a,b)-separators,
clearly the outmost loop now needs to be executed only n — |A| — |B| times,
and the total number of iterations of the next two nested loops is equal to the
number of all minimal A-B separators, R4p. All steps inside the loops (5.1-5.4)
need O(n) time each. Therefore we have

Corollary 1. Let A and B be two non-adjacent subsets of V in G(V, E). We
can generate all minimal A-B separators in O(n(n—nas —np)Rap) time, where
na = |A|, ng =|B|, n = |V| and Rap is the number of minimal A-B separators.

The above corollary shows an improvement of O(n) factor over the previous
known result for computing A-B separators [11].

4 Concluding Remarks

The proposed algorithm can be easily generalized to the case that a and b are
two non-adjacent vertex sets A and B in G. In this case for ng = |A|, np = |B|,
all minimal A-B separators can be computed in O(n(n —na — ng)Rap) time,
where R ap is the number of all minimal A-B separators.

Our algorithm can also be employed to compute all separators of a graph
in the same way as [11] to improve the O(n’Ryx) time which was needed for
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computing Ry minimal separators of the graph. However, this is not necessary
in most cases because all separators of G can be computed more efficiently by the
following simple algorithm: One-by-one compute (’Z) i-element combinations for
i=1,2...,n—2, check whether each separates V', and output those separating
V. Compute and output each combination chosen from n vertices require O(n)
time. For each such combination .S, check whether it separates V' can be done in
O(n?) time by computing the connected components of G[V — S]. So the total
time required is

Ty = O(n? 7?_2 <’?)) = O(n22"). 9)

Hence we have

Theorem 3. All separators in an n-vertex undirected graph can be computed in
O(n?2") time.

By @), since Rqp < 2"72/4/n — 2, above result shows that computing all a-b
minimal separators is at least @(y/n) times more cheaper than computing all
minimal separators.

References

1. H. Ariyoshi, Cut-set graph and systematic generation of separating sets, I[EEFE
Trans. Circuit Theory CT-19(3) (1972) 233-240.

2. S. Arnberg, Efficient algorithms for combinatorial problems on graphs with bounded
decomposability — A survey, BIT 25 (1985) 2-23.

3. A. Gibbons, Algorithmic Graph Theory, Cambridge Univ. Press, 1985.

4. L.A. Goldberg, Efficient Algorithms for Listing Combinatorial Structures, Cam-
bridge Univ. Press, 1993.

5. M.C. Golumbic, Algorithmic Graph Theory and Perfect Graphs, Academic Press,
New York, 1980.

6. D.S. Hirschberg, A.K. Chandra and D.V. Sarwate, Computing connected compo-
nents on parallel computers, Commu. ACM 22(8) (1979) 461-464.

7. A. Kanevsky, On the number of minimum size separating vertex sets in a graph
and how to find all of them, Proc. 1st Ann. ACM-SIAM Symp. Discrete Algorithms
(1990) 411-421.

8. T. Kloks and D. Kratsh, Finding all minimal separators of a graph, Proc. Theoretical
Aspects of Computer Sci. LNCS 775 (1994) 759-767.

9. D.E. Knuth, The Art of Computer Programming, Vol 3: Sorting and Searching,
Addison-Wesley, 1973.

10. E.M. Reingold, J. Nievergelt and N. Deo, Combinatorial Algorithms: Theory and
Practice, Prentice-Hall, Englewood Cliffs (1977).

11. H. Shen and W. Liang, Efficient enumeration of all minimal separators in a graph,
Theoretical Computer Science 180 (1997) 169-180.

12. H. Shen, K. Li and S.Q. Zheng, Separators are as simple as cutsets (long version),
manuscript.

13. S. Tsukiyama, I. Shirakawa and H. Ozaki, An algorithm to enumerate all cutsets
of a graph in linear time per cutset, J. ACM 27(4) (1980) 619-632.



Ant Colony Optimization for the
Ship Berthing Problem

Chia Jim Tong, Hoong Chuin Lau, and Andrew Lim

School of Computing
National University of Singapore
Lower Kent Ridge Road
Singapore 119260
chia@acm.org, lauhc@comp.nus.edu.sg, alim@comp.nus.edu.sg

Abstract. Ant Colony Optimization (ACO) is a paradigm that em-
ploys a set of cooperating agents to solve functions or obtain good so-
lutions for combinatorial optimization problems. It has previously been
applied to the TSP and QAP with encouraging results that demonstrate
its potential. In this paper, we present FF-AS-SBP, an algorithm that
applies ACO to the ship berthing problem (SBP), a generalization of
the dynamic storage allocation problem (DSA), which is NP-complete.
FF-AS-SBP is compared against a randomized first-fit algorithm. Ex-
perimental results suggest that ACO can be applied effectively to find
good solutions for SBPs, with mean costs of solutions obtained in the
experiment on difficult (compact) cases ranging from 0% to 17% of opti-
mum. By distributing the agents over multiple processors, applying local
search methods, optimizing numerical parameters and varying the basic
algorithm, performance could be further improved.

1 Ant Colony Optimization

The Ant Colony Optimization (ACO) paradigm was introduced in [1], [2] and
[B] by Dorigo, Maniezzo and Colorni. ACO has been applied effectively to the
traveling salesman problem (TSP) [4] and the quadratic assignment problem
(QAP) [5], among several other problems. The basic idea of ACO is inspired by
the way ants explore their environment in search of a food source, wherein the
basic action of each ant is: to deposit a trail of pheromone (a kind of chemical)
on the ground as it moves, and to probabilistically prefer moving in directions
with high concentrations of pheromone deposit.

As an ant moves, the pheromone it leaves on the ground marks the path that
it takes. Another ant that passes by later can detect the pheromone and decide
to follow the trail with high probability. If it does follow the trail, it leaves its
own pheromone on it, thus reinforcing the existing pheromone deposit. By this
mechanism, the movement of ants along a path between the nest and the food
reinforces the pheromone deposit on it, and this in turn encourages further traffic
along the path. This behavior characterized by positive feedback is described as
autocatalytic.

P.S. Thiagarajan, R. Yap (Eds.): ASIAN’99, LNCS 1742, pp. 359-370] 1999.
© Springer-Verlag Berlin Heidelberg 1999
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On the other hand, ants may take a direction other than the one with the
highest pheromone concentration. In this way, an ant does not always have to
travel on the path most traveled. If an ant takes a path less traveled that deviates
slightly from a popular path, and also happens to be better (shorter) than other
popular paths, the pheromone it deposits encourages other ants to also take this
new path. Since this path is shorter, the rate of pheromone deposit per ant that
travels on it is higher, as an ant traverses a shorter distance in one trip. In this
way, positive feedback can occur on this path and it can start to attract ants
from other paths.

By the interplay of these two mechanisms, better and better paths emerge as
the exploration proceeds. For the purpose of designing an algorithm based on
this idea drawn from nature, an analogy can be made of: 1) real ants vs. artificial
agents, 2) ants’ spatial environment vs. space of feasible solutions, 3) goodness of
a given path vs. objective function of a given solution, 4) desirability of taking a
particular direction vs. desirability of making a certain decision in constructing
the solution, 5) real pheromone at different parts of the environment vs. artificial
pheromone for different solution choices. One of the main ideas behind ACO
algorithms is how relatively simple agents can, without explicit communication,
cooperate to solve a problem by indirect communication through distributed
memory implemented as pheromone.

In this paper, we study how ACO can be applied effectively to the ship
berthing problem (SBP), through the FF-AS-SBP algorithm, an application of
ACO to the SBP. The focus of this study is not on the SBP itself or on fine-
tuning our algorithm for maximum performance. Rather, it is on demonstrating
that ACO can be applied effectively to the SBP. In Section Bl we formally de-
scribe the SBP. In Section Bl we describe a candidate solution representation,
from which we adapt an indirect, first-fit (FF), solution approach in Section Hl
so that it becomes more suitable for the complex nature of the SBP. In this sec-
tion, we also describe a randomized FF algorithm and the basis of FF-AS-SBP.
FF-AS-SBP is described in Section B By naming the algorithm FF-AS-SBP,
we acknowledge that there could be many other ACO algorithms for the SBP.
In Section [B, we describe the experiment and report and interpret the results,
comparing FF-AS-SBP against the randomized FF algorithm. In this section, we
also discuss how results could be further improved, how the algorithm lends itself
to parallelization, and possible future work. Finally, Section [[lis the conclusion.

2 The Ship Berthing Problem

This problem, which has been studied in [6] and [7], can be defined as follows:
ships (8§ ={Si:i=1,2,...,n}) are specified to have lengths [;, arrive at a port
at specified times t; and stay at the port for specified durations d;. Each ship
that arrives is to be berthed along a wharf line of length L, i. e., it is placed
at the interval (b;,b; + [;) along the wharf line. Once berthed, its location is
fixed for the entire duration of its stay. Also, each ship has a minimum inter-
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ship clearance distance ¢§ and a minimum end-berth clearance distance c? . Four
types of constraints apply:

— Ships can only be berthed within the extend of the wharf line. No part of
any ship can extend beyond the beginning or the end of the wharf line. More
strongly, the distance from either end of a ship to either end of the wharf
line cannot be less than the minimum end-berth clearance distance.

Vie{1,2,....,n} & <b;<L—1l;—¢c

— No two ships can share the same space along the wharf line if the time
intervals in which they are berthed intersect. More strongly, the end-to-end
distance between them cannot be less than the minimum inter-ship clearance
of either one of them.

Vi, j€{1,2,...,n}
(tisti +di) O (8,85 + dj) # 0
— (b — max{cf,cj} ,b; + 1; + max {cf,cj}) N(bj,bj+1;)=0

— A ship may be given a fixed berthing location (b; is fixed for some values of

— A ship may be prohibited from berthing in certain intervals of the wharf
line. More precisely, the interval bounded by the location of the two ends of
a ship after it has been berthed cannot intersect with any of the prohibited
interval.

(bi,bi +1;)N(p,q) =0 if constraint applies to S;, where
(p, q) is some forbidden interval

The minimization version of the problem is to determine L, the minimum
length of the wharf line needed to berth all the ships subject to the given con-
straints.

The decision version of the problem is to determine whether berthing is pos-
sible, given a fixed value of L.

The density D is defined as the maximum total length of berthed ships at any
one time E:

D= max E l;
te(—oo0,
(=000 \ e ity Somtitds}

It is easy to see that D is a tight lower bound on L.
In this paper, we also define a measure F', which we call the fragmentation,
defined as:
> dil;

The berthing scenario can be visualized as a 2-D plane where the z-axis rep-
resents time, the y-axis represents space (along the wharf line), and each ship

F=1-

! For convienience, this definition ignores minimum end-berth and inter-ship clearance
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Fig.1. A Sample Berthing Scenario

corresponds to a rectangular block whose z-extent is the time extent and the
y-extent is the space extent of the ship. Figure [Ml provides an example of this
setup. Given an optimum solution of cost D, F' is the percentage total area of
regions not covered by a block, within the effective duration of the problem.

By having ¢ and ¢} set to zero and removing the last two constraints, the SBP
becomes the dynamic storage allocation problem (DSA), which is known to be
NP-complete and for which there is an 5-approximation algorithm (with a cost
upper-bound of five times optimum)[g]. Since SBP is a generalization of DSA,
it is also NP-complete. [7] provides a reduction of the NP-complete partition
problem to the SBP, which is another way to show that SBP is NP-complete.

While simple to understand, a direct, geometric, representation for the SBP
does not lend itself to an effective solution strategy. For this reason, a graph
representation for the SBP was proposed in [7], together with an algorithm that
uses this representation for finding good solutions.

In the new representation, each vertex v; corresponds to the ship S; and has
weight [;. Two distinct vertices v; and v; are connected by an (undirected) edge of
weight max {cf, c;} iff (¢;,t; + d;) and (¢;,t; + d;) intersect. There are also zero-
weight vertices v, and vy, and arcs (vy, v;) and (v;, v,.) of weights ¢ for each vertex
v; that corresponds to a ship .S;. The constraints related to prohibited and fixed
berthing positions can be represented using a combination of auxilliary vertices
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{Vn+1,Un+2,-..} acting as imaginary ships, auxilliary edges and auxilliary arcs.
Details of this representation can be found in the original paper [7].

A feasible solution is any DAG, G, resulting from setting the direction of all
edges, i. e., converting each edge to an arc of either direction. The cost of the
solution, cost(G), is equal to both the length of the longest path in it and the
value of L corresponding to that solution. The objective, therefore, is to find a
DAG with as short a longest path as possible.

3 Solution as a Vertex Permutation

Not all edge direction assignments lead to a feasible solution as some lead to
circuits, which do not exist in a DAG. Rather than searching all 2/ possible
digraphs, many of which may not be DAGs, we can map each possible DAG to a

vertex permutation and perform the search over the space of possible permuta-

1 2 n
T T2 Tn

tions. Each permutation 7= ( ) =(mymy ... my) maps each vertex i to

an integer label m;€{1,2,...,n}, where n=|V'|. An edge (u, v} is set to arc (u, v) iff
<7y and (v, u) iff m,<m,. In this way, the digraph induced by a permutation
is always a DAG, and each DAG has at least one corresponding permutation. A
given permutation can always be normalized w. r. t. a given graph by first com-
puting the DAG it induces and then performing a deterministic DAG labeling
to obtain the normalized permutation.

In this paper, we use the terms ‘labeling’ and ‘position’ both to mean ‘permu-
tation’. ‘Position’ carries the meaning that vertices can be ordered in a sequence
s. t. the first vertex in the sequence has label 1, the second vertex in the sequence
has label 2 and so on, and the position of a vertex, which is equivalent to its
labeling, is its position in that sequence.

The permutation representation or solutions seems to lend itself to a direct
solution strategy similar to that used in [5], where the solution is also represented
as a permutation. However, there is one important difference that makes the
permutation representation problematic for the SBP. In the QAP, individual
labels contribute piecewise additively to the final objective function. In the SBP,
individual labels alone do not determine the cost of the longest path. This value
is a function of the collective interaction between the vertex positions within the
graph and there is no known straightforward relationship between the cost and
the labeling over a subset of the vertices— over all possible DAGs, the cost of
the longest path is not predicted or determined by individual vertex labels, or
even arc directions, as the following two examples illustrate: The mere flip of a
single arc can drastically change the cost; the reverse of a DAG G (all arcs are
flipped; 7; is swapped with 7,,—;11) has the same cost as G.

Therefore, both the graph representation and the permutation representation
seem unlikely to support ACO algorithms. For this reason, we adapted from the
permutation representation a more indirect solution approach, which is explained
in the next section.
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4 First-Fit Approaches

In the standard first-fit algorithm (FF), ships are berthed (packed) one at a time
in some predetermined order. When a ship S; is to be packed, it is position as
near to the front as possible without overlap with other ships S; which have been
berthed and whose time intervals (¢;,¢; + d;) intersect with the time interval of
Si, (ti,t; +d;). Of course, the packing of each ship is also done so that none of
the other problem constraints are violated.

This can visualized on the geometric representation as positioning each block
(ship), one at a time, with the z-coordinate fixed, minimizing the y-coordinate
while not letting the current block overlap (or come too close) with over blocks
which have been packed, or any other constraint to be violated.

When all the ships have been packed, the cost of the solution can be easily
determined from the y-coordinate, length and minimum end-berth clearance of
each ship.

The input the the FF algorithm, therefore, are the SBP problem itself and the
order in which to pack the ships, represented as a permutation 7, where ship i is
the ith ship to be packed. It should be clear that for a given SBP problem, some
permutations yield better solutions than others. In fact, it can be shown that
there always exists a permutation that yields an optimum solution. However, for
a given problem, it is difficult to perform a quick analysis to obtain an optimum,
or even a good permutation. A straightforward approach, therefore, is to actually
try different permutations.

4.1 Randomized First-Fit Algorithm

This algorithm simply generates a random permutation and calls FF with it. This
is repeated for as many times as required to obtain better and better solutions.
Improvements become increasing rare as the cost the the best discovered solution
approaches the optimum.

4.2 ACO-First-Fit Algorithm

Using an ACO approach, we would like to obtain good permutations for doing
FF.

Each permutation can be assigned a cost, which is the cost of the solution
obtained by calling FF with it.

Unlike in DAG labeling, permutations could be related to cost in a straight-
forward way. In other words, for a given problem, there could be some easily
represented, hidden, rules by which FF packing could be ordered so as to obtain
a reasonable solution. For example, the complex nature of SBP seems not as
strong in this representation, as can be seen in that in general, a permutation
does not have the same cost as its reverse, and that displacing one ship in the
packing sequence does not drastically change the cost, as are the case in DAG
labeling.
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Intuitively, it is the relative order in which packing is done that affects the
cost, rather than the absolute position of each ship in the packing sequence—we
are concerned with whether “S; is packed before S;” rather than whether “S;
is the jth ship to be packed”. To support this mode of representation, given a
permutation 7 of length n, we define a n X n boolean, lower-triangular matrix
(only entries strictly below the diagonal are defined):

B [ trueif m; < m;
R= <T” B { false if m; > ;
It can be easily seen that there is a one-to-one function that maps 7 to R, and

that the reverse is not true, i. e., some values of R are invalid. A permutation 7
can be constructed from constraints encoded in (a valid) R as follows:

1. Set T = 1

2. Determine (from the 2nd row of R) whether w2 < 71 (then 7o = 1 and m;
should be shifted right, i. e., set to 2) or mo > w1 (then my = 2).

3. Determine (from the 3rd row of R) whether 73 = 1,2 or 3 and set it to that
value. Vi # 3 s. t. m; > 73, increment 7; by 1.

4. In the same fashion determine and update ; for ¢ € {4,...,n}.

This above definition provides the basis for the pheromone design of FF-AS-SBP.

5 Ant Colony Optimization for the SBP

A vital factor in the effectiveness of any ACO algorithm is the design of the
pheromone trail data structure—the information contained therein and how it
is used. The FF-AS-SBP algorithm presented below uses the design we have
experimentally found to give the best performance.

The algorithms in this section are not presented in a computationally opti-
mized form, or the form in which we implemented them, but only to describe
their computational effects.

The FF-AS-SBP algorithm takes as input the problem in the graph represen-
tation and the density D of the problem, which is used as a lower bound. It
stores solutions as FF permutations and returns the cost of the best permuta-
tion found. The cost, L, of a permutation 7 is defined as the cost of the packing
obtained from performing FF with 7. The parameters to the algorithm are «,
N, Kand . « and ~ are real numbers in the interval [0,1). N and K are positive
integers.

The non-scalar variables used are B and T. B is a set of permutations —
the set of the best K solutions discovered. T = (7;;) is a n X n matrix of real
values each representing the intensity of a pheromone trail. 7;; represents the
desirability of setting m; < 7;, in the spirit of matrix R of Section 2] (unlike in
R, the matrix is not lower-triangular but diagonal elements are irrelevant).
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FF-AS-SBP ALGORITHM

. Let 79 = (nD)™'. Let Ly, denote mingeg L.

.B—0; T+

. Populate B with a random permutation for 2K times

. Delete from B all but the best K permutations

. T—(1-a)T

. For each m € B, update the pheromone matrix T according to the GLOBAL

UPDATE ALGORITHM using a reinforcement value of L1

7. For each ant ¢ = 1,2,..., N, build a solution permutation according to
the ANT SOLUTION ALGORITHM and add the solution to B while keeping
|B] < K by deleting worst permutations as necessary

8. If Lyin > D and neither the iteration limit nor time limit has been exceeded
then goto B

9. Return L,

S UL W N

Steps MH4l perform initialization. Steps BHA perform global pheromone update
using the K best solutions. Step [lperforms ant exploration and local pheromone
update.

We now explain the role of each input parameter. o represents the rate of
pheromone evaporation and determines conversely, the persistence of memory
from earlier iterations. N is the number of ants used in step [0 for constructing
ant solutions. K is the number of globally best solutions to remember for the
purpose of the global update in step [6l v represents the preference for exploita-
tion over exploration when ants construct their solutions in the ANT SOLUTION
ALGORITHM.

We now describe the sub-algorithms in detail.

GLOBAL UPDATE ALGORITHM

This simple algorithm reinforces pheromone trails associated with a given
solution 7 by a given reinforcement value A.

For each u € {1,2,...,n— 1}

Foreach v € {u+1,...,n}
If m, < m,
Tup < Tup + A
else
Tou < Tou + A
ANT SOLUTION ALGORITHM
This is the algorithm that each ant performs in building a solution 7. The solu-
tion (permutation) is incrementally constructed by setting ; in order, starting
on m; and ending on m,, similar to the method described in Section The
difference is that at each step, instead of being determined by a boolean matrix
of constraints, each 7; is set to a value probabilistically chosen from all possible
values based on their desirability.

At each step, the desirability measure of each candidate value, a function
of different pheromone strengths, is evaluated and either exploitation or explo-
ration is chosen probabilistically. Exploitation is chosen with probability . In
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exploitation, the candidate value with the highest desirability is chosen. In ex-
ploration, these values are probabilistically chosen based on their desirability.
We now define the desirability measure d, of a given value p when choosing a
value for .
dp is defined as
H {Tvc ifm, <p
Tep Otherwise
ve{l,2,...,c}
With d computed, exploitation chooses the value with highest d, while explo-
ration chooses each candidate value p with probability proportionate to d,,. After
a value p has been chosen and 7 has been updated accordingly, all pheromone

trails 7;; associated with the p, i. e., that appear as terms in the product in the
above equation, are diminished:

Tij — (1 —a)1; + am

The above is known as the local (pheromone) update.

6 Experiment

In this section we discuss the design, execution and results of our experiment to
study the performance of the FF-AS-SBP algorithm, as well as our interpretation
of the results and possible future work.

For simplicity in the design of the experiments, we considered only problem
instances with zero edge weights. Also, the constraints related to clearance dis-
tances and fixed and forbidden positions are absent from the test cases. In other
words, only problems that are also DSA problems are used. Nevertheless, the
results should extend to the general case.

While we have not mapped out the characteristics of the parameter space as it
is too vast, we have empirically found that setting « = 0.1, N =n, K = [0.1m]
(m = |E|) and v = 0.9 seems to yield reasonably good solutions. This is the
parameter setting adopted in all the test runs recorded in this section.

Each of the 6 test cases consist of one connected component-i. e., there is no
way to cut the geometric representation into two parts with a vertical line with-
out also cutting a block. This is because a problem of more than one component
can be divided into these components to be solved individually.

The test cases were generated by a block cutting algorithm that generates
blocks of varying height and width from an initial rectangular block, which is
recursively divided into smaller and smaller blocks (some intermediate blocks
are L-shaped blocks). Hence, all the problems generated are compact, i. e., have
zero fragmentation, a property that is expected to make them difficult to solve
optimally.

The randomized FF algorithm and FF-AS-SBP are run 10 times on each case,
and each run is given 3|V| seconds to live. For each algorithm applied to each
of the 6 test cases, the costs from each of the 10 runs are reported in ascending
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Table 1. Randomized First-Fit Algorithm Results

Case| D||V|| |E] Runs

80| 20| 119 80 80 80 80 80 80 80 80 80 80
120] 30| 338{120 120 120 121 121 121 125 125 126 126
160| 40| 457{175 186 187 187 188 189 190 190 190 193
200| 50| 633|245 246 247 248 249 251 251 252 254 254
240| 60| 783|298 300 300 301 301 305 306 307 308 312
320| 80|1641|416 417 417 419 420 422 424 425 425 427

S O W N~

Table 2. FF-AS-SBP Results

Case| D||V]| |E] Runs

1] 80| 20| 119| 80 80 80 80 80 80 80 80 80 80
2|120| 30| 338|120 120 120 120 120 120 120 120 121 121
3|160| 40| 457|173 173 175 176 176 177 177 182 182 184
41200| 50| 633|205 225 231 232 233 235 238 239 244 247
5

6

240| 60| 783|254 254 255 258 258 258 258 258 258 258
320| 80]|1641|368 369 369 369 370 375 376 379 384 387

order. These results are shown in Table[d and Table Pl and summarized in Table
Bl

The randomized FF algorithm acts as a control for checking whether phero-
mone information does make a real difference in the quality of obtained solutions.
For this reason, time-to-live of the runs is expressed in terms of actual time taken
rather than number of iterations.

FF-AS-SBP performed consistently and significantly better than randomized
FF, especially for larger cases, except in case 1, where both algorithms always
returned an optimum solution.

Our interpretation of the experiment results is that pheromone information
did help to improve the quality of the solution when applied to an FF-based
approach to the SBP. We also note that it was necessary for us to adopt this
indirect approach to avoid building an algorithm that would futilely explore the
rough terrain of the more direct approach based on DAG labeling.

Table 3. Experiment Summary

Randomized FF| FF-AS-SBP

Case| D||V|| |E||Min Mean Max|Min Mean Max
80| 20| 119| 80 80 80| 80 80 80
120 30| 338|120 122.5 126|120 120.2 121
160| 40| 457|175 187.5 193|173 177.5 184
200| 50| 633|245 249.7 254|205 232.9 247
240| 60| 783|298 303.8 312|254 256.9 258
320| 80|1641| 416 421.2 427|368 374.6 387

O Tk W N~
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In view of the current results, the following areas merit further investigation:

— Heuristic measure for (partial) FF permutations while they are being con-
structed. An obvious choice is the cost of the partial solution.

— Alternative pheromone matrix design.

— The full characteristics of the parameter space in affecting the dynamics of
the ant exploration and pheromone matrix. This could provide insight on
how to optimize convergence and quality of solution, by setting parameters
appropriately, or even dynamically varying them during the search through
the use of appropriately designed meta-heuristics.

— Employing heterogeneous ants in the search. Ants could differ by quanti-
tative parameters or qualitatively by the search strategy they use. The di-
versity introduced by having heterogeneous ants could contribute to overall
algorithm performance. If investigation demonstrates that employing het-
erogeneous ants is indeed a profitable approach, the result could extend to
other fields of distributed computing and lead to interesting investigation on
the use of heterogeneous agents in those fields as well.

— How performance can be improved by increasing the number of ants. If in-
creasing the number of ants can significantly improve performance, then
there exists the possibility of distributing the work of many ants to multi-
ple processors to achieve significant speedup, since individual ants operate
independently of one another.

— How local search techniques can be combined with the basic ACO technique
to improve performance. An example of such a technique is the famous tabu
search method[9].

7 Conclusions

In this paper, we have formulated a pheromone information design and coupled
it with the FF algorithm to produce an ACO algorithm that obtains reasonably
good solutions for the SBP, thus demonstrating that the ACO paradigm can be
applied effectively to the SBP. Morever, we have demonstrated that pheromone
structure does not need to be directly related to the physical structure with
which a target problem naturally is expressed.

The major ingredients of our algorithm, FF-AS-SBP, are the FF algorithm,
permutation construction and the pheromone information that supports this
construction. FF-AS-SBP compares favorably against the randomized FF algo-
rithm.

We have also proposed a few key areas for further investigation to obtain
even better performance and deeper insight. Of special interest is the possibility
of using heterogeneous agents in FF-AS-SBP and in distributed computing in
general.
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There is no well-know model for mobile agent security. One of the few attempts so
far is given by [1]. The model is, however, a qualitative model that does not have
direct numerical measures. It would be great if there is a quantitative model that can
give user an intuitive sense of "how secure an agent is".

Software reliability modeling is a successful attempt to give quantitative measures of
software systems. In the broadest sense, security is one of the aspects of reliability. A
system is likely to be more reliable if it is more secure. One of the pioneering efforts
to integrate security and reliability is [2]. In this paper, these similarities between
security and reliability were observed.

Security Reliability

Vulnerabilities Faults

Breach Failure

Fail upon attack effort spent Fail upon usage time elapsed

Fig. 1. Analogy between Reliability and Security

Thus, we have security function, effort to next breach distribution, and security
hazard rate like the reliability function, time to next failure distribution, and
reliability hazard rate respectively as in reliability theory. One of the works to fit
system security into a mathematical model is [3], which presents an experiment to
model the attacker behavior. The results show that during the "standard attack phase”,
assuming breaches are independent and stochastically identical, the period of working
time of a single attacker between successive breaches is found to be exponentially
distributed.

Hostl/_?Host 2 Host n

Fig. 2. A Mobile Agent Travelling on a Network

Now, let us consider a mobile agent travelling through n hosts on the network, as
illustrated in Figure 2. Each host, and the agent itself, is modeled as an abstract
machine as in [1]. We consider only the standard attack phase described in [3] by
malicious hosts. On arrival at a malicious host, the mobile agent is subject to an attack
effort from the host. Because the host is modeled as a machine, it is reasonable to
estimate the attack effort by the number of instructions for the attack to carry out,

P.S. Thiagargjan, R. Yap (Eds.): ASIAN'99, LNCS 1742, pp. 371-372, 1999.
O Springer-Verlag Berlin Heidelberg 1999



372 Anthony H.W. Chan and Michael R. Lyu

which would be linearly increasing with time. On arrival at a non-malicious hogt, the
effort would be constant zero. Let the agent arrive at host i at time T, fori =1, 2, ...,
n. Then the effort of host i at total time t would be described by the time-to-effort
function:

E(t) = k(t-T) , where k is a constant

We may call the constant k the coefficient of malice. The larger the k, the more
malicious host i is (k = O if host i is non-malicious). Furthermore, let the agent stay on
host i for an amount of time t, then there would be breach to the agent if and only if
the following breach condition holds:

E(t+T,) > effort to next breach by host i
i.e, kt > effort to next breach by host i

As seen from [32], it is reasonable to assume exponential distribution of the effort to
next breach, so we have the probability of breach at host i,

P(breach at host i) = P(breach at timet+T,)
= P(breach at effort kt)
=1 —exp(-vkt) ,Visaconstant
=1-exp(-At) A, = VK

We may call v the coefficient of vulnerability of the agent. The higher the v, the higher
is the probability of breach to the agent. Therefore, the agent security E would be the
probability of no breach at al hosts, i.e.,

E =

—1.
(0]
>
1]
D

i=1

Suppose that we can estimate the coefficients of malice k’s for hosts based on trust
records of hosts, and also estimate the coefficient of vulnerability v of the agent based
on testing and experiments, then we can calculate the desired time limits T's to
achieve a certain level of security E. Conversely, if users specify some task must be
carried out on a particular host for a fixed period of time, we can calculate the agent
security E for the users based on the coefficients of malice and vulnerability
estimates.
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1 Introduction

Agent based technologies in the sense of distributed computing becomes increasingly
relevant in academic and industrial research and development. Our multi agent sys-
tem CASA focuses on the specification of complex plans that describe the behavior
of agents. The design of CASA is based on concepts from concurrent logic program-
ming that were used to extend the well known BDI agent approach AgentSpeak(L) [2].
Rao’s AgentSpeak(L) is a specification language similar to horn clauses and can be
viewed as an abstraction of an implemented BDI system. Our work is based on the as-
sumption that AgentSpeak(L) demonstrates a successful reengineering approach of an
implemented multi agent system that is now given a formal specification. By extend-
ing this specification with new features for complex plans it was possible to derive an
efficient implementation that supports these new features.

2 Design of the CASA Specification Language

Specification: CASA agents perceive events/messages and gelegtant planswith
individual weights for handling these events/messages. Plans are modeled as clauses
with additional guard predicates for testing the applicability of the claapplicable

plang. Such guard predicates may be arbitrary complex, i.e., the reduction of a guard
may include the evaluation of another plan (deep guards). Such complex speculative
computations may also include communicative acts with other agents. Based on the
contextual conditions in guard predicates different plan types can be distinguished:
active plannly have simple tests as guardsliberative plansllow speculative com-
putations within an agent armbmmunicative planallow to communicate with other
agents. CASA uses a hierarchy for plan selection (reactivieliberative> commu-
nicative). An agent can execute several plans at a time and elements of a single plan
can be processed sequentially or in parallel. Additionally, plans can be suspended by
other plans and have a special exception section if an applicable executed plan fails.
The features of a CASA agent are formally defined based on extended guarded horn
clauses and the cycle of operation is specified by an abstract interpreter. For ease of use
we developed a simple textual format that allows an efficient modeling.

Modeling: The textual CASA definition format defines the initial agent state and is
divided into four sections: First, functions for selecting events, plans, and intentions
at run time execution have to be declared. Initial goals of the agent are declared in the
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second section. Each of these goals will be instantiated together with an applicable plan.
For parallel plan execution a multistack data structure is used to handle the instantiated
plans (named as intentions) as separate entities. Initial facts and plans are listed in the
third and fourth section.

events event selection
. event: e4
€l e3

e2 —- plans

A relevant plans
head matches event

! DelibStructure CommStructure 1
! any applicable no any applicable any applicable !
: reactive plans? deliberative plans? communicative plans? !

|
| I
| I

yes |
context test

___________________________________

. intention selection
execution |-
,/ \ 11 12 13

messages actions add to multistack

applicable plans
uards succeed

plan selection
Fig.1. CASA Interpreter Cycle

Handling speculative computations is one of the major aspects of the abstract CASA
interpreter. Speculative computations appear in the context test for relevant plans when-
ever guards of deliberative or communicative plans have to be checked. Two indepen-
dent additional components are introduced in order to manage speculative computa-
tions: theDelibStructure(resp. CommStructureis holding elements composed of a
goal and all relevant deliberative (resp. communicative) plans to check. For each of
these elements a new instance of the interpreter is generated and executed in parallel to
the other cycles. The operational semantics of the CASA interpreter are best described
by means of the interpreter cycle shown in Figure 1.

Implementation: CASA is implemented with JDK 1.1.8, integrating modules of M.
Huber's JAM library. A parser written in JavaCC reads the textual CASA specification,
sets the initial state of CASA agents and starts the execution on the CASA interpreter.
CASA agents are integrated into the MECCA framework, an agent management system
that implements the FIPA ACL standard.

Validation: As a first case study we presented a simple application taken from holonic
manufacturing[]. Future work will concentrate on the development of visual tools for
the design of CASA agents and the application in the area of flexible manufacturing
systems and intelligent user interfaces.
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1 Introduction

In PCS (personal communication systems) networks, location management deals
with the problem of tracking down a mobile user. It involves two kinds of activ-
ities: one is location updating and the other is paging [1]. Each cost for location
updating and paging is significantly associated with each other and therefore, has
a trade-off relationship to total signaling cost. Location management strategies,
as implemented in current PCS networks and as presented in this literature, are
based on spatially static location areas that are built by heuristics or aggregate
statistics [IJ2]. The static location areas are used identically for all mobile users,
even though the mobility pattern and call arrival rate of each mobile user are
different spatially and temporally. Thus, the location management applied to
same location areas for all mobile users suffers from the various mobile proper-
ties of users. Consequently, these strategies can not efficiently reduce the total
signaling cost.

In this paper, we propose a location area partitioning strategy that can par-
tition the whole cells into optimal location area. Our strategy considers per-user
mobility pattern and call arrival rates on the zone-based approach. Also, the
paging and location updating cost is simultaneously considered in determining
the location area due to the intimate correlation on the total signaling cost.

2 Proposed Strategy

The proposed strategy consists of the following three steps:

1) Collect individual mobile user’s mobility pattern and call arrival
rate. Update user profile for every day or every week: We make an
attempt to determine the location areas on per-user basis, personal location
area. The information to create the personal location areas is derived from the
user profile, P that contains a record of previous transitions from cell to cell
and the number of calls requested in given time interval. P is updated for every
or week, using the information accumulated whenever the user responds to a
paging message, originates a call, or sends a update message.

2) Create the mobility graph from user profile: In order to represent and
maintain the use profile efficiently, we introduce mobility graph, G = (V, E),
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where V is set of vertices and E is the set of edges. In G, each vertex has
the weight that represents the average call arrival rate. The weight assigned
to each vertex is used as the paging cost. The edge between two vertices has
the weight which represent the average updating rate when a user moves across
cells. The weight assigned to the edge is used as location updating cost. The
total signaling cost per mobile user based on the mobility graph is following as:
Cr(m, pa, Um) = m - piq - Cp + Uy, - Cy, where m is the number of cells in a
location area, u, is the call arrival rate, and U, is the location updating rate.
Cp and C,, are the paging cost per cell and location updating cost, respectively.
3) Partition the vertices of the mobility graph into optimal location
areas by genetic algorithms: We consider the determination of location areas
as a class of partitioning problems: a partition of N, vertices into Ny 4 location
areas. Since location area partitioning problem is a well-known NP-complete
problem, an exact search for optimal location areas in given time is impractical.
Genetic algorithms is used for finding near-optimum location location areas.
In mobility graph, the active vertex represents the cells which a user visited
a lease once or in which a user received more than one incoming call. Only
active vertices are encoded into individuals. Structural crossover and structural
mutation operator are used as genetic operators.

In our simulation, we use mobility data collected for ten days from a mobile
user in a hexagonal cell environment. We assume that the mobile user moves
through six intervals, in which different mobility pattern (velocity and direction)
and call arrival rate are used. After 1000 generations, the produced number of
location areas is 7, 5, 4, and 3 when 1/v (the ratio of C, to Cp) is 2, 3, 5, and
10, respectively. It is shown that our strategy has the capability of optimizing
the number of location areas as well as the location area size according to the
mobility pattern and call arrival rate of a mobile host. Also, our strategy has
smaller cost than zone-based strategy with the fixed location area, regardless of
the variance of the 1/+.

3 Conclusions

In this paper, we proposed a location area partitioning strategy using genetic
algorithms for mobile location tracking under the fact that the size and shape
of location areas affect the total signaling cost.
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Most functional languages such as ML and Haskell, and many object-oriented
languages such as Smalltalk and Java use garbage collection to reclaim mem-
ories automatically. Since programmers are freed from worry about memory
management, they can enjoy more safety and productivity than in conventional
languages such as C. On the other hand, garbage collection causes several diffi-
culties in real-time systems and very small systems, since it is difficult for us to
predict execution time of particular parts of programs and since garbage collec-
tion requires certain amount of memories in order to be performed efficiently.

Tofte and Talpin’s region and effect system for ML [I] is an alternative to run-
time garbage collection. It infers lifetime of objects at compile time and makes it
possible to reclaim memories safely without using garbage collectors at run time.
Then, objects can be allocated in a stack (to be exact, in a stack of regions).
The system uses an ordinary ML program as input, and annotates it with region
operators such as letregion and at. Programmers do not have to provide any
explicit directives about lifetime of objects. It is sometimes necessary, however,
for programmers to transform programs specially in order to make the system
infer as they intend. Therefore, programmers have to know, to some extent, the
region inference rules.

However, rather than a system which infers all about regions automatically,
sometimes it might be convenient to have a semi-automatic system which lets
programmers delimit lifetime of objects directly and checks safety of such di-
rectives. This is what we want to propose here. In principle, such a direct style
would be possible in Tofte and Talpin’s system by allowing programmers to use
region annotations explicitly. In practice, however, it would be difficult to do so
since region annotations tend to be lengthy and complex. Therefore, we want to
make region annotations simple and readable.

Our proposal is also based on Launchbury and Peyton Jones’s proposal of
runST [2] for Haskell, which encapsulate stateful computations in pure compu-
tations. “State” in Launchbury and Peyton Jones’s terminology roughly corre-
sponds to “region” in Tofte and Talpin’s. Though Haskell is a lazy language and
therefore memory management is not a target of their research, it seems pos-
sible to apply their proposal to memory management in eager languages such
as ML