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Preface

Euro-Par Conference Series

Euro-Par is an annual series of international conferences dedicated to the pro-
motion and advancement of all aspects of parallel computing. The major themes
can be divided into the broad categories of hardware, software, algorithms and
applications for parallel computing. The objective of Euro-Par is to provide a
forum within which to promote the development of parallel computing both as
an industrial technique and an academic discipline, extending the frontier of
both the state of the art and the state of the practice. This is particularly im-
portant at a time when parallel computing is undergoing strong and sustained
development and experiencing real industrial take-up. The main audience for,
and participants at, Euro-Par are seen as researchers in academic departments,
government laboratories and industrial organizations. Euro-Par’s objective is
to be the primary choice of such professionals for the presentation of new re-
sults in their specific areas. Euro-Par also targets applications demonstrating
the effectiveness of parallelism. This year’s Euro-Par conference was the tenth
in the conference series. The previous Euro-Par conferences took place in Stock-
holm, Lyon, Passau, Southampton, Toulouse, Munich, Manchester, Paderborn
and Klagenfurt. Next year the conference will take place in Lisbon. Euro-Par
has a permanent Web site hosting the aims, the organization structure details
as well as all the conference history: http://www.europar.org. Currently, the
Euro-Par conference series is sponsored by the Association for Computing Ma-
chinery (ACM) in cooperation with SIGACT, SIGARCH and SIGMM, by the
International Federation for Information Processing (IFIP) in cooperation with
IFIP WG 10.3, and by the Institute of Electrical and Electronics Engineers
(IEEE) in cooperation with TCPP.

Euro-Par 2004 at Pisa, Italy

Euro-Par 2004 was organized by the University of Pisa, Department of Computer
Science and by the National Research Council Institute of Information Science
and Technologies (ISTI), also located in Pisa. The conference took place at the
“Palazzo dei Congressi” (the Conference Center of Pisa University). A number of
tutorials and invited talks extended the regular scientific program. The tutorials
and the invited talks covered major themes in the current high-performance
parallel computing scenarios:

~ The full-day tutorial “Open Source Middleware for the Grid: Distributed
Objects and Components in ProActive”, by Denis Caromel (OASIS, INRIA
Sophia Antipolis, France) covered major aspects in the implementation of
middleware supporting the development of grid applications through suit-
able, open-source, component-based middleware.
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— The half-day tutorial “Achieving Usability and Efficiency in Large-Scale Par-
allel Computing Systems” by Fabrizio Petrini and Kei Davis (Los Alamos
National Laboratory, USA) went through the techniques used to set up high-
performance clusters exploiting the most recent and advanced interconnec-
tion technology.

— The half-day tutorial “Grid Resource Management and Scheduling”, by
Ramin Yahyapour (University of Dortmund, Germany) presented an overview
of the state of the art and experiences in Grid resource management and
scheduling.

— The invited talk by Dennis Gannon (Indiana University, USA) “Building
Grid Applications and Portals: An Approach Based on Components, Web
Services and Workflow Tools” dealt with advanced techniques for building
grid applications.

— The invited talk by Manuel Hermenegildo (Technical University of Madrid
and University of New Mexico) “Some Techniques for Automated, Resource-
Aware Distributed and Mobile Computing in a Multi-paradigm Program-
ming System” dealt with advanced techniques for distributed and mobile
computing.

— The invited talk by Mateo Valero (DAP-UPC Barcelona, Spain) “Kilo-
instruction Processors” was about innovative processor technology aimed
at reducing the problems raised by memory access latency.

- Last but not least, the invited talk by Murray Cole (School of Informatics,
Edinburgh, UK) “Why Structured Parallel Programming Matters” was fo-
cused on the relevance and effectiveness of structured parallel programming
with respect to performance, correctness and productivity.

The tutorials all took place on Tuesday, 31st of August. Two invited talks were
scheduled for the beginning of the regular scientific program of the conference,
on Wednesday, 1st of September, and two were scheduled for the end, on Friday,
3rd of September.

Euro-Par 2004 Statistics

Euro-Par 2004 followed the classic Euro-Par conference format and consisted of
a number of topics. Each topic was supervised by a committee of four persons:
a global chair, a local chair and two vice chairs. This year the conference ran
19 different topics. In addition to classic Euro-Par topics, the High-Performance
Bioinformatics topic was introduced for the first time. A Demo Session topic
included in the conference program after the positive experience of Euro-Par 2003
received a very small number of submissions. It was eventually canceled from the
conference program and the accepted submissions were moved to another, related
topic. The overall call for papers was closed in early February 2004 and attracted
a total of 352 submissions; 124 papers were accepted after a refering process that
collected an average 3.6 referee reports per paper, for a grand total of more than
1300 referee reports that involved more than 600 different reviewers; 105 papers
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were accepted as regular papers, 15 as research notes, and 4 as distinguished
papers. Eventually, 2 papers were withdrawn by the authors, and therefore 122
papers are actually included in these proceedings. Papers were submitted from 39
different countries, according to the corresponding author country. Papers were
accepted from 27 different countries. The major number of accepted papers came
from the USA (22 papers), France and Spain (15 papers each), and Germany
and Italy (13 papers each).
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http://www.di.unipi.it/europaro4. A special thanks is due to the authors
of the submitted papers as well as to the topic committee members and to the
reviewers who overall contributed to making this conference possible. Also, the
organizing committee thanks the Euro-Par steering committee for the continu-
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2004 conference!

Pisa, June 2004 Marco Danelutto
DomenicolLaforenza
Marco Vanneschi
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Building Grid Applications and Portals:
An Approach Based on Components,
Web Services and Workflow Tools

D. Gannon, L. Fang, G. Kandaswamy, D. Kodeboyina, S. Krishnan,
B. Plale, and A. Slominski

Department of Computer Science, Indiana University
Bloomington, Indiana, USA
gannon@cs . indiana.edu
http://www.extreme.indiana.edu

Abstract. Large scale Grid applications are often composed a distributed col-
lection of parallel simulation codes, instrument monitors, data miners, rendering
and visualization tools. For example, consider a severe storm prediction system
driven by a grid of weather sensors. Typically these applications are very com-
plex to build, so users interact with them through a Grid portal front end. This
talk outlines an approach based on a web service component architecture for
building these applications and portal interfaces. We illustrate how the tradi-
tional parallel application can be wrapped by a web service factory and inte-
grated into complex workflows. Additional issues that are addressed include:
grid security, web service tools and workflow composition tools. The talk will
try to outline several important classes of unsolved problems and possible new
research directions for building grid applications.

1 Introduction

This talk will consider the basic problem of building Grid applications by composing
web services and CCA components in adynamic, distributed environment. There are
three basic issues that we address. First we consider the way the user accesses the
Grid applications. It is our experience that this is best accomplished with a web portal
that can provide the user with a secure framework for accessing all his or her applica-
tions and services. The design of such a portal is non-trivial and plays a central role in
the overall security architecture of the Grid. The second important problem is to pro-
vide a way for the user to encapsulate legacy applications as Grid services that can be
securely accessed by remote, authorized clients. Finally we consider the problem of
integrating dynamic workflow with the static composition model of component
frameworks like the Common Component Architecture. In this extended abstract we
briefly consider each of these problems.

2 The Portal

There is a four layer model that can best illustrate the role of the portal in its relation
to the user and Grid/web services. At the bottom layer we have the physical resources

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, pp. 1-8, 2004.
© Springer-Verlag Berlin Heidelberg 2004



2 D. Gannon et al.

that comprise the Grid fabric. At the layer above that we have a core service frame-
work like WSRF or OGSI, which provides the common language to talk about the
real and virtual resources of the Grid. Above that we have the Open Grid Service
Architecture , which is s set of specifications for the common Grid services that appli-
cations use. Finally the Portal Server provides the gateway for the user. The portal
server provides the environment in which the user ‘s “grid context” is established.
This server is based on emerging standards [11] and is available from OGCE [15] or
the GridSphere [14] project.
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Fig. 1. Users access the portal via a standard web browsers. The portal server becomes the
proxy for the user in his or her interactions with the Grid.

The OGCE and GridSphere portal servers are each based on the concept of “port-
lets”, which are portal components that each provide a specialized capability, such as
access to some service. For example, the OGSA Data Access and Integration service
is a Grid service to access databases and metadata services. Figure 2 illustrates the
portlet that is presented to the user from the portal server.

Users access the portal via a web browser over https, so they can be assured their
interaction with the portal server are secure. The portal server fetches and hold the
user’s proxy credentials , so that it can act on the user behalf for the duration of the
session. An important special case where the portal acts as the agent for the user while
interacting with the Grid, is when a Grid service must project a user interface to the
user. The way this is accomplished is illustrated in Figure 3.

The user first makes a request to the portal server to load the interface for the pro-
tected Grid Service. The portal server then calls the service in question using the
user’s credentials and asks for the service interface. The Grid service stores this inter-
face as a standard service resource. It may be an HTML form document or it may be
an applet. The portal delivers this interface back to the user. The user uses the inter-
face to formulate a query for the remote service and sends that back to the portal
server which tunnels it to the service.
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It should be noted that this model is very similar to WSRP [12], but it places the

emphasis on security and using the built-in capability of WSRF or OGSI. WSRP is an

OASIS standard for building Remote Portlets for Web Services. Our approach, which
is based on dynamically loading interfaces into the portal server has some advantages.
First, it allows the service to define the interface in the same way that a web site de-
fines the way it presents itself to users. But, most important, loading the interface first
into the portal server, allows that interface to share the users portal context informa-
tion. This context information includes security credentials, such as proxy certificates

and capability tokens.

It is also possible for the portal to generate an interface for simple web services
automatically. Octav Chipara and Aleksander Slominski developed Xydra Ontobrew
[21], (see figure 4 and 5) which can dynamically load a WSDL file that defines a web

service and generate an interactive interface for it. While it does not work in cases

where message have extremely complex types, it works in those cases where the ser-

vice may be designed for human interaction.
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Fig. 5. The result of the query to the traffic service for information about Highway 101.

We find the portal layer is one of the most important parts of the Grid system be-
cause it is where the user meets the Grid services. If it is not designed well, the users
will not use the Grid at all. There must be a clear advantage to using the portal over
dealing with the Grid in terms of basic distributed computing primitives. In fact, for
scientific users, they will use the portal only if it has something that can be accessed
with three or fewer mouse clicks and is something that they can access no other way.
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Fig. 6. The application factory model. The factory presents a user interface to the user through
the portal that allows the user to supply any configuration parameters needed by the application
prior to its execution.

3 Incorporating Legacy Applications Using a Factory Service

Legacy applications are an important part of almost all large scale Grid application.
The challenge for legacies is to incorporate them as components into larger work-
flows and composed applications. One solution is to provide a Factory service, as
illustrated in Figure 6, that is capable of launching instances of the application based
on parameters supplied to the factory by the user.

There are two significant issues that are important here. The first is that it is most
application scientists are not trained in writing web services and a mechanism is
needed to help them do this. Fortunately, it is possible to write a factory generator
that can live within the portal server and can be used to create a factory on behalf of
the application programmer. What the programmer must provide is a simple xml
document that describes the application and its configuration parameters and how it
is launched. From this information we can automatically generate a factory service for
the application.

The second issue is solving the problem of how to authorize other users to use a
factory service. Unlike most services, which run as “root”, the factory service runs
with the identity of the application program that created it. The solution we use is to
allow the owner of the factory service to create capability tokens which allow certain
users, or groups of users access to the factory. These tokens are simple xml docu-
ments that are signed by the owner of the service stating that the intended user shall
have the authorization to interact with the owner’s factory.

As shown in Figure 7, these capabilities can be stored in a separate capability store
and a user’s capabilities can be fetched by the portal each time the user logs into the
portal. The ability to encapsulate an application, and provide secure access and au-
thorization to it, is very similar in spirit to the original Netsolve and Ninf projects [4,
13], which pioneered the concept of viewing an application as a service.
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Fig. 7. Users access the portal via a standard web browsers. The portal server becomes the
proxy for the user in his or her interactions with the Grid.

4 Workflow and Component Composition

There are a host of good workflow tools for scientific Grid applications including
Dagman [5], ICENI [8], Triana [18], Keppler and Ptolemy II [17], Taverna and Gri-
dAnt [19]. On the industrial side there is BPELAWS [3]. In addition there are compo-
nent based software systems like CCA [2, 16, 23]. In the presentation we will focus
on two aspects of doing workflow in Grid systems. First we will illustrate a large and
complex example motivated by mesoscale storm simulation [6] and then we will
discuss the interesting challenges of compiling very high level graphical specifica-
tions into one or more of the languages listed above.

There are a host of open problems for research in Grid Programming in general.
(See [22] for a good overview). In the area of component based systems, there are two
general models: dataflow based composition (Triana and Ptolemy are good examples
of this), in which as stream of data is pushed from a source port to a destination port
and remote procedure call (RPC) based systems like CCA a source invokes a function
on the remote side and waits for a response. In both cases, the underlying assumption
is that a source and destination port are both live partners in a data exchange. Work-
flow systems sequence activities and the connection between component services may
only be a causal dependence. However this is not always the case. Modern web ser-
vices allows us to send a message to one service and ask that the reply be sent to dif-
ferent service. This is possible because most web services operate on a message level
rather than RPC. However, CCA can be implemented using web services (see
XCATS3 [23]) and we can build workflows that incorporate both models.

Most of the tools for Grid workflow assume that the user wants to build the work-
flow as a simple graph of service component. However, this compact graph model is
not always appropriate. This may be the case when the workflow is simply too large
and complex to effectively “program” it as a graph. (However, some tools allow one
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to turn a Graph into a new first-class component or service, which can then be in-
cluded as a node in another graph (a workflow of workflows). This technique allows
graphs of arbitrary complexity to be constructed). But size complexity is not the only
problem. It may be the case that the workflow is driven by events that determine its
structure. It may also be the case that the workflow structure is defined by processes
that are negotiated at runtime. For example, suppose one component service must be
replaced by another and that new service requires other new services to be connected
into the picture. These new services may also require a different organization of the
upstream components of the workflow. Or, for example, a workflow may be able to
dynamically optimize its structure when it sees that a component service is not
needed. While applications of workflows of this complexity may appear to be science
fiction at the present time, the application of Grids to autonomic systems may require
this level of intelligence and adaptability.

Finally, the static graph model may fail as a means to characterize the workflow in
the case that the graph is implicit as in the case when the workflow is expressed as a
set of desired outcomes that can be satisfied by a number of different workflow en-
actments. For example, a data query may be satisfied moving a large data set across
country or it may be cheaper to recreate the data in a local environment. This is a
simple example of the Griphyn virtual data concept.

For larger systems, or for workflows of most complex dynamically structured type,
something that resembles a complete programming language is required. BPELAWS
is the leading candidate for a “complete programming language” for workflows. In
fact, BPEL provides two usage patterns for expressing workflow behaviors. The first
usage pattern is based on the concept of an abstract process which represents a role,
such as “buyer” or “seller” in a business process and the “graph” based language to
describe their interaction. These interactions are defined by partner links and BPEL
provides the language to describe the public aspects of the protocol used in the inter-
action between these partners. The other usage pattern of BPEL involves the “alge-
braic” language needed to define the logic and state of an executable process in terms
of web service resources and XML data, and tools to deal with exceptions and fail-
ures.

There are a number of significant general issues for workflow authoring and en-
actment in Grid systems. Many of these point to general research problems for the
future.

One area that has received little attention in the current Grid workflow projects is
the issue of security. It is dangerous to trust a complex workflow enactment to assure
that resources are protected. To what extent is a single user’s identity/authority suffi-
cient to authroize a complex workflow enactment that may require a large set of ca-
pabilities to complete a set of distributed tasks?

Another interesting area of research involves the way in which we can use a work-
flow document as part of the scientific provenance of a computational experiment?
Under what conditions can we publish a workflow script as a document that can be
used by others to verify a scientific claim? If the workflow was triggered by se-
quences of external events, can the monitoring of the workflow capture these events
well enough so that the enactment can be repeated?

There are many other interesting questions. Can we build systems that allow work-
flows to automatically do incremental self-optimization? Can we automatically dis-
cover new properties and services of a Grid that enable such self-optimization? If
there is time, we will address additional issues in the final presentation.
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Abstract. Superscalar processors tolerate long-latency memory opera-
tions by maintaining a high number of in-flight instructions. Since the gap
between processor and memory speed continues increasing every year,
the number of in-flight instructions needed to support the large memory
access latencies expected in the future should be higher and higher. How-
ever, scaling-up the structures required by current processors to support
such a high number of in-flight instructions is impractical due to area,
power consumption, and cycle time constraints.

The kilo-instruction processor is an affordable architecture able to toler-
ate the memory access latency by supporting thousands of in-flight in-
structions. Instead of simply up-sizing the processor structures, the kilo-
instruction architecture relies on an efficient multi-checkpointing mecha-
nism. Multi-checkpointing leverages a set of techniques like multi-level in-
struction queues, late register allocation, and early register release. These
techniques emphasize the intelligent use of the available resources, avoid-
ing scalability problems in the design of the critical processor structures.
Furthermore, the kilo-instruction architecture is orthogonal to other ar-
chitectures, like multi-processors and vector processors, which can be
combined to boost the overall processor performance.

1 Introduction

A lot of research effort is devoted to design new architectural techniques able
to take advantage of the continuous improvement in microprocessor technology.
The current trend leads to processors with longer pipelines, which combines
with the faster technology to allow an important increase in the processor clock
frequency every year.

However, this trend generates two important problems that processor design-
ers should face up. On the one hand, long pipelines increase the distance between
branch prediction and branch resolution. The longer a pipeline is, the higher
amount of speculative work that should be discarded in case of a branch mispre-
diction. In this context, an accurate branch predictor becomes a critical processor
component. On the other hand, the higher clock frequency increases the main
memory access latency. Since the DRAM technology improves at a speed much
lower than the microprocessor technology, each increase in the processor clock
frequency causes that a higher number of processor cycles are required to access

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, pp. 9-20, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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the main memory, degrading the potential performance achievable with the clock
frequency improvement.

If the main memory access latency increase continues, it will be a harmful
problem for future microprocessor technologies. Therefore, dealing with the gap
between the processor and the memory speed is vital in order to allow high-
frequency microprocessors to achieve all their potential performance. A plethora
of well-known techniques has been proposed to overcome the main memory la-
tency, like cache hierarchies or data prefetching, but they do not completely
solve the problem. A different approach to tolerate the main memory access la-
tency is to dramatically increase the number of in-flight instructions that can be
maintained by the processor.

A processor able to maintain thousands in-flight instructions can overlap the
latency of a load instruction that access to the main memory with the execution
of subsequent independent instructions, that is, the processor can hide the main
memory access latency by executing useful work. However, maintaining a high
number of in-flight instructions requires scaling-up critical processor structures
like the reorder buffer, the physical register file, the instruction queues, and
the load/store queue. This is not affordable due to cycle time limitations. The
challenge is to develop an architecture able to support a high number of in-
flight instructions while avoiding the scalability problems involved by such a big
amount of in-flight instructions.

2 Increasing the Number of In-Flight Instructions

Figure 1 shows an example of the impact of increasing the maximum number
of in-flight instructions supported by a four instruction wide out-of-order super-
scalar processor. The main memory access latency is varied from 100 to 1000
cycles. Data is provided for both the SPECint2000 integer applications and the
SPECfp2000 floating point applications. A first observation from this figure is
that the increase in the main memory latency causes enormous performance
degradation. In a processor able to support 128 in-flight instructions, the integer
applications suffer from an average 45% performance reduction. The degrada-
tion is even higher for floating point applications, whose average performance is
reduced by 65%. Nevertheless, a higher number of in-flight instructions mitigates
this effect. Increasing the number of in-flight instructions in a processor having
1000-cycle memory latency causes an average 50% performance improvement for
the integer programs, while the floating point programs achieve a much higher
250% improvement.

These results show that increasing the number of in-flight instructions is an
effective way of tolerating large memory access latencies. On average, executing
floating point programs, a processor able to maintain up to 4096 in-flight instruc-
tions having 1000-cycle memory latency performs 22% better than a processor
having 100-cycle latency but only being able to maintain up to 128 in-flight in-
structions. Executing integer programs, the processor supporting 4096 in-flight
instructions cannot achieve a better performance than the processor support-
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Fig. 1. Average performance of a 4-wide out-of-order superscalar processor executing
both the SPEC2000 integer and floating point programs. The maximum number of in-
flight instructions supported is varied from 128 to 4096, and the main memory access
latency is varied from 100 to 1000 cycles.

ing 128 in-flight instructions. However, it is only 18% slower despite having a
memory latency 10 times larger. The improvement achieved in floating point
applications is due to the higher instruction-level parallelism available in these
programs. The amount of correct-path instructions that can be used to overlap
a long-latency memory operation in integer programs is limited by the presence
of chains of instructions dependent on long-latency loads, especially other long-
latency loads (i.e. chasing pointers), as well as the higher branch misprediction
rate. Nevertheless, the continuous research effort devoted to improve branch pre-
diction suggests that integer programs can achieve an improvement as high as
floating point programs in a near future. Moreover, the higher number of in-flight
instructions also enables different optimizations, like instruction reuse and value
prediction, which can provide even better performance.

Therefore, high-frequency microprocessors will be able to tolerate large mem-
ory access latencies by maintaining thousands of in-flight instructions. The sim-
plest way of supporting so much in-flight instructions is to scale all the processor
resources involved, that is, the reorder buffer (ROB), the physical register file,
the general purpose instruction queues (integer and floating point ones), and
the load/store queue. Every decoded instruction requires an entry in the ROB,
which is not released until the instruction commits. Every decoded instruction
also requires an entry in the corresponding instruction queue, but it is released
when the instruction issues for execution. The load/store queue has a different
behavior. An entry in this queue is not released until it can be assured that no
previous instruction will modify the contents of the memory address that will be
accessed by the load or store instruction. In addition, store instructions cannot
release their entries until commit because the memory hierarchy must not be
updated until the execution correctness is guaranteed. Finally, every renamed
instruction that generates a result requires a physical register, which is not re-
leased until it can be assured that the register value will not be used by a later
instruction, that is, when the commit stage is reached by a new instruction that
overwrites the contents of the registers.
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However, scaling-up the number of entries in these structures is impractical,
not only due to area and power consumption constraints, but also because these
structures often determine the processor cycle time [15]. This is an exciting
challenge. On the one hand, a higher number of in-flight instructions allows to
tolerate large memory access latencies and thus provide a high performance. On
the other hand, supporting such a high number of in-flight instructions involves a
difficult scalability problem for the processor design. Our approach to overcome
this scalability problem, while supporting thousands of in-flight instructions, is
the kilo-instruction processor.

3 The Kilo-Instruction Processor

In essence, the kilo-instruction processor [4] is an out-of-order processor that
keeps thousands of in-flight instructions. The main feature of our architecture
is that its implementation is affordable. In order to support thousands of in-
flight instructions, the kilo-instruction architecture relies on an intelligent use
of the processor resources, avoiding the scalability problems caused by an ex-
cessive increase in the size of the main processor structures. Our design deals
with the problems of each of these structures in an orthogonal way, that is, we
apply particular solutions for each structure. These solutions are described in
the following sections.

3.1 Multi-checkpointing

Checkpointing is a well established and used technique [8]. The main idea is to
create a checkpoint at specific instructions of the program being executed. A
checkpoint can be though of as a snapshot of the state of the processor, which
contains all the information required to recover the architectural state and restart
execution at that point. Several recent proposals are based on checkpointing.
Cherry [10] uses a single checkpoint outside the ROB. The ROB is divided into
a region occupied by speculative instructions, which can use the checkpoint for
recovery, and a region occupied by non-speculative instructions, which depend on
the ROB for recovery. Runahead execution [14] also creates a single checkpoint
when the head of the ROB is reached by a load that has missed in the second
level cache, allowing to speculatively execute the following instructions in order
to perform data and instruction prefetches.

Instead of using a single checkpoint, the kilo-instruction architecture relies on
a multi-checkpointing mechanism. Figure 2 shows an example of our checkpoint-
ing process [6]. First of all, it is important to state that there always exists at
least one checkpoint in the processor (timeline A). The processor will fetch and
issue instructions, taking new checkpoints at particular ones. If an instruction is
miss-speculated or an exception occurs (timeline B), the processor rolls back to
the previous checkpoint and resumes execution from there. When all instructions
between two checkpoints are executed (timeline C), the older checkpoint among
the two is removed (timeline D).
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Fig. 2. The checkpointing process performed by the kilo-instruction processor.

Our multi-checkpointing mechanism has been designed as an efficient way to
control and manage the use of critical resources inside the processor [3]. The nov-
elty of this mechanism is that the kilo-instruction architecture uses checkpointing
to allow an early release of resources. The multi-checkpointing mechanism en-
ables the possibility of committing instructions out-of-order, allowing to early
release ROB entries, which can lead to an architecture where the classical ROB
is essentially unnecessary [6]. Early release can also be applied to physical regis-
ters, reducing the number of required registers. In addition, multi-checkpointing
makes it possible to early manage the entries of the instruction queues, imple-
menting a two-level structure. In summary, the multi-checkpointing mechanism
is the key technique that makes our kilo-instruction architecture affordable.

3.2 Out-of-Order Commit

In a superscalar out-of-order processor, all instructions are inserted in the reorder
buffer (ROB) after they are fetched and decoded. The ROB keeps a history win-
dow of all in-flight instructions, allowing for the precise recovery of the program
state at any point. Instructions are removed from the ROB when they commit,
that is, when they finish executing and update the architectural state of the
processor. However, to assure that precise recovery is possible, the instructions
should be committed in the program order.

In-order commit is a serious problem in the presence of large memory access
latencies. Let us suppose that a processor has a 128-entry ROB and 500-cycle
memory access latency. If a load instruction does not find a data in the cache
hierarchy, it accesses the main memory, and thus it cannot be committed until its
execution finishes 500 cycles later. When the load becomes the older instruction
in the ROB, it blocks the in-order commit, and no later instruction will commit
until the load finishes. Part of these cycles can be devoted to do useful work, but
the ROB will become full soon, stalling the processor during several hundreds
cycles. To avoid this, a larger ROB is required, that is, the processor requires a
higher number of in-flight instructions to overlap the load access latency with
the execution of following instructions. However, scaling-up the number of ROB
entries is impractical, mainly due to cycle time limitations.
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The kilo-instruction architecture solves this problem by using the multi-
checkpointing mechanism for enabling out-of-order commit [3,6]. The presence
of a previous checkpoint causes that in-order commit is not required for preserv-
ing correctness and exception preciseness. If an exception occurs, the processor
returns to the previous checkpoint and restarts execution. Indeed, the ROB it-
self becomes unnecessary. In spite of this, we keep a ROB-like structure in our
kilo-instruction processor design. This structure, which we call pseudo-ROB [6],
has the same functionality of a ROB. However, the instructions that reach the
head of the pseudo-ROB are removed at a fixed rate, not depending on their
state. Since the processor state can be recovered from the pseudo-ROB, generat-
ing a checkpoint is only necessary when the instructions leave the pseudo-ROB.
Delaying checkpoint generation is beneficial to reduce the impact of branch mis-
predictions. Over 90% of mispredictions are caused by branches that are still
inside the pseudo-ROB. This means that most branch mispredictions do not
need to roll back to the previous checkpoint for recovering the correct state,
minimizing the misprediction penalty. In this way, the combination of the multi-
checkpointing and the pseudo-ROB allows to implement the functionality of
a large ROB without requiring an unimplementable centralized structure with
thousands of entries.

3.3 Instruction Queues

At the same time that instructions are inserted in the ROB, they are also inserted
in their corresponding instruction queues. Each instruction should wait in an
instruction queue until it is issued for execution. Figure 3 shows the accumulative
distribution of allocated entries in the integer queue (for SPECint2000 programs)
and in the floating point queue (for SPEC{p2000 programs) with respect to the
amount of total in-flight instructions. The main observation is that, in a processor
able to support up to 2048 in-flight instructions, the instruction queues need a
high number of entries. To cope with over 90% of the scenarios the processor is
going to face, the integer queue requires 300 entries and the floating point queue
requires 500 entries, which is definitely going to affect the cycle time [15].

Fortunately, not all instructions behave in the same way. Instructions are
divided in two groups: blocked-short instructions when they are waiting for a
functional unit or for results from short-latency operations, and blocked-long in-
structions when they are waiting for some long-latency instruction to complete,
like a load instruction that misses in the second level cache. Blocked-long instruc-
tions represent by far the largest fraction of entries allocated in the instruction
queues. Since these instructions take a very long time to even get issued for ex-
ecution, maintaining them in the instruction queues just takes away issue slots
from other instructions that will be executed more quickly. Multilevel queues can
be used to track this type of instructions, delegating their handling to slower,
but larger and less complex structures. Some previous studies have proposed
such multilevel queues [9,2], but they require a wake-up and select logic which
might be on the critical path, thus potentially affecting the cycle time.

The kilo-instruction processor also takes advantage of the different waiting
times of the instructions in the queues, but doing it in an affordable way. First
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Fig. 3. Accumulative distribution of allocated entries in the integer queue (using the
SPECint2000 programs) and in the floating point queue (using the SPECfp2000 pro-
grams) with respect to the amount of total in-flight instructions. For example, in float-
ing point applications, 50% of the time there are 1600 or less in-flight instructions,
requiring 400 floating point queue entries. Data presented corresponds to a processor
able to maintain up to 2048 in-flight instructions and having 500-cycle memory access
latency.

of all, our mechanism detects those instructions that will take a very long time
to get issued for execution. The presence of the pseudo-ROB is beneficial for this
detection process, since it allows to delay the decision of which instructions will
require a long execution time until it can be effectively known. This not only
increases the accuracy of long-latency instruction detection, but also greatly
reduces the complexity of the logic required.

Long-latency instructions are removed from the general purpose instruction
queues and stored in-order in a secondary buffer, which allows to free entries
from the instruction queues that can be used by short-latency operations. The
secondary buffer is a simple FIFO-like structure that we call Slow Lane Instruc-
tion Queue (SLIQ) [6]. The instructions stored in the SLIQ will wait until there
is any need for them to return to the respective instruction queue. When the
long-latency operation that blocked the instructions finishes, they are removed
from the SLIQ and inserted back into their corresponding instruction queue,
where they can be issued for execution. This mechanism allows to effectively im-
plement the functionality of a large instruction queue while requiring a reduced
number of entries, and thus it makes it possible to support a high number of
in-flight instructions without scaling-up the instruction queues.

3.4 Load/Store Queue

Load and store instructions are inserted in the load/store queue at the same time
they are inserted in the ROB. The main objective of this queue is to guarantee
that all load and store instructions reach the memory system in the correct
program order. For each load, it should be checked if an earlier store has been
issued to the same physical address, and thus use the value produced by the store.
For each store, it should be checked if a later load to the same physical address
has been previously issued, and thus take corrective actions. Maintaining a high
number of in-flight instructions involves an increase in the number of loads and
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stores that should be taken into account, which can make the load/store queue
a true bottleneck both in latency and power.

Some solutions have been proposed for this problem. In [17], the load/store
queue scalability is improved by applying approximate hardware hashing. A
Bloom filter predictor is used to avoid unnecessary associative searches for mem-
ory operations that do not match other memory operations. This predictor is
also used to separate load/store queue partitions, reducing the number of par-
titions that should be looked up when a queue search is necessary. Another
approach is using multilevel structures [1,16]. These works propose different fil-
tering schemes that use two-level structures for storing most or all instructions in
a big structure, while a smaller structure is used to easily check the dependencies.

3.5 Physical Register File

A great amount of physical registers is required to maintain thousands of in-
flight instructions. Figure 4 shows the accumulative distribution of allocated
integer registers (for SPECint2000 programs) and floating point registers (for
SPEC{p2000 programs) with respect to the amount of total in-flight instructions.
To cope with over 90% of the scenarios the processor is going to face, almost
800 registers are required for the integer programs and almost 1200 are required
for the floating point programs. Such a large register file will be impractical not
only due to area and power limitations, but also because it requires a high access
time, which will surely involve an increase in the processor cycle time.

In order to reduce the number of physical registers needed, the kilo-instruction
processor relies on the different behaviors observed in the instructions that use
a physical register. Registers are classified in four categories. Live registers con-
tain values currently in use. Blocked-short and blocked-long registers have been
allocated during rename, but are blocked because the corresponding instructions
are waiting for the execution of predecessor instructions. Blocked-short registers
are waiting for instructions that will issue shortly, while blocked-long registers
are waiting for long-latency instructions. Finally, dead registers are no longer in
use, but they are still allocated because the corresponding instructions have not
yet committed.

It is clear that blocked-long and dead registers constitute the largest fraction
of allocated registers. In order to avoid blocked-long registers, the assignment of
physical registers can be delayed using virtual tags [12]. These virtual register
mapping keeps track of the rename dependencies, making unnecessary the as-
signment of a physical register to an instruction until it starts execution. Dead
registers can also be eliminated by using mechanisms for early register recycling
[13]. These mechanisms release a physical register when it is possible to guaran-
tee that it will not be used again, regardless the corresponding instruction has
committed or not.

The kilo-instruction architecture combines these two techniques with the
multi-checkpointing mechanism, leading to an aggressive register recycling mech-
anism that we call ephemeral registers [5,11]. This is the first proposal that
integrates both a mechanism for delayed register allocation and early register
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release and analyzes the synergy between them. The combination of these two
techniques with checkpointing allows the processor to non-conservatively deallo-
cate registers, making it possible to support thousands of in-flight instructions
without requiring an excessive number of registers.

4 Real Performance

Figure 5 provides some insight about the performance achievable by the kilo-
instruction processor. It shows the average performance of a 4-wide processor
executing the SPEC2000 floating point applications. The kilo-instruction proces-
sor modeled is able to support up to 2048 in-flight instructions, but it uses just
128-entry instruction queues. It also uses 32KB separate instruction and data
caches as well as an unified IMB second level cache. The figure is divided into
three zones, each of them comprising the results for 100, 500, and 1000 cycles of
main memory access latency. Each zone is composed of three groups of two bars,
corresponding to 512, 1024, and 2048 virtual registers or tags [12]. The two bars
of each group represent the performance using 256 or 512 physical registers.

In addition, each zone of the figure has two lines which represent the per-
formance obtained by a baseline superscalar processor, able to support up to
128 in-flight instructions, and a limit unfeasible microarchitecture where all
the resources have been up-sized to allow up to 4096 in-flight instructions.
The main observation is that the kilo-instruction processor provides important
performance improvements over the baseline superscalar processor. Using 2048
virtual tags, the kilo-instruction processor is more than twice faster than the
baseline when the memory access latency is 500 cycles or higher. Moreover, a
kilo-instruction processor having 1000 cycles memory access latency is only a
5% slower than the baseline processor having a memory access latency 10 times
lower.

These results show that the kilo-instruction processor is an effective way of
approaching the unimplementable limit machine in an affordable way. However,
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Fig. 5. Average performance results of the kilo-instruction processor executing the
SPECfp2000 programs with respect to the amount of virtual registers, the memory
latency, and the amount of physical registers.

there is still room for improvement. The distance between the kilo-instruction
processor performance and the limit machine is higher for larger memory access
latencies. This causes that, although the performance results for more aggressive
setups nearly saturate for a memory access latency of 100 or 500 cycles, the
growing trend is far from saturating when the memory access latency is 1000
cycles. This trend suggests that a more aggressive machine, able to support a
higher number of in-flight instructions, will provide even a better performance.

5 Current Research Lines

The kilo-instruction architecture is not only an efficient technique for tolerating
the memory access latency. It is also a flexible paradigm able to cross-pollinate
with other techniques, that is, it can be combined with other mechanisms to
improve its capabilities and boost the processor performance.

The kilo-instruction architecture can be combined with multiprocessors or
simultaneous multithreaded processors. In particular, the kilo-instruction mul-
tiprocessor architecture [7] uses kilo-instruction processors as computing nodes
for building small-scale CC-NUMA multiprocessors. This kind of multiproces-
sor system provide good performance results, showing two interesting behaviors.
First, the great amount of in-flight instructions makes it possible for the system
not just to hide the latencies coming from local and remote memory accesses but
also the inherent communication latencies involved in preserving data coherence.
Second, the significant pressure imposed by many in-flight instructions translates
into a very high contention for the interconnection network. This fact remarks
the need for better routers capable of managing high traffic levels, dictating a
possible way for building future shared-memory multiprocessor systems.

Other interesting research line is the combination of the kilo-instruction ar-
chitecture with vector processors. Vector architectures require high bandwidth
memory systems to feed the vector functional units. The ability of bringing a
high amount of data from memory reduces the total number of memory ac-
cesses, also reducing the impact of large memory access latencies. However, this
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improvement is limited to the vector part of a program. The performance of the
scalar paxt will still be degraded due to the presence of a large memory access
latency. Our objective is to use a kilo-instruction processor to execute the scalar
part of vector programs, removing this limitation and thus providing a great
improvement in the performance of vector processors.

We are also analyzing the combination of kilo-instruction processors with
other techniques, which were previously proposed for processors with small in-
struction windows. Combining value prediction with kilo-instruction processors
makes it possible to predict the results of long-latency memory operations. This
technique allows to break the dependencies between long-latency loads and other
instructions, increasing the available instruction-level parallelism, and thus im-
proving the kilo-instruction processor ability of tolerating the memory access
latency. Kilo-instruction processors can also be combined with mechanisms for
detecting the reconvergence point after branch instructions. Correctly identify-
ing the control independent instructions will enable the possibility of reusing
independent instructions after branch mispredictions, alleviating the mispredic-
tion penalty. A different approach for avoiding the branch misprediction penalty
is combining the kilo-instruction processor with techniques for multi-path exe-
cution. In general, the possibility of combining the kilo-instruction architecture
with other techniques in an orthogonal way creates a great amount of new ap-
pealing ideas for future research.

6 Conclusions

Tolerating large memory access latencies is a key topic in the design of future
processors. Maintaining a high amount of in-flight instructions is an effective
mean for overcoming this problem. However, increasing the number of in-flight
instructions requires up-sizing several processor structures, which is impractical
due to power consumption, area, and cycle time limitations. The kilo-instruction
processor is an affordable architecture able to support thousands of in-flight in-
structions. Our architecture relies on an intelligent use of the processor resources,
avoiding the scalability problems caused by an excessive increase in the size of
the critical processor structures. The ability of maintaining a high number of in-
flight instructions makes the kilo-instruction processor an efficient architecture
for dealing with future memory latencies, being able to achieve a high perfor-
mance even in the presence of large memory access latencies.
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Abstract. Distributed parallel execution systems speed up applications
by splitting tasks into processes whose execution is assigned to different
receiving nodes in a high-bandwidth network. On the distributing side,
a fundamental problem is grouping and scheduling such tasks such that
each one involves sufficient computational cost when compared to the
task creation and communication costs and other such practical over-
heads. On the receiving side, an important issue is to have some assur-
ance of the correctness and characteristics of the code received and also
of the kind of load the particular task is going to pose, which can be
specified by means of certificates. In this paper we present in a tutorial
way a number of general solutions to these problems, and illustrate them
through their implementation in the Ciao multi-paradigm language and
program development environment. This system includes facilities for
parallel and distributed execution, an assertion language for specifying
complex programs properties (including safety and resource-related prop-
erties), and compile-time and run-time tools for performing automated
parallelization and resource control, as well as certification of programs
with resource consumption assurances and efficient checking of such cer-
tificates.

Keywords: resource awareness, granularity control, mobile code certifi-
cation, distributed execution, GRIDs.

1 Introduction

Distributed parallel execution systems speed up applications by splitting tasks
into processes whose execution is assigned to different nodes in a high-bandwidth
network. GRID systems [12] in particular attempt to use for this purpose widely
distributed sets of machines, often crossing several administrative domain bound-
aries. Many interesting challenges arise in this context.
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A number of now classical problems have to be solved when this process is
viewed from the producer side, i.e., from the point of view of the machine in
charge of starting and monitoring a particular execution of a given application
(or a part of such an application) by splitting the tasks into processes whose
execution is assigned to different nodes (i.e., consumers) on receiving sides of
the network. A fundamental problem involved in this process is detecting which
tasks composing the application are independent and can thus be executed in
parallel. Much work has been done in the areas of parallelizing compilers and
parallel languages in order to address this problem. While obviously interesting,
herein we will concentrate instead on other issues.

In this sense, a second fundamental problem, and which has also received
considerable attention (even if less than the previous one), is the problem of
grouping and scheduling such tasks, i.e., assigning tasks to remote processors,
and very specially the particular issue of ensuring that the tasks involve sufficient
computational cost when compared to the task creation and communication costs
and other such practical overheads. Due to these overheads, and if the granularity
of parallel tasks (i.e., the work necessary for their complete execution) is too
small, it may happen that the costs are larger than the benefits of their parallel
execution. Of course, the concept of small granularity is relative: it depends on
the concrete system or set of systems where parallel programs are running. Thus,
a resource-aware method has to be devised whereby the granularity of parallel
tasks and their number can be controlled. We will call this the rask scheduling
and granularity control problem. In order to ensure that effective speedup can
be obtained from remote execution it is obviously desirable to devise a solution
where load and task distribution decisions are made automatically, specially
in the context of non-embarrassingly parallel and/or irregular computations in
which hand-coded approaches are difficult and tedious to apply.

Interestingly, when viewed from the consumer side, and in an open setting
such as that of the GRID and other similar overlay computing systems, ad-
ditional and novel challenges arise. In more traditional distributed parallelism
situations (e.g., on clusters) receivers are assumed to be either dedicated and/or
to trust and simply accept (or take, in the case of work-stealing schedulers) avail-
able tasks. In a more general setting, the administrative domain of the receiver
can be completely different from that of the producer. Moreover, the receiver is
possibly being used for other purposes (e.g., as a general-purpose workstation)
in addition to being a party to the distributed computation. In this environment,
interesting security- and resource-related issues arise. In particular, in order to
accept some code and a particular task to be performed, the receiver must have
some assurance of the correctness and characteristics of the code received and
also of the kind of load the particular task is going to pose. A receiver should be
free to reject code that does not adhere to a particular safety policy involving
more traditional safety issues (e.g., that it will not write on specific areas of
the disk) or resource-related issues (e.g., that it will not compute for more than
a given amount of time, or that it will not take up an amount of memory or
other resources above a certain threshold). Although it is obviously possible to
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interrupt a task after a certain time or if it starts taking too much memory this
will be wasteful of resources and require recovery measures. It is clearly more
desirable to be able to detect these situations a priori.

Recent approaches to mobile code safety involve associating safety informa-
tion in the form of a certificate to programs [28, 21, 26, 1]. The certificate (or
proof) is created at compile time, and packaged along with the untrusted code.
The consumer who receives or downloads the code+certificate package can then
run a verifier which by a straightforward inspection of the code and the cer-
tificate, can verify the validity of the certificate and thus compliance with the
safety policy. It appears interesting to devise means for certifying security by
enhancing mobile code with certificates which guarantee that the execution of
the (in principle untrusted) code received from another node in the network is
safe but also, as mentioned above, efficient, according to a predefined safety
policy which includes properties related to resource consumption.

In this paper we present in a tutorial way a number of general solutions to
these problems, and illustrate them through their implementation in the con-
text of a multi-paradigm language and program development environment that
we have developed, Ciao [3]. This system includes facilities for parallel and dis-
tributed execution, an assertion language for specifying complex programs prop-
erties (including safety and resource-related properties), and compile-time and
run-time tools for performing automated parallelization and resource control, as
well as certification of programs and efficient checking of such certificates.

Our system allows coding complex programs combining the styles of logic,
constraint, functional, and a particular version of object-oriented programming.
Programs which include logic and constraint programming (CLP) constructs
have been shown to offer a particularly interesting case for studying the issues
that we are interested in [14]. These programming paradigms pose significant
challenges to parallelization and task distribution, which relate closely to the
more difficult problems faced in traditional parallelization. This includes the
presence of highly irregular computations and dynamic control flow, non-trivial
notions of independence, the presence of dynamically allocated, complex data
structures containing pointers, etc. In addition, the advanced state of program
analysis technology and the expressiveness of existing abstract analysis domains
used in the analysis of these paradigms has become very useful for defining,
manipulating, and inferring a wide range of properties including independence,
bounds on data structure sizes, computational cost, etc.

After first reviewing our approach to solving the granularity control problem
using program analysis and transformation techniques, we propose a technique
for resource-aware security in mobile code based on safety certificates which
express properties related to resource usage. Intuitively, we use the granularity
information (computed by the cost analysis carried out to decide the distribution
of tasks on the producer side) in order to generate so-called cost certificates which
are packaged along with the untrusted code. The idea is that the receiving side
can reject code which brings cost certificates (which it cannot validate or) which
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have too large cost requirements in terms of computing resources (in time and/or
space) and accept mobile code which meets the established requirements.

The rest of the paper proceeds as follows. After briefly presenting in Section 2
the basic techniques used for inferring complex properties in our approach, in-
cluding upper and lower bounds on resource usage, Section 3 reviews our ap-
proach to the use of bounds on data structure sizes and computational cost to
perform automatic granularity control. Section 4 then discusses our approach to
resource-aware mobile code certification. Section 5 finally presents our conclu-
sions.

2 Inferring Complex Properties Including Term Sizes
and Costs

In order to illustrate our approach in a concrete setting, we will use CiaoPP [15]
throughout the paper. CiaoPP is a component of the Ciao programming envi-
ronment which performs several tasks including automated parallelization and
resource control, as well as certification of programs, and efficient checking of
such certificates. CiaoPP uses throughout the now well-established technique of
abstract interpretation [S]. This technique has allowed the development of very
sophisticated global static program analyses which are at the same time auto-
matic, provably correct, and practical. The basic idea of abstract interpretation
is to infer information on programs by interpreting (“running”) them using ab-
stract values rather than concrete ones, thus obtaining safe approximations of
program behavior. The technique allows inferring much richer information than,
for example, traditional types. The fact that at the heart of Ciao lies an efficient
logic programming-based kernel language allows the use in CiaoPP of the very
large body of approximation domains, inference techniques and tools for abstract
interpretation-based semantic analysis which have been developed to a powerful
and mature level in this area (see, e.g., [2, 27, 6, 16] and their references) and
which are integrated in CiaoPP. As aresult of this, CiaoPP can infer at compile-
time, always safely, and with a significance degree of precision, a wide range of
properties such as data structure shape (including pointer sharing), bounds on
data structure sizes, determinacy, termination, non-failure, bounds on resource
consumption (time or space cost), etc.

All this information is expressed by the compiler using assertions: syntactic
objects which allow expressing “abstract” — i.e. symbolic — properties over dif-
ferent abstract domains. In particular, we use the high-level assertion language
of [29], which actually implements a two-way communication with the system: it
allows providing information to the analyzer as well as representing its results.

As a very simple example, consider the following procedure inc_all/2, which
increments all elements of a list by adding one to each of them (we use functional
notation for conciseness):

inc_all([]) = [1.
inc_all([HIT]) [ H+1 | inc_all(T)].
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Assume that analysis of the rest of the program has determined that this proce-
dure will be called providing a list of numbers as input. The output from CiaoPP
for this program then includes the following assertion:

:- true pred inc_all(4,B)
( list(A,num), var(B) )
=> ( list(A,num), list(B,num), size_lb(B,length(A))
+ ( not_fails, is_det, steps_lb{2xlength(A)+1)).

(3% 2]

Such “true pred” assertions specify in a combined way properties of both: ““:
the entry (i.e., upon calling) and “=>" the exit (i.e., upon success) points of all
calls to the procedure, as well as some global properties of its execution. The
assertion expresses that procedure inc_all will produce as output a list of num-
bers B, whose length is at least (size 1b) equal to the length of the input list,
that the procedure will never fail (i.e., an output value will be computed for
any possible input), that it is deterministic (only one solution will be produced
as output for any input), and that a lower bound on its computational cost
(steps_1Db)is 2 length(A) + 1 execution steps (where the cost measure used in
the example is the number of procedure calls, but it can be any other arbitrary
measure). This simple example illustrates type inference, non-failure and deter-
minism analyses, as well as lower-bound argument size and computational cost
inference. The same cost and size results are actually obtained from the upper
bounds analyses (indicating that in this case the results are exact, rather than
approximations). Note that obtaining a non-infinite upper bound on cost also
implies proving termination of the procedure.

As can be seen from the example, in our approach cost bounds (upper or
lower) are expressed as functions on the sizes of the input arguments and yield
bounds on the number of execution steps required by the computation. Various
measures are used for the “size” of an input, such as list-length, term-size, term-
depth, integer-value, etc. Types, modes, and size measures are first automatically
inferred by the analyzers and then used in the size and cost analysis.

While it is beyond the scope of this paper to fully explain all the (generally
abstract interpretation-based) techniques involved in this process (see, e.g., [15,
10, 11] and their references), we illustrate through a simple example the funda-
mental intuition behind our lower bound cost estimation technique.

Consider again the simple inc_all procedure above and the assumption that
type and mode inference has determined that it will be called providing a list of
numbers as input. Assume again that the cost unit is the number of procedure
calls. In a first approximation, and for simplicity, we also assume that the cost
of performing an addition is the same as that of a procedure call. With these
assumptions the exact cost function of procedure inc all is Costinc_qu{n) =
2 n 41, where n is the size (length) of the input list.

In order to obtain a lower bound approximation of the previous cost func-
tion, CiaoPP’s analyses first determine, based on the mode and type information
inferred, that the argument size metric to be used is list length. An interesting
problem with estimating lower bounds is that in general it is necessary to ac-
count for the possibility of failure of a call to the procedure (because of, e.g., an
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inadmissible argument) leading to a trivial lower bound of 0. For this reason, the
lower bound cost analyzer uses information inferred by non-failure analysis [9],
which can detect procedures and goals that can be guaranteed not to fail, i.e.,
to produce at least one solution (which would indeed be the case for inc_all)
or not terminate.

In general, in order to determine the work done by (recursive) clauses, it is
necessary to be able to estimate the size of input arguments in the procedure
calls in the body of the procedure, relative to the sizes of the input arguments.
For this, we use an abstraction of procedure definitions called a data dependency
graph. Our approach to cost analysis consists of the following steps:

1. Use data dependency graphs to determine the relative sizes of variable bind-
ings at different program points.

2. Use the size information to set up difference equations representing the com-
putational cost of procedures

3. Compute lower/upper bounds to the solutions of these difference equations
to obtain estimates of task granularities.

The size of an output argument in a procedure call depends, in general,
on the size of the input arguments in that call. For this reason, for each output
argument we use an expression which yields its size as a function of the input data
sizes. Forthe inc_all procedure let Size?,_ i, (n) denote the size of the output
argument (the second) as a function of the size of its first (input) argument n.
Once we have determined that the size measure to use is list length, and the size
relationship which says that the size of the input list to the recursive call is the
size of the input list of the procedure head minus one, the following difference
equation can be set up for inc all/2:

Size?,. ,,1(0) = 0 (boundary condition from base case),

Size?nc_all(n) =1 + Sizegnc_all(n - 1)'

The solution of this difference equation obtained is Size?, ,;;(n) = n.

Let Cost’l;(n) denote a lower bound on the cost (number of resolution steps)
of a call to procedure p with an input of size n. Given all the assumptions above,
and the size relations obtained, the following difference equation can be set up
for the costof inc_all/2:

Costl

L c.a11(0) =1 (boundary condition from base case),

COStIi-:nc_all(n) = 1 + COStI]:..nc_all(n - 1)

The solution obtained for this difference equation is Costl, . ;. (n) =2 n+1.
In this case, the lower bound inferred is the exact cost (the upper bound cost
analysis also infers the same function). In our approach, sometimes the solutions
of the difference equations need to be in fact approximated by a lower bound (a
safe approximation) when the exact solution cannot be found. The upper bound
cost estimation case is very similar to the lower bound one, although simpler,
since we do not have to account for the possibility of failure.
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3 Controlling Granularity in Distributed Computing

As mentioned in Section 1, and in view of the techniques introduced in Section 2,
we now discuss the task scheduling and granularity control problem, assuming
that the program is already parallelized'. The aim of such distributed granular-
ity control is to replace parallel execution with sequential execution or vice-versa
based on some conditions related to task size and overheads. The benefits from
controlling parallel task size will obviously be greater for systems with greater
parallel execution overheads. In fact, in many architectures (e.g. distributed
memory multiprocessors, workstation “farms”, GRID systems, etc.) such over-
heads can be very significant and in them automatic parallelization cannot in
general be done realistically without granularity control. In some other architec-
tures where the overheads for spawning goals in parallel are small (e.g. in small
shared memory multiprocessors) granularity control is not essential but it can
also achieve important improvements in speedup.

Granularity control has been studied in the context of traditional program-
ming [20, 25], functional programming [17, 18], and also logic programming [19,
7, 30, 8, 23, 24]. In [24] we proposed a general granularity control model and re-
ported on its application to the case of logic programs. This model proposes
(efficient) conditions based on the use of information available on task granular-
ity in order to choose between parallel and sequential execution. The problems
to be solved in order to perform granularity control following this approach in-
clude, on one hand, estimating the cost of tasks, of the overheads associated with
their parallel execution, and of the granularity control technique itself. On the
other hand there is also the problem of devising, given that information, efficient
compile-time and run-time granularity control techniques.

Performing accurate granularity control at compile-time is difficult because
some of the information needed to evaluate communication and computational
costs, as for example input data size, is only known at run-time. A useful strategy
is to do as much work as possible at compile-time, and postpone some final
decisions to run-time. This can be achieved by generating at compile-time cost
functions which estimate task costs as a function of input data size, which are
then evaluated at run-time when such size is known. Then, after comparing costs
of sequential and parallel executions (including all overheads), it is possible to
determine which type of execution is profitable.

The approximation of these cost functions can be based either on some heuris-
tics (e.g., profiling) or on a safe approximation (i.e. an upper or lower bound).
We were able to show that if upper or lower bounds on task costs are available,
under a given set of assumptions, it is possible to ensure that some parallel, dis-
tributed executions will always produce speedup (and also that some others are
best executed sequentially). Because of these results, we will in general require

I'In the past two decades, quite significant progress has been made in the area of
automatically parallelizing programs in the context of logic and constraint programs,
and some of the challenges have been tackled quite effectively there — see, for example,
[13, 14, 4] for an overview of this area.
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the cost information to be not just an approximation, but rather a well-defined
bound on the actual execution cost. In particular, we will use the techniques for
inferring upper- and lower-bound cost functions outlined in the previous section.

Assuming that such functions or similar techniques for determining task costs
and overheads are given, the remainder of the granularity control task is to
devise a way to actually compute such costs and then dynamically control task
creation and scheduling using such information. Again the approach of doing
as much of the work as possible at compile-time seems advantageous. In our
approach, a transformation of the program is performed at compile time such
that the cost computations and spawning decisions are encoded in the program
itself, and in the most efficient way possible. The idea is to perform any remaining
computations and decisions at run-time when the parameters missing at compile-
time, such as data sizes or node load are available. In particular, the transformed
programs will perform (generally) the following tasks: computing the sizes of data
that appear in cost functions; evaluating the cost functions of the tasks to be
executed in parallel using those data sizes; safely approximating the spawning
and scheduling overheads (often also a function of data sizes); comparing these
quantities to decide whether to schedule tasks in parallel or sequentially; deciding
whether granularity control should be continued or not; etc.

As an example, consider the inc_all procedure of Section 2 and the program
expression:

., ¥Y=inc_all(X) & M = r(2),

which indicates that the procedure call inc all (X) is to be made available for ex-
ecution in parallel with the call to r(Z) (we assume that analysis has determined
that inc_all(X) and r(Z) are independent, by, e.g., ensuring that there are no
pointers between the data structures pointed to by X, Y and Z, M. From Section 2
we know that the cost function inferred for inc all is CostZ, ., (n) =2 n41.
Assume also that the cost of scheduling a task is constant and equal to 100 com-
putation steps. The previous goal would then be transformed into the following

one:

A ¢ 2*length(X)+1 > 100 -> Y inc_all(X) & M r(Z)
; Y = inc_all(X), M =1r(Z) ),

where ( if -> then ; else) is syntax for an if-then-else and “,” denotes
sequential execution as usual. Thus, when 2 * length(X) + 1 (i.e., the lower
bound on the cost of inc all (X)) is greater than the threshold, the task is
made available for parallel execution and not otherwise. Many optimizations are
possible. In this particular case, the program expression can be simplified to:

., ( length(X) > 50 -> Y = inc_all(X) & M = r(Z)
;Y = inc_all(X), M =1xr(Z) ),
and, assuming that length gt(L, N) succeeds if the length of L is greater than
N (its implementation obviously only requires to traverse at most the n first
elements of list), it can be expressed as:
.» { length_gt(LX,50) -> Y = inc_all(X) & M
;Y = inc_all(X), M

]
]

r(Z)
r(Z) ) s
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:- module(gsort, [qgsort/2], [assertioms]).

gsort([X|L],R) :-
partition(L,X,L1,L2),
gsort(L2,R2), gsort(Li,R1),
append (R1, [X|R2] ,R).
gsort([1,[1).

partition([],_B,[1,[1).
partition([E|R],C, [E|Left1] ,Right):-

E < C, partition(R,C,Lefti,Right).
partition([EIR],C,Left, [E|Right1]):-

E >= C, partition(R,C,Left,Rightl).

append([],Ys,¥s).
append([X|Xs],Ys, [X|Zs]):- append(Xs,Ys,Zs).

Fig. 1. A gsort program.

As mentioned before, scheduling costs are often also a function of data sizes
(e.g., communication costs). For example, assume that the cost of executing
remotely Y = inc all(X) is 0.1 (length(X) + length(Y)), where length(Y) is
the size of the result, an upper bound on which (actually, exact size) we know
to be length(X). Thus, our comparison would now be:

2 length(X) + 1 > 0.1 (length(X) + length(Y)) =
2 length(X) +1 > 0.1 (length(X) + length(X)) =
2 length(X) +1 > 0.2 length(X) =

2 length(X) > 0.2 length(X) =

2>02

Which essentially means that the task can be scheduled for parallel execu-
tion for any input size. Conversely, with a communication cost greater than
0.5(length(X) + length(Y)) the conclusion would be that it would never be
profitable to run in parallel.

These ideas have been implemented and integrated in the CiaoPP system,
which uses the information produced by its analyzers to perform combined
compile—time/run—time resource control. The more realistic example in Figure 1
(a quick-sort program coded using logic programming) illustrates additional op-
timizations performed by CiaoPP in addition to cost function simplification,
which include improved term size computation and stopping performing granu-
larity control below certain thresholds. The concrete transformation produced by
CiaoPP adds a clause: “gsort(X1,X2):- g _gsort(X1l,X2).” (to preserve the
original entry point) and produces g_gsort/2, the version of gsort /2 that per-
forms granularity control (where s_gsort/2 is the sequential version) is shown
in Figure 2.

Note that if the lengths of the two input lists to the recursive calls to gsort
are greater than a threshold (a list length of 7 in this case) then versions which
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g_gsort ([X|L],R) :-
partition_o3_4(L,X,L1,L2,81,82),
( 82>7 -> (81>7 -> g_qgsort(L2,R2) & g_qgsort(L1,R1)
; g_qsort(L2,R2), s_gsort(L1i,R1))
; (81>7 -> s_gsort(L2,R2), g_gsort(Li,R1)
; s_gsort(L2,R2), s_gsort(L1,R1))),
append (R1, [X|R2] ,R).
g-_gsort (], [1).

Fig. 2. The gsort program transformed for granularity control.

continue performing granularity control are executed in parallel. Otherwise, the
two recursive calls are executed sequentially. The executed version of each such
call depends on its grain size: if the length of its input list is not greater than the
threshold then a sequential version which does not perform granularity control is
executed. This is based on the detection of a recursive invariant: in subsequent
recursions this goal will not produce tasks with input sizes greater than the
threshold, and thus, for all of them, execution should be performed sequentially
and, obviously, no granularity control is needed. Procedure partition o3 4/6:

partition_o3_4([],_B,[],{1,0,0).
partition_o3_4([E|R],C, [E{Left1],Right,S1,582) :-

E<C, partition_o3_4(R,C,Left1,Right,S3,52), S1 is S3+1.
partition_03_4([E|R] ,C,Left, [EIRight1],S1,82) :-

E>=C, partition_o3_4(R,C,Left,Right1,S1,53), S2 is S3+1.

is the transformed version of partition/4, which “on the fly” computes the
sizes of its third and fourth arguments (the automatically generated variables
Sland S2 represent these sizes respectively) [22].

4 Resource-Aware Mobile Computing

Having reviewed the issue of granularity control, and following the classification
of issues of Section 1 we now turn our attention to some resource-related issues on
the receiver side. In an open setting, such as that of the GRID and other similar
overlay computing systems, receivers must have some assurance that the received
code is safe to run, i.e., that it adheres to some conditions (the safety policy)
regarding what it will do. We follow current approaches to mobile code safety,
based on the technique of Proof-Carrying Code (PCC) [28], which as mentioned
in Section 1 associate safety certificates to programs. A certificate (or proof)
is created by the code supplier for each task at compile time, and packaged
along with the untrusted mobile code sent to (or taken by) other nodes in the
network. The consumer node who receives or takes the code+certificate package
(plus a given task to do within that code) can then run a checker which by a
straightforward inspection of the code and the certificate can verify the validity
of the certificate and thus compliance with the safety policy. The key benefit
of this approach is that the consumer is given by the supplier the capacity of
ensuring compliance with the desired safety policy in a simple and efficient way.
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Indeed the (proof) checker used at the receiving side performs a task that should
be much simpler, efficient, and automatic than generating the original certificate.
For instance, in the first PCC system [28], the certificate is originally a proof
in first-order logic of certain verification conditions and the checking process
involves ensuring that the certificate is indeed a valid first-order proof.

The main practical difficulty of PCC techniques is in generating safety cer-
tificates which at the same time:

— allow expressing interesting safety properties,
— can be generated automatically and,
— are easy and efficient to check.

Our approach to mobile code safety [1] directly addresses these problems. It
uses approximation techniques, generally based on abstract interpretation, and
it has been implemented using the facilities available in CiaoPP and discussed in
the previous sections. These techniques offer a number of advantages for dealing
with the aforementioned issues. The expressiveness of the properties that can
be handled by the available abstract domains (and which can be used in a wide
variety of assertions) will be implicitly available to define a wide range of safety
conditions covering issues like independence, types, freeness from side effects, ac-
cess patterns, bounds on data structure sizes, bounds on cost, etc. Furthermore,
the approach inherits the inference power of the abstract interpretation engines
to automatically generate and validate the certificates. In the following, we re-
view our standard mobile code certification process and discuss the application
in parallel distributed execution.

Certification in the Supplier: The certification process starts from an initial
program and a set of assertions provided by the user on the producer side,
which encode the safety policy that the program should meet, and which are to
be verified. Consider for example the following (naive) reverse program (where
append is assumed to be defined as in Figure 1):

:- entry reverse/2 : list * var.
reverse( [] ) 0.
reverse( [HI|L] ) ~append( reverse(L), [H] ).

1]

Let us assume also that we know that the consumer will only accept purely com-
putational tasks, i.e., tasks that have no side effects, and only those of polynomial
(actually, at most quadratic) complexity. This safety policy can be expressed at
the producer for this particular program using the following assertions:

:- check comp reverse(A,B)
+ gideff(free).
:- check comp reverse(A,B)
: list * var
+ steps_ub( o(exp(length(A),2)) ).

The first (computational —comp) assertion states that it should be verified that
the computation is pure in the sense that it does not produce any side effects
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(such as opening a file, etc.). The second (also computational) assertion states
that it should be verified that there is an upper bound for the cost of this
predicate in O(n?), i.e., quadratic in n, where n is the length of the first list
(represented as length(A)). Implicitly, we are assuming that the code will be
accepted at the receiving end, provided all assertions can be checked, i.e., the
intended semantics expressed in the above assertions determines the safety con-
dition. This can be a policy agreed a priori or exchanged dynamically.

Note that, unlike traditional safety properties such as, e.g., type correct-
ness, which can be regarded as platform independent, resource-related properties
should take into account issues such as load and available computing resources
in each particular system. Thus, for resource-related properties different nodes
may impose different policies for the acceptance of tasks (mobile code).

Generation of the Certificate: In our approach, given the previous assertions
defining the safety policy, the certificate is automatically generated by an analy-
sis engine (which in the particular case of CiaoPP is based on the goal dependent,
i.e., context-sensitive, analyzer of [16]). This analysis algorithm receives as input
a set of entries (included in the program like the entry assertion of the example
above) which define the base, boundary assumptions on the input data. These
base assumptions can be checked at run-time on the actual input data (in our
example the type of the input is stated to be a list). The computation of the
analysis process terminates when a fixpoint of a set of equations is reached. Thus,
the results of analysis are often called the analysis fixpoint.

Due to space limitations, and given that it is now well understood, we do
not describe here the analysis algorithm (details can be found in, e.g., [2,16]).
The important point to note is that the certification process is based on the
idea that the role of certificate can be played by a particular and small sub-
set of the analysis results (i.e., of the analysis fixpoint) computed by abstract
interpretation-based analyses.

For instance, the analyzers available in CiaoPP infer, among others, the fol-
lowing information for the above program and entry:

:- true pred reverse(A,B)
( list(A), var(B) )
=> ( list(A), 1list(B))
+ ( not_fails, is_det, sideff(free),
steps_ub( 0.5%exp(length(A),2)+1.6x1length(A)+1 )).

stating that the output is also a list, that the procedure is deterministic and will
not fail, that it does not contain side-effects, and that calls to this procedure
take at most 0.5 (length(A))? + 1.5 length(A) + 1 resolution steps. In addition,
given this information, the output shows that the “status” of the three check
assertions has become checked, which means that they have been validated and
thus the program is safe to run (according to the intended meaning):

:- checked comp reverse(A,B)
+ sideff(free).
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1~ checked comp reverse(A,B)
: list * var
+ steps_ub( o(exp(length(Ad),2)) ).

Thus, we have verified that the safety condition is met and that the code is
indeed safe to run (for now on the producer side). The analysis results above
can themselves be used as the cost and safety certificate to attest a safe and
efficient use of procedure reverse on the receiving side.

In general the verification process requires first generating a verification con-
dition [1] that encodes the information in the check assertions to be verified
and then checking this condition against the information available from analy-
sis. This validation may yield three different possible status: i) the verification
condition is indeed checked and the fixpoint is considered a valid certificate, ii)
it is disproved, and thus the certificate is not valid and the code is definitely
not safe to run (we should obviously correct the program before continuing the
process); and iii) it cannot be proved nor disproved. Case iii) occurs because
the most interesting properties are in general undecidable. The analysis pro-
cess in order to always terminate is based on approximations, and may not be
able to infer precise enough information to verify the conditions. The user can
then provide a more refined description of initial entries or choose a different,
finer-grained, abstract domain. However, despite the inevitable theoretical lim-
itations, the analysis algorithms and abstract domains have been proved very
effective in practice. In both the ii) and iii) cases, the certification process needs
to be restarted until achieving a verification condition which meets i). If it suc-
ceeds, the fixpoint constitutes a valid certificate and can be sent to the receiving
side together with the program.

Validation in the Consumer: The validation process performed by the con-
sumer node is similar to the above certification process except that the analysis
engine is replaced by an analysis checker. The definition of the analysis checker
is centered around the observation that the checking algorithm can be defined as
a very simplified “one-pass” analyzer. Intuitively since the certification process
already provides the fixpoint result as certificate, an additional analysis pass
over it cannot change the result. Thus, as long as the fixpoint is valid, one single
execution of the abstract interpreter validates the certificate.

As it became apparent in the above example, the interesting point to note is
that abstract interpretation-based techniques are able to reason about computa-
tional properties which can be useful for controlling efficiency issues in a mobile
computing environment and in distributed parallelism platforms. We consider
the case of the receiver of a task in a parallel distributed system such as a GRID.
This receiver (the code consumer) could use this method to reject code which
does not adhere to some specification, including usage of computing resources
(in time and/or space). Reconsider for example the previous reverse program
and assume that a node with very limited computing resources is assigned to
perform a computation using this code. Then, the following “check” assertion
can be used for such particular node:
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;- check comp reverse(A,B)
( list(A, term), var(B) )
+ steps_ub( length(A) + 1 ).

which expresses that the consumer node will not accept an implementation of
reverse with complexity bigger than linear. In order to guarantee that the cost
assertion holds, the certificate should contain upper bounds on computational
cost. Then, the code receiver proceeds to validate the certificate. The task of
checking that a given expression is an upper bound is definitely simpler than
that of obtaining the most accurate possible upper bound. If the certificate is
not valid, the code is discarded. If it is valid, the code will be accepted only
if the upper bound in the certificate is lower or equal than that stated in the
assertion. In our example, the certificate contains the (valid) information that
reverse will take at most 0.5 (length(A))? + 1.5 length(A) + 1 resolution steps.
However, the assertion requires the cost to be at most length(A) + 1 resolution
steps. A comparison between these cost functions does not allow proving that
the code received by the consumer satisfies the efficiency requirements imposed
(i.e. the assertion cannot be proved)z. This means that the consumer will reject
the code. Similar results would be obtained if the worst case complexity property
steps ub( o(length(a)) ) was used in the above check assertion, instead of
steps ub( length(d) + 1 ).

Finally, and interestingly, note that the certificate can also be used to ap-
proximate the actual costs of execution and make decisions accordingly. Since
the code receiver knows the data sizes, it can easily apply them to the cost func-
tions (once they are verified) and obtain values that safely predict the time and
space that the task received will consume.

5 Conclusions

We have presented an abstract interpretation-based approach to resource-aware
distributed and mobile computing and discussed their implementation in the
context of a multi-paradigm programming system. Our framework uses modu-
lar, incremental, abstract interpretation as a fundamental tool to infer resource
and safety information about programs. We have shown this information, in-
cluding lower bounds on cost and upper bounds on data sizes, can be used to
perform high-level optimizations such as resource-aware task granularity control.
Moreover, cost information and, in particular, upper bounds, inferred during the
previous process are relevant to certifying and validating mobile programs which
may have constraints in terms of computing resources (in time and/or space). In
essence, we believe that our proposals can contribute to bringing increased flex-
ibility, expressiveness and automation of important resource-awareness aspects
in the area of mobile and distributed computing.

2 Indeed, the lower bound cost analysis in fact disproves the assertion, which is clearly
invalid.
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Abstract. Simple parallel programming frameworks such as Pthreads,
or the six function core of MPI, are universal in the sense that they
support the expression of arbitrarily complex patterns of computation
and interaction between concurrent activities. Pragmatically, their de-
scriptive power is constrained only by the programmer’s creativity and
capacity for attention to detail.

Meanwhile, as our understanding of the structure of parallel algorithms
develops, it has become clear that many parallel applications can be
characterized and classified by their adherence to one or more of a num-
ber of generic patterns. For example, many diverse applications share
the underlying control and data flow of the pipeline paradigm, whether
expressed in terms of message passing, or by constrained access to shared
data.

A number of research programs, using terms such as skeleton, template,
archetype and pattern, have sought to exploit this phenomenon by al-
lowing the programmer to explicitly express such meta-knowledge in the
program source, through the use of new libraries, annotations and con-
trol constructs, rather than leaving it implicit in the interplay of more
primitive universal mechanisms.

While early work stressed productivity and portability (the programmer
is no longer required to repeatedly “reinvent the wheel”) we argue that
the true significance of this approach lies in the capture of complex al-
gorithmic knowledge which would be impossible to determine by static
examination of an equivalent unstructured source. This enables devel-
opments in a number of areas. With respect to low-level performance,
it allows the run-time system, library code or compiler to make clever
optimizations based on detailed foreknowledge of the evolving computa-
tion. With respect to high-level performance, it enables a methodology of
improvement through powerful restructuring transformations. Similarly,
with respect to program correctness, it allows arguments to be pursued at
a much coarser, more tractable grain than would otherwise be possible.
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Topic 1
Support Tools and Environments

José C. Cunha, Allen D. Malony, Arndt Bode, and Dieter Kranzlmueller
Topic Chairs

Due to the diversity of parallel and distributed computing infrastructures and
programming models, and the complexity of issues involved in the design and
development of parallel programs, the creation of tools and environments to
support the broad range of parallel system and software functionality has been
widely recognized as a difficult challenge.

Current research in this topic continues to address individual tools for sup-
porting correctness and performance issues in parallel program development.
However, standalone tools are sometimes insufficient to cover the rich diversity
of tasks found in the design, implementation and production phases of the paral-
lel software life-cycle. This has motivated interest in interoperable tools, as well
as solutions to ease their integration into unified development and execution
environments.

Modern cluster and grid computing systems with possibly larger numbers of
nodes and several degrees of heterogeneity are posing new challenges to the tool
designers, developers, and users. Such environments require increased flexibility
in the individual tools, and in the support for tool interaction and composition.
Concurrently, the dynamic nature of modern computing applications requires
new solutions for dynamic and adaptive tools and environments. Capabilities
such as computational steering and dynamic performance tuning are growing in
interest and necessity.

This year 27 papers were submitted to this topic area. Overall, they illustrate
the current importance of tools and environments for supporting the develop-
ment of parallel programs, as well as the continued efforts in the search for im-
proved concepts and solutions. Among the submissions, 9 papers were accepted
as full papers for the conference (33%). These papers address a diversity of issues
and approaches, including instrumentation and monitoring support techniques,
and management of large traces, performance evaluation and optimization issues,
correctness support tools for concurrent programs, and integrated environments
for dynamic performance tuning, and for steering of parallel simulations.

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, p. 38, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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Abstract. In this paper we present a collection of tools that are based on the
PoMP performance monitoring interface for analysis of OpenMP applications.
These POMP compliant libraries, POMPROF and the KOJAK POMP library, pro-
vide respectively the functionality for profiling and tracing of OpenMP applica-
tions. In addition, we describe a new approach to compute temporal overhead
due to scheduling (load-imbalance), synchronization (barrier time), and the run-
time system. Finally, we exemplify the use of these libraries with performance
measurement and visualization of the ASCI sPPM benchmark code. Our examples
show that the information provided by both tools is consistent, and provides data
that is helpful for users to understand the source of performance problems.

1 Introduction

OpenMP is today’s de facto standard for shared memory parallel programming of sci-
entific applications. It provides a higher level specification for users to write threaded
programs that are portable across most shared memory multiprocessors. However, ap-
plication developers still face application performance problems such as load imbalance
and excessive barriers overhead, when using OpenMP. Moreover, these problems are
difficult to detect without the help of performance tools.

The MPI specification defines a standard monitoring interface (PMPI), which facil-
itates the development of performance monitoring tools. Similarly, a Java Virtual Ma-
chine Profiler Interface (JVMPI) is an experimental feature in the Java 2 SDK, which
is intended for users and tools vendors to develop profilers that work in conjunction
with the Java virtual machine implementation. Unfortunately, OpenMP does not pro-
vide yet a standardized performance monitoring interface, which would simplify the
design and implementation of portable OpenMP performance tools. Mohr et. al. [9] pro-
posed POMP, a performance monitoring interface for OpenMP. This proposal extends
experiences of previous implementations of monitoring interfaces for OpenMP [1,7,
10]. POMP describes an API to be called by “probes” inserted into the application by a

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, pp. 39-46, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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compiler, a pre-processor, or via a binary or dynamic instrumentation mechanism. With
such performance monitoring interface, users and tools builders can then define their
own POMP compliant libraries for performance measurement of OpenMP applications.

In [6], we presented DPOMP, a POMP instrumentation tool based on binary modifica-
tion, which takes as input a performance monitoring library that conforms to the POMP
API and an OpenMP application binary. DPOMP instruments the binary of the applica-
tion with dynamic probes containing POMP calls defined in the library. In this paper we
present two POMP compliant libraries, POMPROF and the KOJAK POMP library, which
provide respectively the functionality for profiling and tracing of OpenMP applications.
In addition, we exemplify the use of these libraries with performance measurement and
visualization of the ASCI SPPM benchmark code.

The remainder of this paper is organized as follows: In Section 2 we briefly describe
the main features of DPOMP. In Section 3 we describe our POMP compliant library for
profiling of OpenMP applications. In Section 4 we describe the KOJAK POMP library for
tracing of OpenMP programs. In Section 5 we present examples of utilization of these
two libraries. Finally, we present our conclusions in Section 6.

2 A POMP Instrumentation Tool Based on Binary Modification

DPOMP was implemented using DPCL [5], an object-based C++ class library and run-
time infrastructure based on the Dyninst Application Programming Interface (API) [3].
Using DPCL, a performance tool can insert code patches at function entry and exit
points, as well as before and after call sites. Since the IBM compiler translates OpenMP
constructs into functions that call “outlined” functions containing the body of the con-
struct, DPOMP can insert calls to functions of a POMP compliant monitoring library for
each OpenMP construct in the target application'. The main advantage of this approach
lies in its ability to modify the binary with performance instrumentation with no special
preparations, like re-compiling or re-linking. In addition, since it relies only on the bi-
nary, DPOMP works independently of the programming language used for the OpenMP
program.

DPOMP takes as input an OpenMP application binary and a POMP compliant perfor-
mance monitoring library. It reads the application binary, as well as the binary of the
POMP library and instruments the application binary, so that, at locations which repre-
sent events in the POMP execution model the corresponding POMP monitoring routines
are called. From the user’s point of view, the amount of instrumentation can be con-
trolled through environment variables which describe the level of instrumentation for
each group of OpenMP events as proposed by the POMP specification. From the tools
builder point of view, instrumentation can also be controlled by the set of POMP routines
provided by the library, i.e., instrumentation is only applied to those events that have
a corresponding POMP routine in the library. This means that tool builders only need
to implement the routines which are necessary for their tool and that instrumentation
is minimal (i.e., no calls to unnecessary dummy routines which don’t do anything). By

I Notice that DPOMP has a dependence on the naming convention used by the IBM XL compiler.
However, it can be easily extended to any other OpenMP compiler that uses the “function
outline” approach.



Profiling and Tracing OpenMP Applications 41

default, DPOMP instruments all OpenMP constructs for which there is a corresponding
POMP function in the library. It also instruments all user functions called from the main
program provided that there is a definition in the library for performance monitoring
of user functions. In addition, for MPI applications, by default DPOMP instruments all
MPI calls in the program. Once instrumentation is finished, the modified program is
executed.

3 The POMP Profiler Library

We implemented a POMP compliant monitoring library (POMPROF) that generates a de-
tailed profile describing various overheads and the amount of time spent by each thread
in three key regions of the parallel application: parallel regions, OpenMP loops inside a
parallel region, and user defined functions. In addition, POMPROF provides information
for analysis of the slowdown caused by sequential regions, as well as measurements
of execution time from user functions and OpenMP API calls such as set lock. The
profile data is presented in the form of an XML file that can be visualized by a graphical
interface as shown in Figure 3.

POMPROF performs overhead analysis, which is a key incremental method for per-
formance tuning of parallel applications [4]. Historically, both temporal and spatial
overheads have been defined as a function of two execution times of an application:
namely, the execution time of the sequential code, and the execution time of the paral-
lel code [4,12]. One of the problems of this approach is that it requires an application
programmer to have two versions of a program, a serial and a parallel. Moreover, often
overhead definitions for OpenMP do not include the property of measurability of ba-
sic blocks of code, reason being that it is not always possible to measure all overhead
sources at the OpenMP construct level.

Since we can use our binary instrumentation infrastructure to monitor blocks of
OpenMP code, which are packaged into outlined functions, we compute temporal over-
heads with measurable times. Measurable temporal overhead often results from an im-
balanced loop, a barrier for synchronization, or from the runtime code. So, POMPROF
focuses on temporal overhead that is due to scheduling (load-imbalance), synchroniza-
tion (barrier time), and the overhead due to the runtime system.

The main goal of our profiler library is to help application programmers tune their
parallel codes, by presenting a “thread-centered” temporal overhead information. Hence,
we define temporal overhead in terms of the total amount of time in the OpenMP con-
structs by each of the “N” threads in a parallel region. We assume that each of the “N”
threads runs on a different processor. To illustrate our definition and measurement of
the three components of overhead, we use a simple triangular loop inside an OpenMP
parallel region with an implicit barrier at the end, shown in Figure 1(a).

The code in Figure 1(a) leads to an execution pattern similar to the one depicted in
Figure 1(b). Let us assume that N threads are created by the parallel region. We define
for each thread i, where (1 < i < N), 62 as the runtime system overhead before the
thread begins executing the work; 0§ as the runtime system overhead after the thread
ends the execution of the work; B; as the time spent on barrier synchronization; ~;
as the time spent executing the allocated work; and finally ¢; as the exit overhead,
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Fig. 1. (a) Pseudo code for a triangular loop inside an OpenMP parallel region, and (b) possible
execution pattern

which is the sum of the barrier overhead and the exit overhead of the runtime system,
ie, ¢; = B; + 7. The total execution time (7;) of each thread ¢ is the sum of these
components, i.e., 7; = 62 + 8¢ + B; + i

Load imbalance basically occurs because of un-equal amount of work is being dis-
tributed to the threads. In [2] load imbalance is defined as the difference between the
time taken by the slowest thread and the mean thread time, which essentially is a con-
stant for all threads. As we can see from Figure 1, each thread ¢ may have a different
amount of execution time «y; 3 0 leading to different amounts of load imbalance. Hence
we need a thread-centered definition of load imbalance.

For performance enhancement reasons (e.g., selecting an appropriate scheduling
technique), in our approach to define load imbalance we focus on how much worse
each thread ¢ is performing with respect to the thread j that takes the minimum amount
of time. Hence our definition of load imbalance is the percentage of extra time spent
by each thread in computation normalized with respect to the time of the fastest thread.
Thus, the load imbalance of each thread 4, expressed in percentage, is computed as

_ (i —min(y))
l; = —————min(%) 100.

Barrier overhead is the amount of time spent by each thread ¢ while waiting for syn-
chronization with other threads, after its work share is completed. In OpenMP there are
two types of barriers: explicit and implicit. Explicit barriers are often visible at the bi-
nary level; hence, they can be instrumented and measured for each thread. On the other
hand, implicit barriers, which are normally used by OpenMP loop constructs, such as
the one shown in our example, are executed inside of the runtime library, and are not
visible in the application binary. Hence, they cannot be instrumented with DPOMP [6].
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In order to estimate the implicit barrier overhead (8;) for implicit barriers, we use the
measured total exit-overhead ¢;, as follows:

We consider that the last thread to join the barrier (say thread j) incurs the least
amount of exit overhead and has zero barrier time. Hence, since ¢; = B; + 4%, with
B; = 0, we can assume that the runtime exit overhead 65 = ¢;. The runtime exit
system overhead &¢ of each thread 4 is aconstant € for all practical purposes, because
all threads executes the same runtime system code. Hence, we can compute the barrier
time of each thread i as 8; = ¢; — €, where € = min(df)for(l < i < N).

In case of a “NO WAIT” clause at the end of the loop, the threads incur only an exit
runtime overhead, and the barrier overhead is considered zero.

Runtime overhead is the amount of time taken by each thread ¢ to execute the run-
time system code. For each thread i, the runtime overhead é; is computed as the sum
of the overheads at the beginning of the loop (6%) and at the end of the loop (8¢), i.e.,
8; = 8% 4 6¢. In case of an explicit barrier at the end of the loop, both 62 and &¢ can be
instrumented and measured. However, for implicit barriers, only 62 is measured, while
8¢ is estimated as described in the barrier overhead.

4 The KOJAK POMP Library

We implemented a POMP monitoring library which generates EPILOG event traces. EPI-
LOG is an open-source event trace format used by the KOJAK performance analysis
tool framework [13]. Besides defining OpenMP related events, it provides a thread-safe
implementation of the event reading, writing, and processing routines. In addition, it
supports storing hardware counter and source code information and uses a (machine,
node, process, thread) tuple to describe locations. This makes it especially well suited
for monitoring OpenMP or mixed MPI/OpenMP applications on today’s clustered SMP
architectures. EPILOG event traces can either be processed by KOJAK’s automatic event
trace analyzer EXPERT or be converted to the VTF3 format used by the commercial
Vampir event trace visualization tool [11] (not shown here due to space limitation).

Figure 2 shows a screen-dump of the resulting display of the EXPERT automatic
event trace analyzer. Using the color scale shown on the bottom, the severity of per-
formance problems found (left pane) and their distribution over the program’s call tree
(middle pane) and machine locations (right pane) is displayed. The severity is expressed
in percentage of execution time lost due to this problem. By expanding or collapsing
nodes in each of the three trees, the analysis can be performed on different levels of
granularity. We refer to [13] for a detailed description of KOJAK and EXPERT.

If a more detailed (manual) analysis is needed, EPILOG traces can be converted to
VTF3 format suitable for Vampir. The conversion maps OpenMP constructs into Vampir
symbols and activities, as well as OpenMP barriers into a Vampir collective operation.
This allows users to investigate the dynamic behavior of an OpenMP application using
a Vampir time-line diagram as well as to use Vampir’s powerful filter and selection
capabilities to generate all kind of execution statistics for any phase of the OpenMP
application. In addition, all source code information contained in a trace is preserved
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Fig. 2. Result display of EXPERT automatic trace analyzer.

during conversion; allowing the display of the corresponding source code simply by
clicking on the desired activity.

S Examples of Use

In this section we exemplify the use of both libraries with performance measurements
and visualization of the ASCI SPPM benchmark code [8], which solves a 3D gas dynam-
ics problem on a uniform cartesian mesh using a simplified version of the Piecewise
parabolic method, with nearest neighbor-communication. The SPPM benchmark is a
hybrid code (openMP and MPI), written in Fortran 77 with some C routines. Figure 3
shows the summary view for the program and the detailed view for one of the loops
(loop 1125) from the profile data obtained with POMPROF, when using “static” schedul-
ing for the OpenMP loops, running 8 threads on an IBM p690+. In the summary view,
which displays the highest value for each metric, we observe very high values for “%
Imbalance” on all the loops. The detailed view for the loop in line 1125 confirms this
imbalance. When replacing the static scheduling by dynamic scheduling, we observe a
much better behavior of the code with respect to “% Imbalance”, as shown in Figure 4.

These findings are also confirmed by the automatic trace analysis of EXPERT. As
shown in Figure 2, the imbalance caused by the static scheduling of OpenMP loop it-
erations results in a total of 8.5% of waiting time at explicit barriers. For the selected
barrier, the uneven distribution of this waiting time can be seen in the right pane. For
dynamic scheduling (not shown here), waiting time only amounts to 0.5%. By selecting
the property “Execution” in the left pane and one of the “!$Somp do/for” loops in the
middle pane, the right pane of EXPERT would show the (im)balance in execution time.
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Fig. 3. Visualization of the POMPROF data from SPPM and detailed view of Loop 1125 imple-
mented with static scheduling
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Fig. 4. Detailed view of Loop 1125, modified to use dynamic scheduling

6 Conclusion

We presented a collection of tools for the analysis of OpenMP applications based on the
DPOMP instrumentation infrastructure. The use of a standard monitoring interface like
POMP allows the utilization of a variety of measurement methods and provides the flex-
ibility for development of tools ranging from profilers to tracers for performance analy-
sis, debugging, and tuning. We presented the POMPROF profiling library and the KOJAK
performance analysis framework which not only includes the EXPERT automatic trace
analyzer but is also integrated with the Vampir trace visualization system. Other tools
can be easily integrated or developed from scratch by implementing a POMP compliant
monitoring library. In addition, we exemplified the use of these libraries with perfor-
mance measurement and visualization of the ASCI sPPM benchmark code. Through the
use of appropriate PMPI wrapper libraries which, if needed, record MPI point-to-point
and collective communication performance data, the DPOMP infrastructure can also be
used to monitor hybrid OpenMP / MPI applications. However, this requires an extra re-
linking step before execution. We are currently working on extending DPOMP to avoid
this problem.
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Abstract. Event tracing is a well-accepted technique for post-mortem
performance analysis of parallel applications. The EXPERT tool supports
the analysis of large traces by automatically searching them for exe-
cution patterns that indicate inefficient behavior. However, the current
search algorithm works with independent pattern specifications and ig-
nores the specialization hierarchy existing between them, resulting in a
long analysis time caused by repeated matching attempts as well as in
replicated code. This article describes an optimized design taking advan-
tage of specialization relationships and leading to a significant runtime
improvement as well as to more compact pattern specifications.

1 Introduction

Event tracing is a well-accepted technique for post-mortem performance analysis
of parallel applications. Time-stamped events, such as entering a function or
sending a message, are recorded at runtime and analyzed afterward with the
help of software tools. For example, graphical trace browsers, such as VAMPIR [1],
allow the fine-grained investigation of parallel performance behavior using a
zoomable time-line display. However, in view of the large amounts of data usually
generated, automatic analysis of event traces can provide the user with the
desired information more quickly by automatically transforming the data into a
more compact representation on a higher level of abstraction.

The EXPERT performance tool [9] supports the performance analysis of MPI
and/or OpenMP applications by automatically searching traces for execution
patterns that indicate inefficient behavior. The performance problems addressed
include inefficient use of the parallel programming model and low CPU and mem-
ory performance. EXPERT is implemented in Python and its architecture consists

* This work was supported in part by the U.S. Department of Energy under Grants
DoE DE-FGO02-01ER25510 and DoE DE-FC02-01ER25490 and is embedded in the
European IST working group APART under Contract No. IST-2000-28077.
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of two parts: a set of pattern specifications and an analysis unit that tries to
match instances of the specified patterns while it reads the event trace once
from the beginning to the end. Each pattern specification represents a different
performance problem and consists of a Python class with methods to identify
instances in the event stream. Although all pattern classes are organized in a spe-
cialization hierarchy, they are specified independently from each other resulting
in replicated code and prolonged execution time whenever a pattern implemen-
tation reappears as part of another more specialized version.

This article describes an optimized design and search strategy leading to
a significant speed improvement and more compact pattern specifications by
taking advantage of specialization relationships. The design shares information
among different patterns by looking in each step for more general patterns first
and then successively propagating successful matches to more specialized pat-
terns for refinement. We evaluate two implementations of the new design, one in
Python and one in C++.

The article is outlined as follows: Section 2 describes related work. In Sec-
tion 3, we outline EXPERT’s overall architecture together with the current search
strategy in more detail. After that, we explain the successive-refinement strategy
in Section 4. Section 5 presents experimental results, followed by our conclusion
in Section 6.

2 Related Work

The principle of successive refinement has also been used in the KAPPA-PI [3]
post-mortem trace-analysis tool. KAPPA-PI first generates a list of idle times
from the raw trace file using a simple metric. Then, based on this list, a recur-
sive inference process continuously deduces new facts on an increasing level of
abstraction.

Efficient search along a hierarchy is also a common technique in online perfor-
mance tools: To increase accuracy and efficiency of its online bottleneck search,
Paradyn stepwise refines its instrumentation along resource hierarchies, for ex-
ample, by climbing down the call graph from callers to callees [2]. Fiirlinger
et al. [6] propose a strategy for online analysis based on a hierarchy of agents
transforming lower-level information stepwise into higher-level information.

Ideas based on successive refinement can also be found in performance-
problem specification languages, such as ASL [4] and JavaPSL [5], which is basi-
cally a Java version of ASL. Both use the concept of metaproperties to describe
new performance problems based on existing ones.

3 Overall Architecture

EXPERT is part of the KOJAK trace-analysis environment [8,9] which also in-
cludes tools for instrumentation and result presentation (Figure 1). Depending
on the platform and the availability of tools, such as built-in profiling interfaces
of compilers, the application is automatically instrumented and then executed.
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During execution, the program generates a trace file in the EPILOG format to
be automatically postprocessed by EXPERT. EPILOG is able to represent region
entry and exit events, MPI point-to-point and collective communications, as well
as OpenMP fork-join, synchronization, and work-sharing operations.

EXPERT
EFILOG Analysis CUBE
Results Display
Trace File EARL —

|
Post-Mortem Analysis

User
Program

Instrumentation /
Execution

Fig. 1. The KOJAK trace-analysis environment.

To simplify pattern specification, EXPERT uses the EARL library [8] to access
individual events. EARL provides a high-level interface to the event trace with
random-access capabilities. Events are identified by their relative position and
are delivered as a set of attribute values, such as time and location. In addition to
providing random access to single events, EARL simplifies analysis by establishing
links between related events, such as a link pointing from a region exit event
to its corresponding enter event, and identifying event sets that describe an
application’s execution state at a given moment, such as the set of send events
of messages currently in transit. EARL is implemented in C++ and provides both
a C++ and a Python interface. It can be used independently of EXPERT for a
large variety of trace-analysis tasks.

EXPERT transforms event traces into a compact representation of performance
behavior, which is essentially a mapping of tuples (performance problem, call
path, location) onto the time spent on a particular performance problem while
the program was executing in a particular call path at a particular location.
Depending on the programming model, a location can be either a process or
a thread. After the analysis has been finished, the mapping is written to a file
and can be viewed using CUBE [7], which provides an interactive display of the
three-dimensional performance space based on three coupled tree browsers.

3.1 Current Search Strategy

There are two classes of search patterns, those that collect simple profiling infor-
mation, such as communication time, and those that identify complex inefficiency
situations, such as a receiver waiting for a message. The former are usually de-
scribed by pairs of enter and exit events, whereas the latter are described by more
complex compound events usually involving more than two events. All patterns
are arranged in a hierarchy. The hierarchy is an inclusion hierarchy with re-
spect to the inclusion of execution-time interval sets exhibiting the performance
behavior specified by the pattern.

EXPERT reads the trace file once from the beginning to the end. Whenever an
event of a certain type is reached, a callback method of every pattern class that
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has registered for this event type is invoked. The callback method itself then
might access additional events by following links or retrieving state information
to identify a compound event representing the inefficient behavior. A compound
event is a set of events hold together by links and state-set boundaries and
satisfying certain constraints.

3.2 Example

The example of a process waiting for a message as a result of accepting mes-
sages in the wrong order illustrates the current search strategy. The situation
is depicted in Figure 2. Process A waits for a message from process B that is
sent much later than the receive operation has been started. Therefore, most of
the time consumed by the receive operation of process A is actually idle time
that could be used better. This pattern in isolation is called late-sender and is
enclosed in the spotted rectangle. EXPERT recognizes this pattern by waiting for
a receive event to appear in the event stream and then following links computed
by EARL (dashed lines in Figure 2) to the enter events of the two communication
operations to determine the temporal displacement between these two events
(idle time in Figure 2).

l:‘ Entar
- Exit

) send
. Recaiva

MPI_Send

time

idle time

Fig. 2. Idle time as a result of receiving messages in the wrong order.

Looking at this situation in the context of the other message sent from process
C to A allows the conclusion that the late-sender pattern could have been avoided
or at least alleviated by reversing the acceptance order of these two messages.
Because the message from C is sent earlier than that from B, it will in all
probability have reached process A earlier. So instead of waiting for the message
from B, A could have used the time better by accepting the message from C
first. The late-sender pattern in this context is called late-sender / wrong-order.
EXPERT recognizes this situation by examining the execution state computed by
EARL at the moment when A receives the message from B. It inspects the queue
of messages (i.e., their send events) sent to A and checks whether there are older
messages than the one just received. In the figure, the queue would contain the
event of sending the message from C to A.
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This combined situation is a specialization of the simple late-sender. How-
ever, in spite of this relationship, both of them are currently computed indepen-
dently. Whenever a receive event is reached, the late-sender callback follows links
to see whether there is a receiver waiting unnecessarily. In addition, the callback
method responsible for detecting the combined late-sender / wrong-order situa-
tion first checks the message queue for older messages and, if positive, tries to
identify a late-sender situation as well — resulting in a part of the work done
twice.

3.3 Profiling Patterns

A similar problem occurs with patterns collecting profiling information. Here,
every pattern filters out matching pairs of enter and exit events that form re-
gion instances satisfying certain criteria, such as invocations of synchroniza-
tion routines, to accumulate the instances’ durations. Here also, a large fraction
of the work is done more than once, when for example, one pattern accumu-
lates communication time while a specialization of it accumulates collective-
communication time.

4 Successive Refinement

The new search strategy is based on the principle of successive refinement. The
basic idea is to pass a compound-event instance, once it has been detected by a
more general pattern, on to a more specialized pattern, where it can be reused,
refined, and/or prepared for further reuse. In the previous version, patterns have
only been able to register for primitive events, that is, events as they appear in
the event stream, as opposed to compound events consisting of multiple primitive
events. The new design allows patterns also to publish compound events that
they have detected as well as to register for compound events detected by others.

Figure 3 shows three pattern classes in EXPERT’s pattern hierarchy. The hier-
archical relationships between the three classes are expressed by their parent ()
methods. The register () methods register a callback method with the analysis
unit to be invoked either upon a primitive event or a compound event. Descrip-
tions of valid compound-event types for which a callback can be registered are
stored in a developer map and can be looked up there manually. At runtime, the
callback methods may return either a valid compound-event instance or None.
If a valid instance is returned, the analysis unit invokes all callbacks subscribing
for this type of compound event and a data structure holding the instance is
supplied as an argument to theses callbacks.

The class P2P registers the method recv () as callback for a primitive receive
event.recv () returns a compound event representing the entire receive operation
(recv_op) including the receive event and the events of entering and leaving
the MPI call. This corresponds to the left gray bar on the time line of process
A in Figure 2. The LateSender class registers the method recv_op () for the
compound event returned by recv () and tries there to identify the remaining
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01  class P2P(Pattern):

02 fiusl

03 def register(self, ana_lyzar}:

04 analyzer.subscribe('RECV’, self.recv)

05 def recv(self, recv):

06 [...1

o7 return recv_op

08

09 class LateSender(Pattern):

10 | A |

11 def parent(self):

12 return "P2P"

13 def register(self, analyzer):

14 analyzer.subscribe(’RECV_OP’, self.recv_op)
15 def recv_op(self, recv_op):

16 o ] T |

17 return ls

18 else:

19 return None

20

21  class LateSendWrOrd(Pattern):

22 7 |

23 def parent{self):

24 return "LateSender"

25 def register(self, analyzer):

26 analyzer.subscribe(’LATE_SENDER’, self.late_sender)
27 def late_sender(self, ls):

28 pos = 1s['RECV’]['pos’]

29 dest_id = 1s['RECV’] [*loc_id’]

30 queue = self._trace.queue(pos, -1, dest_id)
31 if queue and queue[0] < 1s[’SEND’][’pos’]:
3z loc_id = 1ls[’ENTER_RECV']['loc_id?]
a3 cnode_id = 1s[’ENTER_RECV'] ['cnodeptr’]
34 self._severity.add(cnode_id, loc_id, 1s[*'IDLE_TIME'])
as return None

Fig. 3. Late-sender / wrong-order pattern based on successive refinement.

parts of the late-sender situation, as depicted in the spotted rectangle in Figure 2.
In the case of a positive result, the successfully matched instance is returned and
passed on to the LateSendWrOrd class. It is supplied as the 1s argument to the
late sender () method, which has previously been registered for this type of
compound event. 1s is a Python dictionary containing the various constituents
of the compound event, such as the receive event and the enter event of the
receive operation, plus calculated values, such as the idle time lost by the receiver.
The method examines the queue to see whether there are older messages that
could have been received before the late message. If positive, the idle time is
accumulated.

The difference from the old version (not shown here) is that the results are
shared among different patterns so that situations that appear again as part of
others are not computed more than once. The sharing works in two ways. First, if
a compound event is successfully matched, it is passed along a path in the pattern
hierarchy and is refined from a common to a more specialized situation by adding
new constituents and constraints. Second, since subscribers on a deeper level of
the hierarchy are not invoked if the match was already unsuccessful on a higher
level, negative results are shared as well, which increases the search efficiency
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even further by suppressing matching attempts predicted to be unsuccessful.
In contrast, the old version might, for example, try to match the late-sender
situation twice: the first time as part of the late-sender pattern and the second
time as part of the late-sender / wrong-order pattern even if the simple late-
sender pattern was already unsuccessful. In addition to being more efficient, the
new design is also more compact since replicated code has been eliminated.

The profiling patterns mentioned in Section 3.3 offered a similar opportunity
for optimization. Previously, every profiling pattern had to do both: accumu-
lating time and hardware-counter values and then filtering based on call-path
properties. The new design performs accumulation centrally by calculating a
(call path, location) matrix for the execution time and every hardware counter
recorded in the trace. After the last event has been reached, the matrices are
distributed to all profiling-pattern classes where the filtering takes place. Be-
cause now the accumulation is done once for all patterns and because filtering is
done only once per call path as opposed to once per call-path instance, the new
version is again much more efficient.

5 Evaluation

We evaluated our new strategy using five traces from realistic applications, three
from pure MPI codes and two from hybrid openMP/MPI codes (Table 1). For
one of the applications, the SWEEP3D ASCI benchmark, we ran the original MPI
version monitoring also cache-miss values and a hybrid version without hardware
counter measurements. The second and the third rows of the table contain the
number of CPUs used to generate the traces as well as the trace-file sizes in
millions of events. Please refer to [8] for further details about the codes.

Table 1. Execution times of the old and the new implementation.

TRACE cx3D SWEEP3D-HW SWEEP3D REMO

Type MPI MPI MPIL hybrid hybrid
No. of cpPUs 16 8 16 16 16
Events [10%) 19.7 1.9 0.4 4.7 11.1
0Old Python [min] 332.0 30.9 4.8 60.3 285.1
New Python [min) 42.0 12.5 1.7 14.6 22.0
New C++ [min] 44.0 13.9 23 6.8 2.5
New Python [speedup] 7.9 2.5 2.8 4.1 13.0
New C++ [speedup] 7.6 32 24 8.9 114.0

We compared two implementations of our new strategy, one in Python and
one in C++, against the old Python implementation. The test platform was
an IBM AIX system with a Powerd+ 1.7 GHz processor. The first three rows
below the event numbers list the plain execution times in minutes, the last two
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rows give speedup factors in relation to the old version for a more convenient
comparison.

In all examples the new strategy implemented in Python achieved a speedup
of at least a factor of 2.5 and in many cases the speedup was even much higher
(13.0 maximum). Although the C++ version obtained significant additional
speedup for hybrid traces (e.g., 114.0 vs. 13.0 for REMO), it was surprisingly
unable to deliver any additional performance in the analysis of pure MPI traces,
which we hopefully can improve in the near future.

6 Conclusion

The benefit of our new design is twofold: a significant runtime improvement by
avoiding repetition of detection work on the one hand and less redundant and
therefore more compact pattern specifications on the other hand. In particular
the latter achievement will allow us to extend the set of patterns more easily in
the future. An integration of the underlying concepts into the ASL [4] specification
language might help share these results with a broader community. The KOJAK
software is available at http://www.fz-juelich.de/zam/kojak/ .
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Abstract. The memory hierarchy becomes the bottleneck for multiprocessors
systems as its evolution does not keep pace with processor technology. This study
intends to identify the relationship between performance slow-down and mem-
ory pressure, using hardware performance counters. Based on this relationship,
we propose an adaptive control system that improves the efficiency of load bal-
ancing among the computer resources. The DRAC system, our adaptive control
system, observes the access requests on the memory bus. It then adapts its user-
level scheduling strategy to maximize the resource utilization. We describe the
DRAC system and its mathematical model. We show experimental results that
prove the DRAC system is nearly optimal with our model.

1 Introduction

The impact of memory hierarchy on the multiprocessor performance is well known [5].
As the technological development of processors is much faster than the one of mem-
ories, it has become a widely studied bottleneck. A strong relation between the slow-
down on multiprocessor architecture and memory pressure [9,3] has been identified.

Adaptive control system approach can be used to prevent apparition of bottlenecks,
like Paradyn [8] and Autopilot [11] which are based on user defined sensors and actors
that implement the mechanism of control. However those systems provide frameworks
for developing applications, not improving the concurrent execution of a set of applica-
tions. Another system, the Polychronopoulos’s project [9] proposes to monitor memory
swap requests to adapt its scheduling strategy at the kernel-level. This system tries to
avoid using swap.

These systems need low-level information to adapt their scheduling strategy. Most
of them use hardware counters that make it possible to observe a large number of low
level events like cache misses or memory bus transactions.

The first generation of tools provided raw data from hardware counters to the users.
Tools like TAU [1] and HPM Toolkit [4] propose processing of higher level: statistic
tools, automatic instrumentation and visualization tools. The most important problem
of these counters is their heterogeneity among processors. The counter type and access
modes differ from one processor family to another. Two projects, PCL [2] and PAPI
[6], address this problem and propose an application programming interface (API) to

* Supported by scholarship 200 242/00-8 from CNPq - Brazil.
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Fig. 1. Evolution of the speed-up according to the increase of memory rate (Dual Pentium II and
IV Processor).

abstract the architecture of many processors. The PAPI project provides a simple inter-
face for all counters and all events in many architectures.

Based on the hardware counters, we propose the DRAC project (aDaptive contRol
system with hArdware performance Counters). Its aim is to maximize the efficiency
of memory hierarchy utilization. The current DRAC system was developed in order to
optimize memory management. It identifies memory pressure during runtime and reacts
to reduce the amount of memory hierarchy saturation. It has a robust dynamic control
of processes.

This paper is organized as follows. Section 2 presents the bases on which DRAC is
build. In Section 3 we show the DRAC System, in Section 4 we explain the mathemat-
ical model used in our work, and in Section 5 we show an experimental evaluation of
the DRAC system and its comparison with our model. In the last section we conclude
and give directions for future works.

2 Links Between Application Behavior and Memory Activity

An efficient adaptive control system of memory hierarchy based on hardware coun-
ters needs to identify the relationship between speed-up and event counters, and needs
applications with foreseeable behavior to provide robustness.

We have observed the evolution of the memory bandwidth utilization over the time
for several SPEC2000 Benchmarks [12] (11 SPEC INT programs and 9 SPEC FP pro-
grams). We identified three different categories: stable, unstable and multi-regions. The
first one has a steady memory utilization during the execution (70% of the test programs
are following this behavior). For the second one, the memory access rate changes for
each probe (around 10% of the programs). Finally, the last one has different stable areas
over the time (the last 20%).

Thus, as the memory behavior of applications is foreseeable, the DRAC system can
use previous information on memory behavior of applications to improve the schedul-
ing strategy. In the following, we will introduce the relationship between speed-up and
memory bus rate. This relationship might be used to detect the memory utilization effi-
ciency. It might detect available memory bandwidth as well as memory bottlenecks.



DRAC: Adaptive Control System with Hardware Performance Counters 57

The test platform is composed of two computers. The first one is a dual PII processor
of 450 MHz, its memory bus runs at 66MHz, and it has 512 KB of memory cache. The
second one is a dual PIV processor of 1.7 GHz, its memory bus runs at 400 MHz and it
has 256KB of memory cache.

Figure 1 presents the speed-up according to the memory rate on P6 and PIV family
computers. In our tests we used memory benchmarks like STREAM [7], and computing
benchmarks like NPB-3.0 [13] (OpenMP version). We used the performance counters
to measure the memory rate in memory hierarchy (memory bus transactions) with the
perfctr’s [10] library (a PAPI [6] library component). Even if this library uses low-
level hardware mechanisms and sensible event counters, the standard deviation of the
measures remains small and is not represented.

Figure 1(a) (resp. Figure 1(b)) shows the tests on a Pentium II dual processor com-
puter (resp. PIV). We used the events that count the number of memory bus transactions
to measure the memory bus activity. For NAS Parallel Benchmarks [13] we have one
dot in the graph for each program (EP, BT, MG, SP and FT). We used the STREAM
benchmarks [7] (Triad, Copy, Add and Scale) to measure the speed-up for different
memory bus rates. To change the memory bus rate of the STREAM benchmark, we
modified the main loop. We added assembler instructions (nop) in the source code to
change the memory rate evolution. We developed another program to measure the mem-
ory bus activity: Stride. It copies an array and accesses different memory pages in order
not to use the cache.

We observe on Figure 1 that when the memory bus rate is low, the speed-up is
optimal (two). When the memory bus rate is reaching the full capability of the bus, the
speed-up falls to one. The NPB-3.0 EP speed-up is close to the optimal and has a low
memory access rate. Other NPB Benchmark programs reach the full capacity of the bus
and their speed-up fall. We do not show all STREAM benchmarks nor Stride results
because all these programs have the same behavior than Copy and Triad. They have a
gradual increase of memory bus rate utilization and the same characteristics of speed-up
and memory rate.

As a shared resource, the memory can be a bottleneck. It can lead to slow-down
in the execution of applications. We showed that for some areas, it is possible to link
memory behavior and speed-up. For example, on Intel PII, applications with memory
rate under around 5.108 memory transactions per second have a high speed-up, whereas
applications with 12.10% memory transactions per second have a low one. Moreover as
most applications have a steady memory utilization, the DRAC system can use this
information to adapt its scheduling and optimize memory utilization.

3 DRAC: Adaptive Control System

In this section we present the first implementation of the DRAC system, currently an
adaptive control system that reacts to memory bottleneck. It schedules processes to
optimize memory management.

The DRAC system monitors the memory bus and detects slow-down possibility
(cf. section 2). Then it schedules processes according to their memory consumption
to obtain a better memory utilization. The goal of DRAC is to avoid the cases where
requests exceed the memory bus capacity.
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Fig.2. (a): The DRAC System architecture. The simple scheduler uses a list of running processes
and the memory bus activity to take a decision. The admission control waits for a new process.
(b): An hypothetic scenario with the worst and the optimal scheduling.

We can define the DRAC system as a dynamic, preventive, adaptive and non-intru-
sive system as described in [9]. It is dynamic, since the DRAC base identifies the pro-
cesses behavior at runtime. It is preventive, because this system reacts to situations
which may lead to memory bus saturation. Itis adaptive as it performs online scheduling
changes. It is non-intrusive, because it does not adversely affect the program execution.

3.1 System Architecture

DRAC is composed of two different layers: the hardware layer and the system one.
The hardware layer manages the register counters. The system layer takes care of the
user-level scheduling. Our system observes the memory hierarchy activity through the
perfctr [10] low-level library. We developed a new simple scheduler that bases its deci-
sions on this information.

Figure 2 (a) shows this architecture. The user-level scheduler takes a list of pro-
cesses and may change its scheduling according to the memory hierarchy activity pro-
vided by the memory monitor. The list of processes is shared between the scheduler
and the admission control. This list contains all the process information. The admission
control receives the requests for new processes. Then it checks if the system has free
memory available and the number of running processes. If both values are under limits,
a new process is executed, else it is suspended until the end of another process.

3.2 Implementation

Thanks to the low performance intrusion of the hardware counters, the DRAC system
can estimate at runtime the speed-up of applications. Indeed, the memory access rate
can be measured with the hardware counters and we showed in section 2 the relationship
between the speed-up and this rate.

The overhead of context switching misuses resources during the runtime, so we
need a strong decision system to avoid unnecessary ones. We choose to use an hysteresis
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control on account of its robustness with disturbed data. We take the decision according
to two limits: the first one max_limit represents the maximum wanted utilization of the
bus. When this limit is reached one considers that the bus might become saturated. The
second one min_[imit is the threshold under which resources are considered under-used.
These limits are fixed manually for each processor.

When the scheduler identifies a memory bus saturation, it stops the most memory
bus consuming process. It substitutes this process with another one that does less mem-
ory access. The same policy decision was done in Polychronopoulos’s system [9] but
in another memory hierarchy level. We proceed according to the memory bus activity,
whereas the Polychronopoulos’s system focuses on swap requests. The DRAC system
observes the process behavior at runtime and saves the information within the list of
processes. When the system needs to know how much memory bus a process uses, it
checks the list of processes. If a process has never been started, there are no information
on it in the list. If no process has the right characteristics, the system takes a random
process.

The Figure 2 (b) shows two examples of scheduling: the optimal one, and the worst
one. We consider two kinds of processes: the grey process that does many access on the
memory bus (memory bus pressure) and the white one that does nearly no access (no
memory bus pressure). The sequential time of the grey process is 5 units of time. If two
grey processes are executed during the same time, they take a delay. So, we observe that
with an optimal scheduler, the final time is 10 units of time whereas with a worst one it
is 13 units.

The DRAC system follows the hypothesis of the model presented in the next sec-
tion. As the DRAC system decision algorithm depends on previous memory access rate
values, it needs applications with a steady memory access rate. Hopefully, most appli-
cations have such behavior (cf. section 2).

4 Mathematical Model

The previous sections showed that memory load influences the application execution
time and our adaptive control system. But there is still to know how this time is affected
by different scheduling strategies. We describe the mathematical model used to formally
approach the problem. Changes in the execution environment lead to several behaviors.
In this study we choose to evaluate the influences of the memory management on a
finite set of jobs. This model can be used to evaluate the quality of DRAC scheduling
as well as its overhead.

4.1 Slow-Down According to the Memory System Load

We will model here the impact of the memory system load on the runtime as it can be
experimentally seen in the previous sections.

Hypothesis:
1. The memory model is simple: a memory bus shared by all processors.
2. Dependencies between the n running processes is limited to bus memory access (it
implies that processes do not use the swap).
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3. The instruction flows of the processes are the same when they run alone or with
other parallel processes.
4. The memory access rate demand of the processes is constant over time'.

Definitions: Let n be the number of jobs, running on a p processor computer. Let
dseq (%) be the memory rate of processes i fori € {1...n} and dpq is the full capacity

of the memory bus. We define the following load:

— The load of the process i: (i) = —“—"il , where « is the proportion of the memory

bus the process % uses when runnlng “alone. If a(2) = 0 the process does not use the
memory bus, if &(i) = 1 the process saturates the memory bus.

— Theoretical load of the computer: E—‘EIL’(Z)- The theoretical load can be greater
than 1 if the sum of the memory rates is hlgher than the maximum capacity of the
bus.

— Real load of the computer: min(1, Z—%ﬁf—’—@), the theoretical load of the com-
puter or 1 when the former exceeds 1.

The total time of the program execution is: | Tpy = t’T;“i * maz(l, ;Eli‘ﬁ—(z—))

dmam

where the sequential time ., is the processor time spent by n processes one after
another (tseq = Y ey t)-

4.2 Case-Study: Dual Processor Architectures

In this section, we emphasize the dual processor case to show an application of this
mathematic model. We will use three schedulings: Trin the Best Scheduling, Tinax the
Worst Scheduling and Trgnq the Random Scheduling. For those three cases, we will
evaluate the parallel execution times T;;-

The scenario is composed of two types of processes Pp and P;. Py does not access
memory (a(Py) = 0), whereas Py does (a(Py) € [0,1]). The speed-up of a process
is tgeq/tan When runnlng two processes P. The speed-up of Py is two. The speed-up
of Pis 6 (6 = m) 3 is the ratio of processes Py, so § = —’h N is the total
number of processes: N = np, + np,. The parallel execution tlme of P; and P is
tp(P;, P;) where i € {0...1} and j € {0...1}. We suppose that when Py and P are
running alone, their execution times are the same.

The following formula is the total execution time of the two set of processes. As
Py does not use the memory bus, running Py in parallel with P; does not slow down
the execution. Running twice P; may slow down the execution with a factor of 2/¢
by definition of &. Tp,p; is the total execution time of all sequences where F; is in
parallel with P; during the runtime and ¢, ( P; P;) is the execution time with no memory
congestion.

2
Toti = ten(PoPo) + ten(PLPo) + ten(PoPr) + Stth(Plpl)

For the Random Scheduling we will calculate the time expectancy of a parallel exe-
cution. To calculate this expectancy we need the probability of each different execution:

UIf this rate varies too much, it becomes impossible to predict the behavior of the process.
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Prob(PyPy) = (1—)2, Prob(P,Py) = Prob(PyPy) = (1-P), Prob(P1 Py) = 8.
The expected time of a random execution is: Trang = %( 1+ ﬁz(% —-1)).

The Best Scheduling is obtained by minimizing the time when P; is running in
parallel with itself:

- If0% < B £ 50% , sonp, > np,: Tnin = %

- If50% < B < 100%, sonp, < np,: Tmin = N1 =B+ %-(2- 8- 1)).

The Worst Scheduling is obtained by maximizing the time when P; is running in
parallel with itself: Trae = & (1 + 8(2 - 1))
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Fig. 3. Normalized execution time of four different scheduling strategies according to the per-

centage of processes with high memory bus activity on the dual Pentium II and IV processor.

The relationship (cf. Section 2) between the memory load and the slow-down has
been compared with the experimentations. We used this as the base of the model. An
optimal memory management can be achieved. It can be proved that the maximum time
variation according to the scheduling for dual processors is when 8 = 50%. In this case
the best scheduling is 50% faster than the worst one. These model can be generalised to
p-processor, and keeps the same properties with p > 2. As the model provides the best
and random scheduling, it will help to validate the DRAC scheduling.

S Experimental Results

In this section, we present the experimental validation of our model hypothesis and
some experimental evaluations of the DRAC system. For all these experiments, we
used the GNU/Linux operating system with kernel 2.4.18 and the GNU compiler for C
language (gce-3.2 with -O3 optimization). These results are obtained with the DRAC
system (cf. section 3). We used a set of jobs with two kinds of processes, one with high
memory bus activity (SPEC FP ART) and another one with low memory bus activity
(SPEC FP MESA). We performed tests on two different dual processors, one PII, and
one PIV (cf. section 2). Our experiments used four different schedulers that restrict the
total number of running processes to the number of processors: the Worst Scheduling,
the Best Scheduling, the Random Scheduling which are obtained with the mathematical
model described in Section 4, and the DRAC System.
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The experimental results on Pentium II (Figure 3(a)) show that the DRAC system
is 2% slower than the Best Scheduling and its worst result over the Random Scheduling
iswhen 8 < 25% where DRAC is as fast as it. In the case where 8 = 50%, our system
runs 5% faster than the Random Scheduling and 12% faster than the Worst Scheduling.

The results on Pentium IV (Figure 3(b)) show that the DRAC system achieves nearly
the same time as the Best Scheduling strategy (less than 2% slower). When g is 50%,
the DRAC system is 20% faster than the Random Scheduling and 41% faster than the
Worst Scheduling.

These results show that the DRAC system provides an efficient scheduling accord-
ing to the memory bus activity of processes, without a large overhead (less than 2%).

6 Conclusion and Future Works

We presented a study of the impact of the memory hierarchy utilization on multiproces-
sor system. We verified that the memory bus bottleneck slows-down processes. Then
we identified the relationship between the memory access rate and this slow-down.
Moreover, with the model, we proved that it is possible to obtain a speed-up of 50%
compared to the worst scheduling in some cases.

We used these results to propose DRAC, an adaptive control system whose main
goal is to avoid memory bottleneck. DRAC is supposed to work with steady mem-
ory utilization processes on account of its scheduling strategy. Some NAS, STREAM
and SPEC2000 benchmarks are following our hypotheses, we showed that DRAC can
achieve a significant improvement on real applications. The DRAC system has been
tested with several kind of processes. Its performance has been compared with the
model and it has been verified that its scheduling was nearly optimal (less than 2%
slower) for dual processor. The same tests have been done with four processor and the
results seem at least as good.

Future works go in the direction of testing the DRAC system with other real appli-
cations. As soon as possible we will test the memory behavior of the Intel Itanium II
multiprocessor. We have already started to study the hardware performance counters in
this architecture. Another part of this future work is to broaden this study to the case of
shared memory systems following the OpenMP specifications, and to take into account
workloads induced by other resources like the network or the disks on the memory
hierarchy.
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Abstract. A cornerstone of scientific progress is the ability to reproduce
experimental results. However, in the context of network benchmarking,
system complexity impedes a researcher’s attempts to record all of the
information needed to exactly reconstruct a network-benchmarking ex-
periment. Without this information, results may be misinterpreted and
are unlikely to be reproducible.

This paper presents a tool called CONCEPTUAL which simplifies
most aspects of recording and presenting network performance data.
CONCEPTUAL includes two core components: (1) a compiler for a high-
level, domain-specific programming language that makes it possible to
specify arbitrary communication patterns tersely but precisely and (2) a
complementary run-time library that obviates the need for writing (and
debugging!) all of the mundane but necessary routines needed for bench-
marking, such as those that calibrate timers, compute statistics, or out-
put log files. The result is that CONCEPTUAL makes it easy to present
network-performance data in a form that promotes reproducibility.

1 Introduction

Network and messaging-layer performance measurements are used for a variety
of purposes, such as explaining or predicting system and application perfor-
mance, procuring large-scale systems, and monitoring improvements made dur-
ing system deployment or messaging-layer development. Unfortunately, following
a truly scientific approach to measuring network performance is not easy. In the
absence of clear but precise experimental descriptions, the consumers of network
performance data may draw incorrect conclusions, leading to dire consequences.

Consider a standard ping-pong latency test, which reports the time needed
to send a message of a given size from one node to another by calculating half
of the measured round-trip time. Fig. 1(a) shows the result of running a latency
test atop two messaging layers and networks: p4 [1] (based on TCP) over Gigabit
Ethernet [2, Sect. 3] and Tports over Quadrics Elan 3 [3]. The latency test is
implemented using MPI [4] and both the p4 and Tports layers are integrated as
MPICH channel devices [S]. The latency program was compiled with GCC 2.96
using the —03 and —g flags. All experiments were performed across the same —
otherwise idle — pair of nodes, each containing two 1 GHz Itanium 2 processors

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, pp. 64-71, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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Fig. 1. Two variations of a latency test.

(one unused). Each data point represents the arithmetic mean of 11 executions
of the latency test. As Fig. 1(a) shows, the p4/GigE version of the latency test
exhibits lower latency than the Tports/Elan 3 version on all message sizes from
0 bytes to 2 kilobytes. Furthermore, the p4/GigE latency increases smoothly
while the Tports/Elan 3 latency varies erratically.

Figure 1(b) also shows the result of running an MPI-based latency test. This
test was run atop the same two messaging layers and networks as the previous
test. The same compiler was used and the experiments were performed across
the same nodes of the same cluster. As before, each data point represents the
arithmetic mean of 11 sequential executions of the latency test and, as before,
nothing else was running on the system. However, Fig. 1 (b) delivers the opposite
message from that delivered by Fig. 1(a): Fig. 1(b) shows that Tports/Elan 3
is significantly faster than p4/GigE. Also, the Tports/Elan 3 curve shown in
Fig. 1(b) is smooth, unlike the erratic curve presented in Fig. 1(a).

Naturally, something is different between the experiment/experimental setup
used in Fig. 1(a) from that used in Fig. 1(b) — but what? Although we defer
the answer to Sect. 2 the point is that even with all of the experimental setup
described above, the performance results are untrustworthy; some critical piece of
information is missing. This simple exercise demonstrates the problem with the
status quo of network benchmarking: performance data that lacks a complete
and precise specification is subject to misinterpretation. This paper proposes
a solution in the form of a programming environment called CONCEPTUAL
which was designed specifically to simplify the implementation of reproducible
network-performance tests. The rest of this paper is structured as follows. Sect. 2
motivates and describes CONCEPTUAL and showcases some sample output.
Sect. 3 places CONCEPTUAL in context, discussing the types of tasks for which
CONCEPTUAL is best suited. Finally, Sect. 4 draws some conclusions about the
implications of using CONCEPTUAL for network performance testing.
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2 coNCePTualL

Fig. 1 on the preceding page shows how subtle differences in experimental setup
can lead to radically different performance results. CONCEPTUAL (= “Network
Correctness and Performance Testing Language”) is a programming environ-
ment designed to help eliminate the ambiguities that can limit the usefulness of
performance results. It centers around a high-level, domain-specific language cre-
ated for the express purpose of writing network benchmarks. The design decision
to introduce a new language instead of merely creating a performance library
stemmed from the desire to make CONCEPTUAL programs more readable than
a jumble of function calls and control structures. Although a library can cer-
tainly encapsulate all of the functionality needed for the scientific acquisition
and reporting of data and a textual or pseudocode description of a benchmark
can convey the basic idea, CONCEPTUAL combines the best features of both
approaches:

1. Like pseudocode or prose but unlike the combination of a general-purpose
programming language and a library, CONCEPTUAL programs are English-
like and can largely be read and understood even by someone unfamiliar
with the language.

2. Like the combination of a general-purpose programming language and a
library but unlike pseudocode or prose, CONCEPTUAL programs precisely
describe all aspects of a benchmark, most importantly the implementation
subtleties that may be omitted from a description yet have a strong impact
on performance (as demonstrated by the previous section’s description of
Fig. 1).

The CONCEPTUAL compiler, written in Python with the SPARK compiler
framework [6], sports a modular design that enables generated code to target
any number of lower-level languages and messaging layers'. Hence, the same
high-level CONCEPTUAL program can be used, for example, to compare the
performance of multiple messaging layers, even semantically disparate ones such
as MPI and OpenMP. The generated code links with a run-time library that
takes care of most of the mundane aspects of proper benchmarking, such as cal-
culating statistics, calibrating timers, parsing command-line options, and logging
a wealth of information about the experimental setup to a file.

The CONCEPTUAL language provides too much functionality to describe in
a short paper such as this; the reader is referred to the CONCEPTUAL user’s
manual [7] (available online) for coverage of the language’s syntax and seman-
tics. In lieu of a thorough description of the language, we now present a few
trivial code samples with some accompanying explanation to convey a basic feel-
ing for CONCEPTUAL. Listing 1 presents the complete CONCEPTUAL source
code which produced the data for Fig. 1(a) and Listing 2 presents the complete
CONCEPTUAL source code that produced the data for Fig. 1(b). One thing

! Currently, the only backends implemented are C + MPI and C + Unix-domain data-
gram sockets; more backends are under development.
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Listing 1. Source code that produced Fig. 1(a)

msgsize is "Message size (bytes)” and comes from "--bytes” or "-b”

with default 0.

All tasks synchronize then

task 0 resets its counters then

task 0 sends a msgsize byte message to task 1 then
task 1 sends a msgsize byte message to task 0 then
task 0 logs elapsed_usecs /2 as "1/2 RTT".

L T R

Listing 2. Source code that produced Fig. 1(b)

!

msgsize is " Message size (bytes)” and comes from "--bytes” or "-b”

with default 0.

All tasks synchronize then

for 100 repetitions {
task 0 resets its counters then
task 0 sends a msgsize byte message to task 1 then
task 1 sends a msgsize byte message to task 0 then
task 0 logs the median of elapsed_usecs /2 as "1/2 RTT”

o ® N 0 ek W e

o
—

to note is that the language is very English-like; CONCEPTUAL programs are
intended to read much like a human would describe a benchmark to another hu-
man. Although one can probably grasp the gist of Listings 1-2 without further
explanation, the following details may be slightly unintuitive:

— The first statement in Listings 1 and 2 parses the command line, assigning
the argument of - -bytes (or simply -Db) to a variable called msgsize.

— To simplify the common case, sends is synchronous and implies a matching
synchronous receives. Either or both operations can be asynchronous. CON-
CEPTUAL also supports data verification and arbitrary buffer alignment.

— The CONCEPTUAL run-time library automatically maintains the
elapsed_usecs (“elapsed time in microseconds”) counter and many other
counters, as well.

If not yet obvious, the explanation of the performance discrepancy shown in
Fig. 1 is that the code shown in Listing 1 measures only a single ping-pong while
the code shown in Listing 2 reports the median of 100 ping-pong iterations.
Unlike p4, which uses TCP and therefore goes through the operating system
for every message, Tports is a user-level messaging layer that communicates
directly with the Elan. However, the Elan, which can transfer data from arbitrary
addresses in an application’s virtual-memory space, must pin (i.e., prevent the
paging of) message buffers before beginning a DMA operation. Because pinning
requires both operating-system intervention and a sequence of costly 1/O-bus
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crossings, a large startup overhead is incurred the first time a message buffer
is utilized. The code shown in Listing 1 does not amortize that overhead while
the code shown in Listing 2 does. Neither latency test is unreasonable; although
codes like Listing 2 are more common in the literature, codes like Listing 1 are
used when they more accurately represent an application’s usage pattern. For
example, two of the three execution modes of Worley’s COMMTEST benchmark,
which is used to help tune climate and shallow-water modeling applications [§],
specify that each message be sent only once.

Although Listings 1-2 state simply “task O logs (something)”, the CON-
CEPTUAL run-time library takes this as a cue to write a set of highly detailed
log files, one per task. Each log file contains information about the execution
environment, a list of all environment variables and their values, the complete
program source code, the program-specific measurement data, and a trailer de-
scribing the resources used during the program’s execution.

A sample log file is shown below. This particular file — selected arbitrarily
from those used in the preparation of this paper — corresponds to one of the
values averaged to make the upper-right data point of Fig. 1(a), although the
file represents a later run than was used in the figure.

coNCePTual log file

coNCePTual. version: 0.5.1

coNCePTual. backend: c_mpi (C + MPI)

Executable name: /home/pakin/src/coNCePTual/latencyl-elan

Working directory: /home/pakin/src/coNCePTual

Command line: ./latencyl-elan --bytes=2048 --logfile=latencyi-elan-2048-run4-%d.log
Number of tasks: 2

Processor (0-1): 0

Host name: all

Operating system: Linux 2.4.21-3.6gsnet #2 SMP Thu Aug 7 10:51:04 MDT 2003

CPU vendor: GenuineIntel

CPU architecture: ia64

CPU model: 1

CPU count: 2

CPU frequency: 1300000000 Hz (1.3 GHz)

Cycle-counter frequency: 1300000000 Hz (1.3 GHz)

0S page size: 16384 bytes

Physical memory: 2047901696 bytes (1.9 GB)

Library compiler+linker: /usr/bin/gcc

Library compiler options: -Wall -W -g ~03

Library linker options: -lpapi ~lm ~lpopt

Library compiler mode: LP64

Dynamic libraries used: /usr/local/lib/libpapi.so /1ib/libm-2.2.4.so0 /usr/1lib/libpopt.s0.0.0.0 /usr/
Average microsecond timer overhead [inline assembly codel: <1 microsecond
Microsecond timer increment: 1.00887 +/- 0.256529 microseconds (ideal: i +/- 0)
Process CPU-time increment [getrusage{)]: 976.57 +/- 0.49757 microseconds (ideal: 1 +/- 0)
WARNING: Process timer exhibits poor granularity (not a serious problem).

Log file template: latencyl-elan-2048-run4-%d.log

Message size (bytes): 2048

Number of minutes after which to kill the job (-i=naver): -1

List of signals that should not be trapped: 14

Compilation command line: /usr/lib/mpi/mpi_gnu/bin/mpicc -I/tmp/ncptl/include -I/usr/local/include
Log creator: Scott Pakin

Log creation time: Thu May 27 18:46:43 2004

Environment variables

HOME: /home/pakin

PATH: /home/pakin/bin:/usr/local/bin:/usr/bin:/usr/sbin:/bin:/sbin:.
PWD: /home/pakin/src/coNCePTual
RMS_JOBID: 16588

RMS_MACHINE: a

RMS_NNODES: 2

RMS_NODEID: 0

RMS_NPROCS: 2

RMS_PROCID: O

RMS_RANK: O

RMS_RESOURCEID: parallel.17079
RMS_STOPONELANINIT: ©

SHELL: /bin/tcsh

[
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54 # USER: pakin
113 #
56 # coNCePTual. source code

57 # mmmmemm e

58 # msgsize is "Message size (bytes)" and comes from "--bytes" or "-b"
59 # with default O.

80 #

61 # All tasks synchronize then

62 # task O resets its counters then

63 # task 0 sends a msgsize byte message to task 1 then

84 # task 1 sends a msgsize byte message to task O then

65 # task O logs elapsed_usecs/2 as "1/2 RTT".

86 #

&7
68 "1/2 RTT"

69 "(all data)"
70 207

71
72 # Program exited normally.

73 # Log completion time: Thu May 27 18:45:43 2004
74 # Elapsed time: O seconds

75 # Process CPU usage (user+system): 0 seconds

76 # Task IDs assigned to processor 0: O

77 # Processors assigned to task ID 0: 0

78

The key point is that a CONCEPTUAL log file contains not just performance
measurements but also a detailed description of how they were produced, which
helps third parties understand the performance results. Such complete log files
are also of use to the people who generated them: How often does a researcher
struggle to use old data in a new paper or presentation, not remembering if
results.dat was produced with the environment variable MPI_BUFFER MAX set
to 2048 or 1048576; whether the experiment was run with the older 2.8 GHz
processors or the newer 3.2 GHz processors; or, even if the test transmitted mes-
sages synchronously or asynchronously? Furthermore, aspects of the execution
environment that cannot be determined automatically (e.g., characteristics of
the network fabric) can be inserted manually into a log file with a command-
line option to the benchmark program. In short, with CONCEPTUAL, log files
present a complete picture of an experiment, making them far more valuable
than measurement data alone.

3 Discussion

The programs presented in Sect. 2 are simple to express in CONCEPTUAL but —
apart from the creation of such content-rich log files — would be almost as sim-
ple to express in any other language. In general, CONCEPTUAL’s usefulness
increases with the complexity of the communication pattern being tested. For
example, the 4 x 4 synchronous-pipe pattern described in a MITRE report [9]
requires 248 lines of LSE, a terse but low-level language for describing communi-
cation benchmarks. Because CONCEPTUAL is a high-level language, the same
code (in fact, a more general M x N synchronous pipe) can be expressed in only
26 lines of CONCEPTUAL - far less than the LSE version and not significantly
more than what would be needed for a textual description of the communication
pattern. It is not merely short code lengths that make CONCEPTUAL useful;
the increased comprehensibility of a CONCEPTUAL program over the equiva-
lent program written in a lower-level language and the increased precision of a
CONCEPTUAL program over a prose description make CONCEPTUAL a useful
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tool for any sort of network performance testing. The language even supports a
hybrid coding style in which lower-level language code can be inlined and exe-
cuted from a CONCEPTUAL program, thereby ensuring that no functionality is
lost by programming in CONCEPTUAL instead of a lower-level language.

CONCEPTUAL is not intended to be a replacement for existing communicat-
ion-benchmark suites such as the Pallas MPI Benchmarks [10] or SKaMPI [11].
Rather, its real strengths lie in its ability to rapidly produce customized tests of
network and messaging-layer performance:

— A CONCEPTUAL mock-up of an application may make “what if” scenarios
more easy to evaluate than would rewriting the original application. For in-
stance, a user can evaluate how altering the communication pattern (caused,
for example, by a different data decomposition) should affect overall applica-
tion performance. A CONCEPTUAL mock-up of Sweep3D [12] is currently
under development.

— System and application performance problems can be diagnosed by generat-
ing a simple but representative communication benchmark and successively
refining it to hone in on the source of the problem. (This methodology was
recently used to nearly double the performance of an application running on
ASCI Q [13].)

— Network-performance tests unique to a particular domain or otherwise unfa-
miliar to a target audience can be presented in a precise, easily understood
manner.

The CONCEPTUAL source code will soon be available from http://www.
c3.1anl.gov/~pakin/software/. Making the software open-source enables re-
searchers to scrutinize the code so that CONCEPTUAL can be used as a trust-
worthy replacement for C as a network-benchmarking language.

4 Conclusions

In the domain of network benchmarks, recorded performance data cannot blindly
be trusted. As demonstrated in Sect. 1, subtle variations in experimental setup —
even for a benchmark as trivial as a latency test — can lead to grossly varying
performance curves, even leading to different conclusions being drawn about
relative performance. The problem is that the complexity of current computer
systems makes it difficult (not to mention tedious) to store a sufficiently thorough
depiction of an experiment that was run and the experimental conditions under
which it ran. As a consequence, performance tests can rarely be reproduced or
validated in a scientific manner. Even unpublished performance data used locally
suffers from lack of reproducibility; a researcher may unearth old measurements
but have no record of what benchmark produced them or what parameters were
utilized in the process.

This paper proposes the CONCEPTUAL programming environment as a so-
Iution to the problem of irreproducible network performance results. CONCEP-
TUAL tries to codify the best practices in network and messaging-layer per-
formance testing into a high-level domain-specific language and accompanying
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run-time library. CONCEPTUAL was designed specifically to support and fa-
cilitate all aspects of network and messaging-layer performance testing, from
expressing complex communication patterns tersely yet unambiguously through
storing in self-contained log files everything needed to reproduce an experiment.
Using CONCEPTUAL, a researcher can easily present in a paper or report a
benchmark’s actual source code — not pseudocode, which may inadvertently
omit critical details. Although it will always be possible to misrepresent network
performance, CONCEPTUAL makes it much easier to be meticulous.
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Abstract. Loop transformations are well known to be a very useful tool
for performance improvements by optimizing cache access. Nevertheless,
the automatic application is a complex and challenging task especially for
parallel codes. Since the end of the 1980’s it has been promised by most
compiler vendors that these features will be implemented - in the next
release. We tested current FORTRANO90 compilers (on IBM, Intel and
SGI hardware) for their capabilities in this field. This paper shows the
results of our analysis. Motivated by this experience we have developed
the optimization environment Goofi to assist programmers in applying
loop transformations to their code thus gaining better performance for
parallel codes even today.

1 Introduction

Usually, a developer focuses on implementing a correct program which solves
the problem underneath. Applications which do not take into account the cache
hierarchy of modern microprocessors, most times achieve only a small fraction of
the theoretical peak performance. Tuning a program for better cache utilization
has become an expensive and time consuming part of the development cycle.

The EP-CACHE project' [1, 2] is developing new methods and tools to im-
prove the analysis and the optimization of programs for cache architectures.
The work presented here is part of this research activity and focuses on the
optimization of the source code.

One way to optimize the cache usage of applications are source-to-source
transformations of loops. There are a number of transformations known that
improve data locality and therefore the reuse of the data in the cache, like loop
interchange, blocking, unrolling etc. (see Fig. 1).

Modern compilers claim to use loop transformations in code optimization.
We have tested three FORTRAN90 compilers (Intel ifc 7.1 [3], SGI MIPSpro 7.3
[4], and IBM xIf for AIX V8.1.1 [5]) for loop transformations. On one hand, an

! Funded by the German Federal Ministry of Education and Research (BMBF) under
contract O1IRB04.

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, pp. 72-81, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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Fig. 1. Visualization of the measured L1 misses per load instruction as a function of
time in Vampir [6] of a nested loop (a) before and (b) after the ‘“unrolling” transfor-
mation.

example program was compiled with optimizations switched on. On the other
hand, the example source code was optimized manually. In Sect. 2 the tests and
their results are outlined in more detail.

Restructuring source code (e.g. applying loop transformations) by hand is
a complicated and error-prone task. Therefore, we developed a tool to assist
developers in optimizing their FORTRAN applications: loop transformations
are done automatically on user request. Sect. 3 gives and overview of this tool.
Finally, in Sect. 4 our future work and intentions are pointed out.

2 Current Compilers and Their Optimization Capabilities

2.1 Compiler Tests

In order to test the optimization capabilities of current compilers in terms of
cache access, we compared the code generated by compilers with code optimized
by hand. An example program was written in Fortran, which solves a system of
linear equations based on the Gaussian algorithm. Step by step the original code
of the algorithm was optimized manually and executed, both sequential and in
parallel. OpenMP was used for the realization of the parallel processing.

The original source code did not utilize any optimizations. The elements
of the coefficient matrix are accessed line by line. As this is contrary to the
internal storage order of the matrix elements, a large number of cache-misses
are produced. In the compilation process the maximum optimization level (-O5
for IBM’s xIf, -O3 for the other compilers) was used with all tested compilers.

A first manual optimization was realized by implementing a loop interchange.
This adapts the data access to the storage order on FORTRAN, increasing tem-
poral locality in the cache and therefore decreasing the cache miss rate.

Further optimizations were tested, both for the sequential and parallel case.
The following changes were applied: loop fission; replacing of multiple divisions
with one division and multiple multiplications; loading of loop invariant matrix
and vector elements into temporary variables; use of different names for loop
indices.
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2.2 Results

Figure 2 shows the results on SGI Origin 3800 with MIPS R12000 processors
(400 MHz) using the MIPSpro 7.3 compiler. With optimizations switched on,
the compiler recognizes the cache access problems and optimizes the sequential
code (“sequential: -O3” in Fig. 2). Further manual transformations provide only
very few improvements in the runtime of the sequential code (“sequential: loop
interchange” and “sequential: additional optimizations™).

The parallel programs are not optimized by the compiler automatically (“4
threads: -O3”). This can be concluded from the fact, that the manually optimized
code yields much better runtimes (“4 threads: loop interchange” and “4 threads:
additional optimizations”). The runtime even increases in parallel mode without
manual changes compared to the sequential case, which is probably caused by
the very good optimization results of the sequential code.

i SGI MIPSpro 7.3 FORTRAN compiler, SGI Origin 3800_]

w L : : : : i '
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Fig. 2. Runtime as function of the matrix dimension on the SGI Origin 3800 with the
MIPSpro 7.3 FORTRAN compiler.

In Figs. 3 and 4 the results of the measurements on Fujitsu Siemens Celsius
670 and IBM Regatta p690 are illustrated. The Celsius machine consists of two
Intel Xeon 2.8 GHz processors running in hyperthreading mode (thus having
only 4 logical CPUs in contrast to the other machines with 4 physical CPUs). As
compiler Intel’s ifc Version 7.1 was used. On the Regatta with its Power4 1.7GHz
processors, the code was compiled with IBM’s xIf FORTRAN compiler for AIX
V8.1.1. For either compiler and both in sequential and parallel processing the
findings are similar: the improvement in runtime due to manual optimizations
is significant and larger than on the SGI Origin. The speedup is in the order of
about 10. In contrast to the MIPSpro7 compiler on the Origin, the appliance of
the additional optimizations does not result in any improvement. This implies,
that comparable optimizations were already done by the compilers.
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Fig. 3. Runtime as function of the matrix dimension on a Fujitsu Siemens Celsius 670 (2
CPUs in hyperthreading mode) with Intel’s FORTRAN compiler 7.1; the measurement
curves of the two manually optimized parallel codes and of the code with additional
optimizations are on top of each other.

As an example the runtimes for a matrix size of 1600 are listed in Table 1.

Table 1. Runtime in seconds for all tested compilers and cases (matrix size: 1600)
Remark: In the parallel case the Intel machine uses Hyperthreading mode. This means
that the 4 threads run on 2 physical CPUs only.

SGI Intel IBM
MIPSpro 7.3|ifc 7.1 |xIf V8.1.1

sequential
-03 35.8 190.5 824
loop interchange 34.5 19.9 8.7
additional optimizations 31.2 114 7.8
parallel, 4 threads
-03 62.4 125.7 28.5
loop interchange 16.7 11.2 2.6
additional optimizations 6.4 11.2 3.0

2.3 First Summary

Our measurements demonstrate, that the capabilities of the three tested FOR-
TRAN compilers to optimize cache behaviour vary. Only MIPSpro7 is able to
automatically optimize sequential code in such a way, that the resulting speedup
is comparable with a manual optimization.



76 R. Miiller-Pfefferkorn, W.E. Nagel, and B. Trenkler

[ IBM xif V8.1.1 FORTRAN compiler, IBM Regatta Powerd |

¥ sof- . :
g - sequential: -03
i g R sequential: loop interchange
2 - = sgquential; additional optimizations /'
60 ':— w4 threads; -03
E -+ 4 threads: loop interchange
501 4 threads: additional optimizations ]
40 ; / Y
30
= P4
20 :_ ................
= ,,«
10— : v
F il m,.,. | napnmnEOR
0 Dotentetdi ot s T A T L e Nl P
0 200 400 600 800 1000 1200 1400 1600

matrix size

Fig. 4. Runtime as function of the matrix dimension on a IBM Regatta p690 system
with IBM’s xIf for AIX FORTRAN V8.1.1 compiler; the measurement curves of the
two manually optimized parallel codes are on top of each other.

In the case of parallel OpenMP processing, none of the compilers can im-
prove the original source code. Currently, the only way to improve cache access
problems in FORTRAN programs seem to be the manual optimizations like loop
transformations.

3 Assisting the Developer: Goofi

3.1 Goals

There are three drawbacks in a manual optimization of source code: it is time
consuming, error-prone and can become quite complicated. Therefore, we de-
veloped the tool Goofi (Graphical Optimization Of Fortran Implementations)
to support cache optimizations for FORTRAN applications. The goals are to
provide the user with

a graphical interface,

an easy way to request and specify transformations,

automatic transformations by one mouse click and

the possibility to easily compare original and transformed source code.

3.2 Doing Loop Transformations with Goofi

Making loop transformations with Goofiis done in two steps: Insert one or a chain
of transformation request directives (called “trafo directives”) and secondly, ask
Goofi to carry out the transformations. A “trafo directive” is composed of the



Optimizing Cache Access 77

name of the transformation requested and their parameters. It is inserted as a
FORTRAN comment beginning with a special character sequence. This allows
the user to save the directives with the source code for later reuse without
interfering with compilation.

The following directive e.g. requests a blocking of size 8 of the loop imme-
diately following the directive (I loop) with the loop nested one level below (J
loop):

bo I_1=1,N,8
I_UPPER_1 = N
ITRA$ BLOCKING 8 1 bo J_1=1,N,8
Do I=1,N = J_UPPER_1 = N
DO J=1,N DO I=I_1,MIN(I_1+7,I_UPPER_1),1

DO J=J_1,MIN(J_1+7,J_UPPER_1),1

It is also possible to specify a chain of directives at once like ‘“normalize a loop
and then merge it with another one”.

Directives can be inserted either by hand or in a more comfortable way by
using Goofi. For the latter, the user loads the FORTRAN file he/she wants to
optimize into the Goofi environment. The original source code will appear on
the left side of a window splitted into two parts (see Fig. 5). Now, the user can
simply insert directives by right clicking into the source code at the places where
he/she wants to apply them. After selecting a special transformation, a popup
window will appear, where the transformation parameters can be filled in or
adjusted.

Finally, the user requests Goofi to do the transformations either by a button
click or by a selection from a menu. The resulting transformed source file will
show up in the right window of the split screen, making direct visual comparison
easily possible. It is also possible to edit the source code directly in Goofi, which
is supported by syntax highlighting.

Currently, the following loop transformations are implemented:

— optimizing loop transformations

e Index Set Splitting: split a loop into several loops

s Fission/Distribution: split a loop into several loops distributing the loop
body — increase temporal locality by reusing cached data that were
overwritten before

e Fusion: merge two loops — increase temporal locality by reusing data
distributed in several loops before

o Interchange: exchange two nested loops — increases temporal locality

® Blocking: decompose loops over arrays into blocks — improves cache line
usage and data locality

e Unrolling: replicate the body of a loop — minimizes loop overhead and
increases register locality

e Outer Loop Unrolling: replicate the body of a outer loop in a loop nest
— minimizes loop overhead and increases register locality
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Fig. 5. Screenshot of Goofi with original and transformed source files and the trans-
formation selection window.

— preparing loop transformations
o Normalization: bring the loop in the normalized form
e Reversal: reverse the iteration order

The last group of transformations does not directly improve cache utiliza-
tion. However, it can be used to prepare loops for further transformations. E.g.
sometimes a loop can be fused with another one after the normalization step
only.

When using OpenMP, Goofi is capable to take into account changes needed
in OpenMP contructs that are affected by a transformation. As an example, the
change of the variable in the “private” clause of the outer parallized loop after
an interchange transformation can be mentioned.

Applying transformations can improve the runtime behaviour of applications
as cache access due to a prior cache miss is costly. Though Goofi is not directly
aimed to provide improvements especially for parallel codes the above statement
is true both for sequential and parallel applications. A distributed loop still
experiences pretty much the same problems, bottlenecks or advantages in the
cache behaviour as a sequential one.

3.3 Basics of Goofi

Goofi is based on a client-server architecture (see Fig. 6). The clients graphi-
cal user interface is written in Java to make it portable to different computing
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Fig. 6. Basic architectural principles of Goofi. The client is just a user interface, the
server analyses the FORTRAN code and applies the transformations.

platforms. This allows to bring the tool to the users source code on the plat-
form the code runs on. Goofi is dynamically configurable with XML-files. This
includes the GUI (like menu structures) and the language preferences. Currently,
the english and german language preferences are implemented. There is a strict
separation between the server and the client regarding their knowledge on FOR-
TRAN. The client is only the GUI and editor sending the FORTRAN source
code to the server for analysis and transformation. Server and client communi-
cate via sockets and use their own protocol. The server is implemented in C++
and C using the front end of the ADAPTOR [7] compilation system to analyse
the FORTRAN code. After scanning and parsing the source code, definition and
syntax check, a syntax tree is constructed (see Fig. 7). The “trafo directives”
requested by the user are inserted into this tree. The transformations are done
on the tree first. This includes restructuring the loops and statements (e.g. in
an interchange transformation) or inserting new syntax elements (e.g. new lines
with upcounted indices in an unrolling transformation). Finally, the transformed
source code is generated by unparsing the tree and is sent back to the client.

Additional care has to be taken if there are dependencies in the code. For
the syntax analysis, all elements (variables, functions etc.) have to be known. In
FORTRAN, there are two possibilities to introduce such dependencies: include
files and the use of modules. Dependencies due to include-files are resolved by
simply inserting the include-files during parsing. Thus, in the client the user has
to specify the directories where Goofi can look for them. Then, they have to be
sent to the server.

For the usage of modules their syntax trees have to be created before opening
files depending on such a module. These syntax trees are saved in files on the
server side. If a “USE” statement appears the server can load the syntax tree
from file. On the client side, the user only has to specify the directories containing
the source code of the modules. By one further click the modules are transfered
to the server and their syntax trees are created.
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Elem = ACF_DO
Line = 10
DO_ID = LOOP_VAR
LOOP_VARNAME = VAR_OBJ
Pos = 10
Ident =1
DO_RANGE = SLICE_EXP
FIRST = CONST_EXP
c = INT_CONSTANT
value =1
kind =4
STOP = VAR_EXP
v = USED_VAR
VARNAME = VAR_OBJ
Pos = 10
Ident =N
INC =
DO_BODY = ...
TRANSFO = TINTERCHANGE_STMT
depth =1

Fig. 7. Example of the syntax tree of a DO-loop. The TRANSFO element marks the
transformation to be performed on this loop.

4 Future Work

Our next steps are to evaluate and validate the performance improvements pos-
sible with Goofi on large applications. Two representative parallel simulation
applications will be used: the local model of the DWD (Deutscher Wetterdienst,
German National Meteorological Service) and the geophysical package GeoFEM
of RIST, Tokio.

Having a tool like Goofi to assist a developer in applying optimizations is
just one part in an optimization process, actually it is even the second step. The
first major part is the identification and the understanding of bottlenecks in a
program due to cache access problems. General information about cache misses
are not very useful, as they give the user only the information that something
goes wrong, but not where and why.

The EP-CACHE project [2] is also intended to overcome this problem. We
are working on the exploration of hardware monitoring and monitor control
techniques (TU Miinchen, [8-10]) that can help the user to gain more precise and
detailed information about the cache behaviour of a program. Combined with
the useful performance visualization VAMPIR [6,11,12] and further optimization
tools (SCAI Fraunhofer Gesellschaft, Sankt Augustin) the user will be enabled
to easily speedup his or her application.
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Abstract. In this paper we show that data races, a type of bug that
generally only causes havoc in parallel programs, can also occur in se-
quential programs that use signal handlers. Fortunately, it turns out that
adapting existing data race detectors to detect such bugs for sequential
programs is straightforward. We present such a tool, and we describe
the modifications that were necessary to detect data races in sequential
programs. The experimental evaluation revealed a number of data races
in some widely used programs.

1 Introduction

Developing parallel programs is encumbered by the fact that proper synchronisa-
tion must be used to access shared variables. A lack of synchronisation will lead
to a data race [1]: two or more parallel executing threads access the same shared
memory location in an unsynchronised way, and at least one of the threads mod-
ifies the contents of the location. Note that the prerequisite parallel execution
does not imply that the application should be executed on a parallel computer
with multiple processors on which true physical parallel execution is possible. A
data race is also possible on computers with only one processor, as the scheduler
simulates logical parallellism between the threads.

As data races are (most of the time) considered bugs, they should be removed.
Fortunately, automatic data race detection is possible and a number of data race
detectors have been build in the past [2, 3]. Basically, two types of information
are needed to perform data race detection: a list of all load/store operations
(with information about the memory address used, the thread that executed the
instruction, the type of operation (load, store or modify)) and information about
their concurrency. The latter information can be deduced by intercepting the
synchronisation operations (e.g. thread creation, mutex operations, semaphore
operations, ...).

Developers of sequential programs do not have to worry about data races,
except if the program uses signal handlers. We’ll show that signal handlers in-
troduce logical parallellism and as such data races can show up.

In the remainder of this paper, we start with a short description of UNIX
type signals and signal handlers. Next, we’ll show that signal handlers indeed
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introduce parallellism, even in sequential programs, and we’ll describe how an
existing data race detector for IA32 binaries running on Linux has been adapted
to detect them. We end with an experimental evaluation. To the best of our
knowledge, there are no other data race detectors that deal with signal handlers.

2 Signals

A signal is an important communication mechanism that was already supported
by the very first UNIX-implementations [4]. A signal is basically a message
(signal number, identity of the sender, context information, ...) that can be
sent to a process. The signal can either be sent by a process (including the
recipient) using the kill system call, or the kernel can trigger one upon the
occurrence of a certain event (e.g. a processor trap). In both cases, the kernel
will notify the application by sending the appropriate signal (read: setting a bit in
the process context). The next time the application is scheduled, the application
will execute the corresponding signal handler. Such a signal handler is a function
that is registered with the kernel by means of the signal or sigaction system
call. E.g. Figure 1 shows a program that will print You pressed “C! each time
*C is pressed.

Typical signals are SIGSEGV (the application tries to access an invalid mem-
ory location), SIGILL (an illegal instruction was executed), SIGFPE (a floating
point exception occurred), SIGPIPE (broken pipe), SIGALRM (normally sent
by an application to itself in order to execute a function at a certain time in
the future), SIGINT (interrupt signal sent by the shell when you press *C), SI-
GUSRI1 (a general purpose signal), SIGWINCH (sent by the window manager
when the size of the window changes), ....

As mentioned above, when a signal reaches' an application, the normal pro-
gram execution is interrupted and a signal handler is executed instead. As the
program execution can be interrupted at any time, esp. if a signal was sent by
another application, a data race can occur if one does not pay attention to this
fact. Figure 2 shows an example: inmain () the variable global is incremented
and decremented a (large) number of times, resulting in a final value of O for
global. However, each time “Cis pressed, a signal handler gives global an ad-
ditional increment, resulting in a positive final value for global. This should be
considered to be a data race: two unsynchronised write operations to the same
variable. Of course, this is an artificial example, but similar problems can occur
in real life applications, e.g. a graphical application that receives a SIGWINCH
signal should update its width and height with care.

In [5], a number of Linux applications were examined, and the author states
that “80 to 90% of signal handlers we have examined were written in an insecure
manner”. The manual inspection revealed races in such high-profile applications
as sendmail, WU-FTP and screen.

' Two signals (SIGKILL and SIGSTOP) never reach an application, but are directly
handled by the kernel.
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#include <signal.h>
void sigint () {puts("You pressed ~“C!");}

main(){
signal(SIGINT, sigint);
while (1){}

}

Fig. 1. A simple signal handler example.

#include <signal.h>

#define N 1<<24
unsigned global=0;

void sigint(){global++;}

main(){
unsigned i;
signal (SIGINT, sigint);
i=N; while (i-—-) global++;
i=N; while (i--) global--;
}

Fig. 2. A small program exhibiting a data race involving global.

3 Dealing with Signals
in the Context of Data Race Detection

In order to detect data races in signal handlers, one has to trace the memory
operations and gather information about their concurrency. The latter requires
some attention: although signal handlers normally do not use synchronisation
operations in order to prevent data races, not all signal handler memory op-
erations are parallel with all memory operations executed by the application
itself.

Attention should be paid to the following points:

— the data race detector should take into account that it is impossible to exe-
cute a signal handler before the signal handler is registered with the kernel.
E.g. Figure 3 shows a program in which global is modified inmain () and
in the sigint () signal handler. As the signal is installed after the modifica-
tion of global inmain (),the accesses to global will never be executed in
parallel, and hence no data race can occur.

— the above also applies to a signal that was sent by the application itself,
e.g. using the kill () or alarm() function. Figure 4 shows an application
that sends an alarm signal to itself. In this case, no data race occurs as the
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#include <signal.h>

unsigned global=0;

void sigint(){global++;}

main(){

}

global++;
signal (SIGINT, sigint);
sleep(10);

Fig. 3. This program does not exhibit a data race involving global as main accesses
global before the signal handler is installed.

#include <signal.h>

unsigned global=0;

void sigalarm(){ @

global+-;+

} e

main () {

}

signal (SIGALRM, sigalarm); @
global+;+
alarm(10); //send a SIGALRM to ourself in 10 seconds @&

Fig. 4. This program does not exhibit a data race involving global as main accesses
global before sending the signal. However, a data race will occur if another process
also sends a SIGALRM to the application. The numbers refer to the modifications that
were applied to our data race detector, see section 4.3.

alarm() call always precedes the execution of the sigalarm() handler. Of
course, as the SIGALRM can also be sent by another application (resulting in a
data race), the signal context should be checked; if the sender is the process
itself, the data race detector should update the concurrency information.
the easiest way to prevent data races in signal handlers is blocking the arrival
of signals. Signals can be blocked automatically each time a certain signal
handler is executed or explicitly using the sigprocmask system call. For
both methods, a mask with one bit per signal is registered in the kernel. A
data race detector should take this blocking into account.

during the execution of a signal handler, the thread executing the signal
handler should be assigned a new thread number. This also applies to a
signal handler preempting the execution of another (or the same) signal
handler.
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4 Implementation in DIOTA

We have implemented data race detection for sequential programs in the data
race detector that is part of our DIOTA (Dynamic Instrumentation, Optimisa-
tion and Transformation of Applications) framework for Linux running on IA32
processors [6].

4.1 Description of DIOTA

DIOTA is implemented as a shared library for the Linux/80x86 platform. It
instruments programs at the machine code level, so it is completely compiler-
and language-agnostic and can also cope with hand-written assembler code. It
has support for extensions to the 80x86 ISA such as MMX, 3DNow! and SSE
and is written in an extensible and modular way so that adding support for new
instructions and new types of instrumentation is easy.

An environment variable is used to tell the dynamic linker to load the DIOTA
library whenever a dynamically linked application is started’. An init routine
allows DIOTA to be activated before the main program is started, after which
it can gain full control and start instrumenting.

The instrumentation happens gradually as more code of the program (and
the libraries that it uses) is executed, so there is no need for complex analysis
of the machine code to construct control-flow graphs or to detect code-in-data.
The instrumented version of the code is placed in a separate memory region
(called the “clone”), so the original program code is not touched and as such
neither data-in-code nor the variable-length property of 80x86 instructions pose
a problem.

The behaviour of DIOTA can be influenced by using so-called backends.
These are dynamic libraries that link against DIOTA and tell it what kind of
instrumentation should be performed. They can ask for any dynamically linked
routine to be intercepted and replaced with a routine of their own, ask to be
notified of each memory access, of each basic block that is executed and of each
system call that is performed (both before and after their execution, so their
behaviour can be modified as well as analysed).

4.2 Description of the Data Race Backend of DIOTA

The data race detection backend [7] is implemented as a shared library that uses
the services provided by DIOTA. The backend requests DIOTA to instrument all
memory operations and to intercept all pthread synchronisation operations and
provides functions that should be called whenever a memory or synchronisation
operations occurs. The data race detector works as follows:

— For all parallel pieces of code, the memory operations are collected and
compared. This is based on the fact that all memory operations between

> A dynamically linked helper program is used to instrument statically linked binaries.
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two successive synchronisation operations (called segments) satisfy the same
concurrency relation: they are either all parallel or not parallel with a given
operation and therefore with the segment containing the latter operation.
Given the sets L(i) and S(i) containing the addresses used by the load and
store operations in segment ¢, the parallel segments ¢ and j contain racing
operations if and only if

((£Gyu s@) ns@) v ((LG)USE) N SE) #0

Therefore, data race detection basically boils down to collecting the sets L(%)
and S(¢) for all segments executed and comparing parallel segments.

— In order to detect parallel segments, a vector timestamp [8, 9] is attached
to each segment. As vector clocks are able to represent the happened-before
[10] relation (they are strongly consistent), two vector clocks that are not
ordered must belong to parallel segments. This gives us an easy way to detect
parallel segments.

4.3 Modifications to Support Data Race Detection
in Signal Handlers

In order to detect data races in sequential programs, the backend was adapted
as follows (the numbers refer to the annotated Figure 4):

@ the data race detector is informed when the application installs a signal
handler. The current segment is ended, a new segment is started and the
vector timestamp is saved (as VC_install).

@ the data race detector is informed when the application sends a signal. If the
target of the signal is the application itself, the current segment is ended, a
new segment is started and the vector timestamp is saved (as VC_signal).

® each time signals become unblocked (by exiting a signal handler, or by using
sigprocmask), a new segment is started and the vector timestamp is saved
(as VC_install) for each signal that becomes unblocked.

0,0 the data race detector is informed at the begin and at the end of the
execution of a signal handler. The backend then uses a new thread number for
all memory and synchronisation operations executed by this signal handler.
The initial vector timestamp for the signal handler is

— if the signal was sent by the application itself (can be detected by check-
ing the signal context), the signal handler gets the vector clock that was
saved when the signal was sent (VC_install) .

— if the signal was sent by another application, the signal handler gets the
vector clock that was saved when the signal handler was registered with
the kernel (VC signal) .

The additional space required is therefore the space needed to store two vector
timestamps for each signal handler (there are 64 possible signals in Linux). The
actual size of such a vector timestamp can become quite large as each execution
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of a signal handler gets a new thread number. The data race backend can cope
with arbitrarily large vectors as as they are enlarged when a new thread starts.
The potentially large memory consumption could be limited by using accordeon
clocks [11] that can shrink as threads exit or by re-using thread numbers.

S Experimental Evaluation

In order to test our implementation, we used a number of widely used Linux
applications. Using the data race backend is easy: after compiling DIOTA, type
diota-dr and the data race detector will attach itself to applications you start
in the same shell. As the data race detector intercepts all memory operations, a
huge slowdown should be expected (e.g. the mozilla browser incurs a slowdown
of 634 x [12]).

Our test revealed a number of applications with data races:

vim: (an editor) resizing the VIM window results in a SIGWINCH handler setting
the variable do_resize to TRUE. This variable is then checked in the main
event loop of VIM, where appropriate action is taken. Although our data
race backend flags this as a data race, this is actually no real data race.
This technique (setting a boolean in the signal handler and dealing with the
signal in the main loop) is used in a lot of applications (e.g. the pine e-mail
client, the Apache web server,...). The reason is that, although the signal
handler is executed on behalf of the application, a signal handler is restricted
in its capability to execute kernel calls. Delaying the actual signal handling
so that the main program can handle it at a later point helps overcome this
problem.

links: (a text-only web browser): resizing the window or pressing *C causes
queue event () toenter this event in a global queue (ditrm) . Assuch, han-
dling queued events while resizing causes havoc.

lynx: (another text-only web browser): global variables LYlines and LYcols
are used for the width and height of the window. The SIGWINCH handler
changes these variables. The highlight () function highlights a link and
uses LYcols to check the available space.

Although we only tested a small number of applications, we were surprised
that we found data races in signal handlers, which clearly shows that developers
don’t pay much attention to this kind of problem.

6 Conclusion

In this paper, we have shown that data races can show up in sequential pro-
grams. Fortunately, extending data race detectors for sequential programs is
fairly straightforward: use a temporary thread number during the execution of
an asynchronous signal handler and use additional rules for updating the vector
clocks. The experimental evaluation revealed a number of data races in widely
used programs. DIOTA is released to the public under the GPL and can be
downloaded from http://www.elis.UGent.be/diota/.
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Abstract. The on-line visualization and the computational steering of
parallel simulations come up against a serious coherence problem. In-
deed, data distributed over parallel processes must be accessed carefully
to ensure they are presented to the visualization system in a meaningful
way. In this paper, we present a solution to the coherence problem for
structured parallel simulations. We introduce a hierarchical task model
that allows to better grasp the complexity of simulations, too often con-
sidered as “‘single-loop” applications. Thanks to this representation, we
can schedule in parallel the request treatments on the simulation pro-
cesses and satisfy the temporal coherence.

1 Introduction

Thanks to the constant evolution of computational capacity, numerical simula-
tions are becoming more and more complex; it is not uncommon to couple diffe-
rent models in different distributed codes running on heterogeneous networks
of parallel computers (e.g. multi-physics simulations). For years, the scientific
computing community has expressed the need for new computational steering
tools to better grasp the complex internal structure of large-scale scientific ap-
plications.

The computational steering is an effort to make the simulations more inter-
active. To reach this goal, we focus on three key functionalities: the control which
allows the end-user to precisely follow the simulation execution and to suspend
its execution; the on-line visualization of intermediate results which requires to
efficiently access the simulation data at run-time; the interactions which allow
the end-user to modify steering parameters on-the-fly or to remotely fire steering
actions at particular points of the simulation. The complex parallel simulations
commonly used in scientific computing raise the crucial issue of the temporal
coherence for the steering operations. For instance, an action must occur at the
very same moment for all the simulation processes. In the same way, the dis-
tributed data collection requires that all the pieces come from the same timestep
to remain meaningful.

The different approaches proposed to address the temporal coherence can be
compared by considering both the time management and the simulation model.
Magellan [1] represents a simulation with an unstructured collection of instru-
mentation points. To notify the time evolution, a timestamp is explicitly specified

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, pp. 90-97, 2004.
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by the end-user on each instrumentation point but nothing ensures their coher-
ence over the parallel processes. CUMULVS [2] considers parallel simulations as
single-loop programs with a unique instrumentation point. Thanks to this simpli-
fication, it implements synchronization mechanisms relying on the internal loop
counter and provides time-coherent accesses to distributed data. Only VASE [3]
proposes a high-level model of simulations based on a control-flow graph (CFG)
and provides a data-flow coupling model. However, this environment is only in-
tended for sequential simulations. These environments are representative of the
state-of-the-art: efforts have to be done to achieve an efficient steering envi-
ronment which combines both the temporal coherence and a precise model of
parallel simulations.

In this paper, we focus on the steering of parallel simulations like SPMD or
simple MPMD applications (MPI, PVM, etc.). We first present the basis and
the architecture of EPSN', our computational steering environment. Then, we
introduce the high-level model used in EPSN to specify the steering of parallel
simulations. Finally, we describe a strategy of scheduled request treatments to
guarantee the temporal coherence.

2 EPSN Steering Environment

EPSN is a distributed environment based on a client/server relationship be-
tween user interfaces (clients) and simulations (servers). Both simulations and
user interfaces must be instrumented with the EPSN API. The clients are not
tightly coupled with the simulation; actually, they can interact on-the-fly through
asynchronous and concurrent requests. These characteristics make EPSN envi-
ronment very flexible and dynamic.

EPSN uses an internal communication infrastructure based on CORBA
which provides the interoperability between applications running on different
architectures. We previously discussed this option and other aspects of the ar-
chitecture in [4]. As shown in Fig. 1, EPSN environment runs a permanent
thread attached to each process of the simulation. These threads are in charge
of all the steering treatments and each one contains a CORBA server waiting
for the client requests. In addition, an independent application, called proxy,
provides an unified view of the simulation and acts as a relay for the requests
between the clients and all the EPSN threads. Once a request for data is re-
ceived, the thread accesses the simulation process memory and transfers the data
directly to the remote client. This transfer occurs concurrently to the simulation
execution, in respect of the access areas placed in the simulation source code. As
both the simulation and the client can be parallel applications, we use a MxN
redistribution library, called RedSYM, with a CORBA communication layer.

Once a simulation has been instrumented with the EPSN library, it can be
deployed as usually. The clients locate it on the network using the CORBA nam-
ing service and then connect it through the proxy. To follow the time evolution

' EPSN project (http://www.labri.fr/epsn) is supported by the French ACI-GRID
initiative.
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Parallel visualisation
application

slave 2

req“eer

" MxM transfer
%, (RedEPSN library)

Parallel simulation

Fig. 1. Architecture of EPSN environment. Fig. 2. Visualization clients.

of data, one can use a high-level visualization system based on AVS/Express
(top of Fig. 2) or VTK. In addition, one can monitor a simulation and basically
interacts thanks to our Generic Client (bottom of Fig. 2).

3 High-Level Model of Steerable Simulations

In order to closely interact with any parallel simulations, we introduce a high-
level description model. Traditionally, numerical simulations are described as a
collection of steerable items (data, breakpoint, loop, etc.) which are remotely ma-
nipulated by a user-interface. In the EPSN environment, we organize these items
in a hierarchical task model that reflects the essential structure of SPMD and
simple MPMD applications. To describe a simulation according to this model,
we use an XML file parsed at the initialization of EPSN (epsn_init). As illus-
trated in Fig. 3, the XML is divided into three parts, the accessible data for
clients (section data), the task program structure (section htg) and the possible
interactions (section interaction).

3.1 Data Model

Data currently supported in EPSN are scalars and fields (dense multi-dimen-
sional arrays). Ongoing works will extend the data model for particles and
meshes. All accessible data must be declared, in the XML file (Fig. 3, lines 4-8),
with a unique ID, a type (short, long, float, etc.), the number of dimensions for
fields, and the distribution mode. Scalars and fields can be either located on a
single process or replicated among all processes. Fields can also be distributed
over the processes with any generic rectilinear decomposition such as the classi-
cal block-cyclic distribution. Finally, in order to make data accessible for clients
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1 <%7xml version="1.0" encoding="UTF-8" 7>

2 <!DOCTYPE simulation SYSTEM "epsn.dtd">

3 <simulation id="sample'>

4 <data>

5 <scalar id="initial-temp" type="double"” distribution="replicated"/>

6 <scalar id="mean-temp" type="double" distribution="located"/>

'8? <field id="heat" type="double" dimension="2" distribution="distributed"/>
</data>

9 <htg access="protected">

10 <task id="init" access="protected"/>

11 <loop id="main-loop" access="gccessible">

12 <task id="dinit-loop">

13 <data-context ref="mean-temp" context="out"/>

14 </task>

15 <loop id="sub-loop">

16 <data-context ref="heat" context="out"/>

17 </loop>

18 <breakpoint id="bp0" state="up"/>

19 </loop>

20 <task id="ending"/>

21 </htg>

2 <interaction>

3 <writing data="initial-temp">

24 <point node="init" position="end"/>

25 </writing>

26 <action ld="restart">

27 <point node="main-loop" position="iterate'/>

23 </action>

29 </interaction>

30 </simulation>

Fig. 3. Example of a simulation description in XML.

(publish), the user must complete its description with the EPSN API and must
precise the data storage and the field distribution. Moreover, correlated data
may be logically associated in a group, and thus EPSN will ensure the temporal
coherence among the group members.

3.2 Hierarchical Task Model

The basis of our hierarchical task model consists in representing SPMD simula-
tions through a hierarchy of tasks (Fig. 3, lines 9-21). In this paper, we extend
the definition of hierarchical task graphs [5] or HTGs for the purpose of compu-
tational steering. Basically, an HTG is a directed acyclic graph, which captures
the control flow between blocks of code and hierarchical nodes (condition, loop).

Here, we consider three types of nodes: (1) basic tasks encapsulate logical
blocks (e.g. program routine); (2) loop tasks represent the iterative structures
(for, while); (3) conditional tasks represent the conditional structures (if-then-
else, switch-case). All these nodes are hierarchical in nature, as they can contain
a serie of other nodes. We also introduce breakpoint nodes, that are used to
explicitly control the execution flow and have no sub-nodes. Initially, a main
task encapsulates all the hierarchy which is delimited in the source code by the
epsn_init and the epsn_exit calls. In practice, the program structure can be de-
scribed at different levels of details and the user can consider only the relevant
tasks for the steering. The instrumentation is achieved by manually annotat-
ing the begin and the end of each task with the EPSN API (epsn_task_begin,
epsn_task_end, etc.). Figure 4 illustrates, on a simple “two-loop” program, that
the instrumentation exactly reflects the HTG structure and its XML description.
As a result, the instrumentation process can be partially automated.
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Fig. 4. Comparison of the different representation modes.

In addition, a task may have input and output data, explicitly specified in the
XML through a context. The input data are purely formal information, whereas
the output data are those modified by a task. EPSN prevents any client access to
output data during all the task execution and automatically releases them at the
end. Furthermore, a task may contain a specific access context, specifying the
protected and accessible data. Such access areas are fundamental in EPSN as
they exhibit where and when a data can be safely and asynchronously retrieved.

In simple MPMD cases that we consider, the processes are divided into very
few groups (process-partition) involved in different programs (e.g. ocean atmo-
sphere coupled models) and running on the same cluster. We assume that the
HTGs of the different groups have their upper hierarchy level in common, typ-
ically, they share a synchronized main loop. Consequently, we can describe the
whole simulation as a unified HTG whose lower levels are distributed in sub-
HTGs among the groups (distributed-sections). The user must also complete the
XML description to precise over which process group the data are replicated or
distributed (location attribute). The unified HTG provides the end-user with a
single representation of the simulation, which can be steered either at an upper
level addressing all processes or at a lower level addressing just a group.

3.3 Steering Interactions

As shown in Fig. 3 (lines 22-29), EPSN proposes two kinds of steering in-
teractions: the modification of simulation data (writing) and the callback of
user-defined functions (action). As we carefully consider such interactions, we
only enable them to occur on instrumentation points, identified in the XML
description. Only the actions require to be instrumented in the source code by
associating a callback function with the action ID.
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4 Temporal Coherence

The efficiency of a steering system for parallel simulations depends on its capabil-
ity to execute time-coherent operations over all the processes. Different strategies
can be used to maintain the temporal coherence, but they all rely on the ability
to compare the current positions in the execution of parallel processes.

4.1 Structured Dates

We consider the date of a process as its position in the execution flow. The
succession of the dates related to the instrumentation points define a discrete
time system. As we deal with structured applications typically involving a hie-
rarchy of loops, a simple timestamp, incremented at each instrumentation point,
would be ambiguous. As a result, we define a structured date as a collection
of doublets (e.g. (Fo : Ao)(F : A1)...(Fn : An)). As shown in Fig. 4, each
doublet corresponds to a level of the hierarchy and it is composed by a primary
and an secondary index. When the execution flow traverses a level of the HTG,
the corresponding primary index is simply incremented at each instrumentation
point. When it enters a sub-level of the HTG (loop, switch), the secondary index
marks the current iteration or the chosen branch; then, a new doublet is added
to follow the progression in the sub-level.

The use of structured dates presents several advantages for a steering en-
vironment. It first allows a client to clearly identify the simulation progress.
Structured dates are also relevant for elaborating precise requests. Finally, they
constitute a robust discrete time system: thanks to the inherent hierarchy of the
structured dates, a desynchronization in a sub-level will not propagate into the
upper ones.

4.2 Coherence Strategies

The toolkits and libraries developed for the steering of parallel and distributed
applications present different strategies to maintain the temporal coherence. In
the strategy of post-collection ordering, the environment first collect on a central
server the informations of the simulation, then these informations are interpreted
together. This strategy is mainly used for the ordering of monitoring events like in
Falcon [6] or PathFinder [7]. Considering that it requires a systematic centralized
data collection, it is poorly adapted to the on-line visualization of large amount
of data. In the centralized request management strategy, at each step of the
simulation, the processes refer to a central server which indicates them if they
have to do a treatment. This strategy is used by client-server-client architectures
like DAQV [8], but it imposes a very strong synchronization and the simulation
processes advance at the server’s pace. For EPSN environment, we have chosen a
third strategy which consists in scheduling the treatments independently on each
process of the simulation. The scheduled treatment strategy is the one used in
CUMULVS [2] to plan data transfers between a simulation and its clients. This
strategy does not imply a synchronization with a server and if there is no request,
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Fig. 5. Scheduled treatment of parallel steering requests.

the simulation is not disturbed. However, to ensure the temporal coherence, the
requests must be scheduled at the same date, even asynchronously, in all the
processes and these processes must follow the same evolution.

4.3 Scheduled Treatments

We call scheduling point the date when the simulation processes schedule the
treatment of a request. It is also the earliest instrumentation point that no
simulation process has already passed when it get the request. The steps 1 to 3
of Fig. 5 illustrate the choice of the scheduling point. When the instrumentation
threads of the processes receive a request, they lock the instrumentation points,
they exchange their current dates to determine the scheduling point and then
they unlock the instrumentation points. Even if a process is between two in-
strumentation points, whether it is blocked on pending communications or just
computing, its instrumentation thread can communicate its current date to the
other threads. As a result, the research of the scheduling point can not lead to a
deadlock. When a simulation process goes past the scheduling point, the request
is activated independently of the other processes, and it will be treated as soon
as its associated constraints are satisfied. For control requests and actions, the
constraints are based on the current date. For data access requests, they are
based on the data release: the date when the data has been lately modified. The
release remains unchanged during all the access area after the data modification,
and the data can be treated at any time in this area. The constraints based on
the release are consistent because the data evolution is linked to the control-flow
through the task description and consequently it is the same on all the processes.

The steps 4 to 6 of Fig. 5 illustrate the use of the data release in the case
of a simple on-the-fly data access request. When a simulation process enters the
access area, the data is released and the request constraint is satisfied. During all
the access area, the request can be asynchronously treated because the simulation
description ensures that the data will not be modified. At the end of the access
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area, the request treatment is forced (flushed) before a process enters in a new
modifying area. Figure 5 exhibits all the mechanisms that ensure the temporal
coherence. However, in the best cases, the simulation would be synchronized
enough for the requests to happen at the same momentof the simulation, and
for the scheduling point to be chosen without blocking any process. In the same
way, if the access area is long enough, the data transfer would be completely
overlapped by the simulation.

5 Conclusion and Future Works

In this paper we address problems raised by the computational steering of pa-
rallel simulations. We have introduced a high-level model to better grasp the
complexity of these simulations and to closely follow their evolution. In this
context, the use of hierarchical task graphs has appeared to be very promising.
In order to allow the precise positioning in these graphs, we have defined the
structured dates which are the basis for our scheduling strategy of the steering
treatments. This temporal coherence strategy involves very little synchronization
between processes and allows the overlapping of data transfers.

The developments of EPSN are now oriented on the support of massively
parallel simulations and distributed applications, involving a hierarchy of proxies.
Ongoing works also aim at the specification of a generic data model for particles
and meshes which would be suitable for the MxN redistribution.
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Abstract. Performance is a key issue in the development of parallel/distributed
applications. The main goal of these applications is to solve the considered
problem as fast as possible utilizing a certain minimum of parallel system ca-
pacities. Therefore, developers must optimize these applications if they are to
fulfill the promise of high performance computation. To improve performance,
programmers search for bottlenecks by analyzing application behavior, finding
problems and solving them by changing the source code. These tasks are espe-
cially difficult for non-expert programmers. Current approaches require devel-
opers to perform optimizations manually and to have a high degree of experi-
ence. Moreover, applications may be executed in dynamic environments.
Therefore, it is necessary to provide tools that automatically carry out the opti-
mization process by adapting application execution to changing conditions.
This paper presents the dynamic tuning approach that addresses these issues.
We also describe an environment called MATE (Monitoring, Analysis and Tun-
ing Environment), which provides dynamic tuning of applications.

1 Introduction

Parallel/distributed systems offer high computing capabilities that are used in many
scientific research fields. They facilitate the determination of the human genome,
computing atomic interactions or simulating the evolution of the universe. So biolo-
gists, chemists, physicists and other researchers have become intensive users of appli-
cations with high performance computing characteristics. They submit applications to
powerful systems to get their results as fast as possible. In this context, performance
becomes a key issue. To satisfy user requirements, applications must reach high per-
formance standards. An application is inefficient and useless when its performance is
below an acceptable limit. Therefore, applications must not only be systematically
tested from the functional point of view to guarantee correctness, but must also be
optimized to ensure that there are no performance bottlenecks.

The optimization (or tuning) process requires a developer to go through the appli-
cation performance analysis and the modification of critical application parameters.
First, performance measurements must be taken to provide data about the applica-
tion’s behavior. This phase is known as monitoring and collects data related to the
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execution of the application. Then, the performance analysis of this information is
carried out. It finds performance bottlenecks, deduces their causes and determines the
actions to be taken to eliminate these bottlenecks. Finally, appropriate changes must
be applied to the application code to overcome problems and improve performance.
However, all these tasks are somewhat complicated, especially for non-expert users.

The classical approach to performance analysis is based on the visualization of
program execution. Tools that support this approach show the execution of the appli-
cation in graphical and numerical views [1, 2, 3]. Then, users must analyze generated
views recognizing the most problematic performance regions, determining the causes
of the bottlenecks and finally changing the application source code. To reduce devel-
oper effort and relieve them of such duties as analysis of graphical information and
determination of performance problems, an automatic analysis has been proposed.
Tools using this type of analysis are based on the knowledge of well-known perform-
ance problems. Such tools are able to identify critical bottlenecks and help in optimiz-
ing applications by providing suggestions to developers [4, 5, 6].

All mentioned tools involve developers changing a source code, re-compiling, re-
linking and restarting the program. They require a certain degree of knowledge and
experience of parallel/distributed applications and hence are appropriate for develop-
ers rather than for such users as biologists, chemists, physicists or other scientists. To
tackle these problems, it is necessary to provide tools that automatically perform pro-
gram optimizations. A good, reliable and simple optimization tool performing auto-
matic improvement could be profitable for non-expert users as well as for developers.
Because of the complexity of the solution, there are not many tools that support auto-
matic application optimization during run time [7, 8]. Moreover, they lean towards
automated tuning, which requires certain changes to the application.

This paper addresses the problem of automatic and dynamic tuning of paral-
lel/distributed applications. Section 2 presents this approach showing its fundamental
concepts. Section 3 describes a dynamic tuning environment called MATE. Section 4
shows a catalog of tuning techniques that we investigated as part of our study. Finally,
section 5 presents the conclusions of this study.

2 Dynamic Performance Tuning

The main goal of dynamic automatic tuning is to improve application performance by
modifying its execution without recompiling or rerunning it. In this approach, the
following steps can be distinguished: application monitoring, performance analysis
and modifications of the running program. All of these must be performed automati-
cally, dynamically, and continuously during application execution. The dynamic
analysis and introduced modifications enables adaptation of the application behavior
to changing conditions in the application itself or in the environment. Dynamic tuning
appears as a promising technique that exempts non-experts or programmers from
some of the performance-related duties. The most useful dynamic tuning is that which
can be used to successfully optimize a broad range of different applications. It would
be desirable to tune any application even though its source code and application-
specific knowledge is not available. However due to incomplete information this kind
of tuning is highly challenging and at the same time the most limited. The key ques-
tion is: what can be tuned in an “unknown” application?
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2.1 Tuning Layers

The answer to this key question can be found by investigating how an application is
built. Each application consists of several layers: application-specific code, standard
and custom libraries, operating system libraries, and hardware. An application is
based on services provided by an operating system (OS). OS offers a set of libraries
so that system users do not need to worry about low-level hardware details. The ap-
plication uses the system calls to perform hardware/system-specific operations. Be-
sides that, applications use standard libraries that support them with a variety of func-
tions, e.g. higher level 1/O, mathematical, string manipulation functions and so on.
Additionally, applications may use custom libraries that provide domain-specific
functionality, e.g. communication libraries, numerical methods, programming frame-
works. These libraries insulate programmers from low level details as they offer a
higher level of abstraction. Finally, each application contains application-specific
implementation and consists of modules that solve a particular problem.

Considering OS and library layers, the tuning process is based on well-known fea-
tures for them. By investigating particular OS and libraries it is possible to find their
potential drawbacks and hence determine problems common to many applications.
For each drawback, a tuning procedure can be identified. Optimizing the application
code is the most complex and less reusable, due to the lack of application-specific
knowledge. Each application implementation can be totally different and there may be
no common parts, even though they may provide the same functionality. An applica-
tion can be tuned if there is knowledge of its internal structure. Therefore, to optimize
the application layer, dynamic tuning should be supported in some way with certain
information about the application.

2.2 Approaches to Tuning

Considering the available knowledge, we have defined two main approaches to tun-
ing: automatic and cooperative. In the automatic approach, an application is treated as
a black-box, because no application-specific knowledge is provided by the program-
mer. This approach attempts to tune any application and does not require the devel-
oper to prepare it for tuning (the source code does not need to be adapted) and, there-
fore, it is suitable for tuning such layers as the operating system and libraries. We can
find many general tuning procedures common to many applications. For each particu-
lar problem, all the necessary information, such as what should be measured, how it
should analyzed, and what should be changed and when, can be provided automati-
cally. The cooperative approach assumes that the application is tunable and adaptable.
This means that developers must prepare the application for the possible changes.
Moreover, developers must define an application-specific knowledge that describes
what should be measured in the application, what model should be used to evaluate
the performance, and finally what can be changed to obtain better performance. The
cooperative approach is suitable for the application tuning layer.

2.3 Performance Analysis

Performance analysis examines application behavior based on the collected measure-
ments, identifies performance bottlenecks, and provides specific solutions that over-
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come these problems. Application behavior can be characterized by an analytical
performance model. Such a model may help to determine a minimal execution time of
the application or predict the application performance. Such a model can contain
formulas and/or conditions that recognize a bottleneck and facilitate determination of
the optimal behavior. As input, a model needs the measurements extracted from the
application execution. Based on these and applying adequate formulas, the perform-
ance model can estimate the desired application behavior, e.g. the optimal value of
some parameter. Finally, the application can be tuned by changing the value of that
parameter.

To make the presented approaches to tuning (automatic and cooperative) homoge-
neous and to make optimization on the fly possible and effective, we concluded that
the application knowledge should be described as the following terms:

e measure point — a location where the instrumentation must be inserted

¢ performance model — determines an optimal application execution time

e tuning point — the code element that may be changed

# tuning action — the action to be performed on a tuning point

¢ synchronization — policy determining when the tuning action can be invoked.

2.4 Dynamic Modifications of an Application

All phases of improving the application performance must be done “on the fly”. To
instrument the application without accessing the source code, the code insertion must
be deferred till the application is launched. Modifications cannot require source code
recompilation or restart. The technique that fulfills these requirements is called dy-
namic instrumentation. It permits insertions of a piece of code into a running program.
Dynamic instrumentation was used in Paradyn [6] to build an automatic analysis tool.
The Paradyn group developed a library called DynlInst [9].

Considering Dynlnst’s possibilities and our definition of application knowledge,
we determined tuning actions that can be applied on the fly to a tuning point. A tuning
point can be any point found by DynlInst in the application executable (e.g. function
entry, function exit). We consider the following to be tuning actions:

e function replacement — function calls are replaced with a call to another function
e function invocation — an additional function call is inserted at a specified point

¢ one-time function invocation — a specified function is invoked just once
function call elimination — a specified function call is eliminated

function parameter changes — the value of an input parameter is modified
variable changes — the value of a particular variable is modified.

All modifications must be performed carefully to ensure that the application con-
tinues its execution correctly and does not crash. Therefore, each tuning action de-
fines the synchronization policy that specifies when the action can be invoked in a
safe manner. E.g. to avoid reentrancy problems, race hazards or other unexpected
behavior, a breakpoint can be inserted into an application at a specific location. When
the execution reaches the breakpoint, the actual tuning action is performed.
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3 MATE

To provide dynamic automatic tuning of parallel/distributed applications we have
developed a prototype environment called MATE (Monitoring, Analysis and Tuning
Environment). For the purpose of our work we have made the assumption of targeting
our tuning system to C/C++ parallel/distributed PVM [10] applications running on a
UNIX platform. MATE performs dynamic tuning in three basic and continuous
phases: monitoring, performance analysis and modifications. This environment dy-
namically and automatically instruments a running application to gather information
about the application’s behavior. The analysis phase receives events, searches for
bottlenecks, detects their causes and gives solutions on how to overcome them. Fi-
nally, the application is dynamically tuned by applying a given solution. MATE con-
sists of the following main components that cooperate among themselves, controlling
and trying to improve the application execution:

* Application Controller (AC) — a daemon-like process that controls the application
execution on a given host (management of tasks and machines). It also provides the
management of task instrumentation and modification.

e Dynamic monitoring library (DMLib) — a shared library that is dynamically loaded
by AC into application tasks to facilitate instrumentation and data collection. The
library contains functions that are responsible for registration of events with all re-
quired attributes and for delivering them for analysis.

e Analyzer — a process that carries out the application performance analysis, it auto-
matically detects existing performance problems “on the fly” and requests appro-
priate changes to improve the application performance.

Figure 1 presents the MATE architecture in a sample PVM scenario. In this exam-
ple the PVM application consists of 3 tasks distributed on 2 different machines. When
the Analyzer has been started, it distributes the AC to all machines where the applica-
tion is running to control all the tasks. Once the AC is distributed the Analyzer re-
ceives from it information about the configuration of a virtual machine. The perform-
ance analysis is based on tunlets. Each tunlet is a shared library that implements the
analysis logic for one particular performance problem. A tunlet uses the Analyzer’s
Dynamic Tuning API (DTAPI) to perform the performance monitoring and tuning of
a program. Tunlets are passive components that drive the analysis by responding to a
set of incoming events. The Analyzer provides a container that is responsible for
managing a set of tunlets simultaneously. Tunlets provide the Analyzer with an initial
set of measure points that are forwarded to all ACs. Next, the Analyzer asks the AC to
start the application. The AC loads the shared monitoring library (DMLib) to the task
memory that enables its instrumentation.

During execution, the ACs manage the instrumentation of each task. The shared
monitoring libraries are responsible for delivering registered events directly to the
Analyzer. When an event record is received, the Analyzer notifies the corresponding
tunlet and this tunlet in turn finds bottlenecks and determines their solutions. By ex-
amining the set of incoming event records, the tunlet extracts measurements and then
uses the built-in performance model to determine the actual and optimal performance.
If the tunlet detects a performance bottleneck, it decides whether the actual perform-
ance can be improved in existing conditions. If this is the case, it then asks the Ana-
lyzer to apply the corresponding tuning actions. A request determines what should be
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Fig. 1. Architecture of the MATE dynamic tuning for PVM.

changed (tuning point/action/synchronization) and it is sent to the appropriate in-
stance of AC.

4 Tuning Techniques

We conducted a number of experiments on parallel/distributed applications to study
how our approach works in practice. We proved that running applications under the
control of MATE may be effective, profitable, and the adaptation of the application
behavior to the existing conditions results in performance improvements. All required
information related to one particular performance problem is what we call a tuning
technique. Each tuning technique describes a complete optimization scenario:

e it specifies a potential performance problem of a parallel/distributed application

¢ it determines what should be measured to detect the problem (measure points)

e it determines how to detect the problem (performance model)

e it provides a solution for how to overcome the problem (tuning point/action/sync).

All experiments were conducted in a cluster of Sun UltraSPARC II workstations
connected by LAN network. To investigate the profitability of dynamic tuning we
used the following applications: (1) a set of synthetic master-worker programs; (2)
Xfire — Forest Fire Propagation application [11], a computation-intensive program
that simulates fireline propagation; (3) IS — NAS Integer Sort benchmark [12], a
communication-intensive application that ranks integers using a bucket sort method.

We organized tuning techniques into a catalog in accordance with the tuning ap-
proach and the layer at which a modification occurs. Each tuning technique is imple-
mented in MATE as a tunlet. Currently, we are focused on investigating tuning tech-
niques separately. The catalog available in MATE is the following:
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Operating system layer (Automatic approach):

Message aggregation — minimizes communication overhead by grouping sets of
consecutive messages into large ones. The tuning consists of replacing operating
system function calls that transmit data, e.g.write (),with their optimized custom
version with an aggregation mechanism. In networks with non-ignorable latencies
and applications that send small messages, the technique can produce noticeable
time savings (up to 91% in the case of synthetic applications).

TCP/IP buffers — maximize the network transmission performance across high-
performance networks using TCP/IP-based protocol. This is done by setting the
send and receive socket buffers to an optimal value that can be estimated calculat-
ing bandwidth delay product. The tuning action includes one time system call invo-
cation setsockopt () using SO_SNDBUF and SO_RCVBUF socket options. [13] re-
ports improvements ranging from 17% up to 500% for FTP transmissions.

Standard library layer (Automatic approach):

Memory allocation — improves performance by optimizing memory allocations.
Programs that make intensive use of memory may benefit from optimized pool-
based allocators if they perform a large number of small object allocations and de-
allocations. The tuning action replaces the standard allocator with the optimized
pool allocator. The specialized pool allocators perform much better, giving up to
60-70% experimenting with synthetic applications.

Custom library layer (Automatic approach):

PVM communication mode — minimizes the PVM communication overhead by
switching the messaging to point-to-point mode. The tuning action includes one-
time function call pvm _setopt (PvmRoute, pvmRouteDirect). Changing the com-
munication mode resulted in faster communication, up to 50% in synthetic applica-
tions and 17% in IS benchmark. The measured intrusion did not exceed 3,5% of the
improved execution time.

PVM encoding mode — minimizes the PVM encoding overhead by skipping data
encoding/decoding phase. The tuning action includes input parameter modification
of pvm_initsend() that changes the encoding mode from default XDR to data raw.
We observed important benefits from data raw encoding mode (up to 74% in syn-
thetic applications and up to 47% in IS benchmark). The intrusion reached up to
2,8% of the total application execution time.

PVM message fragment size — selects the optimal size of message fragments to
minimize the PVM communication time. The tuning action includes one-time func-
tion call pvm_setopt (pvmFragsize, optFragsize). To calculate the optimal frag-
ment size, we used the experimentally deduced formula. This technique gave up to
55% profit in synthetic applications and up to 28% in IS benchmark. The intrusion
reached 4,9%.

The PVM experiments that we conducted are described in more detail in [14].

Application layer (Cooperative approach):
¢ Workload balancing — balances the amount of work that is distributed by the master

to workers considering the capacities and load of the machines where the applica-
tion is running. During program execution, the simulation algorithm estimates the
optimal workload. The tuning action changes the work factor by updating the vari-
able value in the master that adapts the work assignment. This technique produced
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up to 50% profit in synthetic applications and 48% in Xfire. The overhead was
small — about 2% of the improved execution time.

e Number of workers — optimizes the number of workers assigned to perform a speci-
fied amount of work in the master/worker application. To calculate the optimal
number of workers we used the performance model presented in [15]. The tuning
action changes the number of workers by updating the variable value in the master
process. We observed that changes to the number of workers could produce profits
ranging from 20% to 300% in synthetic applications.

5 Related Work

The Autopilot [8] project bases on closed loop and allows parallel applications to be
adapted in an automated way. It contains a library of runtime components needed to
build an adaptive application. Autopilot provides a set of distributed performance
sensors, decision procedures and policy actuators. The programmer can decide what
sensors/actuators are necessary and then manually inserts them in the application
source code. The toolkit includes fuzzy logic engine that accepts performance sensor
inputs and selects resource management policies based on observed application be-
havior. Autopilot is similar to the MATE cooperative approach. However, it differs
from the black-box approach where necessary measure and tuning points are decided
and inserted dynamically and automatically. The Autopilot uses fuzzy logic to auto-
mate the decision-making process, while MATE is based on simple, conventional
rules and performance models. Moreover, MATE is based on the dynamic instrumen-
tation where measure and tuning points are inserted on the fly while in Autopilot it is
done manually.

Active Harmony [7] is a framework that allows an application for dynamic adapta-
tion to network and resource capacities. In particular, Active Harmony permits auto-
matic adaptation of algorithms, data distribution, and load based on the observed
performance. The application must contain a set of libraries with tunable parameters
to be changed. Moreover, it must be Harmony-aware, that is, to use the API provided
by the system. Active Harmony manages the values of the different tunable parame-
ters and changes them for better performance. The project focuses on the selection of
the most appropriate algorithm. This is conceptually similar to the cooperative ap-
proach of MATE. However, it differs from the automatic method that treats applica-
tions as black-boxes and does not require them to be prepared for tuning. Active
Harmony automatically determines good values for tunable parameters by searching
the parameter value space using heuristic algorithm. Better performance is repre-
sented by a smaller value of the performance function, and the goal of the system is to
minimize the function. MATE uses a distinct approach where performance models
provide conditions and formulas that describe the application behavior and allow the
system to find the optimal values.

The AppLeS [16] project has developed an application-level scheduling approach.
This project combines dynamic system performance information with application-
specific models and user specified parameters to provide better schedules. A pro-
grammer is supplied information about the computing environment and is given a
library to facilitate reactions to changes in available resources. Each application then
selects the resources and determines an efficient schedule, trying to improve its own
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performance without considering other applications. MATE is similar to AppLeS in
that it tries to maximize the performance of a single application. However, it focuses
on the efficiency of resource utilization rather than on resource scheduling.

6 Conclusions

Parallel/distributed programming offers high computing capabilities to users in many
scientific research fields. The performance of applications written for such environ-
ments is one of the crucial issues. It is therefore necessary to provide good, reliable
and simple tools that automatically carry out tasks involving performance analysis of
parallel/distributed programs and behavior optimization. Our goal was to investigate
and prove that dynamic tuning works, is applicable and may be effective. We also
wanted to demonstrate that it is possible to support a user with a specific functioning
environment for automatic dynamic tuning. Our work concluded with the prototype
environment called MATE. It includes the monitoring, analysis and modifications of
an application on the fly without stopping, recompiling or rerunning the application.
The MATE environment tries to adapt the application to dynamic behavior. The con-
clusion of this work is that although dynamic tuning is a complicated task, it is not
only possible, but also provides real improvements in application performance. This
methodology seems to be a promising technique for accomplishing the successful
performance of applications with dynamic behavior.
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Imprecise Exceptions
in Distributed Parallel Components
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Abstract. Modern microprocessors have sacrificed the exactness of ex-
ceptions for improved performance long ago. This is a side effect of re-
ordering instructions so that the microprocessor can execute instructions
which were not to be executed due to an exception. By throwing more cir-
cuits at the problem, microprocessors are designed so that they are able
to roll back to the instruction causing the exception. However, some mi-
croprocessors, like the HP Alpha, do not roll back and impose a paradigm
of inaccurate exceptions. This decision can reduce circuit complexity and
increase speed. We propose a similar method of handling exceptions in
a component environment that achieves high performance by sacrific-
ing exception accuracy when dealing with parallel Single Program Mul-
tiple Data (SPMD) components. The particular domain this design is
intended for is high performance computing, which requires maximum
resource use and efficiency. A performance-centric way to handle excep-
tions is explained as well as additional methodology to enforce exception
strictness if required.

1 Introduction

The component software abstraction is one that has been leveraged in multiple
computing environments. One such environment is that of high performance sci-
entific computing (see [1]). High performance computing is an environment that,
more so than others, emphasizes optimizing the performance of the application.
In order to achieve the maximum possible performance and leverage distributed
computing potential, the execution of an application may be performed in paral-
lel by multiple parallel computing threads. Typical parallel algorithms divide the
problem space in some fashion among the available computing threads, which
work in concert to solve the problem, sometimes communicating part of the
developing solution to each other. These algorithms often employ the Single
Program Multiple Data (SPMD) programming paradigm.

In a component environment, multiple computing threads can be coupled
to form one component called an SPMD parallel component. This collection of
computing threads is intended to work collaboratively to solve some problem. In
order to provide interaction between SPMD parallel components in a distributed
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environment, collective method invocations are used from a proxy' to a parallel
component. Collective invocations are defined as ones which require the involve-
ment of each computing thread. That is, all callee computing threads receive
an invocation for the same method and all caller threads make an invocation.
Therefore, a method invocation launches all computing threads that proceed to
execute the same method on separate pieces of data (as the SPMD paradigm
suggests). The movement and separation of the data are problems that have
been discussed in literature [3,4,6,2].

Parallel components have already been introduced by multiple component
frameworks intended for high performance applications. However, these frame-
works differ slightly in the way parallel component interaction is defined. For in-
stance, the Parallel Remote Method Invocation (PRMI) mechanism of the PAR-
DIS framework is indirect so that a parallel component’s invocation to another
parallel component is serialized before it is sent over the wire and deserialized
afterwards. That is, the data between components is transferred through a single
communication link [Figure 1 (left)]. The authors of PARDIS later acknowledged
the performance penalty of the serialization [7] and provided direct, multiport
component interaction [Figure 1 (right)]. The improved performance of the di-
rect method, in this case, was to be expected as this method provides better
utilization of the network and imposes less synchronization on the computing
threads. Our system, SCIRun2, leveraged the previous work in this field and
was built with collective invocations that provide direct communication between
each parallel computing thread (as it is needed).

Another important aspect of collective invocations is the level of synchro-
nization imposed in their implementation by the underlying system. In order to
provide a guarantee of collectiveness, systems often enforce a barrier on the col-
lective invocation. This unarguably provides better error reporting, but at a very
significant cost of execution speed, which is unacceptable for many high perfor-
mance computing applications. Because of this, SCIRun2 and other equivalent
systems extend unsynchronized behavior as much as possible. The imprecise ex-
ceptions described here, only make sense in a direct and mostly unsynchronized
component framework. In fact, their main goal is to loosen the synchronization
reigns that regular implementation of exceptions would require.

2 Problem Description and Related Work

This direct mode of invocation and communication introduces our nemesis when
dealing with exceptions. Specifically, what if only one computing thread on the
invoked (callee) component throws an exception? This exception will be prop-
agated quickly to one of its proxies on the invoking (caller) component, which
would cause one of the invoking threads to throw an exception. The rest of the

! Proxies are objects used to represent other objects. All requests to the proxy are
forwarded to the represented object. They are used frequently in distributed mid-
dleware in order to invoke a method on a component. In this context, proxies are
synonymous to caller components.
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Fig. 1. Serialized and multiport (direct) collective invocation of parallel components.

invoking threads are not aware of the exception as they do not participate in the
invocation on the excepting thread. The result is that the invoking component
has an incoherent state, possibly destroying the collective behavior of the caller.
The user is not in control of which invoking thread has received the exception and
is left with a mess to clean up. There is little useful that could come out of this
situation. One possibility is to do away with exceptions altogether. Another is
to provide the user with a necessary framework to propagate the exception to all
the processes of the invoking component. The latter approach has an additional
problem: due to the communication lag and the general unsynchronized nature
of the processes making the invocation, the exceptions may not arrive exactly
during the method invocation. We call these imprecise exceptions. Appropri-
ate thread synchronization can be in place to mitigate this problem; however
synchronization will always hurt the performance of the application. Instead we
introduce imprecise exceptions, allowing the programmer to trade off accuracy
of the exception and performance.

One category of exceptions that CORBA supports are those that represent
various network and system failures. These are termed system exceptions. Con-
versely, user purpose exceptions are explicitly defined in the IDL via a throws
clause in each method. While CORBA’s user exceptions occur only on the server
side, system exceptions can occur in both client and server. An exception hier-
archy of classes also exists. The base classes impose methods on the derived
classes which report useful information about the exception, such as whether or
not method completed executing or not. However, exception inheritance of any
sort is not allowed within the CORBA IDL.

Imprecise exceptions have been suggested for the Haskell functional pro-
gramming language [5]. This is a language that achieves high performance and
flexibility through lazy evaluation of expressions. Adding imprecise exceptions to
Haskell provides the stack unwinding error reporting mechanism of exceptions,
without sacrificing rich transformations or other strengths of the language. Some
of our ideas are similar to the ideas presented by Peyton-Jones et al. [5], although
the domain is quite different.
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3 Design

This work will provide the utility of component exceptions in a distributed
SPMD component setting, while attempting not to sacrifice performance. In
doing this we ought to emphasize that very little additional overhead is imposed
in cases in which an exception does not occur. If an exception does occur, it is
thrown and the application incurs a performance penalty (as it should).

Let us consider an example that enables us to propose a design for imprecise
parallel component exceptions. In discussing this design, we will use the following
interface (written in Scientific Interface Definition Language (SIDL) [8]):

interface SomeThrowSomeNo {
void exceptionOnemethod() throws exceptionOne;
void exceptionTwomethod() throws exceptionTwo;
void noexceptionmethod();

}

The SomeThrowSomeNo interface contains two methods that throw excep-
tions and one method that does not. The noexceptionmethod method has no
implementation. The two exception-throwing methods have the following imple-
mentation:

void exceptionOnemethod() {

if (rank == 1) throw exceptionOne;
}
void exceptionTwomethod() {

if (rank == 2) throw exceptionTwo;

}

For the purposes of this discussion, we consider two SPMD parallel compo-
nents of three parallel threads each; one component will be the caller and the
other the callee. We assume that a proxy has already been created by the caller
component. Each thread of the caller component has a parallel proxy and is able
to invoke a method on any callee thread. However, the collective interaction
dictates that all callee threads should be invoked only once. Therefore, we have
a one-to-one correspondence in the collective invocation between the threads of
the parallel component. For the sake of clarity let’s assume that the caller thread
whose rank is zero invokes the method on the zero ranked callee thread, rank
one invokes on rank one, etc.

3.1 Reporting Imprecise Exceptions

Upon the execution of this SPMD code:

stsn~proxy->exceptionOnemethod() ;
stsn-proxy->noexceptionmethod();

The caller thread ranked one receives an exception message back from its
invocation. Threads zero and two have continued execution to some other part
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of the code. We are concerned that threads zero and two eventually receive
information about the exception that occurred. Thread one has the responsibility
of informing the other threads of the exception in exceptionOnemethod. It does
so through an asynchronous message to each of the other threads. After this,
thread one can throw the C++ equivalent of exceptionOne and goes into its
appropriate catch block (if it exists).

All remote method invocation stubs contain code to check for the existence of
asynchronous messages notifying of exceptions in other threads. In the scenario
we discussed, we assume the threads are perfectly synchronized (i.e. they execute
the same instruction at the same time) and an asynchronous message travels at
lightning speed. Upon the invocation of noexceptionmethod, threads zero and
two will instantaneously detect the existence of exceptionOne and will throw it
within their context. At this time all threads would have excepted and reached
a steady state.

Asynchronous messages provide the appropriate behavior since they do not
impose synchronization of the processes in order to communicate the exception
and because reads for these messages come by at an extremely small cost. Per-
forming a check for an exception message within all remote invocations may be
unnecessary at times. At other times, it would be overzealous. Overall, we feel
that providing the check through each proxy use strikes a perfect balance in most
cases. The cost of checking for an asynchronous message is extremely small (typ-
ically checking a global flag) and negligible even if there are many frequent uses
of the proxy. However, if the opposite is true and proxy use is very infrequent it
could decrease the granularity of the exception checks to an unacceptable limit.
We discuss this problem in the next section. The extreme example of this case
is when there are no proxy uses after an exception and no opportunity to report
this exception. This problem is considered in Section 5.

3.2 getException Method

We realize that it is unfair to assume lightning speed message delivery as we did
before. Therefore, if the threads are not synchronized, we should be prepared
to see exceptionOne thrown sometime later than the invocation of the noexcep-
tionmethod. In many cases this is not acceptable. Executing noexceptionmethod
may depend on the successful finish of exceptionOnemethod.

If the programmer is unable to count on exceptions to occur within a spe-
cific invocation, an exception can crop up too late or too early and provide the
wrong behavior. In order to allow the programmer to control where exceptions
occur in the code, we provide a getException method which is invoked on the
proxy (similar to Peyton-Jones et al.’s use of the same method). Once we in-
voke getException we guarantee that all exceptions that have occurred have been
propagated to this thread. The only real way to ensure this in a parallel and dis-
tributed environment is to synchronize the caller threads. That is, this method
requires a barrier and as such imposes a performance penalty. Despite this, it is
useful for it provides the programmer with a wider range of uses for exceptions.
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4 Corner Cases

Although the design presented above is straightforward, the complex interaction
between two parallel components requires that a number of non-trivial scenarios
be analyzed.

Consider what would happen if the implementation of exceptionOnemethod
were something like this:

void exceptionOnemethod() { throw exceptionOne; }

Collective invocation to this method would result with each caller thread
receiving a separate exception. When this occurs, threads should ignore the
asynchronous exception messages reporting exceptionOne in order not to throw
the same exception multiple times. To do this, we keep an exception log which
makes sure that we are aware of exception we have already produced. In doing
this we have to make sure that we keep enough information to help us determine
the right course of action. We use a combination of tags to uniquely identify
each proxy invocation. The guarantee that all collective methods are invoked by
all computing threads can be relied on to uniquely tag each collective invocation
without imposing additional communication.

Let us consider the following example where method invocations are executed
by the caller component using the SomeThrowSomeNo interface:

stsn-proxy->exceptionOnemethod () ;
stsn-proxy->exceptionTwomethod () ;

Both exceptionOne and exceptionTwo have been thrown in this scenario.
Caller thread one and two respectively are the first ones to receive each exception.
Let us suppose that they both contact thread zero at about the same time so that
thread zero has received messages about two distinct exceptions. Now thread zero
has a dilemma about which exception to report: exceptionOne or exceptionTwo.
Here are some possible ways to resolve this problem:

¢ Allow non-determinism. This allows for either exception to be thrown.
It is probably an improvement over no exceptions being thrown, however it
is definitely not a clean solution as the collective nature of the caller is not
preserved, and the application may except differently in each run. This may
confuse the programmer and result with unwanted behavior.

e Always report the user exception before the system or vice versa. This may
prove to be effective in some situations. However, this choice would work poorly
when the confusion is between two user and two system exceptions.

e Report the first method’s exception first. Using the information tags that
we collect per each proxy invocation, we can easily make this determination.
This would provide consistent behavior and error reporting which would be of
use to a programmer. We opt for this solution.

This scenario also requires that thread rank two comes to its senses and
throws exceptionOne instead of exceptionTwo. In order to provide this behavior,
we should synchronize and determine the correct exception between all the ex-
ceptions that have been witnessed among all of the threads. This includes each
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thread that comes in direct contact with an exception. It should not rush and
throw an exception before it makes sure that it is the correct exception to throw.
In order to perform this, our implementation modifies the tournament barrier
algorithm to determine the best exception to be thrown and propagate the result
to all the threads. This algorithm is also applied in the implementation of the
getException method, since similar exception election is needed there as well.
Detailed discussion of the tournament barrier and other barrier types can be
found in [9].

One situation not captured by our running example is one where a collective
invocation of the same method yields two different exceptions caught by separate
caller threads. This is a situation that is not likely to occur often. We propose a
random yet consistent choice of which exception to throw. The exception report-
ing mechanism will use a consistent way of choosing to throw the same exception
across different runs or compilations and in all of the computing threads. In our
system exceptions are related to exception IDs assigned by the compiler roughly
representing the order of the exceptions in the throws clause. The lower excep-
tion ID is chosen to resolve this confusion. This provides consistent behavior to
all runs of the code compiled by our IDL compiler. As every compiler and par-
allel component architecture could make this determination differently (we do
not propose that everyone uses exception IDs), we fully expect that a different
exception may be raised in the same situation in a different environment. This is
something that the parallel component programmer should be prepared to face.
Another possibility would be to prefer the exception type thrown by the lowest
(or highest) rank.

The exception reporting mechanism relies on the checks performed by the
proxy upon each method invocation. If no method invocation existed in the ex-
ecuting code we could fail to report an exception. In order to remedy this, we
could impose a getException call upon the proxy destructor. This would guaran-
tee that exceptions are reported and is a viable solution. However, if proxies are
created and deleted often, we would significantly constrain the performance of
the application by synchronizing the computing threads upon each invocation to
getException. Another possibility is to save the actual deletion of the proxy until
the very end of the program. Synchronization at the end of a program will not im-
pact performance. Our suggestion is to perform a getException synchronization
within the Object Request Broker* (ORB) destructor. The ORB’s deallocation
by the destructor typically occurs when main finishes on a particular machine.

An imprecise exception can come before, during, or after the excepting
method invocation in caller threads that do not directly receive an exception.
So far, we have mostly discussed exceptions arriving after the collective method
invocation to the exception method is finished. We have not yet considered the
case of them arriving before. Exceptions arriving before the invocation are very
awkward to face. In essence, we have been given a glimpse of the future and

2 Object Request Broker exists on each node and manages requests among compo-
nents. An ORB should be deallocated when all component interactions on one node
cease.
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we respond to this sight even though we have not yet reached this point of ex-
ecution. The best alternative is to rule this case out altogether using the proxy
infrastructure we have already described. This comes at almost no extra cost
and does not impact performance. We can hold off and ignore the existence of a
specific exception from an asynchronous message until we encounter the method
which has produced it. When we reach this method we do not invoke it but
throw the exception at that time.

5 Conclusions

We have presented a paradigm of imprecise exceptions for parallel distributed
components. Based on the fact that less synchronization improves performance,
we claim that this approach saves us from a drastic execution speed penalty with
exceptions. We examined the difficult scenarios that are possible with imprecise
exceptions. We also provided a way to synchronize imprecise exceptions so that
they provide the same behavior as regular exceptions. This imprecise excep-
tion mechanism is targeted at a component-based distributed Problem-Solving
Environment, but could be applied to a variety of scenarios involving multiple
communicating SPMD parallel programs.

6 Results

The performance improvement of our design is somewhat self-validating. We
provide an exception handling method that allows a greater degree of asynchrony,
which in turn betters performance. In spite of this, we implemented a simple
example and provided some runtimes for it in order to show that our concepts
work and to exemplify how much of a performance increase we can achieve.
The use scenario we chose involves a parallel query tool sending queries to
a parallel data server. We implemented these as parallel components and tested
various modes of exception use: total imprecise exceptions, use of the getExcep-
tion method after each query, and use of regular (precise) exceptions. Assuming
the time to process the query is close to zero, here are the results of this test
(between two Pentium4 class machines connected by Gigabit Ethernet):

Table 1. Average time for a single query (averaged for 10000 queries).

Instances of Query Tool|lmprecise Exceptions|getException()|Precise Exceptions]
1 658.39 675.89 672.91
2 978.55 1487.46 1595.33
3 1924.08 3482.97 4238.06
4 1705.58 6882.35 8899.77

Times are in microseconds.
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The results were largely what we expected. The performance increase of the
imprecise exceptions scales as the degree of parallelism increases. It is important
to note that the imprecise exceptions we measured do not make use of the
getException method. This total asynchrony is unrealistic in practice; therefore
the difference in performance would be slightly less exaggerated and peaking at
the numbers we have shown above.

Acknowledgements

The authors would like to acknowledge Matthew Flatt for initially pointing us to
Haskell exceptions. This work was funded by the Department of Energy Center
for Component Technology for Terascale Simulation Software (CCTTSS) and by
NSF ACI-0113829.

References

1. R. Armstrong, D. Gannon, A. Geist, K. Keahey, S. Kohn, L. Mclnnes, S. Parker, and
B. Smolinski. Toward a Common Component Architecture for High-Performance
Scientific Computing. In Proceedings of the 8th IEEE International Symposium on
High Performance Distributed Computing, 1999.

2. F. Bertrand, Y. Yuan, K. Chiu, and R. Bramley. An approach to parallel MxN
communication. In Proceedings of the 3rd Los Alamos Computer Science Institute
(LACSI) Symposium, October 2003.

3. K. Damevski and S. Parker. Parallel remote method invocation and m-by-n data
redistribution. In Proceedings of the 3rd Los Alamos Computer Science Institute
(LACSI) Symposium, October 2003.

4. G. A. Geist, J. A. Kohl, and P. M. Papadopoulos. CUMULVS: Providing fault-
tolerance, visualization and steering of parallel applications. In Environment and
Tools for Parallel Scientific Computing Workshop, Domaine de Faverges-de-la-Tour,
Lyon, France, August 1996.

5. S.L. Peyton Jones, A. Reid, F. Henderson, C.A.R. Hoare, and S. Marlow. A se-
mantics for imprecise exceptions. In Proceedings of the SIGPLAN Conference on
Programming Language Design and Implementation, pages 25-36, 1999.

6. K. Keahey, P. K. Fasel, and S. M. Mniszewski. PAWS: Collective invocations and
data transfers. In Proceedings of the 10th IEEE International Symposium on High
Performance Distributed Computation, July 2001.

7. K. Keahey and D. Gannon. Developing and evaluating abstractions for distributed
supercomputing. Journal of Cluster Computing, special issue on High Performance
Distributed Computing, 1(1), 1998.

8. S. Kohn, G. Kumfert, J. Painter, and C. Ribbens. Divorcing language dependencies
from a scientific software library. In Proceedings of the 10th SIAM Conference on
Parallel Processing, Portsmouth, VA, March 2001.

9. J.M. Mellor-Crummey and M.L. Scott. Algorithms for scalable synchronization on
shared-memory multiprocessors. ACM Transactions on Computer Systems, 9(1):21—
65, 1991.



Topic 2
Performance Evaluation

Wolfgang E. Nagel, Thomas Ludwig, Jeffrey Vetter, and Lorenzo Donatiello
Topic Chairs

Besides excellent performance results for quite some applications for large scale
systems, measurements very often reveal performance limitations for parallel pro-
grams. They result either from the architecture of the parallel systems (memory
organization, communication hardware), from system software (parallel compil-
ers, message passing implementations, operating systems), or sometimes even
from implementation aspects of the given application. However, one of the main
observations still is that on a single PE, many, if not most applications which
are relevant to the technical field do not benefit adequately from clock rate im-
provement. The reason for this is memory accesses: most data read and write
operations have to access memory which is relatively slow compared to proces-
sor speed. With several levels of caches we now have architectures which, in
principal, provide plenty of options to keep the data as close as possible to the
processor. Nevertheless, the resulting chip architectures are quite complex, and
the compiler development progresses more slowly than anticipated.

In the near future, we will see chip architectures which integrate more than
one core on a chip. A simple pocket calculator analysis shows that in most cases
this will limit memory bandwidth even further. After the delivery of powerful
SMP nodes from most vendors, we have learned that coupling these kinds of
chips to a parallel shared memory computer and integrating these new SMP
basic blocks to larger SMP-Clusters is even more challenging. It does not really
matter whether some kind of message passing (like MPI), some kind of shared
memory (like OpenMP) or may be a heterogeneous combination of both is used
as the parallelization concept. The announced system peak performance num-
bers are quite impressive, based on the simple multiplication of single PE peak
performance numbers. In contrast to the new opportunities, a large number of
application programmers are still struggling with many complex features of to-
days modern computer architectures. Quite often, it takes several hundreds of
clock ticks to get one element out of the memory. In future, it is expected that
the numbers get worse. This will limit the success of a technology which could
give a boost to new application areas like virtual products (engineering), new
medication (biology field) or even better insight to complex simulation problems
(nanotechnologies).

Therefore, the techniques and methods developed in our field have a high
potential to address a couple of system bottlenecks, to improve their local-
ization and understanding, and to provide solutions. Our workshop brings to-
gether people working in the different fields of performance modeling, evalua-
tion, prediction, measurement, benchmarking, and visualization for parallel and
distributed applications and architectures. It covers aspects of techniques, im-
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plementations, tools, standardization efforts, and performance-oriented develop-
ment of distributed and parallel applications. This year, 24 papers were submit-
ted to this workshop, one was selected as distinguished paper, eight were selected
as regular papers, and three as short papers.

The removal of measurement overhead and intrusion from the measurement
process - one of the more general and very important problems in our field - is
the topic of the distinguished paper from Malony and Shende. New algorithms
for quantifying and eliminating the overhead on-the-fly for profiling mechanisms
have been developed and implemented. The tests with the NAS parallel bench-
marks have shown that they are effective at reducing the error in estimated
performance. Another very interesting approach is the detection of performance
bottlenecks. The paper from Gerndt et. al. focuses on the capability of two
OpenMP performance analysis tools.

We already have stressed the aspect of performance limitation through mem-
ory access. The contribution from Kereku et.al. is focused on a monitoring envi-
ronment where the access to data structures is analyzed by using a combination
of a hardware monitor and a software simulator. A quite similar approach is
going to be presented by Luiz DeRos et. al. A data-centric component analyz-
ing the memory behaviour requires the mapping of memory references to the
corresponding symbolic names of the data structure. The paper presents the
algorithms implemented in the SIGMA environment. The third paper in that
area - from Tao and Karl - investigates cache effects. Based on simulator results,
these studies concentrate on several different cache coherence protocols.

Message passing is still the dominant parallelization paradigm for large scale
computations. Therefore, performance limitations in such implementations have
a large impact on the application performance. Based on a monitoring system,
the contribution from Bongo et.al. investigates the performance of collective op-
erations. For the “allreduce” operation, they have identified parameters which
have significant impact on the load balance of this operation. In the paper from
Saif and Parashar, several MPI implementations for non-blocking communica-
tion operations have been analyzed. By using the results from this analysis in a
test application, performance improvements between 25% and about 50% have
been reported. The third contribution from Hipp and Rosenstiel describes a
heterogeneous parallelization approach for a particle simulation code.

The first paper from the last part of the workshop from Iosevich and Schuster
compares the performance of two different multithreaded memory coherence
protocols. While the coherence protocol always is the critical decision when a
DSM system is realized, the runtime results have shown no dramatic differences
between a simple and a highly optimized variant. The second paper from Stahl
et.al. describes techniques to exploit task-level parallelism in sequential object-
oriented programs to obtai parallel Java. The third paper from Rodriguez et.
al. presents a method to derive accurate and simple analytical models which
are able to describe the performance of parallel applications. Finally, the last
paper from Fernandes et.al. presents a theoretical performance analysis of a tool
(PEPS) used to analyze Stochastic Automata Networks.
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Abstract. Measurement-based profiling introduces intrusion in program
execution. Intrusion effects can be mitigated by compensating for mea-
surement overhead. Techniques for compensation analysis in performance
profiling are presented and their implementation in the TAU performance
system described. Experimental results on the NAS parallel benchmarks
demonstrate that overhead compensation can be effective in improving
the accuracy of performance profiling.

Keywords: Performance measurement and analysis, parallel computing,
profiling, intrusion, overhead compensation.

1 Introduction

Profiling and tracing are the two main approaches for empirical parallel perfor-
mance analysis. Parallel tracing is most often implemented as a measurement-
based technique. Here, the application code is instrumented to observe events
which are recorded in a trace buffer on each occurrence during execution [5,28].
In contrast, performance profiling [16] can be implemented in one of two ways:
1) in vivo, with measurement code inserted in the program (e.g., see [6,9,21,
23,241]), or 2) ex vivo, by periodically interrupting the program to assign perfor-
mance metrics to code regions identified by the halted program counter (e.g., see
[10,13,14,22,26]. The first technique is commonly referred to as measurement-
based profiling (or simply measured profiling) and is an active technique. The
second technique is called sample-based profiling (also known as statistical pro-
filing) and is a passive technique since it requires little or no modification to
program.

There are significant differences of opinion among performance tool research-
ers with regards to the merits of measured versus statistical profiling. The is-
sues debated include instrumentation, robustness, portability, compiler optimiza-
tions, and intrusion. Ultimately, the profiling methods must be accurate, else
the differences of opinion really do not matter. Herein lies an interesting per-
formance analysis conundrum. How do we evaluate analysis accuracy when the
“true” performance is unknown? Some technique must be used to observe per-
formance, and profiling tools will always have limitations on what performance
phenomena can and cannot be observed [17]. Is a tool inaccurate if it does not
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provide information about particular performance behavior at a sufficient level
of detail? Furthermore, no tool is entirely passive, and any degree of execution
intrusion can result in performance perturbation [17]. Should not all profiling
tools be considered inaccurate in this case? Parallel performance analysis is no
different from experimental methods in other sciences. “Truth” always lies just
beyond the reach of observation. As long as this is the case, accuracy will be a
relative assessment.

Until there is a systematic basis for judging the accuracy of profiling tools,
it is more productive to focus on those challenges that a profiling method faces
to improve its accuracy. Our work advocates measured profiling as a method of
choice for performance analysis [21]. Unfortunately, measured profiling suffers
from direct intrusion on program execution. This intrusion is often reported as
a percentage slowdown of total execution time, but the intrusion effects will be
distributed throughout the profile results. The question we pose in this paper is
whether it is possible to compensate for these effects by quantifying and removing
the overhead from profile measurements.

Section §2 describes the problem of profiling intrusion and outlines our com-
pensation objectives. The algorithms for overhead removal are described in Sec-
tion §3. We tested these on a series of case studies using the NAS parallel bench-
marks [1]. In Section §4, we report our findings with an emphasis on evaluating
relative accuracy. Our approach can improve intrusion errors, but it does not
fully solve the overhead compensation problem. Section §5 discusses the thorny
issues that remain. Conclusions and future work are given in Section §6.

2 Measured Profiling and Intrusion

Profiling associates performance metrics with aspects of a program’s execution.
Normally, it is the program’s components being profiled, such as its routines
and code blocks, and profile results show how performance data are distributed
across these program parts. Execution time is the most common metric, but any
source of performance data is valid (e.g., hardware counters [4,6,23,30]). Flat
profiles show performance data distributed onto the static program structure,
while path profiles [11] map performance data to dynamic program behavior,
most often represented as program execution paths (e.g., routine calling paths
[7,11]). Profiling both measures performance data and calculates performance
statistics at runtime.

Measured profiling requires direct instrumentation of a program with code
to obtain requisite performance data and compute performance statistics. Gen-
erally, we are interested in observing events that have entry / exit semantics.
Instrumentation is done both at the event “entry” point (e.g., routine begin)
and the event “exit” point (e.g., routine return). Profile statistics report per-
formance metrics observed between event entry and exit. We typically speak
of inclusive performance, which includes the performance of other descendant
events that occur between the entry and exit of a particular event, as well as of
exclusive performance, which does not include descendant performance.
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Unfortunately, the measurement code alters the program’s execution, pri-
marily in execution time dilation, but it also affects hardware operation. In-
trusion will be reflected in the profile results unless techniques can compensate
for it. Other research work has sought to characterize measurement overhead
as a way to bound intrusion effects or to control the degree of intrusion during
execution. For instance, the work by Kranzlmiiller [15] quantifies the overhead
of MPI monitors using the benchmarking suite SKaMPI, and Fagot’s work [8]
assesses systematically the overhead of parallel program tracing. The work by
Hollingsworth and Miller [12] demonstrates the use of measurement cost models,
both predicted and observed, to control intrusion at runtime via measurement
throttling and instrumentation disabling.

Our interest is to compensate for measurement intrusion. Thus, we need
to understand the intrusion effects are manifested in performance profiles. Let
us first consider inclusive execution time profiles, using routines as our generic
events. Two timing measurements are necessary to determine inclusive time for
a routine every time it is called: one to get the current clock value at time of
entry and one to get the clock value at exit. The difference between the clock
samples is the inclusive time spent in this call. Let A; represent the overhead to
measure the inclusive time. If the routine A is executed N times, its inclusive
time is increased by IV * A; measurement overhead.

However, A’s inclusive time is also increased by the overhead incurred in the
inclusive time measurement of descendant routines invoked after A is called and
before it exits. If M routines are called while A is active (M covers all calls to A),
the inclusive time is increased additionally by M * A; because each descendant
routine profiled will incur inclusive overhead.

To calculate A’s exclusive time, the inclusive time spent in each direct de-
scendant is subtracted from A’s inclusive time. Since this occurs at A’s exit,
the inclusive times for all direct descendant calls must be summed. If A, is the
measurement overhead to do the summation upon each direct descendant exit,
the total overhead that gets reflected in A’s exclusive time is L * A, for L di-
rect descendant calls. (The subtraction from A’s inclusive time is small and will
be ignored for sake of discussion.) It is important to observe that all overhead
accumulated in the inclusive times of A’s direct descendants gets cancelled in
the exclusive time computation. Unfortunately, if we calculate the inclusive and
exclusive times simultaneously, as is normally the case, the L+ A, overhead must
be added to A’s inclusive time.

To summarize, the total performance profile of routine A will show an increase
in inclusive time due to measurement overheadof Nx A; + M+ A; + Lx A,
where N is the total number of times A is called, M is the number of times
descendant routines of A are called, and L is the number of times A’s direct
descendant routines are called. The performance profile of routine A will also
show an increase in exclusive time of L * 4, due to overhead.

Standard profiling practice does not report the measurement overheads in-
cluded in per event inclusive and exclusive profiles. Typically, overhead is re-
ported as a percetage slowdown in total execution time, with the implicit as-
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sumption that measurement overhead is equally distributed across all measured
events. Clearly, this is not the case. Events with a large number of descendant
event occurrences will assume a greater proportion of measurement overhead. If
we cannot compensate for this overhead, the performance profile will be distorted
as a result. Furthermore, if processes of a parallel application exhibit different
execution behavior, the parallel profiles will show skewed performance results.

3 Overhead Analysis and Compensation

The above formulation allows us to quantify the measurement overheads that
occur in inclusive and exclusive times as a result of measured parallel profiling. If
we were to actually compute these overheads, it must be done at runtime because
the overheads depend on the dynamic calling behavior. However, our goal is to
additionally remove the measurement overhead incurred in parallel profiling.
Thus, the profiling system must both track the overhead and compensate for it
dynamically in profile computations.

As a first step, we must determine the values A; and A.. These overhead
units will certainly depend on the machine and compilers used, but could also
be influened by the application code, the languages and libraries, how the ap-
plication is linked, and so on. Also, it should not be assumed that 4A; and A.
are constant. In fact, they may change from run to run, or even within a run.
This means that we must measure the overhead values at the time the applica-
tion executes, and even then the values will be approximate. The approach we
propose is to conduct overhead experiments at application startup.

3.1 Overhead Analysis

To ascertain the overhead values 4; and 4., we must measure the instrumenta-
tion code that calculates inclusive and exclusive performance. However, the 4;
and A, values may be at the same scale as the measurement precision. Thus,
we must construct a test that guarantees statistical accuracy in our estimation
of 4; and A..

Our approach is to conduct a two-level experiment where the inclusive mea-
surement code is executed £ number of times (in a tight loop) and the per-
formance data being profiled is measured and stored. This procedure is then
repeated j times and the minimum performance value across the 7 experiments
is retained. We use that value divided by &k to compute A;. While this does not
entirely insure against anomalous timing artifacts, its statistical safety can be
improved by increasing j. The two-level experiment is then repeated, this time
with the exclusive measurement code included, resulting in an approximation
of A; + A.. We can substract our A; approximation to find A.. It is impor-
tant to note that we need to do this overhead evaluation at the beginning of
the application execution for the specific set of profile performance data being
measured'.

! In this regard, A; and A, are really vectors of overhead values.
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3.2 Overhead Compensation

Given the approximations for A; and A., we are ready to apply overhead com-
pensation. There are several ways to go about it. One way is to use the formulas
above and remove the overhead at the end of the execution. To do so, however,
we must determine the variables N, M, and L for every event. Without going
into details, calculating N, M, and L amounts to maintaining a dynamic call
graph for every currently active event as the root of its own call tree. Knowing
this allows us to consider a second way that removes inclusive overhead on-the-
fly with every event exit. In this case, we need to only determine ; and I; values
for each ith event occurrence (M =3 m; and L = }_1;, for 1 < ¢ < N). Since
we must calculate profile values at event exit, it is reasonable to have these be
compensated calculations.

Using compensated inclusive calculations at event exit, we now have a choice
for calculating compensated exclusive profile values. Without loss of generality
with respect to other performance metrics, consider only execution time. The
exclusive time for an event A is the difference between A’s inclusive time and
the sum of the inclusive times of all of A’s direct descendants. Regardless of
compensated or uncompensated inclusive times, we have to accummulate the
inclusive times of A’s direct descendants. However, for uncompensated inclusive
times, an additional subtraction at A’s exit of I; * 6. is needed to calculate the
exclusive profile time for this invocation of A. Thus, the scheme we advocate for
on-the-fly overhead compensation of exclusive time is to subtract the compen-
sated inclusive times of A’s direct descendants (as they exit) from A’s running
exclusive time, and add A’s compensated inclusive time back in when A finally
returns.

4 Experiments with Compensation Analysis in TAU

To evaluate the efficacy of overhead compensation, we must implement the meth-
ods described above in a real parallel profiling system and demonstrate their abil-
ity to improve application profiling results. To this end, we have implemented
the overhead compensation techniques in the TAU parallel performance system
[21]. TAU uses measured profiling to generate both flat profiles and callpath
profiles. Inclusive and exclusive overhead compensation is implemented in TAU
for both profiling modes.

How will we know if our overhead compensation works successfully? The
standard measure for intrusion error is usually given as a percentage slowdown
in total execution time. Thus, one can test the ability of a compensation-enabled
profiling tool to accurately recover total execution time from profile measure-
ments with varying levels of instrumentation. As the instrumentation increases,
so likely will the intrusion and the overhead compensation techniques will be
more stressed. However, it is important to understand that accurate perfor-
mance profiling will also depend on the precision of measurement, in particular,
the ability to observe small performance phenomena. Overhead compensation
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can improve measurement accuracy, but it cannot remove measurement uncer-
tainty for small events.

For any level of instrumentation, it is reasonable to expect that less instru-
mentation leads to more accurate profiling results than more instrumentation.
Thus, if the total execution time is accurate, we might assume the rest of the pro-
file statistics are also. However, there are two issues to keep in mind. First, perfor-
mance variability due to environmental factors can arise even in un-instrumented
applications. Second, the success of overhead compensation on profile statistics
is difficult to assess given that the “real” profile values are not known. The best
we can do then is to compare profiling results at one level of instrumentation
with results from using less instrumentation, under the assumption that the ex-
ecution is relatively stable and the results from less instrumented runs are more
reliable and accurate.

4.1 Experimental Methodology

The experimental methodology we use to evaluate overhead compensation char-
acterizes the profiling measurement for an application with respect to levels of
instrumentation and sequential versus parallel execution. For the experiments
we report here, we used three levels of instrumentation. The main only (MO)
instrumentation is used to determine the total execution time for the “main”
routine. This will serve as our standard estimate for overall performance using
as little instrumentation as possible. The profile all (PA) instrumentation gen-
erates profile measurements for every source-level routine of the program. The
callpath all (CA) instrumentation uses TAU’s callpath profiling capabilities to
generate profile measurements for routine callpaths of the program. Obviously,
this CA instrumentation is significantly greater than PA and will further stress
overhead compensation.

Five experiments are run for an application using the three levels of instru-
mentation. The MO experiment gives us a measure of total execution time.
For parallel SPMD applications, we profile the “main” routine of the individual
processes, using the maximum as the program’s total execution time. The per
process times can also be used for evaluation under the assumption the pro-
gram’s behavior is well-behaved. The PA experiment returns profiling measure-
ments without compensation. We let PA-comp represent a PA-instrumented run
with compensation enabled. Similarly, a CA experiment returns callpath pro-
filing measurements without compensation and a CA-comp experiment returns
callpath profile results after overhead compensation.

We can compare the “main” profile values from PA, PA-comp, CA, and CA-
comp runs to the MO run to evaluate the benefit of overhead compensation.
However, we can also look at other indirect evidence of compensation effec-
tiveness. Assuming the PA-comp run delivers accurate profile results, we can
compare the associated statistics from the CA-comp profile to see how closely
they matched. This can also be done for the PA and PA-comp runs with different
levels of instrumentation. Per process values can be used in all parallel cases for
comparison under SPMD assumptions.
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Ten trials are executed for each experiment. We have a choice of using pro-
file results with the minimum “main” values or the average “main” values in
the evaluation. Our preference is to use the profiles reporting minimums. The
reason is that these runs are likely to have less artifacts in the execution (i.e.,
anomalies not directly attributed to the program) and, thus, represent “best
case” performance. On the other hand, an argument can be made to take the
average profile values, since artifacts may be related to the instrumentation. We
report both values in our results below. However, it is important to note that
calculating average profiles may not be reliable for programs that do not behave
in a deterministic manner.

Following the experimental methodology above, we tested overhead compen-
sation on all NAS parallel benchmark applications [1]. As the application codes
vary in their structure and number of events, we expected differences in the
effectiveness of compensation. We ran the ten experiments for each application
sequentially and on 16 processors. Problems sizes were chosen mainly to achieve
runtimes of reasonable durations. The parallel system used in our study was
a Dell Linux cluster”. In the following sections, we report on six of the NAS
benchmarks: SP, BT, LU, CG, IS, and FT.

4.2 Sequential Experiments

Table 1 shows the total sequential execution time of “main” in microseconds
from the different profiles for the different applications. The minimum and mean
values are reported. We also calculate the percentage error (using minimum and
mean values) in approximating the MO time for “main.” The dataset size (A or
W) used in the experiments is indicated.

An important observation is that the TAU measurement overhead per event
is already very small, on the order of 500 nanoseconds for flat profiling on a 2.8
GHz Pentium Xeon processor. This can be easily seen in the TAU profile results
(not shown) where the overhead estimation is given as an event in the profile. Of
course, the slowdown seen in the PA and CA runs depends on the benchmark
and the number of events instrumented and generated during execution. Because
more events are created for callpath profiling, we expect to see more slowdown
for the CA runs.

The results show that overhead compensation is better at approximating
the total execution time, both for flat profiles and for callpath profiles. This is
generally true for all of the NAS benchmarks we tested. In the case of IS-A,
the flat profile compensation (PA-comp) shows remarkable improvement, from
a 193% error in the PA measurement to within 2.1% of the “main” execution
time. The improvements in compensated callpath profiles for SP-W to less than
1% error are also impressive.

To be clear, we are instrumenting every routine in the program as well as
every depth of callpath. If, as a result, we instrument a small routine that gets

2 Hardware: 16 dual-processor 2.8 GHz Intel® Pentium 4 Xeon™ CPUs, 512 KB
cache, 4 GB memory per node, gigabit ethernet interconnect, hyperthreading en-
abled. OS: Red Hat Linux 2.4.20-20.8smp kernel.
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Table 1. Overhead Compensation Results for NAS Benchmarks on Linux Cluster -
Sequential

Experiment MO PA PA-comp |CA CA-comp
usecs psecs psecs jusecs usecs
SP-A min (387588657 397602281 392833924| 405226516 399405895
mean (388540699 398360423 394245841| 407233889 401650317
Yerror (min:mean) 2525 1.3:14 4.5:4.8 3.0:83
SP-W min| 65427051 67942093 66404006 71812623 65517453
mean| 66178471 69254426 67104562| 73659688 66687843
Yeerror (min:mean) 3.8:46 14:1.3] 97:113 0.1:0.7
BT-A min|522765488| 549063282 542479898| 553178345 532736660
mean|524248915| 552617635 545409236 555959945 536680190
%error (min:mean) 4.6: 5.2 3.4:38 5.8:6.0 1.9:23
LU-W min|207366632| 300993317 302786082 306287598 303405699
mean |299395075| 302941264 305796049 307849925 306172285
Y%error (min:mean) 14:33 00:-06) 10.2:89 34:26
CG-A min| 5368659 5733951 5740469 6824800 6536302
mean| 5560969 5758157 5764569 6916842 6628535
Y%error (min:mean) 6.8:35 69:36 27.1:243 21.7:19.1
IS-A min| 5967910 17540614 6094620 35457776 2632054
mean| 5987002 17667114 6215288 36008102 4441510
Yerror (min:mean) 193.9 : 195.0 2.1:3.8/494.1 : 501.4 -55.8:-25.8
FT-A min| 24593893| 25418103 25296244 29104159 28754736
mean| 25215853 25549141 25557557 29470907 28918045
%error (min:mean) e 2.8:1.3| 183:169 16.9:146

called many times, overheads can accumulate significantly. For callpath profiling
with instrumentation including a small event, overheads will be effectively mul-
tiplied by the number of callpaths containing the small routine. This is what is
happening in IS-A. Flat profile compensation can deal with the error, but call-
path compensation cannot. It is interesting that the reason can be attributed to
the small differences in overhead unit estimation, ranging in this case from 957
nanoseconds (minimum) to 1045 (maximum). This seemingly minor 90 nanosec-
onds difference is enough in IS-A callpath profiling to cause major compensation
errors. Certainly, the proper course of action is to remove the small routine from
instrumentation.

4.3 Parallel Experiments

Table 2 reports the results for parallel execution of the six NAS benchmarks on
the Linux Xeon cluster. All of the applications execute as SPMD programs using
MPI message passing for parallelization across 16 processors. For evaluation
purposes, we compare minimum “main” values for each process to those for the
MO run. Each process will complete its execution separately, resulting in different
“main” execution times. We show the range of minimum values (labeled ‘high”
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Table 2. Overhead Compensation Results for NAS Benchmarks on Linux Cluster -
Parallel

Ezxperiment MO PA PA-comp|CA CA-comp
[secs secs psecs jsecs psecs

SP-A min (high)|67369049] 67519758 67758618| 72968801 73416350
min (low)|64346890| 64834412 64963104 67047549 67124742

%error (mean:high) 06:02 08:05 43:83 4.3:89

SP-W min (high)|13874506| 14217942 14257427| 15336991 13985473
min (low)|11306714] 11602819 11628739| 12539279 11064565

Y%error (mean:high) 25:24 25:2799:105 -1.5:0.7
BT-A min (high)|76799427| 77454300 77839767 85876074 85835820
min (low)|74182308] 74696115 74937243| 78018235 77721303

%error (mean:high) 06:08 10:13 55:11.8 54:11.7

LU-A min (high)|36966517| 37783314 37629343| 52540720 52395303
min (low)|34399415| 35194131 35099696| 43787261 43176436

Yerror (mean:high) 22:22 18:17]275:421 25.7:41.7
CG-A min (high)| 4353851| 4612676 4525479 8677331 8201439
min (low)| 1848843 2076113 1950485 4252990 3691704

Y%error (mean:high) 74:59 3.8:3.9(84.1:99.3 656 :904

1S-A min (high)| 5420444 5973752 5836727 8301860 5585069
min (low)| 2772617 3490618 3080709 5789329 1634756

Y%error (mean:high) 179:10.2 11.1:7.6|76.9 : 53.1 1.4:30
FT-A min (high)| 8085574| 8195461  8088853| 9620210 9366497
min (low)| 5422766| 5518819  5485972| 6021030 6029058

Y%error (mean:high) 08:13 -0.1:0.0/89:189 86:158

and “low” in the table), the mean error over this range (comparing process-by-
process with the minimum results from the MO run), and the error of the mean
and “high” values (effectively execution time of Node 0’s “main”).

Overall, the results show that compensation techniques improve performance
estimates, except in a few cases where the differences are negligible. This is en-
couraging. However, we also notice that the results display a variety of interesting
characteristics, including differences from the sequential results.

For instance, the PA values for SP-A, BT-A, and FT-A are practically equiv-
alent to “main” only results, yet the sequential profiles show slowdowns. The PA-
comp values are within less than 1% in these cases. We believe this suggests that
the instrumentation intrusion is being effectively reduced due to parallelization,
resulting in fewer events being measured on each process. We tend to charac-
terize the SP-W flat profile experiments in the same way, since the errors are
reasonably small and the minimum ranges are tight.

Other benchmarks show differences in their range of minimum “main” exe-
cution times. IS-A is one of these. It also has the greatest error for flat profile
compensation. Compared to the sequential case, there is a significant reduction
in PA error (193.9% to 10.2%) due to intrusion reduction, but the compensated
values are off by 11.1% on average per process and 7.6% for Node 0’s “main”
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time (compared to 2.1% minimum error in the sequential case). This suggests a
possible correlation of greater range in benchmark execution time with poorer
compensation, although it does not explain why.

CG-A also has a significant difference in its “high” and “low” range, but
its PA-comp errors are lower than IS-A. However, as more events are profiled
with callpath instrumentation, the CA and CA-comp errors increase significantly.
Compared to the sequential CA and CA-comp runs, we also see a slowdown in
execution time compared to the sequential case. This is odd. Why, if we assume
the measurement intrusion is being reduced by parallelization, do we see an
execution slowdown? Certainly, the number of events is affecting compensation
performance, as was the case in the sequential execution, but the increase in
execution times beyond the sequential results suggests some kind of intrusion
interdependency. In addition, we see the execution time range is widening.

Looking for other examples of widening execution time range with increased
number of events, we find additional evidence in the callgraph runs (CA and
CA-comp) for SP-A, BT-A, LU-A, and FT-A. The effect for LU-A is particu-
larly pronounced. Together with the observations above, these findings imply
a more insidious problem that may limit the effectiveness of our compensation
algorithms. We discuss these problems below.

5 Discussion

The experiments we conducted were stress tests for the overhead compensation
algorithms. We profiled all routines in the application source code for flat profiles
and we profiled all routine calling paths for callpath profiles’. While the results
show the overhead compensation strategies implemented in TAU are generally
effective, we emphasize the need to have an integrated approach to performance
measurement that takes into account the limits of measurement precision and
judicious choice of events. It should not be expected that performance phe-
nomena occurring at the same granularity as the measurement overhead can be
observed accurately. Such small events should be eliminated from instrumenta-
tion consideration, improving measurement accuracy overall. In a similar vein,
there is little reason to instrument events of minor importance to the desired
performance analysis.

TAU implements a dynamic profiling approach where events to be profiled are
created on-the-fly. This is in contrast with static profiling techniques where all
events must be known beforehand [7]. Static approaches can be more efficient in
the sense that the event identifiers and profile data structures can be allocated a
priori, but these approaches do not work for usage scenarios where events occur
dynamically. While TAU’s approach is more general, modeling the overhead
is more complicated. For instance, we do not currently track event creation
overhead, which can occur at any time. Future TAU releases will include this
estimate in the overhead calculation. The good news is that we made significant

3 We did eliminate a few very small routines: BINVCRHS, MATMUL: SUB, and MATVEC SUB,
from the BT benchmark, and ICNVRT from CG.
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improvements in the efficiency of TAU’s profiling system in the course of this
research. Our callpath profiling overheads were improved ten times by switching
to a more efficient callpath calculation and profile data lookup mechanism.

Callpath profiling is more sensitive to recovery of accurate performance statis-
tics for two reasons. First, there are more callpath events than in a flat profile
and each callpath event is proportionally smaller in size. Second, we only esti-
mate the flat profiling overhead at this time in TAU. The overhead for profiling
measurements of callpaths is greater because the callpath must be determined
on-the-fly with each event entry and the profiling data structures used must be
mapped dynamically at runtime (flat profile data structures are directly linked).
Nevertheless, it is encouraging how well compensation works with callpath pro-
filing using less exact (smaller) overhead values. Also, TAU’s implementation
of callpath profiling allows the depth of callpath to be controlled at execution
time. A callpath depth of O results in a flat profile. Setting the callpath depth
to d results in events for all callpaths of length < d being profiled. This callpath
depth control can be used to limit intrusion.

The most important result from the research work is the insight gained on
overhead compensation in parallel performance profiling. Our present techniques
are necessary for compensating measurement intrusion in parallel computations,
but they are not sufficient. Depending on the application’s parallel execution
behavior, it is possible, even likely, that intrusion effects seen on different pro-
cesses are interdependent. Consider the following scenario. A master process
sends work to worker processes and then waits for their results. The worker pro-
cesses do the work and send their results back to the master. A performance
profile measurement is made with overhead compensation analysis. The workers
see some percentage intrusion with the last worker to report seeing a 30% slow-
down. The compensated profile analysis works well and accurately approximates
the workers “actual” performance. The master measurement generates very little
overhead because there are few events. However, because the master must wait
for the worker results, it will be delayed until the last worker reports. Thus, its
execution time will include the last worker’s 30% intrusion! Our compensated
estimate of the master’s execution time will be unable to eliminate this error be-
cause it is unaware of the worker’s overhead. We believe a very similar situation
is occurring in some, if not all, of the parallel experiments reported here.

Figure 1 depicts the above scenario. Figure 1(a) shows the measured ex-
ecution with time overhead indicated by rectangles and termination times by
triangles. The large triangle marks where the program ends. The overhead for
the master is assumed to be negligible. The arrows depict message communi-
cation. Figure 1(b) shows the execution with all the overhead bunched up at
the end as a way to locate when the messages returning results from the work-
ers (dashed arrows) would have been sent and the workers would have finished
(small shaded triangles), if measurements had not been made. Profile analysis
would correctly remove the overhead in worker performance profiles under these
circumstances. However, the master knows nothing of the worker overheads and,
thus, our current compensation algorithms cannot compensate for it. The master
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Fig. 1. Parallel Execution Measurement Scenario.

profile will still reflect the master finishing at the same time point, even though
its “actual” termination point is much earlier.

Unfortunately, parallel overhead compensation is a more complex problem to
solve. This is not entirely unexpected, given our past research on performance
perturbation analysis [18-20]. However, in contrast with that work, we do not
want to resort to a parallel trace analysis to solve it. The problem of overhead
compensation in parallel profiling using only profile measurements (not tracing)
has not been addressed before, save in a restricted form in Cray’s MPP Ap-
prentice system [29]. We are currently developing algorithms to do on-the-fly
compensation analysis based on those used in trace-based perturbation analysis
[25], but their utility will be constrained to deterministic parallel execution only,
for the same reasons discussed in [17,25]. Implementation of these algorithms
also will require techniques similar to those used in PHOTON [27] and CCIFT [2,
3] to embed overhead information in MPI messages. While Photon extends the
MPI header in the underlying MPICH implementation to transmit additional in-
formation, the MPI wrapper layer in the CCIFT application level checkpointing
software allows this information to piggyback on each message.

6 Conclusion

Measured profiling has proven to be an important tool for performance analysis
of scientific applications. We believe it has significant advantages over statis-
tical profiling methods, but there are important issues of intrusion that must
be addressed. In this paper, we focus on the removal of measurement overhead
from measured profiling statistics. The algorithms we describe for quantifying
the overhead and eliminating it on-the-fly have been implemented in the TAU
performance system. Testing these algorithms using TAU on the NAS parallel
benchmarks shows that they are effective at reducing the error in estimated per-
formance. This is demonstrated for both flat and callpath profiling. In general,
the overhead compensation techniques can be applied to any set of performance
metrics that can be profiled using TAU.

However, there are still concerns and problems to address. We need to validate
the compensation analysis approach on other platforms where different factors
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will influence observed overhead. We need to better understand the limits of
overhead compensation and its proper use in an integrated instrumentation and
measurement strategy. In particular, the problems with overhead compensation
analysis in parallel profiling require further study. While the current methods
do reduce intrusion error in parallel profiling, they are unable to account for
interdependent intrusion effects. We will address this problem in future research.
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Abstract. This paper describes a monitoring environment that enables
the analysis of memory access behavior of applications in a selective
way with a potentially very high degree of detail. It is based on a novel
hardware monitor design that employs an associative counter array to
measure data structure related information at runtime. A simulator for
this hardware monitor is implemented, providing the capability of on-the-
fly simulation targeting shared memory systems. Layers of software are
constructed to operate and utilize the underlying hardware monitor, thus
forming a complete monitoring environment. This environment is useful
to help users to reason about optimizations based on data reorganization
as well as on standard loop transformations.

1 Introduction

This paper describes a novel approach for analyzing the memory access behavior
of OpenMP applications developed in the German project EP-Cache. It is based
on a hardware monitor designed to be integrated into cache controllers which
provides counters that can be configured to measure events for certain address
ranges.

This hardware monitor enables nonintrusive analysis of access overhead to
data structures in the program. While state of the art hardware counters in
modern CPUs can only be used to measure access behavior for program regions
or program lines, this hardware monitor is capable to give, for example, infor-
mation about the number of cache misses for a specific array in a loop of the
program.

This information can then be used in the identification of transformations
for optimizing the cache behavior of applications. Especially for data structure
transformations, such as padding, it will be very useful.

To exploit the abilities of the new hardware monitor, a software infrastructure
is required to collect and map the measured information back to the symbols in
the program. This paper describes this software infrastructure as well as a sim-
ulator for the hardware monitor which enables us to investigate the advantages

* The work presented in this paper is mainly performed in the context of the EP-
Cache Project, funded by the German Federal Ministry of Education and Research
(BMBF).

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, pp. 133-140, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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obtained from having this data structure-related information in the optimization
process.

Section 2 gives an overview of the monitoring infrastructure. Section 3 de-
scribes the individual components of the infrastructure. Section 4 presents a
monitoring scenario and Section 5 the analysis and optimization of Gauss Elim-
ination.

2 An Overview of the Monitoring Infrastructure

Monitoring data structures in a selective way is a demanding task. It requires
knowledge about the involved data structures, the state of application execution,
as well as the state of different memory levels present in the system - all of these
have to be taken in account in a coordinated way. We designed our monitor-
ing system to meet those requirements in the first place, but taken others into
consideration as well, such as portability and extendibility. The primary goal
is to give more detailed information about memory access behavior in Fortran
OpenMP programs targeting specific data structures. Programs written in other
programming languages as well as MPI programs can also be analyzed with
our environment provided that the language-specific instrumenters for program
regions and data structures are available.

| Fa0 OpenMP \I Code Regions > Data Structures

Program | Instrumenter | Instrumenter |
|
| 5 I } ADAF‘TOR_'. | h Mu:;iloring Libléary I'/ Instrumented )
2 |l i Execulable |<-DS Wiapping Unary [ 790 OpenhiP
| 8 ¥ System N oo J Simulator Library | . o8@ M
[ 2 .El.a.{:nping Monitoring Libraryi_
< Data Structures to .
Virtual Addresses -/ Execution = :
{ includes |
[ : Performance |
|. Monitor and Analysis Tools
\  Cache /
. Simulator _———
(a) (b) o

Fig. 1. (a) The central component is the Monitoring Control Component(MCC), which
controls the application’s execution, and manages different hardware and software mon-
itoring resources. (b) An application must go through several preprocessing procedures
before it can be monitored.

Figure 1 depicts the building blocks of our monitoring system, focusing on the
Monitor Control Component (MCC). The MCC provides two APIs: Monitoring
Request Interface (MRI)[4] and the monitoring library interface.

Via MRI, performance analysis tools' can specify monitoring requests and
retrieve runtime data. The MCC converts MRI requests into many low level

! In the rest of the paper we interchangeably use the terms “Tool” and “Performance
Tool” always refereeing to a Performance Analysis Tool.
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requests which are addressed to different sensors”. Those sensors can be hard-
ware counters, e.g. counting cache misses, or software sensors, e.g. information
about the current state of program execution. The information provided by the
sensors is subsequently processed by the MCC - for example, the information is
aggregated through region instances or threads upon request from the tools, pro-
ducing in this way the required profile or trace data. The monitored application
calls the monitoring library at instrumented regions. This library implements
parts of the MCC.

Some preprocessing procedures are necessary before we can start monitor-
ing an application (Figure 1). First, a Code Region Instrumenter (see Section
3.3) inserts calls to the monitoring library(Section 3.5) at the entry and exit
of regions in a selective way. A second instrumentation is done by the Data
Structure Instrumenter based on ADAPTOR [7] to generate information about
the application’s data structures, such as their virtual address range. In the
next step, the application is compiled and linked with libraries, including the
monitoring library, the simulator libraries and the ADAPTOR runtime system
library, producing an executable. Finally the program is executed which includes
a simulation of the cache hierarchy and the new hardware monitor. During the
execution, performance tools request and access performance data via the MRIL

The whole process can be automated. We provide a simple script which takes
source files of the application as input and generates the executable.

3 Resources for Data Structure Monitoring

3.1 The Hardware Monitor

The proposed hardware monitor [6] enables non-intrusive performance monitor-
ing of access overhead for specific data structures. It can be configured into two
working modes. The static mode allows to count predefined events or accesses
to specific memory regions of interest. This can be used to monitor given data
structures or parts of arrays, in order to get such information as L1 cache misses
for array A, L2 caches hits for array B etc. The dynamic mode enables a fine-
grained monitoring of memory accesses to selected address ranges. It provides
a histogram, e.g., for the cache misses of array A. The histogram’s granularity
can be configured as multiples of cache lines.

3.2 Hardware Monitor Simulator

While the hardware monitor is still only a concept, currently, a simulation of the
monitor is used instead. Though this environment can only catch memory ac-
cesses happening in user space of target processes, this enables the development
of performance tools and optimization techniques.

2 Our Hardware Monitor plays in the Figure 1 the role of sensor. MCC accesses it
through ePAPI, a PAPI [10] alike interface with the extension of histogram support.
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The simulation and monitoring environment is capable of providing detailed
information about the runtime cache access behavior, and is composed of the
following modules: aruntime instrumentation module which instruments the pro-
gram’s load/store operations while the program is executing, a cache simulation
module which simulates a hierarchy of caches on processors with shard memory,
and a monitor simulation module which simulates the hardware monitor exactly
as it was described in the last section.

The runtime instrumentation module provides the capability of on-the-fly
cache simulation for OpenMP programs, which is enabled by the Valgrind [9]
runtime instrumentation framework. This allows catching all memory references
of an IA-32 binary, including SIMD instructions introduced in modern Intel
processors (MMX/SSE/SSE2). While the instrumentation is done inside of the
Valgrind CPU emulation layer, the cache simulator and monitor simulator are
linked to the target binary, and are notified via a callback mechanism each time
there is a memory access.

3.3 Code Region Instrumenter

To be able to measure performance data for regions in the program code, the
application has to be instrumented. We developed a Fortran 95 instrumenter
based on the NAG compiler frontend. It instruments sequential regions, taking
into account multiple exits from regions, as well as OpenMP regions [5]. For
OpenMP we follow the work of Bernd Mohr et. al. in Opari [3] and POMP [1].

The programmer can select which regions are instrumented by using appro-
priate command line switches. This is especially important when instrumenting
sequential loops. Sometimes it might be beneficial to instrument nested loops,
although the measurement overhead can be quite high.

The instrumenter generates information about the instrumented region in
an XML-Format that was designed in the APART working group. It is called
the Standard Intermediate Program Representation (SIR). Besides the file and
the lines covered by a region and the region type, we also collect information
on the data structures accessed in the region. For arrays, the generated XML-
representation specifies the data type as well as the array size if it is statically
known. This information can be used to help the user and automatic tools to
select appropriate data structures for measurements.

3.4 Data Structure Instrumenter

To be able to measure, for example, the L1 cache misses of a data structure
with the hardware monitor, we need to know the virtual address range of the
data structure at runtime. Our current implementation uses some components of
the ADAPTOR compilation system. ADAPTOR inserts for all arrays code which
handles array descriptors at runtime. These store, besides other information, the
address range to which the array is mapped. For scalar variables this information
can easily be obtained without special support. The ADAPTOR runtime system



A Data Structure Oriented Monitoring Environment 137

also provides an interface through which our monitor can retrieve the current
virtual address range for a specific data structure.

This kind of implementation restricts our monitoring to data structures in
code regions that are already allocated when the region is entered.

3.5 Lightweight Monitoring Library

The monitoring library implements the function calls that are inserted into the
application by the Program Region Instrumenter. Although the instrumentation
is done only for selected regions, most of the instrumented regions will actually
not be measured. The tools can and should request only information required
for the analysis via the MRI.

Thus, most of the calls will actually be empty calls and should have as little
overhead as possible. Due to the numbering scheme of code regions, which is
based on a file number and the regions first line number, we had to implement
the Configuration Table for storing MRI requests as a hash table (see Figure 2).
Each table entry represents an instrumented region. It has a flag that is only set
if there is an MRI request appended to the region. This way, the minimal weight
of a library call is basically reduced to the access time for the hash table.

3.6 Monitor Control Component

MCC (ref. Figure 2) is the central component that glues all the resources de-
scribed in the previous sections together and communicates with the performance
analysis tool. It is responsible for the initialization and configuration of resources,
for handling MRI requests, and for postprocessing and delivery of the runtime
information. For handling MRI requests for specific data structures, the MCC
translates the variables names into virtual addresses and vice versa.

Configuration Table
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Fig. 2. A more detailed view of our system revealing some internal functionality and
implementation details.
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4 Monitoring Scenario

Our monitoring system is structured into two processes, the application pro-
cess and the tool process. These processes communicate via a System V shared
memory segment. Accordingly, the system is implemented as two libraries. The
first library, linked to the application, contains the monitoring library, the MCC
functionality and the simulator. The other library, linked to the analysis tool,
implements the Runtime Information Producer (RIP) responsible for MRI pro-
cessing at the client side (Figure 2).

At runtime, the first statement executed by the application is the initial-
ization of the MCC. The application is blocked during initialization until the
analysis tool specified MRI requests and released the application. The MCC ini-
tializes all monitoring sensors, retrieves the region structure of the application
from SIR, and builds up a configuration table in the shared segment. The con-
figuration table is implemented as a hash table, where the couple of file ID and
region first line number serves as the key.

‘When the tool is started, it will first initialize the RIP and wait for a READY
signal of the MCC. It will then specify MRI requests which are validated and
attached to the appropriate region entries in the configuration table by the RIP.
The requests specify the requested runtime information (e.g. the number of L1
cache hits), information about the target code region and eventual data struc-
tures, and any desired aggregation. The data structure provides also space for
the measurement results.

Once the tool finished its initial requests’, it specifies where the program
should stop (usually the end of a region) and the MCC is notified to start the
application’s execution.

At the enter and exit point of each instrumented region, the region instru-
menter inserted a call to the monitoring library. When the control flow enters
the library, MCC looks up the configuration table for an MRI request that is
appended to the current region. If such a request exists, symbolic data struc-
ture information will be translated into virtual addresses if necessary and the
monitor will be configured accordingly. After that, the control is returned to the
application.

At the end of the monitored region, MCC stops the monitor, retrieves the
results, aggregates the results if required, and transfers the results to the space
reserved by the MRI request. When the end of a region corresponds with the
specified halting point, the tool is notified and the application, together with
MCQC, is blocked again.

3 We say initial because the tool can make other requests at any time. The synchro-
nization between MCC and RIP allows interruption of the program for getting partial
results or for making new requests. This is particulary useful if the Tool can make
new decisions (followed by new requests) starting from the data gathered until the
present state of application’s execution.
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S Analysis and Optimization of Gauss Elimination

In order to illustrate the usefulness of the monitoring system, we use a Fortran 90
program for solving linear equations, Az = b, using Gauss elimination without
pivoting. Variable A, a two dimensional real array (100x100), is chosen as the
target data structure of monitoring.

Figure 3 presents two access histograms for L1 cache, including events of
read hits, read misses, write hits and write misses. The x-axis shows the relative
position of the access, with the whole memory range for A evenly divided into 25
portions. The y-axis represents the number of events. Both measurements target
code regions that constitute the numerical kernel, excluding the initializations
etc.
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Fig. 3. Cache access histograms for the original and optimized Gauss program.

The left part of Figure 3 illustrates the access histogram of the original
Gauss elimination program. The most significant feature of this histogram is the
high value of read misses and very low level of read hits. This encouraged us
to optimize the original program with different optimization techniques, such
as loop unrolling etc, and we finally derived an optimized version of the Gauss
program with better utilization of the hardware. The right part of Figure 3
presents the access histogram of the optimized program. It can be clearly seen
from this diagram, that the read misses are significantly reduced.

6 Future Work

This paper presents the current status of the development of a monitoring system
for measuring the memory access behavior for specific data structures. It is based
on a novel hardware monitor design.
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In the near future we plan to enhance the automation scripts driving the
preprocessing and to make a full implementation of the monitor available. We
will develop a version of the monitor that works with the PAPI interface and will
thus be able to access the current hardware counters of modern microprocessors.
Another effort will be made to port our ePAPI interface to Itanium architectures
taking advantage from this processor’s support on monitoring predefined data
address spaces. We are also working on mapping variables to virtual address
based on debug information.

Within the EP-Cache project we will also develop an automated performance
analysis tool that does an incremental online analysis as described in the moni-
toring scenario on top of our monitor. The tool will be based on a formalization
of performance property with the APART Specification Language (ASL).
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Abstract. Understanding and tuning memory system performance is a critical
issue for most scientific programs to achieve reasonable performance on current
high performance systems. Users need a data-centric performance measurement
infrastructure that can help them understand the precise memory references in
their program that are causing poor utilization of the memory subsystem. How-
ever, a data-centric performance tool requires the mapping of memory references
to the corresponding symbolic names of the data structure, which is non trivial,
especially for mapping local variables and dynamically allocated data structures.
In this paper we describe with examples the algorithms and extensions imple-
mented in the SIGMA environment for symbolic mapping of memory references
to data structures.

1 Introduction

A variety of performance measurement, analysis, and visualization tools have been cre-
ated to help programmers tune and optimize their applications. These tools range from
source code profilers, tracers, and binary analysis tools (e.g., SvPablo [4], TAU [§], KO-
JAK [10], VampirGuideView [5], HPCView [6], and Paradyn [7]) to libraries and utilities
to access hardware performance counters built into microprocessors (e.g., Perfctr [9],
PAPI [1], and the HPM Toolkit [2]).

In general, performance measurement and visualization tools tend to be control-
centric, since they focus on the control structure of the programs (e.g., loops and func-
tions), where traditionally application programmers concentrate when searching for
performance bottlenecks. However, due to the advances in microprocessors and com-
puter systems designs, there has been a shift in the performance characteristics of scien-
tific programs from being computation bounded to being memory/data-access bound.
Hence, understanding and tuning memory system performance is today a critical issue
for most scientific programs to achieve reasonable performance on current high perfor-
mance systems. Thus, users also need a data-centric performance measurement infras-
tructure that can help them understand the precise memory references in their program
that are causing poor utilization of the memory hierarchy. Fine-grained information
such as this is useful for tuning loop kernels, understanding the cache behavior of new
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algorithms, and to investigate how different parts of a program and its data structures
compete for and interact within the memory subsystem.

In [3], we presented SIGMA (Software Infrastructure to Guide Memory Analysis),
a new data collection framework and a family of cache analysis tools. The goal of
the SIGMA environment is to provide detailed cache information by gathering mem-
ory reference data using software-based instrumentation. This is used to provide feed-
back to programmers to help them apply program transformations that improve cache
performance. An important characteristic of the SIGMA infrastructure is that it is both
control-centric and data-centric; it presents performance metrics expressed in terms of
functions, as well as data structures defined in the source code.

In order to provide such relation to the source program, whenever a memory ref-
erence is made, SIGMA gathers the address of the instruction that made the reference
and the address of the referenced data. It then associates the instruction address to the
source line in the program that made the reference, and the data address to the symbolic
name of the data structure that corresponds to the reference. While the transformation
of the instruction address into the corresponding source line can be performed easily by
analyzing the line number and symbol table stored in the executable, mapping the data
address to the corresponding symbolic name of the data structure requires considerably
more work. This is especially true if we want to support local variables and dynamically
allocated data structures, which were not supported in the work presented in [3]. The
main problem in supporting the mapping of local (automatic) variables and dynamically
allocated variables is that the virtual address cannot be known statically at link time.

The remainder of this paper is devoted to describing the algorithms implemented in
SIGMA that map each memory reference to the corresponding data structure. Section 2
presents a brief overview of the SIGMA infrastructure. In Section 3, we describe with
examples our algorithms for mapping memory references to variable names. Finally, in
Section 4, we present our conclusions.

2 The SIGMA Approach

The SIGMA environment consists of three main components: a pre-execution instru-
mentation utility that reads the binary file to locate and instrument all instructions that
refer to memory locations; a runtime data collection engine that collects the streams
of instructions and memory references generated by the instrumentation, performs the
symbolic mapping, and a highly efficient lossless trace compression. It also provides a
number of simulation and analysis tools that process the compressed memory reference
trace to provide programmers with tuning information.

SIGMA uses a binary instrumentation approach so that it can gather data about the
actual memory references generated by optimizing compilers rather than using source
instrumentation which would gather data about the user specified array references. The
simulation and analysis tools include a TLB simulator, a data cache simulator, a data
prefetcher simulator, and a query mechanism that allows users to obtain performance
metrics and memory usage statistics for current and hypothetical architectures. For more
details on the SIGMA environment, please refer to [3].
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The runtime symbolic conversion engine, which is the subject of this paper, per-
forms the transformation:

(instruction Address, data Address) ~ (sourceLine,var Name, arrayElement)

(1)
and maintains a table where each column represents an active data structure and each
row represents a function in the program. Each entry in the table contains counters
for the memory events of interest, such as cache accesses, hits, and misses. Once the
symbolic transformation (1) is completed the module updates the counters for the en-
try corresponding to the source line sourceLine and the data structure varName. If the
variable is an array the precise element references is also available.

3 Mapping Memory References to Data Structures

In order to perform the transformation: dataAddress ~» varName the runtime engine
builds and maintains a linked list shown in Figure 1, where each entry corresponds to
an allocated virtual address range and carries the information about the symbolic name
of the data structure that corresponds to each address range. When an address “a” is
accessed, the runtime engine searches the list for an entry “4” such that a; < a < b;,1in
order to match the reference to the data structure x;.

beginAddr: A, beginAddr: A, beginAddr: A
endAddr: By endAddr: - R R S S e e - endAddr: B,
symbolName: X symbolName: X 5 symbolName: X .

Fig. 1. Table to map memory addresses to symbolic names.

Clearly, since data structures can be allocated and deallocated dynamically, this
list has to be dynamically updated at runtime. Moreover, the instrumentation engine
must capture the information about allocations and deallocations. A further difficulty is
presented by the fact that stack variables are not identified by a global address range,
but by an offset within the stack pointer of the function where they are defined.

In this section we describe our approach to support the mapping of each data address
to the corresponding symbolic name of the data structure. We divide the description in
three parts: the algorithm for mapping of global variables, the algorithm for mapping
of dynamically allocated variables, and the algorithm for mapping of stack variables.
Our examples are based on the IBM compilers for AIX and their binary representation
(XCOFF), but the ideas can be extended to other environments.

3.1 Mapping Global Variables

Global variables are allocated in the Data Segment of the binary, where the information
about the virtual address assigned to each variable and its size is completely known at
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link time. If the program is compiled with the debugger flag, this information is stored
by the compiler in the executable in the form of tables. Hence, by analyzing these tables
we can build the linked list of Figure 1 statically, before the application starts executing.
For example, let us consider the following C pseudocode:

double varl;

double var2 = 1;

int arrayl[100};

int main(int argc, char *argv(]l) { ... }

By analyzing the symbol table of the compiled executable, we find the following
entries that refer to the data structure varl:

Symbol Class = C.EXT Value = 0x20000660 Name = varl
Stab Class = C.GSYM Value = 0x00000000 Name = varl:G-13

The first entry classifies the symbol varl as a variable statically allocated at the virtual
address 0z20000660. The second entry identifies the variable as a global variable (sym-
bol G) of type —13, which is the internal code for double. We can therefore infer that
the variable varl will be attributed the address range [0220000660, 0220000668) and
we can build an entry in the linked list. Similarly, the array arrayl and the variable
var2 are represented as:

Symbol Class
Stab Clasg

C_EXT Value
C_.GSYM Value
Symbol Class C_EXT Value
Stab Class C_GSYM Value
Stab Class = C.DECL Value

0x200001e0 Name = var2

0x00000000 Name = var2:G-13
0x20000668 Name = arrayl
0x00000000 Name = arrayl:G6
0x00000000 Name :t6=ar0;0;99;-1

LA O}
o n

]
f

where the last Stab entry defines the type 6 as an array 0,..., 99 of integers. The table
for this binary is shown in Figure 2.

beginAddr: 0x20000660 beginAddr: 0x200001e0 beginAddr: 0x20000668

endAddr:  Ox20000668 | | endAddr:  0x200001e8 endAddr:  0x200007f8

symbolMName: varl symbolMame: var2 symbolName: array]

Fig. 2. Table to map memory addresses to symbolic names.

3.2 Mapping Dynamically Allocated Variables

Normally, the sizes of dynamic data structures depend on user input and are often un-
known at compile time. Moreover, a data structure size may need to be changed during
the program execution. Hence, an address range of a dynamically allocated data struc-
ture is assigned to the variable at runtime, and cannot be deduced uniquely from the
executable tables. Furthermore, allocated variables can be “released” when they are no
more needed, and the same address range (or a subset of it) can be re-assigned to some
other dynamic variable.



An Approach for Symbolic Mapping of Memory References 145

In order to account for such situations, we needed to expand our instrumentation
utility to capture the allocation and deallocation requests, the address range allocated
or freed, and the symbolic data structure that is bound from time to time to the ad-
dress range. To illustrate the algorithm, let us consider the following C example and its
corresponding entries in the symbol table:

int *A;
A = (int *)malloc(n);

Stab Class = CDECL Value = 0x00000000 Name = :t4=*-1
Symbol Class = CEXT Value = 0x2000055c Name = A
Stab Class = C.GSYM Value = 0x00000000 Name = A:G4

The symbol table of the executable contains an entry for the global variable A (of
type 4, i.e., pointer to integer, as specified in the first Stab entry), which is associated
to the virtual address 022000055¢. When the malloc function is called, it returns the
address x of the newly allocated address range. By intercepting at runtime this return
address and the corresponding argument passed to malloc, we can infer that a new
address range [z, z + n) has been allocated. Unfortunately, the malloc call does not
directly provide any information about the symbolic name that the new address range
is associated with. However, the compiler usually stores the new address z into the
memory location identified by A. The code generated for the malloc call is usually of
the following type, where R3 indicates the register that is used to pass the first argument
to a function and to collect its return code:

store n into R3
call malloc (which returns the address x in the register R3)
store R3 into 0x2000055¢

An optimizing compiler might avoid storing the address = and just keep it in a
register. In this case, we are unable to bind the address range with the symbolic name,
and we classify such references to belong to a dynamically allocated area whose name
is unknown. In practice, however, this situation only occurs when the allocated memory
is used for a very limited amount of time and then released, and is not encountered
often in real applications where the allocated memory is heavily reused (for example in
a loop) before being released.

The algorithm to track dynamically allocated memory is the following: first, by
analyzing the executable tables we create an entry for A, as shown in Figure 3. Second,
from the malloc instrumentation, we obtain the parameter passed to malloc (size
n) and the returning value (address x), and instantiate an entry, as shown in Figure 4,
where the name is still undefined. Then, when a store instruction: store x into a
is executed, we search the list for an entry whose name is undefined and z is in the
begin address of its range. If we find such an entry, we infer that the address range is
now associated with the data structure whose virtual address is a. In the example above,
when store R3 into 0x2000055c¢ is executed, we change the list by assigning
the name A to the allocated variable, as shown in Figure 5.

Finally, each time free is called, we capture the address passed to it and search the
table for an entry that corresponds to it. We then remove the entry from the table, since
it is no more “active”.



146 L. DeRose, K. Ekanadham, and S. Sbaraglia

beginAddr: 0x2000055¢

endAddr:  0x20000560

symbolName: A

Fig. 3. Table entry for a pointer declaration.

beginAddr:  0x2000055¢ beginAddr: x
endAddr:  0x20000560 endAddr:  x+4n
symbolName: A symbolName: UNKNOWN

Fig. 4. Table entry after a dynamic allocation at address x of size n.

beginAddr: 0x2000055¢ beginAddr: x
endAddr:  0x20000560 endAddr:  x+n
symbolName: A symbolName: A

Fig. 5. Table entry of a dynamically allocated variable after symbolic mapping.

3.3 Mapping Stack Variables

When a stack variable is declared in the source code, such as an automatic variable in C
or a local variable in Fortran 90, the virtual address that will be assigned to the variable
will depend on the position of the stack pointer when the function is called, and is
therefore unknown at compile time. However, the compiler stores in the executable the
offset of each stack variable in the stack frame. For instance, the pseudocode

int foo(void) {
int varl;
int arrayl([100];

}

would carry in the executable the following symbols:

Stab Class = C.FUN Value = 0x00000000 Name = foo:F-1
Symbol Class = C.FCN Value = 0x100003d4 Name = .bf

Stab Class = C.LSYM value = 0x00000040 Name
Stab Class = C.LSYM Value = 0x00000048 Name
Stab Class = C.DECL Value = 0x00000000 Name

varl:-1
arrayl:3
:t3=ar0;0;99;-1

Symbol Class = C.FCN Value = 0x100003f0 Name = .ef
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beginAddr/beginOffset beginAddr/beginOffset beginAddrbeginOffset
endAddr/endOfTset endAddriendOffset end AddriendOffset
symholName ibolNRme: 0 b e e -l symboiName
function function function
type: GIS type: GIS Lype: GIS

Fig. 6. Table to map memory addresses to symbolic names.

which identify varl as a symbol defined locally in the function foo.varl is a symbol
of type int, allocated at offset 0240 in the stack frame, and arrayl is an array 0,..., 99
of integers, allocated at offset 0z48. The .bf and . ef symbols denote the begin and
end of a function variable definition.

A local variable is therefore defined by a pair (function, offset), where function in-
dicates the function where the variable is defined and offset indicates the stack offset
where the variable will be allocated. In order to map stack memory references to the
symbol associated with them, we need to be able to identify, for each stack reference,
the stack offset of the reference and the function whose stack frame we are accessing.
The approach is the following: first, the table in Figure 1 was extended to accommo-
date the information about local variables, as shown in Figure 6. The beginAddr and
endAddr fields are interpreted as absolute addresses or offsets, depending whether the
variable is a global or local symbol (G or S in the type field). The field function indi-
cates the function where the variable was declared and is empty for global variables.
Second, we extended the instrumentation utility to fetch the value of the stack pointer.
Each time the stack pointer changes, we record the event as a couple (stkPointer, func-
tion) where stkPointer is the new value of the stack pointer and function is the function
thatis currently executing.

During execution, we maintain an internal stack structure called stkList. Each time
the stack pointer changes we search the stkList from the top and if we find an entry that
matches the current stack pointer, we make that entry the top of the stkList. Otherwise,
we add the current couple (stkPointer, function) to the top of the stkList. For instance,
let us consider the following call and return sequence:

£1() --> £2() --> £3() --> £2() --> £1()

and let us further assume, for the sake of simplicity, that there are no stack pointer
changes other than the ones involved in the function calls and returns. When £1 is
called, a new stack pointer s; is allocated. We capture the stack pointer change and
create an entry (f1,s;) in the stzkList. Then, when £2 is invoked, and therefore a new
stack pointer sg is allocated, we add it to our stack: (f1,s1) — (f2,s2). Similarly
for £3 we update the table as (f1,s1) — (f2,s2) — (f3,s3). When £3 returns, its
stack frame is poped and the new value of the stack pointer becomes s2. We then delete
the entry from the list: (f1,s;) — (f2, s2) and so on. In this way, if the function £2
accesses a variable whose address z is, say, in the range [s1, S2) we can immediately
identify it as a reference to a variable declared in £1. We will then search our symbolic
linked list for an entry whose function field equals £1 and such that beginOffset < z <
endOffset.
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4 Conclusions

In this paper we presented the algorithms implemented in the SIGMA environment to
map memory references to data structures. With the mapping of global variables, dy-
namically allocated variables, and stack variables, such as automatic variables in C and
local variables in Fortran 90, SIGMA provides data-centric performance information
that is useful for tuning loop kernels, understanding the cache behavior of new algo-
rithms, and to investigate how different parts of a program and its data structure compete
for and interact within the memory subsystem in current and hypothetical systems.

In addition we described the extensions to SIGMA that were needed to support the
symbolic memory mapping. These extensions include the binary instrumentation of the
functions for allocation (malloc) and deallocation (free) of variables, needed for
symbolic mapping of dynamic data structures, and the simulation of a stack frame in
the runtime data collection engine, needed for symbolic mapping of local variables.
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Abstract. OpenMP is becoming an important shared memory programming
model due to its portability, scalability, and flexibility. However, as it is a fact
with any programming paradigms, cache access behavior significantly influences
the performance of OpenMP applications. Improving cache performance in order
to reduce misses therfore becomes a critical issue for High Performance Comput-
ing. This can be achieved by optimizing the source code, but also gained through
adequate coherence schemes.

This work studies the behavior of various cache coherence protocols, including
both hardware based mechanisms and software based relaxed models. The goal is
to examine how well individual schemes perform with different architectures and
applications, in order to find general ways to support the cache design in shared
memory systems. The study is based on a simulation environment capable of
modeling the parallel execution of OpenMP programs. First experimental results
show that relaxed models are scalable and can be used as efficient alternative for
those hardware coherence mechanisms.

1 Introduction

OpenMP [3] is becoming increasingly popular in both research and commercial areas.
In contrast to the message passing models, like PVM and MPI [8], OpenMP has the
advantages of being capable of releasing the programmers from the burden of explicitly
specifying the control and communication between processes and threads. OpenMP
also enforces a nested structure in the parallel program allowing to exploit the paral-
lelism to the full extent. In addition, OpenMP is portable, flexible, and scalable.

Traditionally, OpenMP is developed to program Symmetric Multiprocessor (SMP)
machines that deploy a physically shared memory. With the endeavor of compiler devel-
opers, however, OpenMP applications can currently also run on top of cluster environ-
ment with software Distributed Shared Memory (DSM). Examples are the Nanos Com-
piler [4] and the Polaris parallelizing compiler [2]. These compilers enable to maintain
the architectural properties, e.g. scalability and cost-effectiveness, of modern cluster
systems, while at the same time use OpenMP for developing parallel programs.

A problem with parallel programming is that applications usually can not achieve
expected performance. Among those various reasons cache utility is rather critical.
Since data stored in caches can often not be reused, applications still suffer from large

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, pp. 149-154, 2004.
© Springer-Verlag Berlin Heidelberg 2004



150 J. Tao and W. Karl

amount of cache misses and the thereby resulted long access time. This issue is spe-
cially critical for OpenMP programs on cluster architectures since OpenMP exploits
fine-grained parallelism, which introduces more data transfers between processors.

A primary source causing cache misses is cache line invalidation. On a multiproces-
sor system, each processor cache can hold a copy of the same data and all these copies
have to be kept consistent. Tightly coupled systems usually use hardware based consis-
tency mechanisms, and clusters with software DSM often deploy relaxed consistency
models. These coherence protocols vary significantly in techniques for selecting cache
lines to invalidate and hence probably result in rather different behavior of invalidation.

This work investigates various cache coherence protocols, including those existing
schemes and several novel ones. This study is based on an OpenMP cache simulator that
models shared memory architectures and the parallel execution of OpenMP programs.
First experimental results with standard benchmark applications show that hardware
consistency mechanisms perform well on small systems, while relaxed models often
behave better on larger machines.

The remainder of this paper is organized as follows. Section 2 briefly describes com-
mon used cache coherence protocols and several new ones. In Section 3 the OpenMP
simulation environment is introduced. This is followed by the first experimental result
in Section 4 that shows the different validation behavior of the investigated coherence
models. The paper concludes in Section 5 with a short summary and a few future direc-
tions.

2 Cache Consistency Model

Shared memory systems are typically constructed from commodity processors with on-
chip caches or cache hierarchies. Replications of data in caches have to be consistent
giving the user a unified memory abstraction. This kind of consistency is maintained by
cache coherence protocols.

For bus-based multiprocessors, like SMPs, usually a snooping protocol is deployed.
A snoopy coherence protocol uses an invalidation strategy with this concept: when a
processor writes to its cache, it sends the address in a special invalidation message
through the bus to other processors; cache copies in these processors are correspond-
ingly invalidated. This strategy does not result in much traffic due to the shorter invali-
dation message. Snooping protocols often combine a cache tag with different states and
uses a simple state machine to adjust the status of cache tags. A well known represen-
tative is MESI [1], which uses four states: modified, exclusive modified, shared, and
invalid, to identify the cache tags.

Another group of hardware coherence protocols are directory based mechanisms. In
contrast to the snooping protocols, the directory based protocols maintain a distributed
directory for information about which caches contain which memory entries. When
an entry is modified, the directory invalidates the copies in other caches with that entry.
Since no broadcast is required during the invalidation process, directory based protocols
are usually applied on multiprocessors with hardware DSM like NUMAchine [5] and
SGI Origin 02000/3000 [7].
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However, both groups of coherence mechanisms can not be used on clusters with
software DSM since they rely on hardware support. On these machines the consistency
behavior is controlled in software and usually a relaxed coherence protocol is deployed.

Relaxed consistency models [12] formalize the use of inconsistent memory hence
giving the programmer a consistent memory abstraction. They are generally combined
with synchronization primitives, like locks and barriers, which are contained in shared
memory codes. These primitives force the caches consistent by invalidating cache en-
tries with an Acquire access. Existing systems in this area often deploy a full invalida-
tion mechanism that invalidates the whole cache by a synchronization operation. This
is easy to implement, but introduces significant overheads and cache line misses.

Actually, full invalidation is not necessary because often only partial entries in the
caches are updated before a synchronization operation is required. Therefore, we pro-
pose two novel schemes based on partial invalidations: Selective I and Selective II. The
former only invalidates cache lines holding remote memory contents, while the latter
invalidates only those remote cache lines which require to be invalidated. In contrast
to the former scheme, the second one is capable of leading to less invalidations. For
example, locks usually protect specific regions. Cache lines that would need to be in-
validated under a lock might not be updated outside the critical regions and need not to
be invalidated during the next barrier operation.

3 Simulation Platform

The cache coherence mechanisms described above have been evaluated using an
OpenMP simulation platform [10] based on Valgrind [11]. Valgrind is a trace-driven
memory simulator and debugger for x86-GNU/Linux. It is capable of supervising the
execution of a program and recording all memory reads and writes. More specially, Val-
grind models the POSIX threads supporting therefore any shared memory programming
models based on this thread library. Additionally, Valgrind uses a runtime instrumen-
tation technique to mark each memory access instruction within the executables. This
enables to build an independent OpenMP simulator allowing the use of any compiler
including the commercial ones.

Valgrind itself contains a cache simulator, which supports two level cache hierarchy
with fixed write back behavior and LRU replacement policy. However, this simulator
does not model multiprocessors, but uniprocessor systems. In order to enable the study
of the memory system on shared memory machines, we have integrated into Valgrind
a backend, while using Valgrind as a frontend for establishing the basic simulation
infrastructure and generating memory references.

The backend [9] is a self-developed package that models the target architectures.
As we focus on the research work on the memory system, the backend contains mainly
mechanisms for modeling the complete memory hierarchy in detail. This includes a
flexible cache simulator which models caches of arbitrary levels and various cache co-
herence protocols, a memory control simulator which models the management of shared
and distributed shared memories and a set of data allocation schemes, and a network
mechanism simulating the interconnection traffic.
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The cache simulator models a multilevel cache hierarchy and allows each cache to
be organized as either write-through or write-back depending on the target architec-
tures. All relevant parameters including cache size, cache line size, and associativity
can be specified by the user. In addition to simulating the caches themselves, the cache
simulator also models a set of cache coherence protocols. This includes those mech-
anisms described in Section 2 and an optimal scheme in order to evaluate them. All
schemes maintain the caches on the system consistent in the following way:

— MESI: invalidates all valid cache copies on other processors at every shared write.

— Optimal: within this scheme, invalidations are not done by write operations, rather
by read accesses. At each shared read, the accessed cache line is invalidated only
when the content has been updated by other processors since the last loading. This
scheme hence performs invalidations only when necessary.

— Full Invalidation: invalidates all valid cache lines on other processors whenever an
application initiates a lock or a barrier.

— Selective I: similar to the Full Invalidation, but invalidates only those cache lines
holding remote memory contents.

— Selective 1I: similar to Selective I, but invalidates only those remote cache lines
which require to be invalidated.

4 Experimental Results

Using this simulation platform described above, we could study the influence of various
cache coherence policies on the cache performance of OpenMP applications. All appli-
cations for this study are chosen from the NAS parallel benchmark [6]. This benchmark
is designed for comparing the performance of parallel computers and is widely recog-
nized as a standard indicator of computer performance. Selected applications are FT,
LU, MG, and CG.

FT contains the computational kernel of a three-dimensional FFT-based spectral
method. It performs three one-dimensional fast Fourier transformations, one for each
dimension. LU is a simulated CFD application that uses symmetric successive over-
relaxation (SSOR) to solve a block lower triangular and block upper triangular system
of equations resulting from an unfactored finite-difference discretization of the Navier-
Stokes equations in three dimensions. MG uses a multigrid algorithm to compute the
solution of the three-dimensional scalar Poisson equation. CG tests unstructured grid
computation and communication using a matrix with randomly generated locations of
entries. For the following experiment, the working set size is chosen: 64x64x32 for
FFT, 32 x32x32 for LU and MG, and 1400 for CG.

Firstly, we examine the invalidation behavior of these coherence protocols on DSM
systems in order to give an initial comparison. For this, all tested codes are simulated
on a loosely-coupled multiprocessor with 4 processor nodes, each deploying a 16KB,
2-way L1 cache and a 512KB, 4-way L2 cache. Access latency on memory locations is
chosen with 1 cycle for L1, 5 cycles for L2, 50 cycles for the main memory, and 2000
cycles for inter-node communication.
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Fig. 1. Cache misses (right) and invalidations (left) on a 4-node system.

Figure 1 shows the experimental results with the left presenting the number of in-
validations and the right the number of cache misses caused by different coherence
protocols. It can be observed that applications vary significantly.

For FT similar behavior can be seen with all protocols in terms of miss number.
A surprised case is the Full scheme, where even 1.3 million invalidations have been
caused, which are nearly 5 factors more than the MESI protocol, the execution behavior
of FT is not clearly influenced. This can be explained by the fact that the invalidated
cache lines do not contain reused data and hence those additional invalidations result in
no more cache misses.

The LU code, however, shows a quite different behavior. As expected, the Optimal
protocol behaves better than MESI due to its ability of only performing invalidations as
necessary. MESI behaves better than Full. This is caused by the full cache invalidation
of the latter. Nevertheless, both Selective schemes performs well with even a better per-
formance than MESI. This can be explained by the fact that LU contains many barriers
and locks, where Full and the Selective protocols perform invalidations. Since both Se-
lective schemes only invalidate partial cache lines, rather than the whole cache as Full
does, frequently reused data can be maintained in the caches.

For the MG code, it can be observed that all relaxed consistency models result in
more cache misses than MESI. This poor behavior is caused by the larger number of
invalidations which can be seen in the right figure. While only one barrier is used in this
code, both selective schemes can not show their advantages.

The last code CG shows a close behavior with FT in terms of cache misses. While
Optimal presents a slight improvement, the others behave similarly with only a 0.06%
gain for MESI in comparison to Full and the Selective schemes.

Overall, the experimental results show that the relaxed consistency models are gen-
erally not worse than MESI on small systems. This leads us to further examine the
invalidation behavior on larger system and using larger working set size. The experi-
mental results show that relaxed consistency models are beneficial on larger systems
and larger working set, and can provide an efficient alternative for hardware coherence
mechanisms.
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5 Conclusions

This work uses a simulation platform to investigate the impact of various cache coher-
ence protocols on the execution behavior of OpenMP applications. The studied mecha-
nisms include hardware based schemes and several relaxed models. It is found that the
former, like the MESI protocol, works well on machines with small number of proces-
sors, while the latter often outperforms on larger systems and working set.

In the next step of this research work, we will examine more applications with
complex access patterns, especially those realistic ones. The goal is to classify various
applications and detect adequate coherence schemes for them. In addition, the same
work would be done on actual cluster systems.
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Abstract. We outline the design of ATS, the APART Test Suite, for
evaluating (automatic) performance analysis tools with respect to their
correctness and effectiveness in detecting actual performance problems,
with focus on the ATS test programs related to OpenMP. We report on
results from applying two OpenMP performance analysis tools to the
test cases generated from ATS.

1 Introduction

Achieving high performance on parallel computers most often requires perfor-
mance tuning. The programmer identifies performance problems with the help
of manual or automatic performance analysis tools, and transforms the code to
improve its performance. The members of the European IST APART working
group are developing automatic performance analysis tools for parallel and grid
environments. The APART group defined the APART Specification Language
(ASL) for writing portable specifications of typical performance problems [2]. Re-
cently, an extensive set of performance properties for hybrid parallel programs
combining MPI and OpenMP has been collected [4].

Automatic performance analysis tools, such as those implemented by APART
members [1, 5, 7, 8], must be tested with respect to correctness and effectiveness
in detection of actual performance problems. For an automatic performance
analysis tool (positive) correctness means that the tool is able to detect mani-
fested performance problems in a given application; negative correctness means
that the tool does not falsely report performance problems where none exist.
To aid the correctness testing and to provide a “standardized” testbed that can
be applied to different tools, we are developing the APART Test Suite (ATS)
framework which allows for easy construction of synthetic positive and negative
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Table 1. OpenMP performance properties related to synchronization.

critical_section_locking: critical section overhead without competing threads
critical _section_contention: critical section overhead with competing threads
serialization_due_to_critical_section: all work in parallel loop in critical section
frequent_atomic: excessive time spent in simple atomic operation

setting_lock: overhead for setting a lock without competition

lock_testing: overhead for lock testing

lock.waiting: overhead for waiting for a lock

all_threads_lock_contention: locking overhead due to contention
pairwise_lock_contention: locking overhead by pairs of threads

test programs. The current version includes test cases for MPI and OpenMP
performance properties in C and Fortran [6].

This paper gives an overview of typical OpenMP performance properties
(Section 2), explains the basic structure of ATS (Section 3) and reports on first
findings of an evaluation study of two OpenMP performance tools (Section 4).

2 A Performance Property Hierarchy for OpenMP

To describe performance properties of parallel programs an object-oriented, func-
tional formalism called ASL (APART Specification Language) has been devel-
oped [2]. In ASL terminology a performance property characterizes a particular
performance-related behavior of a program based on available or required per-
formance data.

Performance data is primarily dynamic information collected during one or
more sample runs of the program, and can be either trace or summary infor-
mation. Performance data, however, also includes static information about the
program (block structure, program and data flow information, loop scheduling

Table 2. OpenMP load imbalance performance properties.

imbalance_in_parallel_region: different amount of work per thread
imbalance.at_barrier: different arrival time at explicit barrier
imbalance_in_parallel_loop: different amount of work in iterations
imbalance_in_parallel_loop_nowait: imbalanced parallel loop without implicit bar-
rier

imbalance_in_parallel _section: different amount of work in parallel sections
imbalance_due_to_uneven_section_distribution: more sections than threads, some
threads executed multiple sections

imbalance_due_to_not_enough_sections: less sections than threads
unparallelized_in master_region: idle threads due to OpenMP master region
unparallelized.in._single region: idle threads due to OpenMP single region
unparallelized_in ordered_loop: thread serialization

imbalance_in ordered_loop: different amounts of work in ordered region
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Table 3. OpenMP performance properties related to control of parallelism.

dynamic_scheduling overhead: scheduling overhead due to dynamic scheduling
scheduling overhead_in parallelized inmner loop: inner loop with few iterations
was parallelized even though outer loop has much more iterations
insufficient_work_in_parallel_loop: loop overhead dominates execution
firstprivate_initialization: overhead for initialization of firstprivate variables
lastprivate_overhead: initialization overhead of lastprivate variables
reduction_handling: overhead for reduction operation handling

Table 4. OpenMP performance properties related to inefficient serial execution.

false_sharing_in parallel_region: overhead for access to different array elements on
same cache line

information etc.) and the programming model/paradigm. Examples of perfor-
mance properties are load imbalance, abundant or mis-scheduled communica-
tion, and cache misses.

A performance property is described by a boolean condition, and has an
associated severity for expressing the relative importance of the property. A
performance property is a performance problem if it is present and its severity
exceeds a preset threshold. A performance bottleneck is a most severe perfor-
mance problem. In this framework performance engineering consists in locating
and eliminating performance bottlenecks.

Using the ASL formalism, the APART group has compiled hierarchically
structured specifications of typical performance properties for the programming
paradigms MPI, OpenMP, and HPF [2]. Specifications for OpenMP can be found
in [3], and considerably more detailed in [4]. We briefly summarize the proper-
ties recorded in [4], since these are the properties that are closely mirrored in
ATS. The specification is divided into four categories: (i) synchronization, (ii)
load imbalance, (iii) control of parallelism, and (iv) inefficient serial execution.
Concrete properties in the four categories are listed in Tables 1 to 4. For hybrid
OpenMP/MPI programming, additional categories contain properties related to
MPI communication and to parallel I/O.

3 APART Test Suite Design

We briefly describe the design of the APART Test Suite, especially as pertaining
to the OpenMP properties listed in the previous section. The first version of
ATS covers the “standard” parallel programming paradigms MPI and OpenMP,
but the modular structure of the design easily allows to add modules for other
programming paradigms like HPF, PVM, or POSIX threads.

The main idea of our design is a collection of functions with a standardized
interface, hierarchically organized into modules that can be easily combined to
produce a program exhibiting desired performance properties. Thus, functions
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MPI UTILS < OpenMP UTILS
par_do_mpi_work() —»| par_do_omp_work()
alloc_mpi_buf() T
free_mpi_buf()
auoc_mgi_vbufo DISTRIBUTION
free_mpi_vbuf() df_same()
mpi_commpattern_sendrecv() df _cyclic2()
mpi_commpattern_shift() df_block2()

T df_linear()
df_peak()

WORK df_eyelic3()

do_work() df_block3()

Fig. 1. Basic Structure of the ATS framework.

from the modules should have as little context as possible, and whatever context
is necessary is provided through standardized parameters. Furthermore, since
(automatic) performance analysis tools have different thresholds/sensitivities, it
is important that the test suite is parametrized so that the relative severity of
the properties can be controlled by the user.

Figure 1 shows the basic structure of the ATS framework for the MPI and
OpenMP programming paradigms. The boxes with shaded titles represent the
basic modules. Arrows indicate used-by relationships. For the lower levels, the
functions provided by those module are listed.

The lowest two modules, work and distribution, provide basic functionality
to specify the amount of generic work to be executed by the individual threads
or processes of a parallel program. The next level provides generic support for
the two main parallel programming paradigms MPI and OpenMP. The third
level implements property functions which when executed exhibit one specific
performance property. For OpenMP this means that we implemented one such
function for each property listed in Section 2. Finally, there are several ways of
calling the property functions so that different aspects of performance correctness
testing can be addressed. For a full description of the ATS framework, see [6].

4 Evaluation of OpenMP Performance Tools

We used the ATS to evaluate four OpenMP performance analysis tools, namely
the Hitachi Profiling Tool pmfunc specifically for Hitachi parallel supercomput-
ers, Intel’s performance tool Vtune, the platform-independent tools EXPERT and
Vampir. Vtune, Vampir and the Hitachi Profiling Tool are manual, while EX-
PERT is an automatic tool. Due to limited space, we only discuss pmfunc and
EXPERT below.
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4.1 Hitachi Profiling Tool

The Hitachi SR8000 supercomputer is a clustered SMP design. Each node con-
sists of eight processors that can be used by applications. Applications are de-
veloped in the hybrid programming model, MPI across nodes and OpenMP or
COMPASS, a Hitachi proprietary shared memory programming API, within
nodes.

The Fortran, C and C++ compilers on the Hitachi SR8000 can automatically
instrument program regions. A compiler switch pmfunc directs the compiler to
instrument user functions. The switch pmpar instruments all COMPAS parallel
regions, independent of whether they are generated by automatic parallelization
or by manual transformation. In OpenMP programs, the switch instruments
only OMP PARALIEL REGION, OMP PARATLEL DO, and OMP PARATLEL SECTION. It
does not instrument work-sharing constructs within parallel regions. The com-
piler switches not only insert calls to the monitoring routines, but also link a
performance monitoring library to the instrumented code. This library measures
for each instrumented region, that is, user function or parallel region, among
other values execution time, cache misses, load/store instructions, floating point
operations, and number of executions. See [9] for details.

For each node a separate information file is generated that can be inspected
with the pmpr command. This command displays the information contained in
the output files in a humanly readable form (Figure 2).

The information measured for a function or parallel region is presented sep-
arately for each thread. This makes it possible to investigate differences among

imbalance_due_to_uneven_section_distribution[2] (omp_pattern.c+560)

CPU time FLOP Inst LD/ST D-cache MFLOPS MIPS Times
IPO 4.492< 16> T76903k> 36190k> 2272k 0.000> 17.120> 4>
IP1 4,492 16> 76903k> 36190k> 2273k>  0.000 17.120 4>
IP2 4.493> 16> 76903k> 36190k> 2272k 0.000 17.116 4>
IP3 4.492 16> 76903k> 36190k> 2272k 0.000 17.119 4>
IP4 4.493 8< 38452k< 18095k< 1136k<  0.000< 8.559< 4>
IP5 4.492 8< 38452k< 18095k< 1137k 0.000 8.559 4>
IP6 4.493 8< 38B452k< 18095k< 1137k 0.000 8.559 4>
IP7 4.493 8< 38452k< 18095k< 1137k 0.000 8.559 4>
TOTAL 35.940 96 461419k 217138k  1363bk 0.000 102.693 32

Element parallelizing rate : (TOTAL)/(Max * IPs)
CPU time : 99.98[%] 35.940/(4.493168%8)
FLOP : 75.00[%] = 96/(16%8)

]

Fig. 2. Example information file showing load imbalance due to uneven section dis-
tribution. The code had 12 sections, so the first four threads got two sections. The
evaluation program pmpr marks the largest and smallest values in each column with
‘<’ and ‘>’ respectively.
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the threads, for example, resulting from load imbalance. For parallel regions the
values can be compared directly. For functions, the data have to be interpreted
more carefully. If a function is started on the master processor but includes
parallel regions, the data of the other threads are accumulated in the master
processor. If, on the other hand, a function is called in a parallel region, the
execution information is reported for each thread individually.

Since execution time and instruction counts are given on a per thread basis
for parallel regions, load imbalance properties could be identified. The execution
time did show the imbalance only in imbalance in parallel loop nowait since
in all other cases the implicit barrier ensures equal execution times. In those
cases, the imbalance was detected from the differences in the instruction counts.

The difference between unparallelized ordered loopand imbalance in -
ordered_loop was not shown since ordered loops are executed by the Hitachi
compilers as sequential loops.

The only test case based on cache misses, false sharing in parallel -
region, could be detected from a very high cache miss rate (about 75%). The
tool did not give any indication that the misses resulted from false sharing.

Properties related to synchronization bottlenecks could not be identified since
the tool gives no information about synchronization operations. The same is true
for properties checking parallelism overhead.

4.2 EXPERT

The EXPERT automatic event trace analyzer [8] is part of the KOJAK project
(Kit for Objective Judgment and Knowledge-based Detection of Performance
Bottlenecks), whose aim is a generic automatic performance analysis environ-
ment for parallel programs. Performance problems are specified in terms of exe-
cution patterns that represent situations of inefficient behavior. These are input
to an analysis process that recognizes and quantifies inefficient behavior in event
traces. The pattern specification in EXPERT is different from ASL, as it allows
to specify how performance metrics are calculated out of basic event attributes.

The KOJAK analysis process is composed of two parts: a semi-automatic
multi-level instrumentation of the user application followed by an automatic
analysis of the generated performance data. Running an instrumented executable
generates a trace file in the EPILOG format. After program termination, the trace
file is fed into the EXPERT (Extensible Performance Tool) analyzer. The analyzer
generates an analysis report, which serves as input for the EXPERT presenter. A
screen dump is shown in Figure 3. Using the color scale shown on the bottom,
the severity of performance problems found (left pane) and their distribution
over the program’s call tree (middle pane) and machine locations (right pane)
is displayed. By expanding or collapsing nodes in each of the three trees, the
analysis can be performed on different levels of granularity.

The experiments were performed on a 4 CPU Intel IA32 Linux system. As
can be seen in the left part of Figure 3, for OpenMP, EXPERT is currently able
to identify performance problems related to Flush, thread startup (Fork), bar-
rier and locking overhead. It also shows that EXPERT could detect all properties
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Fig. 3. Expert Presenter result display. Left pane shows performance problems, middle
pane their distribution, and right pane their machine location.

related to load imbalance, as indicated by darker boxes in the middle pane. The
numbers shown are the percentage of the total execution time lost because of
the identified performance property. The load imbalance problems are detected
due to high barrier overhead. Similar properties could be defined to distinguish
lock contention and frequent locking. By selecting specific call tree nodes the
distribution of the problem over the machine, processes, and threads can easily
be investigated in the right pane (shown for the property function imbalance -
due to uneven section distribution). EXPERT was also able to identify per-
formance problems related to locks and critical regions (not visible in Figure 3).

5 Conclusion and Future Work

We listed the current set of OpenMP performance property functions in the
APART Test Suite (ATS), a framework which can be used to generate test cases
for the evaluation of (automatic) performance analysis tools. We ran the full set
of OpenMP functions with a semi-automatic vendor performance analysis tool
and the automatic EXPERT tool.

The effectiveness of the tools depends highly on the information provided by
the runtime monitor. With the Hitachi tool no synchronization information is
available. Thus, even simple load imbalance problems cannot be easily detected.
The hardware counter information can be used instead to get hints to load
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imbalances and have proved very useful to identify false sharing. The Hitachi
profiling tool provides only summary tables in ASCII form. The EXPERT tool
detects performance problems automatically, for example code regions with high
synchronization overhead, but more detailed properties explaining the reason for
load imbalance cannot be detected automatically.

The ATS enabled us to evaluate the four tools (results for Vtune and Vampir
are not discussed here due to limited space). Due to the well defined semantics
of the property functions, the strength and weaknesses of the different tools
can be easily identified. However, a formal comparison or ranking of the tools is
quite difficult since, except for EXPERT, the user has to interpret the information
provided by the tools and identify the performance properties manually.

We plan to extend ATS in the future with more performance properties and
to work on the automatic generation of test programs combining the individual
modules. ATS is freely available for the evaluation of other performance tools at
http://www.fz-juelich.de/apart/ats/.

References

1. A. Espinosa. Automatic Performance Analysis of Parallel Programs. PhD thesis,
Universitat Autonoma de Barcelona, 2000.

2. T. Fahringer, M. Gerndt, B. Mohr, F. Wolf, G. Riley, and J. L. Triff. Knowledge
specification for automatic performance analysis. Technical Report FZJ-ZAM-IB-
2001-08, Forschungszentrum Jiilich, 2001.

3. T. Fahringer, M. Gerndt, G. Riley, and J. L. Triaff. Formalizing OpenMP perfor-
mance properties with ASL. In Workshop on OpenMP: Experience and Implementa-
tions (WOMPEI), Intl. Symposium on High Performance Computing (ISHPC2K),
LNCS 1940, pp. 428-439, 2000.

4. M. Gerndt. Specification of Performance Properties of Hybrid Programs on Hitachi
SR8000. Peridot Technical Report, TU Miinchen, 2002

5. B. P. Miller, M. D. Callaghan, J. M. Cargille, J. K. Hollingsworth, R. B. Irvine,
K. L. Karavanic, K. Kunchithapadam, T. Newhall. The Paradyn Parallel Perfor-
mance Measurement Tool. I[EEE Computer, 28(11):37-46, 1995.

6. B. Mohr and J. L. Traff. Initial Design of a Test Suite for (Automatic) Performance
Analysis Tools. In 8th Intl. Workshop on High-Level Parallel Programming Models
and Supportive Environments (HIPS 2003), pp. 77-86, 2003.

7. H.-L. Truong, T. Fahringer. SCALEA: A Performance Analysis Tool for Distributed
and Parallel Programs. In Euro-Par 2002, LNCS 2400, pp. 75-85, 2002.

8. F. Wolf, B. Mohr. Automatic Performance Analysis of Hybrid MPI/OpenMP Ap-
plications. Journal of Systems Architecture, 49(10-11):421-439, 2003. Special Issue
“Evolutions in parallel distributed and network-based processing”.

9. www.lrz-muenchen.de/services/compute/hlrb/manuals



Collective Communication Performance Analysis
Within the Communication System

Lars Ailo Bongo, Otto J. Anshus, and John Markus Bjgrndalen

Department of Computer Science, University of Tromsg, Norway
{larsab, otto, johmm}@cs.uit.no

Abstract. We describe an approach and tools for optimizing collec-
tive operation spanning tree performance. The allreduce operation is
analyzed using performance data collected at a lower level than by tra-
ditional monitoring systems. We calculate latencies and wait times to
detect load balance problems, find subtrees with similar behavior, do
cost breakdown, and compare the performance of two spanning tree con-
figurations. We evaluate the performance of different configurations and
mappings of allreduce run on clusters of different size and with differ-
ent number of CPUs per host. We achieve a speedup of up to 149 for
allreduce. Monitoring overhead is low, and the analysis is simplified since
many subtrees have similar behavior. However, the calculated values have
large variations, and reconfiguration may affect unchanged parts.

1 Introduction

Clusters are becoming an increasingly important platform for scientific comput-
ing. Many parallel applications run on clusters use a communication library, such
as MPI [9], which provides collective operations to simplify the development of
parallel applications. Of the eight scalable scientific applications investigated in
[16], most would benefit from improvements to MPI’s collective operations.

The communication structure of a collective operation can be organized as a
spanning tree, with threads as leafs. Communication proceeds along the arcs of
the tree and a partial operation is done in each non-leaf node. Essential for the
performance of a collective operation is the shape of the tree, and the mapping
of the tree to the clusters in use [7, 12-14].

We present a methodology and provide insight into performance analysis
within the communication system. We demonstrate and evaluate the methodol-
ogy by comparing and optimizing the performance of different allreduce config-
urations.

Performance monitoring tools for MPI programs [8] generally treat the com-
munication system as a black box and collect data at the MPI profiling layer (a
layer between the application and the communication system). To understand
why a specific tree and mapping have better performance than others it is nec-
essary to collect data for analysis inside the communication system. We describe
our experiences about what type of data is needed, how to do the analysis, and
what the challenges are for collective communication performance analysis.

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, pp. 163—-172, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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Usually, MPI implementations only allow the communication structure to be
implicitly changed either by using the MPI topology mechanism or by setting
attributes of communicators. To experiment with different collective communi-
cation configurations, we use the PATHS system [2], since it allows to inspect,
configure and map the collective communication tree to the resources in use.

For a given tree configuration and mapping, our analysis approach and vi-
sualizations allows us to find performance problems within the communication
system, and to compare the performance of several configurations. This allows
us to do a more fine grained optimization of the configuration than approaches
that only use the time per collective operation (as in [14]).

In addition to remapping trees, collective operation performance can be im-
proved by taking advantage of architecture specific optimizations [12, 13], or by
using a lower-level network protocol [6, 13]. However, the advantage of these op-
timizations depends on the message size. For example, for small message sizes,
as used by most collective operations, point-to-point based communication was
faster than Ethernet based broadcast in [6], and a shared memory buffer im-
plementation for SMPs in [12]. Our approach allows comparing advantages of
changing the communication protocol, or synchronization primitives for different
message sizes.

On SMPs, collective communication performance can also significantly be
reduced, by interference caused by system daemons [10]. Reducing the interfer-
ence will make the performance analysis within the communication system even
more important.

Mathematical models can be used to analyze the performance of different
spanning trees (as in [1]), but these do not take into account the overlap and
variation in the communication that occurs in collective operations [14].

For each thread, our monitoring system traces messages through a path in
the communication system. We calculate latencies and wait times, and use these
to detect load balance problems, find subtrees with similar behavior, do cost
breakdown for subtrees, and compare the performance of two configurations.

Monitoring overhead is low, from nearly O to 3%. Analysis is simplified since
many subtrees have similar behavior. Monitoring overhead is low, and the anal-
ysis is simplified since many subtrees have similar behavior. However, the cal-
culated values have large variation, reconfiguration may affect unchanged parts,
and predicting the effect of reconfigurations is difficult. Despite these problems
we achieved a speedup of up to 1.49 for an allreduce benchmark using our tools.

The rest of this paper proceeds as follows. PATHS is described in section
2. Our monitoring tool and analysis approach are described in section 3 and
demonstrated in section 4. In section 5 we discuss our results, and finally, in
section 6 we conclude and outline future work.

2 Reconfigurable Collective Operations

We use the PATHS system [2] to experiment with different collective operation
spanning tree configurations and mappings of the tree to the clusters in use. In
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Fig. 1. An allreduce tree used by threads T1-T8 instrumented with event collectors
(EC1-EC13). The result is stored in a PastSet element (CoreElm).

allreduce, each thread has data that is reduced using an associative operation,
followed by a broadcast of the reduced value. The semantics differs from MPI in
that the reduced value is stored in the PastSet structured shared memory [17].

Using PATHS we create a spanning tree with all threads participating in
the allreduce as leafs (figure 1). For each thread we specify a path through the
communication system to the root of the tree (the same path is used for reduce
and broadcast). On each path, several wrappers can be added. Each wrapper
has code that is applied as data is moved down the path (reduce) and up the
path (broadcast). Wrappers are used to store data in PastSet and to implement
communication between cluster hosts. Also, some wrappers, such as allreduce
wrappers, join paths and handle the necessary synchronization.

The PATHS/PastSet runtime system is implemented as a library that is
linked with the application. The application is usually multi-threaded. The
PATHS server consists of several threads that service remote clients. The service
threads are run in the context of the application. Also, PastSet elements are
hosted by the PATHS server. Each path has its own TCP/IP connection (thus
there are several TCP/IP connections between PATHS servers). The client-side
stub is implemented by a proxy wrapper. Wrappers are run in the context of the
calling threads, until a wrapper on another host is called. These wrappers are
run in the context of the threads serving the connection.

In allreduce, threads send data down the path by invoking the wrappers on
their path. The allreduce wrappers block all but the latest arriving thread, which
is the only thread continuing down the path. The final reduced tuple is stored
in the PastSet element before it is broadcasted by awakening blocked threads
that return with a copy of the tuple. For improved portability, synchronization
is implemented using Pthread condition variables.

3 Monitoring and Analysis

To collect performance data we use the EventSpace system [3]. The paths in
a collective operation tree are instrumented by inserting event collectors, im-
plemented as PATHS wrappers, before and after each wrapper. In figure 1, an
allreduce tree used by threads T1-T8 is instrumented, by event collectors EC1-
EC13. For each allreduce operation, each event collector records a timestamp
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when moving down, and up the path. The timestamps are stored in memory
and written to trace files when the paths are released. In this paper analysis is
done post-mortem.

Depending on the number of threads and the shape of the tree, there can
be many event collectors. For example, for a 30 host, dual CPU cluster, a tree
has 148 event collectors collecting 5328 bytes of data for each call (36 bytes per
event collector). The overhead of each event collector is low (0.5 s on a 1.4 GHz
Pentium 4) compared to the hundreds of microseconds per collective operation.
Most event collectors are not on the slowest path, thus most data collecting is
done outside the critical path.

There are three types of wrappers in an allreduce spanning tree: gred (par-
tial allreduce), proxy (network) and core (PastSet). For core wrappers the two
timestamps collected by the event collector above it (EC13 in figure 1) are used
to calculate the store latency; the time to store the result in PastSet. For proxy,
we calculate the two-way TCP/IP latency by (t4 —t1) — (t3 —t2), where t; (down)
and ¢4 (up) are collected by the event collector above the proxy in a path, and
t2 (down) and ¢3 (up) are collected by the event collector below. To achieve the
needed clock synchronization accuracy for calculating one-way latencies (tens of
us) special hardware is needed [11].

Gred wrappers have multiple children that contribute with a value to be
reduced. The contributor can be a thread or data from another gred wrapper (in
figure 1 threads T5-T6 contribute to gred2, while gred1-3 contribute to gred4).
There is one event collector on the path to the parent that collects timestamps £
and t3, while the paths from the P parents each have an event collector collecting
timestamps %3 ;, and ¢4 ;. We define the down latency for a gred wrapper to be
ty —t1,, the down latency for the last arrival . The up latency is t4,f — t3, the
up latency for the first departurer f.

For a given number of collective operations we calculate for each participant
the arrival order distribution and the departure order distribution; that is the
number of times the contributor arrived and departed at the gred wrapper as
the first, second, and so on. In addition we calculate: arrival wait time 11,1 —t1;
the amount of time the contributor ¢ had to wait for the last contributor ! to
arrive, and departure wait time t4; —t4 ¢; elapsed time since the first contributor
f departed from the gred wrapper, until contributor ¢ departed.

For the analysis we often divide the path from a thread to a PastSet element
into several stages consisting of the latencies and wait times described above. To
calculate the time a thread spent in a specific part of the tree (or a path), we
add together the time at each stage in the tree (or path). Usually mean times are
used. Similarly, we can do a hotspot analysis of a tree by comparing the mean
times.

For the performance analysis we (i) detect load balance problems, (ii) find
paths with similar behavior, (iii) select representative paths for further analysis,
(iv) find hotspots by breaking down the cost of a path into several stages, (V)
reconfigure the path, and (vi) compare the performance of the new and old
configuration.
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For applications with load balance problems, optimizing collective operations
will not significantly improve performance since most of the time will be spent
waiting for slower threads. To detect load balance problems, we use the arrival
order at each gred wrapper to create a weighted graph with gred wrappers and
threads as nodes, and the number of last arrivals as weights on the edges. The
part of the tree (or thread) causing a load imbalance can be found by searching
for the longest path (i.e. with most last arrivals).

Usually, many threads have similar paths, with similar performance behavior.
Thus, we can simplify the analysis and optimization by selecting a representative
path for each type of behavior. Also, fast paths can be excluded since the allre-
duce operation time is determined by the slow paths. We have experimented
with, but not succeeded in finding analysis and visualization approaches that
allows for a detailed analysis of multiple paths at the same time.

When analyzing a representative path we break the cost of an allreduce
operation into subtrees that can be optimized independently such as the subtree
for an SMP host, a cluster, or TCP/IP latencies within a cluster and on a
WAN. As for a gred wrapper, we calculate for a subtree the down latency, up
latency, and departure wait time (using for the subtree on host B in figure
1 event collectors EC5-8 and EC13). A large down latency implies that the
computation in the operation takes a long time. A large up latency indicates
performance problems in the gred implementation, while a large departure wait
time implies scalability problems of the synchronization variables, leading to
unnecessary serialization.

4 Experiments

In this section we analyze the performance of different allreduce configurations
for a blade cluster with ten uni-processor blades (Blade), a cluster of thirty two-
way hosts (NOW), a cluster of eight four-way hosts (4W), and a cluster of four
eight-way hosts (8W). The clusters are connected through 100 Mbps Ethernet,
and the operating system is Linux. We designed experiments to allow us to
measure the performance of different shapes and mappings of the spanning trees
used to implement allreduce. A more detailed analysis can be found in [4].

We use a microbenchmark, Gsum, which measures the time it takes T threads
to do N allreduce operations. The allreduce computes a global sum. The number
of values to sum is equal to the number of threads, T. Threads alternate between
using two identical allreduce trees to avoid two allreduce calls to interfere with
each other.

We also use an application kernel, SOR, a red-black checker pointing ver-
sion of successive over-relaxation. In each iteration, black and red points are
computed and exchanged using point to point communication, before a test
for converge which is implemented using allreduce. A communication intensive
problem size was used (57% of the execution time was spent communicating).
The computation and point-to-point communication results in a more complex
interaction with the underlying system than in Gsum.
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Gsum was run ten times for 25000 iterations on each cluster, but only the
results from one execution are used in the analysis. The Gsum execution time
has a small standard deviation (less than 1%). Also, the slowdown due to data
collection is small (from no slowdown up to 3%). For SOR the execution time
variation is similarly low, and the monitoring overhead is lower since SOR has
relatively less communication than Gsum.

The standard deviation for the allreduce operation time is large. On the
NOW cluster the mean is about 1000 s and the standard deviation is about
200 us. Also the variation is large for the computed latencies and wait times. For
many stages both the mean and the standard deviation are about 10~25 us. The
only values with low standard deviation are the TCP/IP, and store latencies.
Despite the large variation, using mean in the analysis gives usable results.

The large standard deviation for gred up, and down latency is caused by
queuing in the synchronization variables, while the departure wait time distri-
bution is a combination of several distributions since the wait time depends on
the departure order (which, in our implementation, depends on the arrival or-
der). We expect most implementation to have similar large variations for these
stages. For Gsum, arrival wait time variation is caused by variations on the up-
path, while for SOR and other applications there are additional noise sources
such as system daemons [10].
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Fig. 2. Timemap visualizations for NOW cluster spanning tree configurations.

For well balanced applications, such as Gsum and SOR, there is not one
thread causing a load imbalance. SOR has a load imbalance when run on the 4W
and 8W clusters caused by differences in point-to-point communication latency
since two threads on each host communicate with a neighbor on a different host.
Due to the load imbalance performance will not significantly be improved by
optimizing allreduce as shown in figure 2a, where the down paths (z < 0) are
dominated by arrival wait time (i.e. load imbalance). Based on our experiences
most of the optimizations can be done on the up paths (z > 0). SOR can be
reimplemented to hide the point-to-point communication latency, and thereby
reducing the load imbalance.



Collective Communication Performance Analysis 169

500
450
400
350
300
250
200
150
100 | .-
s0E

4l | | i I

0 200 400 600 800 1000 1200 1400 1600 1800 2000

up latency + departure wait time (us)

time (usec) departure order
(a) Timemaps for two 4W configurations  (b) Serialization introduced by 8W host
when using 4 and 256 byte messages. subtree configurations.

Fig. 3. Visualizations for comparing the performance of different configurations.

Differences in network latency also cause a load imbalance within the com-
munication system when Gsum is run on a multi-cluster. However, the problem
is caused by the spanning tree and can be improved by reconfiguring the tree.
For the remaining analysis we ignore the arrival wait times, since these hide the
difference between fast and slow paths.

To get an overview of the communication behavior of the different threads
we use a timemap visualization that shows the mean time spent (z-axis) in each
stage of the path (y-axis) when moving down and up the tree. X = 0 is when
the threads enter the bottommost wrapper. For more details we use tables with
statistics for each thread, and for each stage. The timemap in figure 2b shows
that the 60 threads run on the NOW cluster have similar behavior. Arrival wait
times are not shown, and the up-path has variations due to the arrival-departure
order dependency. The threads can roughly be divided into classes according to
the number of TCP/IP connections in their paths. An optimized configuration
for 2W has a more irregular shape complicating the analysis due to rather large
variation for most stages.

For the mostly used allreduce message sizes (below 256 bytes [15]), a cost
breakdown shows that broadcast is more expensive than reduce. The up, and
down gred-latency are only afew us, hence the time to do the reduce operation
is insignificant. For SMPs the departure wait time can be large, but for the best
configuration the TCP/IP stages dominate the execution time. Also, the time
spent storing the result in PastSet is insignificant. For some single-CPU cluster
configurations we have a few outliers in the proxy stage that can significantly
reduce performance. For one Blade Gsum configuration they caused a slowdown
of 54.2.

When tuning the performance of a configuration it is important to find the
right balance between load on root hosts and number of network links. Load on
root hosts can be reduced by moving gred wrappers to other hosts. This will also
improve potential parallelism, but it will introduce another TCP/IP connection
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to some threads paths. For SMPs, the performance of a host subtree can be
improved by adding or removing an additional level in the spanning tree.

Reconfiguration improved the performance of Gsum up to a factor of 1.49.
However, the effects of a reconfiguration can be difficult to predict. For a 4W
Gsum configuration we doubled the number of TCP/IP connections on a threads
path, but the time spent in these stages only increased by 1.55 due to the TCP/IP
latency being dependent on load on the communicating hosts. A reconfiguration
can also have a negative performance effect on unchanged subtrees. In addition,
the best configuration for a cluster is dependent on CPU speed on hosts, LAN
latency, number of hosts in cluster, and the message size used in the collective
operation.

An overview of the differences between two configurations is provided by
a timemap visualization that shows several configurations for one thread. Since
paths in two configurations can have unequal length, the y-coordinates are scaled
such that both have the same yo and Ymaz- Figure 3a shows that by moving a
gred wrapper to another 4W host (B4 and B256), gives better performance for
4 byte messages, but worse for 256 byte messages, due to a trade-off between
increased TCP/IP latencies, and single host subtree performance.

Figure 3b shows how adding additional levels to a subtree improves perfor-
mance on an 8-way host. The figure shows the introduced latency (x=0), and
the amount of serialization (slope of the curve, flatter is better). On the x-axis
the order of departure is shown, and on the y-axis the up latency + departure
wait time is shown. Notice that the up-latency is the same for all departures, and
that for the first departurer (x=0) has zero departure wait time. The optimal
height of the tree depends on the load on the hosts.

To find the fastest configuration, it is usually enough to compare the paths
that are on the average slowest, but not always. A 4W Gsum configuration A,
is slower than configuration B even if the 12 slowest threads are faster, because
the remaining 20 threads in A are slower, and the large variation causes A to
have the slowest thread for most allreduce calls.

5 Discussion

The timestamps collected by EventSpace allows us to analyze the performance
of spanning trees and their mapping to the clusters in use. However, information
from within the operating system is needed to understand why a synchronization
operation, or a TCP/IP connection is slow. Hence, information from within the
operating system should be collected and used in the analysis.

For ease of prototyping we used our own parallel programming system
(PATHS). Our analysis approach should be applicable for MPI runtime sys-
tems provided that we can collect timestamps that can be correlated to a given
MPI collective operation call. Once monitoring tools using the proposed MPI
PERUSE interface[5] are available these may be used to collect the data nec-
essary for our analysis. However, other runtime systems will have performance
problems not treated by this work, for example with regards to buffering.



Collective Communication Performance Analysis 171

The calculated values used in the analysis have large variation, and outliers
can have a significant effect on performance. A complete trace of all messages sent
within a given time period provides enough samples for statistical analysis, and
can be used to detect any periodical performances faults (e.g. caused by system
daemons [10]). EventSpace allows to collect such traces with a small overhead
and memory usage (1 MB of memory can store 29.127 EventSpace events).

We only studied one application; SOR. Since MPI defines the semantics of
collective operations the communication pattern of SOR is general and frequent.
Since SOR has a load imbalance a better application for the study would have
been one of the applications described in [10]. Also, only the allreduce operation
has been analyzed. We believe the analysis will be similar for other collective
operations with small message size such as reduce and barrier. Message arrival
order, synchronization points, and network latencies are also important for the
performance of operations with larger messages, such as alltoall, allgather, and
the MPI-1O collective operations. For MPI-IO we can wrap the I/O operations
using PATHS wrappers.

6 Conclusion and Future Work

We have described systems for monitoring and tuning the performance of col-
lective operation within the communication system. For each thread we trace
the messages through a parh in the communication system. We demonstrated
an analysis approach and visualizations by evaluating and optimizing different
spanning-tree configurations and cluster mappings of the allreduce operation.

The monitoring overhead is low, from nearly O to 3%, and the analysis is sim-
plified since many paths have similar behavior. However, the computed latencies
and wait times have large variation, reconfiguration may affect unchanged parts,
and it is difficult to predict the effect of some changes.

As future work, we will use the EventSpace system [3] for run-time analy-
sis. Also, we will examine how data collected inside the operating system can
be used in the analysis, and if some load balance problems can be avoided by
reconfiguring the collective operation spanning trees. Finally, our long-term goal
is to build a communication system where collective communication is analyzed,
and adapted at run-time.
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Abstract. The behavior and performance of MPI non-blocking mes-
sage passing operations are sensitive to implementation specifics as they
are heavily dependant on available system level buffers. In this paper
we investigate the behavior of non-blocking communication primitives
provided by popular MPI implementations and propose strategies for
these primitives than can reduce processor synchronization overheads.
We also demonstrate the improvements in the performance of a parallel
Structured Adaptive Mesh Refinement (SAMR) application using these
strategies.

1 Introduction

The Message Passing Interface (MPI) [1] has evolved as the de-facto message
passing standard for supporting portable parallel applications - with commercial
as well as public-domain implementations available for most existing platforms
including general purpose clusters to high-performance systems such as IBM SP.
An important design goal of the MPI standard is to allow implementations
on machines with varying characteristics. For example, rather than specifying
how operations take place, the MPI standard only specifies what operations do
logically. Consequently, MPI can be easily implemented on systems that buffer
messages at the sender, receiver, or do no buffering at all. It is typically left
to the vendors to implement MPI operations in the most efficient way as long
as their behavior conforms to the standards. As a result of this, MPI imple-
mentations on different machines often have varying performance characteristics
that are highly dependant on factors such as implementation design, available
hardware/operating system support and the sizes of the system buffers used.
The behavior and performance of MPI non-blocking message passing oper-
ations are particularly sensitive to implementation specifics as they are heavily
dependant on available system level buffers and other resources. As a result,

* The work presented here was supported in part by the National Science Foundation
via grants numbers ACI 9984357 (CAREERS), EIA 0103674 (NGS) and EIA 0120934
(ITR), and by DOE ASCI/ASAP (Caltech) via grant number PC295251.

M. Danelutto, D. Laforenza, M. Vanneschi (Eds.): Euro-Par 2004, LNCS 3149, pp. 173-182, 2004.
© Springer-Verlag Berlin Heidelberg 2004



174 T. Saif and M. Parashar

naive use of these operations without an understanding of the underlying im-
plementation can result in serious performance degradations, often producing
synchronous behaviors.

We believe that an efficient and scalable use of MPI non-blocking communi-
cation primitives requires an understanding of their implementation and its im-
plication on application performance. This paper has two key objectives: (1) To
investigate and understand the behavior of non-blocking communication primi-
tives provided by two popular MPI implementations: the public domain MPICH
[2] implementation on a Linux cluster, and the proprietary IBM implementation
on an IBM SP2 [3]. (2) To propose and evaluate usage strategies for these prim-
itives that the parallel programmer can implement to reduce processor synchro-
nization and optimize application performance. We use the proposed strategies
to optimize the performance of parallel implementations of scientific/engineering
simulations that use finite difference methods on structured adaptive meshes [4].

2 Non-blocking MPI: Behavior and Performance

The generic operation of a non-blocking MPI communication is a “three step”
process in which the implementation (of the non-blocking communication) de-
couples the send and receive operations by using system and/or application
buffers at the sender and receiver processes, allowing computation and commu-
nication to be overlapped. However, this decoupling is strictly limited by the
size of the buffers available to copy the message. MPI implementations typically
switch to a synchronous communication mode when the message size exceeds
the available buffer size, where the sender waits for an acknowledgement from
the receive side before sending out the data.

In this section we experimentally investigate the behavior and performance
of non-blocking MPI communications in two popular MPI implementations:
MPICH on a Beowulf cluster, and IBM MPI on the IBM SP2.

The test kernel used for these experiments - as illustrated in Figure 1 - is
a typical non-blocking communication implementation between two processes
in which one sends and the other receives. In this kernel the sending process
(process 0) issues MPI_Isend (IS) at time-step TO to initiate a non-blocking send
operation while the receiving process (process 1) posts a matching MPI_Irecv
(IR) call. Both processes then execute unrelated computation before executing
an MPI_Wait call at T3 to wait for completion of the communication. In the
following discussion we denote MPI_Wait posted on the send side as Ws and the
MPI_Wait posted on the receive side as Wr. The processes synchronize at the
beginning of the kernel and use deterministic offsets to vary values of TO, T1, T2
and T3 at each process. For each configuration (value of TO, T1, T2 and T3 at
each process) we conducted a number of experiments varying the message size,
system buffer size and number of messages exchanged. The objectives of these
experiments included determining thresholds at which the non-blocking calls
synchronize, the semantics of synchronization once this threshold is reached,
and possibility of deadlocks.
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Fig. 1. Operation of the test kernel used in the experimental investigation.

2.1 MPICH on a Linux Beowulf Cluster

The first MPI implementation analyzed is MPICH version 1.2.5, release date
January 6, 2003 [3] on Frea, a 64 node Linux Beowulf SMP cluster at Rutgers
University. Each node of cluster has a 1.7 GHz Pentium 4 processor with 512
MB main memory. The MPICH profiling tool Upshot [14] is used for the profiles
and timing graphs presented below.

Our first experiment investigates the effect of message size on non-blocking
communication semantics. In this experiment the value of TO - T3 are approx-
imately the same on the two processes, and the message size was varied. The
system buffer size was maintained at the default value of 16K. For smaller mes-
sage sizes (1KB), we observe that IS and IR return without blocking (Figure 2).
Furthermore, Ws and Wr, posted after local computations, return almost im-
mediately, indicating complete overlap. However, for message sizes greater than
or equal to 60 KB, IS blocks and returns only when the receiver process posts
Wr (Figure 3). We can further see from the Figure that Wr blocks until the
message delivery completes. This threshold is dependent on the system buffer
size as discussed below.

To further understand the synchronizing behavior of MPI Isend for large
message sizes, we modified our experiment to post a matching MPI_Test (a non-
blocking variant of MPI_Wait) on the receiver side (i.e. process 1) in the middle
of the computation phase. As shown in Figure 4, in this case MPI_Isend returns
as soon as MPI_Test is posted. It was also seen that the Wr posted after com-

15 and TR retony immestiatcly W nid Wi also return immedintely

Fig. 2. Profile of the test on MPICH where process O (top) sends a 1 KB message to
process 1 (bottom).



176 T. Saif and M. Parashar

Wy

15 blocks untll process 1 posis Wr

Fig. 3. Profile of the test on MPICH where process 0 (top) sends a 60 KB message to
process 1 (bottom).

15 retumns as soan 25 P1 posts MPL TEST

Fig. 4. Profile of the test on MPICH in which process 1 (bottom) posts an intermediate
MPI_Test.

putation returns almost immediately, indicating that the message was already
delivered during the computation. This indicates that MPI_Isend blocks for large
messages until the completion of the corresponding MPI_Irecv is checked using
either blocking (MPI_Wait) or non-blocking (MPI_Test). Note that, as the MPI
implementation optimizes the number of messages sent to a single destination,
the message size threshold is cumulative. That is, in the above case MPI_Isend
switches to blocking semantics when the cumulative size of outstanding messages
to a particular process is 60KB. For example, when we repeated the test using
3 sends of size 20KB each (instead of one of size 60KB), the same non-blocking
behavior was observed.

The experiment plotted in Figure 5 evaluates potential deadlocks if two pro-
cesses simultaneously send large messages to each other using MPI_Isend and
block. The Figure shows that process 1 initially blocks but then returns after
a certain time instead of waiting for process O to post a Wr. Process 0 how-
ever blocks until Wr is posted on process 1. This behavior seems to indicate a
non-deterministic time out mechanism to ensure progress.

In the case of the Frea Beowulf cluster, default TCP socket buffer size
is 16KB. This can be increased by either using the environment variable
P4_SOCKBUPFSIZE or using the command line option -p4sctrl bufsize=<size>.

15 on process | times out 15 on process 0 blocks unfil
provess 1 postys Wr

Fig. 5. Profile of the test on MPICH in which both processes post MPI_Isend. Message
size is 60Kb.
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We repeated the experiments using messages of size 60KB but increased the
TCP socket buffer size. We observed that for a TCP socket buffer size of 64KB,
IS did not block.

Analysis and Discussion. To try to understand the behavior of the MPICH
non-blocking communication presented above let us consider its implementation.
MPICH has a layered software architecture [5] consisting of (a) a high level
MPI API layer (b) a middle Abstract Device Interface (ADI) layer and, (c) a
Dlevice layer. The Device layer defines three protocols to send messages based
on the message size: short, eager (long) and rendezvous (very long). In the case
of relatively short messages, for example 1KB, MPICH can copy the message
directly into the system socket buffer and thus send the message out onto the
network using the eager protocol, allowing MPI_Isend to return immediately.

In the case of larger messages (e.g. 60KB), the system socket buffer is not
large enough to accommodate the message and MPICH cannot directly copy the
message into the buffer. Instead, it switches to the rendezvous protocol, which
requires the sending process to synchronize with the receiving process before the
message is sent out. As a result MPI_Isend, which should return immediately
irrespective of the completion mode, now has to wait for the corresponding
Wr for an acknowledgement (Figure 3). Similarly, when a matching MPI_ Test is
posted at the receiver process, it essentially sends an acknowledgement back to
the sender which caused the blocked MPI_Isend to return. When the TCP/IP
socket buffer size is increased to 64 KB, MPICH can copy the 60 KB message
directly into the socket buffer and use the eager protocol allowing the MPI_Isend
call to return without blocking.

Finally, due to MPICH optimizations, the blocking behavior of MPI_Isend
depends on the system socket buffer and the cumulative size of the outstanding
messages rather than the actual number of messages sent. Consequently, reducing
the message size by breaking up the total message into smaller messages will not
yield any performance improvement.

Optimization Strategies. Based on the analysis presented above we identify
two strategies to address the blocking behavior of MPI_Isend in MPICH. The
first strategy is obvious, increase the TCP socket buffer size. However this option
is not scalable since the total buffer space grows with the number of processes.
Further, every system imposes a hard limit on the total socket buffer size. As a
result this option has only limited benefits and any further optimization must
be achieved at the applications level.

It is clear from the analysis presented above that the only way to prevent
MPI_Isend from blocking is for the receiving process to return an acknowledge-
ment using a (blocking or non-blocking) test for completion call. Our second
strategy is to use calls to the non-blocking test for completion (MPI_Test or its
variant) on the receive side to release a blocked sender.

To illustrate this consider the code snippet (Figure 6) for a typical loose-
synchronous application, for example, a finite-difference PDE solver using ghost
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for m=1 to number_of_messages_to_receive {
MPI_IRECV(m, recv_msgid_m)

}

#EXCOMPUTE***

for n=1 to number_of_messages_to_send{
MPI_ISEND(n, send_msgid_n)
MPI_W AIT(send_msgid_n)

]

** % COMPUTE***

MPI_WAITALL (recv_msgid_*)

Fig. 6. MPICH: Unoptimized algorithm.

for m=1 to number_of_messages_to_receive{
MPI_IRECV(m, recv_msgid_m)

}

L *COMPU’I‘E* e

for n=1 to number_of messages_to_send{
MPI_ISEND(n, send_msgid_n)
MPI_WAIT(send_msgid_n)

}

MPI_TESTALL(recv_msgid_*)

***COMPUI‘E***

MPI_WAITALL(recv_msgid_*)

Fig. 7. MPICH: Optimized algorithm.
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Fig. 8. MPICH: Unoptimized algorithm.  Fig. 9. MPICH: Optimized algorithm.

communications. In this pseudo-code, each process posts non-blocking receive
calls before computing on its local region of the grid. After finishing computation,
it then sends its data to update the ghost regions of its neighboring processors
using the MPI_Isend/MPI_Wait pair. The process may do some further local
computation and then finally waits to update it own ghost regions, possibly
using an MPI_Waitall. In this case, if the message size is greater than 60KB
the MPI_Isend will block until the corresponding MPI_Waitall is called on the
receiving process as shown in Figure 8.

If we now insert an intermediate MPI_Testall call as shown in Figure 7,
MPI_Isend returns as soon as the receiver posts the test (Figure 9). While the
MPI_Testall call does have a cost, this cost is small compared to the performance
gain.

2.2 1IBM MPI on the SP2

The second MPI implementation analyzed is the IBM native implementation
(version 3 release 2) [3] on the IBM SP2, BlueHorizon, a teraflop-scale Power3
based clustered SMP system at the San Diego Supercomputing Center. The ma-
chine consists of 1152 processors, each having 512 GB of main memory. Once
again, our first experiment investigates the effect of message size on non-blocking
communication semantics. For smaller message sizes (1KB), we observe the ex-
pected non-blocking semantics. This is also true for larger messages sizes (greater
than 100 KB) as shown in Figure 10.
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renwrn mtmediately

Fig. 10. SP2: Ws and Wr posted at the Fig.11. SP2: Ws and Wr posted at dif-
same time-step. ferent time-steps.

To further understand the effect of increasing message size on the behavior of
non-blocking communications in the IBM MPI, we moved Ws to T1, i.e. directly
after the send to simulate the situation where one might want to reuse the send
buffer. Wr remained at T3. In this case, for message sizes greater than or equal
to 100KB, Ws blocked until Wr was posted by the receiver at T3 (Figure 11).

In an experiment where both processes exchange messages, IS and IR are
posted at TO, process O posts Ws at T1 while process 1 posts Ws at T2, and
both processes post Wr at T3. The message size is maintained at 100KB. In this
case deadlock is avoided in an interesting manner since Ws, posted at T1 and
blocks on process 0, returns as soon as process 1 posts Ws at T2, rather than
waiting for the corresponding Wr on T3.

Analysis and Discussion. The SP2 parallel environment imposes a limit
(called the eager limit) on the total message size that can be sent out asyn-
chronously. When message sizes exceed this limit, the IBM MPI implementation
switches to a synchronous mode. However, in this case, it is the Ws call that
blocks until an acknowledgement is received from the receiver process. Conse-
quently in the experiment above, Ws blocks until Wr is posted at the receiving
process. The analysis above also shows that the synchronization call on the re-
ceive side need not be a matching wait. In fact the receiver may post any call to
MPI_Wait (or any of its variants) to complete the required synchronization.

Optimizations Strategies. The POE users’ guide [3] specifies the environment
variable, MP_EAGER_LIMIT, which defines the size of MPI messages that can
be sent asynchronously. However, as the number of processes increase, trying to
increase MP_EAGER_LIMIT simply reduces the amount of memory available to
the application.

A more scalable strategy is to address this at the application level by ap-
propriatly positioning IS, IR, Ws and Wr calls. The basic strategy consists of
delaying Ws until after Wr and is illustrated in Figures 12 and 13.

To illustrate the strategy, consider a scenario in which two processes exchange
a sequence of messages and the execution sequence is split into steps TO-T3. Both
processes post MPI_Irecv (IR) calls at TO and Wall denotes a MPI_Waitall call.
Assume that, due to load imbalance, process 0 performs computation until T2
while process 1 computes only till t1. Ws posted on process 1 at T1 will block
until process 0 posts Ws at T2. For a large number of messages, this delay can
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for n=1 to number_of_messages_to_receive{

MPLIRECV(n, msgid_n) for n=1 to number_of_messages_to_receive{

} MPI_IRECV(n, msgid_n)
*4COMPUTE*** }
for n=1 to number_of_messages_to_send{ ***COMPUTE*#*
MPI_ISEND(n, send_msgid_n) for n=1 to number_of_messages_to_send{
MPI_WAIT(send_msgid_n) MPI_ISEND(n, send_msgid_n)
} }
MPI_WAITALL(recv_msgid_*) MPI_WAITALL (recv_msgid_*+send_msgid*)
Fig. 12. SP2: Unoptimized algorithm. Fig. 13. SP2: Optimized algorithm.

become quite significant. Consequently, to minimize the blocking overhead due
to Ws on process 1, it must be moved as close to T2 as possible. Now, if Ws is
removed from the send loop and a collective MPI_Waitall is posted as shown in
Figure 13, it is observed that process reaches T2, it has already posted IS for
all of its messages and is waiting on Wall, thus reducing synchronization delays.

3 Evaluation of Communication Performance in SAMR

Dynamic Structured Adaptive Mesh Refinement (SAMR) techniques [4] for solv-
ing partial differential equations provide a means for concentrating computa-
tional effort to appropriate regions in the computational domain. These methods
(based on finite differences) start with a base coarse grid with minimum accept-
able resolution that covers the entire computational domain. As the solution
progresses, regions in the domain requiring additional resolution are recursively
tagged and finer grids are laid over these tagged regions of the coarse grid [4].

Parallel implementations of hierarchical SAMR applications typically parti-
tion the adaptive heterogeneous grid hierarchy across available processors, and
each processor operates on its local portions of this domain in parallel [7]. Due to
their irregular load distributions and communication requirements across levels
of the grid hierarchy, parallel SAMR applications make extensive use of non-
blocking MPI primitives so as to overlap intra-level communications with com-
putations on the interior region.

A typical implementation of intra-level communications in parallel SAMR
applications is similar to the ghost communication associated with parallel fi-
nite difference PDE solvers as described in Section 2. Clearly, the optimizations
proposed by us in Section 2 can be applied here to reduce the synchronization
costs.

Evaluation Using the RM3D Kernel. To evaluate the impact of the pro-
posed optimization strategies on application performance we used the 3-D ver-
sion of the compressible turbulence application kernel (RM3D) which uses SAMR
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Fig. 14. Comparison of execution and communication times on Frea (MPICH).
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Fig. 15. Comparison of execution and communication times on SP2 (IBM POE).

techniques to solve the Richtmyer-Meshkov instability [9]. The experiments con-
sist of measuring the message passing and application execution times for the
RM3D application kernel before and after incorporating our optimizations strate-
gies outlined in this paper, on both Frea and Blue Horizon. Except for the op-
timizations in the message passing algorithm, all other application-specific and
refinement-specific parameters are kept constant. The results of the evaluation
for MPICH on Frea for 16, 32 and 64 processors are shown in Figure 14. These
runs used a base grid size of 128%32*32 and executed 100 iterations. We observe
that the reduction in communication time is approximately 27%.

On the SP2 the evaluation run used a base grid size of 256%64*%64 and exe-
cuted 100 iterations. Figure 15 shows the comparisons of the execution times and
communication times respectively for 64, 128 and 256 processors. In this case
we observe that the reduction in communication time is approximately 44%.

4 Summary and Conclusions

In this paper we experimentally analyzed the behavior and performance of non-
blocking communication provided by two popular MPI implementations. It is
important to note that the blocking behavior described by us is not a bug in
the message passing softwares. Rather it is due to inherent limitations in the
underlying hardware architectures.

We used the strategies proposed in this paper to optimize the performance
of the SAMR-based Richtmyer-Meshkov compressible turbulence kernel. Our
evaluation shows that the proposed strategies improved the performance by an
average of approximately 27% for MPICH and 44% for IBM MPL
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Abstract. We present a methodology which allows to derive accurate
and simple models which are able to describe the performance of parallel
applications without looking at the source code. A trace is obtained and
linear models are derived by fitting the outcome of a set of simulations
varying the influential parameters, such as: processor speed, network
latency or bandwidth.

The simplicity of the linear models allows for natural derivation of inter-
pretations for the corresponding factors of the model, allowing for both
prediction accuracy and interpretability to be maintained.

We explain how we plan to extend this approach to extrapolate from
these models to be apply it to predict for processor counts different to
the one of the given traces.

1 Motivation and Goal

Obtaining performance models of parallel applications is extremely useful for a
broad range of purposes: determining if a platform achieves its expected perfor-
mance, identification of the source of performance problems [16], scheduling, and
many others.

Models based on simulations are used to explore the parameter space design,
but are time consuming and lack the abstraction and possibility of interpretation
that analytic models provide [8—10].

In this work we want present, extend and validate a methodology that we
are developing [18] to extend the analysis capabilities of the tools DIMEMAS[ 1]
and PARAVER][2] developed at CEPBA.

We want to derive simple analytical models including the number of pro-
cessors as a parameter starting from post-mortem trace-files of the application
under study. The simplest model presents non-linearities and we show how we
treat them being methodological while gaining insight of how the application is
affected by the architectural parameters.

* This work has been partially funded by the Ministry of Science and Technology of
Spain under CICYT TIC2001-0995-CO2-01 and by a Ministry of Education of Spain
FPU grant.
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2 Methodology

We apply the following methodology: for each application that we want to
analyze, we obtain traces from its real execution varying the number of pro-
cessors. The dynamic instrumentation technology of MPIDtrace[11] (based on
DPCL[12])allows us to obtain traces of production binaries without needing
access to its source code. This traces contain information of communication re-
quests of all processes as well as the CPU demands between those requests. The
usefulness of MPIDtrace has been shown in [13—15]. Other previously proposed
methods needed the source code and knowledge of the program structure to be
able to instrument the application [17].

This traces feed the DIMEMAS][1] simulator. DIMEMAS implements a sim-
ple abstract model of a parallel platform in which the MPI software layers are
taken into account. It allows to simulate for varying Latencies, Bandwidths, and
CPU ratios (that models the CPU performance ratio between the source and tar-
get machine). Given a trace for a particular number of processors, DIMEMAS is
not able to perform a simulation of the trace under a different processor count.

STORM[3] performs DIMEMAS simulations of a particular trace file, ran-
domly varying the influential architectural parameters.

From these results, we fit a linear model from these data of the elapsed
time of the application against the architectural parameters. The coefficients
characterize the application.

2.1 Brief Review of Previous Results and Methodology

We have already addressed the problem of finding an accurate model, simple
and at the same time general enough, to explain and predict the behavior of the
same set of programs [18], using a formulalike: Tp(L, BW) =ap+fp-L+ 37%,—.'

We obtained the ap, Bp, yp through linear fitting of DIMEMAS simulations
varying L and BW. P was not a parameter.

A further step was the unification of these formulas to a single one, including
the processor count P as one additional parameter in the form of:

T(P,L,BW) = a(P) + 8(P) - L + 17 (1)
BW
a(P) represents the time of the critical path, 8(P) the number of non-overlapped
latencies and y(P) the number of bytes exchanged between processors not over-
lapped with computation. By knowing these functions of P we would be able to
predict for a different processor count of that of the original traces.

It would be simple to model a(P) as: a(P) = ag + ¢ (following Amdahl’s
law). However, in a parallel program, this is not necessarily true. We observe a
non-linearity on P for the “critical path” (a(P)) when the distribution of com-
putation improves locality and therefore results in a better memory hierarchy
performance.

' L stands for Latency, BW, Bandwidth, and P for the number of processors.
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2.2 Decoupling Non-linearities

Such a non-linearity is found in the a(P) parameter for the NAS BT bench-
mark. Locality plays and important role, and executions for increasing processor
counts account for smaller total amounts of computation?, as would be expected
following Amdahl’s law.

We use the term Locality Factor to quantitatively express the difference
between the expected amount of work using Amdahl’s law, and the real one.
This Locality Factor is computed as the relation between the total CPU time
for all processors of the trace for the minimum processor count (reference P)
and the actual amount of time accounted for a particular processor count P:

. _ TotalCPUtime(P)
LocalityFactor(P) = 5 S TCPUtime(Pratnl)

The Locality factors of the NAS BT executions do not vary linearly with the
number of processors. Amdahl’s law would predict a constant behavior (Locality
factor being always 1). However the BT total sequential execution times decrease
as much as 55% from 4 to 49 processors (non-linearly).

In order to apply our methodology, this non-linear effect should be decoupled,
and therefore we propose the following formula:

/
T(P,L,BW) = (/(P)) - LocalityFactor(P) + 8'(P) - L + %, (2)
Where o', 8’ and v’ are obtained having previously corrected the effect of in-
creased locality. We simply scale all the CPU bursts of the simulations by setting
the DIMEMAS CPU efficiency scaling parameter, CPU_ratio, to the value of the
Locality factor. The same methodology explained in the two first paragraphs of
Subsect. 2.1 is applied to the trace of the execution of the application for each
processor count P with the corresponding CPU efficiency scaling factor applied
in the simulation to obtain the op.
Given these op we then apply a linear regression (this time with no non-
linearities involved) to obtain an estimate of o/(P) of the form:

o L
o/(P) =+ (3)

We checked (Sect. 3) that 8p and 74 are statistically identical to Bp and ~yp
and independent of the Locality factor for a sensible range of correcting factors.

We expect to find linear behaviors in B(P) and y(P), as they roughly repre-
sent the non—overlapped latencies and communication bandwidth (see [18]).

The model obtained predicts with very high accuracy the DIMEMAS sim-
ulations obtained with the Locality Factor correction. However, this model is
not predicting the real application, but an ideal one where the memory effects
are not taken into account. To model the real application, the corresponding
o' (P) parameter should be again multiplied by the Locality factor correspond-
ing to the processor count to obtain what would be the real o(P) (critical path’s
time). We checked this approach in Sect. 3 and we show that for the applications
considered, this process does not change the communication pattern.

2 In DIMEMAS terms, To