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1 INTRODUCTION

“An experimental scienceis supposed to do experimentsthat find generalities. I’ s not just supposed to tally up along
list of individual cases and their unique life histories. That's butterfly collecting.”

- Richard C. Lewontin [1]
The development of a high-performance parallel system or application is an evolutionary process. It may begin

with models or simulations, followed by an initial implementation of the program. The code is then incrementally
modified to tune its performance and continues to evolve throughout the applications's life span. At each step, the key
question for developers is: how and how much did the performance change? This question arises comparing an
implementation to models or simulations; considering versions of an implementation that use a different algorithm,
communication or numeric library, or language; studying code behavior by varying number or type of processors,
type of network, type of processes, input data set or work load, or scheduling algorithm; and in benchmarking or
regression testing. Despite the broad utility of this type of comparison, no existing performance tool provides the nec-
essary functionality to answer it; even state of the art research tools such as Paradyn[2] and Pablo[3] focus instead on

measuring the performance of a single program execution.

We describe an infrastructure for answering this question at all stages of the life of an application. We view each
program run, simulation result, or program model as an experiment, and provide this functionality in an Experiment
Management system. Our project has three parts. (1) a representation for the space of executions, (2) techniques for
guantitatively and automatically comparing two or more executions, and (3) enhanced performance diagnosis abili-
ties based on historic performance data. In this paper we present initial results on the first two parts. The measure of

success of this project isthat an activity that was complex and cumbersome to do manually, we can automate.

The first part is a concise representation for the set of executions collected over the life of an application. We
store information about each experiment in a Program Event, which enumerates the components of the code executed
and the execution environment, and stores the performance data collected. The possible combinations of code and
execution environment form the multi-dimensional Program Space, with one dimension for each axis of variation and
one point for each Program Event. We enable exploration of this space with a simple naming mechanism, a selection
and query facility, and a set of interactive visualizations. Queries on a Program Space may be made both on the con-
tents of the performance data and on the metadata that describes the multi-dimensional program space. A graphical
representation of the Program Space serves as the user interface to the Experiment Management system.

The second part of the project is to devel op techniques for automating comparison between experiments. Perfor-
mance tuning across multiple executions must answer the deceptively simple question: what changed in this run of

the program? We have developed techniques for determining the “difference” between two or more program runs,
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automatically describing both the structural differences (differences in program execution structure and resources
used), and the performance variation (how were the resources used and how did this change from one run to the next).
We can apply our technique to compare an actual execution with a predicted or desired performance measure for the
application, and to compare distinct time intervals of a single program execution. Uses for this include performance
tuning efforts, automated scalability studies, resource allocation for metacomputing [4], performance model valida
tion studies, and dynamic execution models where processes are created, destroyed, migrated [5], communication
patterns and use of distributed shared memory may be optimized [6,9], or data values or code may be changed by
steering [7,8]. The differenceinformation is not necessarily a simple measure such astotal execution time, but may be
a more complex measure derived from details of the program structure, an analytical performance prediction, an
actual previous execution of the code, a set of performance thresholds that the application is required to meet or

exceed, or an incomplete set of data from selected intervals of an execution.

Thethird part of thisresearch isto investigate the use of the predicted, summary, and historical data contained in
the Program Events and Program Space for performance diagnosis. We are exploring novel opportunities for exploit-
ing this collection of datato focus data gathering and analysis efforts to the critical sections of alarge application, and

for isolating spurious effects from interesting performance variations. Details of this are outside of the scope of this

paper.

2 PROGRAM EVENTSAND AUTOMATED COMPARISON
The Program Event is a representation of a program run or execution. Associated with each Program Event isa
collection of performance data. We can automatically compare the changes between two (or more) Program Events

with our structural difference operator.

2.1 TheProgram Event

We represent a program as a collection of discrete program resources. Possible resources include the program
code, application processes, machine nodes, synchronization points, data structures, and files. Each group of
resources provides a unique view of the application. We organize the program resources into classes according to the

aspect of the application they represent, and structure each class as atree, called aresource hierarchy.

Definition 2.1. A Program Event, E, is aforest composed of zero or more unique resource hierarchies:
E=R,0RJ O R, nz0. [

A resource hierarchy is a collection of related program resources. The root node of each resource hierarchy rep-
resents the entire program execution and is labeled with the name of the entire resource hierarchy. Each descendant of
the root node represents a particular program resource within that view. As we move down from the root node, each
level of the hierarchy represents a finer-grained description of the program. For example, a code hierarchy might have
one level for nodes that represent modules, below that alevel with function nodes, and below that alevel for loops or

basic block nodes.

In the code resource hierarchy of Figure 2, the root level (level 0) is the program-level view of an application,

which represents the cumulative behavior of the whole program. Level 1 isthe module-level view of the source code,
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and level 2 isitsfunction-level view. Each level of aresource hierarchy isaset of resources, and each level above the
leaf level is a partition of the set of nodes in the next lower level. For example, the module level of Figure 2, which

contains testutil.C, main.C, and vect.C, isapartition of the set of all leaf nodes. We specify aparticular level of ahier-
archy using a superscript notation: Ry* refers to level one (the children of the root node) of resource hierarchy zero.

The Code hierarchy in Figure 2 shows the set of functions partitioned into modules:

Ry = {Code} Ry* = {testutil.C, main.C, vect.C}

R02 = { printstatus, verifyA, verifyB, main, vect::addel, vect::findel, vect::print} .

Definition 2.2. A resource hierarchy Ris atree of the form
R=(r,T)
wherer isaresource and T isthe set of al children of r in the resource hierarchy:
T={(roTg), (1, T, ... (ry T} O
Figure 2 shows a sample Program Event for a parallel application called Tester. The Program Event is the set
{ Code, Machine, Process} . The Code hierarchy contains nodes that represent the program’s modules and functions; the
Machine hierarchy contains one node for each CPU on which Tester executed; and the Process hierarchy contains one

node for each process.

A resource is a representation of a logical or physical component of a program execution. A single resource
might be used to represent a particular aspect of the program or the environment in which it executes: a process, a
function, a CPU, or a variable. In Figure2, the leaf node labeled *“verifyA” represents the resource
<Codeftestutil.C/verifyA>. The semantic meaning attached to a particular resource is relevant only to the programmer
and does not affect the model functionality; however, a program execution component must be uniquely represented
by a single resource. Each internal node of a resource hierarchy tree represents a set of one or more resources; for

example, <Code/testutil.C> is a single resource that represents the aggregation of the set { printstatus, verifyA, verifyB} .

A resource name is formed by concatenating the labels along the unique path within the resource hierarchy from
the root to the node representing the resource. For example, the resource name that represents function verifyA

(shaded) in Figure 2 is <Codef/testutil.C/verifyA>.

2.2 Representing Performance I nformation in a Program Event

For a particular performance measurement, we may wish to specify certain part or parts of a program. For exam-
ple, we may be interested in measuring CPU time as the average for all executions, as the total for one entire execu-
tion, or asthetotal for asingle function. The focus constrains our view of the program to a selected part. Selecting the
root node of a hierarchy represents the unconstrained view, the whole program. Selecting any other node narrows the
view to include only those leaf nodes that are descendents of the selected node. For example, the shaded nodes in

Figure 2 represent the constraint: functions verifyA and verifyB of process Tester:2 running on any CPU.

Definition 2.3. A focus F isformed by selecting a subset of resource nodes from each of the resource hierarchies R:
{RI RSP RE, R
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where jx is a selection from level x of resource hierarchy R, and n is the total number of resource hierarchies. All of
the nodes selected in a hierarchy must be from the same level.(]

The Program Event provides an intuitive naming scheme for program components called resource normal form.
We convert the selected set to resource normal form by concatenating the selections from each resource hierarchy.
For example, the shaded selection of Figure 2 is represented as:

< /Codeltestutil.C/(verifyA,verifyB), /Machine, /Process >.
Performance data is represented as a collection of tuples of the form P[m, f, t, r]:

m: the name of the metric, which is a measurable execution characteristic, such as CPU time.

f.  thefocusfor this performance data, for example CPU time for focus < /Code/Main.C, /Machine, /Process >,

t: thetimeinterval, specifies when during an execution the data was collected, and

r: aperformance result (r), which may be asimple scalar or more complex object.

Because data is uniquely identified using a focus, we say the performance datais stored in resource normal form.

2.3 The Structural Difference Operator

When comparing the performance of two program executions, a natural first question is, how different were the
code and environments used in the two tests, and where did they differ? If we perform two test runs using identical
code running on identical, dedicated platforms, every resource hierarchy of the first execution has an identical coun-
terpart in the second execution; performance data may be meaningfully compared for every focus which is valid for
one of the individual executions. The comparison becomes more complex if we consider cases in which either the
code or the run time environment (or both) differ between our two test runs.We need to determine the common set of
valid resources to determine the new set of valid foci for the program.

Given two Program Events, £, and £, (see Figure 4), we can calculate their structural difference. To perform a
structural comparison of two program executions, we compare the two sets of resource hierarchies in a top-down
manner. The Sructural Difference Operator, [] takes two Program Events as operands and yields a Program Event
Group (PEG). The result contains all resources from the original two Program Events, so the structural difference
operation works as a hierarchical set union operation. This operator can be applied iteratively to build up asingle set
of resource hierarchies that characterizes any number of distinct program runs.

Figure 1 shows an application of the structural difference operator to two program events £, and Z,. The top set
of resource hierarchies describes event Z;, and the middle set describes Z,. The bottom of the figure shows the resullt.
Resources common to both executions are outlined with mixed dash/dot; <Code> and <Code/Module2> are examples

of such resources. Resources unique to £, or £, are outlined with dot or solid boxes respectively.

2.4 Moving Beyond the Single Execution M odel

A collection of two or more Program Eventsis stored in a Program Event Group (PEG). The interface to the PEG
is centered around a single set of resource hierarchies, constructed using the Structural Difference Operator, which
represents the components of all of its Program Events. We devel oped two aggregation operators of particular use in

viewing PEG performance data: the list aggregation operator, when applied to a hierarchy that contains more than one

Extended Abstract Extended Abstract



Page 5

selected node, yields a performance result which isalist of valuesrather than a single value; and the cluster aggrega-
tion operator groups the requested performance data by value — each group contains values that were within a speci-
fied A of each other (represented by the average of the group). We have defined several new metrics particular to the
multi-execution PEG. The Performance Distance metric takes performance data from two executions and measures
how much the performance differed between the two runs. The Performance Difference operator returns alist of all
locations [f, t] (focus, time interval) for which the discrete distance metric yields an answer of true for a specified
metric. The Discrete Distance metric is a binary function that indicates whether two performance results differ by

more than a specified interval.

3 THE PROGRAM SPACE
The collection of Program Eventsis stored in a multi-dimensional Program Space. Users can navigate this space,
visualize its form and contents, and make queries on the structure and contents. A more complete description of these

featuresis given in the full paper.

4 CASE STUDIES

We have implemented a preliminary prototype of an experiment management performance tool. To test our design we
have examined data collected while tuning several parallel programs. We provide examples of using our prototype to
(1) compare implementations based on aternate communication libraries, (2) evaluate performance as a program
evolves through versions, and (3) track data for a scalability analysis. In each case, the use of an experiment manage-

ment system simplifies and speeds the programmer’s task. Complete study details appear in full paper.

4.1 Comparing Alternate | mplementations: Porting a PVM Application to MPI

In this study we compared two versions of a parallel message-passing FFT code called ns, which was ported
from the PVM to the MPI message passing libraries. The application solves the Navier-Stokes equation in three
dimensions. A scientist porting an application wants directed feedback about the resulting changes in performance to
the application, and hopefully some idea of the cause of any performance degradation. In Figure 3 we show the
resource hierarchies that resulted from applying the Structural Difference Operator to two Program Events, a 4-node
run of nspvm (PVM version) and a 4-node run of nsmpif (MPI version), both onthe IBM SP-2. This display provides
a quick way to see what differed in both the code and the environment between the two runs. The left in Figure 3
shows that Code, Machine, Memory, Process, and SyncObject resources appear in both Program Events. In the Code hier-
archy, three modules (dfft.c, ns3d.c, and p3d.c) appear in both runs. At the leaf, we can see four procedures (strip, and
strip1-3) appeared only in Program Event 1. The Message hierarchy on the right shows the changes in message tags:
tagso_1, 0_3, 0_5, and 0_2 represent MPI message tags, and the rest represent the message tags for the PVM version.
By selecting any of these resources, we can display the performance data for the Program Event(s) that include that

resource.

4.2 An Evolving Application: Performance Tuning a Shared Memory Application
A protein-folding application, called Fold4, was recently developed in our Chemical Engineering Department.

Thetuning effort was reported in detail elsewhere [10]. We analyzed the program versions and performance datafrom
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this study and were able to automate the identification of changes from one version to the next.

We ran three versions of Fold4, taken from different steps in the performance tuning study. The researchers con-
ducting the study had located several problems. Version 1 was a simple port to the Wisconsin Cluster of Workstations
(COW) from the SGI PowerChallenge. A problem was identified with a serial portion of the code that consumed 40%
of the execution time on 8 nodes. Version 2 changed to data partitioning to try to relieve the bottleneck. A problem
was identified with false sharing of data blocks. Version 3 padded and aligned data to improve the cache behavior. We
present selected results here to demonstrate the benefit of the experiment management approach in navigating the

large space of resources and data involved in a complete performance tuning study.

To consider the changes from version 1 to version 2, we merged these two Program Events (by applying the
Structural Difference Operator) and generated a Program Event Group (PEG). The PEG display distinguishes foci
valid for both Program Events. Display omitted; see Figure 3. The Memory hierarchy shows that a data change of
some kind occurred, since there are more data structures in the memory hierarchy for Version 2. Next we applied the
performance difference operator with metric memoryBlockingTime. The perfDiff operator pairwise compares perfor-
mance data available for both Program Events. The results are presented in the perfDiff display (shown in Figure 5).
This display shows that memory blocking behavior differed overal in the two runs; further it differed in each process,

and that those differences were localized to five data structures (GM, GM->part0-3).

4.3 A Scalability Study
In this study we compared 4 executions of a parallel global circulation message-passing code called Ocean. We
ran the same code on 2, 4, 8, and 16 nodes of the Wisconsin COW, and used the merge, cluster, and performance dif-

ference features to explore the behavior of the application while scaling.

5 RELATED WORK

There has been extensive work on parallel profiling tools [11,12,3,2,13], and a more limited amount of work on
toolsthat allow displays of performance datafrom multiple runs[14]. In the physical and life sciences, there has been
work to automate and store experimental data [15]. In the debugging area, work has been done to find bugs by com-
paring the execution of a new program version to an old one by comparing program output and user-selected vari-
ableg[16]. Our representation of a Program Space and automated comparison of program runs represents a new

direction. A complete discussion of this related work isincluded in the full paper.

6 CONCLUSIONS

Taking an experiment management view of performance tuning alows us to describe an application’s behavior
throughout its lifetime and across a variety of environments and code ports. Our multi-execution view provides much
valuable feedback for the scientist developing or maintaining a parallel code. We are currently working to expand the
prototype described here, with aricher set of data types, aweb-based interface to service developers engaged in geo-
graphically distributed cooperative program development and use, and additional performance displays. We are inves-
tigating the use of an object oriented database for data storage, and exploring techniques to improve Paradyn’s on-the-

fly diagnosis capabilities using feedback from our experiment management system.
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Figure 1: An Example of the Structural Difference Operator
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Figure 2: Program Event for Program Tester, with Three Resource Hierarchies
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Figure 3: Resource Hierarchiesfor Program Event Group: nspvm, nsmpif. The PEG Display alowsthe
devel oper to navigate resource hierarchies and quickly see what differed structurally between two (or more) program runs. The
display is organized like the resource hierarchies from Figure 2, with the addition of an integer run identifier (RID). Eachrunis
labeled with avalue 1, 2, 4, 8, etc. Resources that appeared in only one run, are labeled with the RID of that run (1 or 2 in this
example). Resources that appear in more run are label ed with the sum of the RIDs; the resources labeled with 3 appeared both runs
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Figure 4: Algorithm to find the Structural Difference of two Program Events, S, O S,
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Figure 5. Results of the Perfor mance Difference Operator for metric MemoryBlockingTime. The
nodes shown represent resource combinations for which there is a performance difference detected between the Program Events.
Starting at the | eft, the node WholeProgram means that there is some performance change between the two runs. The process nodes
indicate that performance changed in some way for each of the four processes. The next level detailsindividual shared data
structures: GM is ashared index structure, and GM->part0, GM->partl, GM->part2, and GM->part3 are the shared data structures
listed in the index. The data structures listed are those common to both runs for which memoryBlockingTime changed. This
snapshot was taken after selecting two nodes, process1 and process2, to see adetailed display of their children. A visualization of
the performance data for any node, showing the plots of the values for each run, can be launched by selecting the node on this

display.
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