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Abstract

Performance prediction and�or scalability analysis of parallel programs is an important area of current research�
especially as parallel computers have come to dominate the high performance computing arena� To date� most
of the research in this area has concentrated on the performance of massively parallel machines such as the Intel
Paragon and the IBM SP�� However� such machines are scarce� expensive� and unavailable to large segments of the
research community� motivating the use of networks of workstations as large� distributed memory multicomputers�

Even though this approach to distributed computing is wide�spread� we still understand little about the
behavior of codes executing on this computational platform� For instance� we would like to understand how an
application scales as the size of the program and the number of workstations are simultaneously increased� Also�
we would like to predict the behavior of codes executing under di�ering network mediums and under varying
network loads�

The MPI �Message Passing Interface� message passing library is the emerging standard by which distributed
computers communicate and synchronize� and we are therefore interested in performance prediction of codes
executing on top of this library� In this paper� we investigate the use of direct�execution simulation to study
the behavior of large codes� executing on networks of workstations� using the MPI message�passing library� We
discuss the di�cult issues encountered when building this kind of simulator� and the approach we will take to
solve these problems�
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� Introduction

Networks of workstations are generally viewed as among the most promising computational platforms for the
future of parallel and distributed computing� However� we do not yet understand issues such as how application
codes scale as the number of workstations is increased� or how application codes behave under di�ering network
loads� It is thus important to develop tools with which we can e�ciently predict the performance and scalability
of parallel codes executing on top of a workstation cluster�

One promising approach for this type of research is direct�execution simulation� In this approach� a host
computer is used to simulate the behavior of an application code executing on top of some virtual machine of
interest� If the host and target machine are of the same architecture� this similarity can be exploited by simulating
only those details of the target machine not available on the host� For example� a new operating system� a new
cache coherence protocol� or a new communication network would require simulation	 the execution of the native
instruction set would not� Thus the application code executes natively until it has an interaction with the
simulated virtual machine� at which point the application traps out� and a discrete�event simulator models the
impact of the particular call on the state of the virtual machine� From the point of view of the application� it
is executing on the virtual machine� From the point of view of the discrete�event simulator� the application is a
driver� describing activity to be simulated�

A detailed direct�execution simulator is computationally intensive� particularly when simulating a system with
multiple processors� However� these costs can be reduced by parallelizing the application code and the discrete�
event simulator� In previous research� we developed such a parallel direct execution simulator called LAPSE
�Large Application Parallel Simulation Environment�� where both the application code and the virtual machine
simulator are parallelized� Currently� we are modifying LAPSE such that it can predict performance on networks
of workstations�

��� Background

Direct�execution simulation is a mechanism to predict the behavior of a given application code executing on a
virtual machine of interest� Given N application processes whose performance on N processors is sought� we use
n �
 N processors to both execute the application code and simulate its timing behavior� Each workstation is
assigned some number of application processes �termed virtual processors or VPs�� and some number of simulator
processes� The simulator processes control the execution of the applications processes� and together with the
other simulator processes emulate the behavior of the assumed virtual machine� The execution behavior of the
application processes executing on the virtual machine is obtained by actually running the application processes�
all interactions of the application processes and the virtual machine are trapped and handled by the simulator
processes� The simulator processes determine how simulation time advances as a function of the application
process execution and simulated virtual machine behavior�

LAPSE has been implemented on the Intel Paragon� and provides excellent performance predictions for a
wide range of application codes executing on top of a virtual Intel Paragon �
�� Also� we have ported LAPSE to
a network of workstations ����� ���� to extend to this platform the performance prediction techniques developed
for massively parallel machines�

It turns out that modeling the performance of application codes executing on top of a network of workstations
poses at least two signi�cant challenges not encountered when modeling a massively parallel machine� Most
importantly� massively parallel systems generally have such powerful communication networks that it is often
not necessary to model contention within the network to obtain excellent performance predictions� Both LAPSE



Figure �� Model of the execution of a virtual processor of the simulated system�

and the WWT ��� project model the communication network of the target machine as a pure�delay network�
However� communication networks between workstations are generally much less powerful� and contention within
the network becomes a very important performance issue that must be considered by the simulator� This adds
complexity to the simulation� and requires a more sophisticated synchronization mechanism than that required
for a pure�delay network model�

Secondly� LAPSE and other simulators generally assume an SPMDmodel of computation� freeing the simulator
from having to model the e�ects of multiprogramming on the behavior of the virtual machine� This assumption
is quite reasonable for massively parallel machines with perhaps hundreds of processors� However� networks
of workstations are generally much smaller� making it more likely that there will be more than one process
executing on a given workstation� Thus it is important that the simulator be able to account for the e�ects of
multiprogramming�

As can be seen� there are important issues that must be addressed when the target machine is a workstation
cluster rather than a massively parallel machine� While we cannot discuss these issues fully in this extended
abstract� we will do so in the full paper� Our purpose here is to describe the problem� discuss our approach to
solving the problem� to brie�y discuss related work and indicate the kinds of results we will present in the full
paper�

� Approach

There are two basic approaches to maintaining the �delity of a distributed simulation� In the conservative
approach� a process is not allowed to execute an event with a timestamp t if it is possible to receive an event
with a timestamp less than t at some point in the future� Conservative simulations use blocking to guarantee this
condition� In the optimistic approach� a process is allowed to immediately execute any message it receives� and
any out�of�order processing is corrected through a state saving and rollback scheme�

LAPSE �as implemented on the Intel Paragon� uses a conservative windowing protocol� In this approach�
the simulator processes synchronize frequently to share information about the future behavior of the virtual
processes they control� �The ability to predict the future behavior of a virtual processor is termed lookahead�
and all conservative synchronization protocols must have this feature to perform correctly�� Based on this global
information� the simulator processes cooperatively de�ne a window of simulation time such that all events with
timestamps within this window can be executed concurrently without the possibility of out�of�order processing�

We model the execution of an application process as iterating between two phases� a compute phase and a
communication phase� The compute phase consists of the code executed between calls to the MPI runtime library�
The communication phase is the code executed within such a call� This model of program behavior is shown in
Figure ��



Figure �� Example demonstrating how a process can be delayed in its execution burst

The simulatormust accurately predict the time spent in each phase of execution to provide reasonable estimates
of runtime behavior� Consider the estimation of the time a virtual processor spends in one of its compute phases�
At �rst glance� it may appear as if the simulator could simply execute the virtual processors and use a hardware
clock to directly measure this time� Unfortunately� this approach fails for two reasons� First� if the number
of virtual processors is greater than the number of workstations� then each workstation will have to multiplex
perhaps many virtual processors� In this case� the time returned by a hardware clock will include the time an
application process is swapped out� Given that a process cannot determine when or for how long it is swapped
out� it cannot adjust the value returned by the hardware clock to compensate for this time� Similarly� there is the
impact of message tra�c� The execution of a process will be interrupted whenever the workstation on which it is
executing receives a message� Again there is no way to adjust the time returned by a hardware clock to account
for the time such a process is interrupted� The more processes executing on a given workstation� the greater the
inaccuracy of timing estimates based on a hardware clock�

As an example of these e�ects� consider the execution of some virtual processor P� depicted in Figure �� The
time P� spends in its compute phase in the simulated system spans from virtual time VT� to virtual time VT��
In real time however� the compute phase of P� is interrupted from time RT� to RT� due to receipt of a message
bound for this workstation �and perhaps bound for another virtual processor executing on this same workstation��
P� then resumes its execution� and is swapped out from real time RT
 to RT� due to a process switch� It regains
control of the processor at time RT� and completes the computation phase at time RT�� As can be seen� there is
not necessarily a correlation between the real time and simulated virtual time behavior of an application process�

The question then is how to keep track of virtual time behavior when real�time events are a�ecting the
execution of the virtual processors� Traditionally� the amount of virtual time spent in a compute phase is
estimated based on the number of instructions executed during the phase� To accomplish this� the application
code is instrumented� and the simulator retrieves the instruction count before and after each compute phase� It
then uses some calibration to convert from the number of instructions executed to the time spent executing these
instructions� As noted� a pure�delay model of the communication network is used to determine the impact of
message tra�c on the simulated system�

For the reasons discussed above� a simulator modeling a workstation cluster cannot make use of a simple com�
munication network model� However� building a very detailed model of the communication network is undesirable



due the additional complexity of the simulator and the increased execution time� We think a better approach is
to use a combination of simulation and analysis to estimate the message tra�c and its impact upon the execution
of the virtual processors� The basic idea is as follows�

We model the time spent within a compute phase as having two components� The �rst component is the base
time� representing the time a virtual processor would spend in the computation phase assuming no interruptions�
The second component is the amount of time the virtual processor is interrupted due to message tra�c and�or
the e�ects of multiprogramming� We estimate the base time using the traditional instruction counting approach�
We estimate the time a virtual processor is interrupted by message tra�c by exploiting the global knowledge of
the messaging activity during a given window of virtual time�

When the simulator processes synchronize to determine the width of the simulationwindow� they also exchange
information about any message passing activity that will occur during the de�ned window of virtual time� After
this synchronization� each simulator process knows all of the virtual processors that will send messages during
this interval and the length of these messages� and all of the virtual processors that will post receives for messages�
Given this information� and a simple analytical model of the behavior of ether�net under various network loads�
the simulator processes can estimate most of the parameters in which they are interested� For example� if only
one virtual processor will send a message during the current simulation window� then that process should �nd
the full bandwidth of the ether�net available to it� Similarly� if many virtual processors will be sending messages
during a particular simulation window� each virtual processor will have signi�cantly less bandwidth available to
it� Given an estimation of the available bandwidth� the simulator processes can estimate the number of packets
a virtual processor will receive per unit time� and from this estimate derive the time a virtual processor will be
interrupted due to the receipt of a given message�

This same approach can be utilized to predict the time spent in a communication phase� Consider for example
a virtual processor that will send a message within the current simulation window� If the bandwidth available to
this virtual processor at this point in virtual time is known� the amount of time required to complete the message
transmission can be estimated�

We defer for now the discussion on including the costs of multiprogramming into the simulation model� We
will do so in the �nal paper�

� Related Work

Several other projects use direct execution of application processes to drive simulations of multiprocessor systems
��� �� �� ��� The Wisconsin Wind Tunnel �WWT� ��� is� to our knowledge� the only multiprocessor simulator that
uses a multiprocessor �the CM��� to execute the simulation� It is worthwhile to note two important di�erences
between LAPSE and WWT� First is the issue of purpose� The WWT is a tool for cache�coherency protocol
researchers� being designed to simulate a di�erent type of architecture than its host� LAPSE is designed primarily
for performance and scalability analysis� LAPSE is implemented on an Intel Paragon and a cluster of Sun Sparc
workstations� neither of which supports shared virtual memory� Coherency protocols complicate the simulation
problem considerably� but are a facet we need not deal with currently� The second di�erence is the synchronization
mechanism used to maintain the �delity of the parallel simulation� WWT uses a special case of the YAWNS
synchronization protocol ��� while the original version of LAPSE uses a synchronization mechanism combining
YAWNS with appointments ���� As noted� we are modifying the synchronization protocol of LAPSE to estimate
performance for codes executing on workstation clusters�

We will present a more thorough literature review in the �nal paper�



� Preliminary Results

We are still in the developmental stage of this research and do not yet have preliminary results to present� However�
by the time the full paper is required for publication� we will have empirical data relating to the performance of
our simulator�

� Conclusions

In this paper� we have clearly de�ned the problems encountered when building a direct�execution simulator for
codes executing on workstation clusters� To address these problems� we have proposed a new approach that
incorporates simulation and analysis rather than simulation alone� This approach promises accurate performance
predictions without the expense or complexity of a full�blown simulation of the communication network�
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