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Abstract

HPAM_Smisan execution-driven simulator of heteroge-
neous machines. HPAM_S mallowsthe simulation of target
machines consisting of different processors and intercon-
nection networks. HPAM_S mattemptsto reduce simulation
time by using lightweight threads and static augmentation.
Additionally, simulation can be performed either in con-
tention or non contention mode. The results of HPAM_Sm
simulations were validated using two complementary ap-
proaches. Asillustrated by an example, HPAM_Smis very
flexible and allows the simul ation of various heterogeneous
machines with non-traditional organizations.

1 Introduction

Severa analytical studies([2],[3], [4],[5],[17] and[18])
have shown that heterogeneous architectures can provide a
cost-efficient solution to high performance computing. In
particular, [4] and [5] proposea hierarchy of processors and
memory architecture (HPAM) asasol ution for cost-effective
high performance computing. HPAM (Figure 1) isa multi-
level hierarchy with varying implementation for each level.
The top levels of the hierarchy have a small nhumber of fast
processors. These levels can efficiently execute serial and
low parallelism sections of the application. The low levels
of the hierarchy have alarge number of dow processorsand
can efficiently execute portionsof the code with high degree
of parallelism. HPAM is heterogeneous in several respects.
Processor speed is highest for thetop levels of the hierarchy
and decreases with lower levels of HPAM. Memory access
timeand overall sizeincreases downthelevelsof the HPAM
hierarchy. Intra-level interconnection and communication
paradigms (i.e. message passing or shared memory) aso
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vary across levels. For ease of programming, explicit data
transfer can be abstracted so that a given level can appear
as ashared memory extension of thelevel preceding it. The
digtinctive features of HPAM include:

e multilevel organization

o coexistence of different networks (topology, band-
width and latency)

e coexistence of processors with varying performance

o coexistence of different communication paradigms
(message passing or shared memory)

¢ coexistence of memory moduleswithvarying sizeand
access time.

Detailed performance studies of these and other features
of heterogeneous multiprocessor systems are necessary for
thedesign and eval uation of HPAM machines. They areaso
necessary to validate and refine the above mentioned analyt-
ical predictionsof high performance of heterogeneous mul-
tiprocessors. Unfortunately, these performance studies can-
not be done with existing multiprocessor simulators which
areintended for homogeneous designs (Heterogeneous sim-
ulation environments, such as Ptolemy [10] target signal
processing systems). This fact provided the motivation for
the development of a simulator of HPAM like machines,
called HPAM _Sim, which is described in this paper.

In order to develop HPAM_Sim, previously established
and tested homogeneous multiprocessor simulation tech-
niques were evaluated in the context of providing an en-
vironment that supports the features of HPAM and targets
genera purpose processor based systems.

HPAM _Sim has the following characteristics:

o fast: HPAM_Sim combines the use of static augmen-
tation and lightweight threads to achieve low simula-
tion overhead.
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Figure 1. HPAM Organization.

o flexible HPAM_Sim alowsdifferent network topolo-
gies, bandwidths and latencies to coexist. Further-
more, HPAM _Sim allows the use of different proces-
sorsin the same target machine.

o efficient: HPAM_Sim uses resources (i.e. memory,
processors and 1/O) efficiently. Memory is allocated
and deallocated as needed. Furthermore, it is possi-
ble to control the 1/0 overhead by specifying the de-
sired level of details of the generated lodfile. Finally,
HPAM _Sim uses as many processors as available.

Currently the communication paradigm is restricted to
message passing. Future enhancements of HPAM_Sim
will alow the study of HPAM architectures with heteroge-
neous memory organizations and different communication
paradigms.

While HPAM _Sim was mainly motivated by the need to
study HPAM machines, it also provides a simulation envi-
ronment for other heterogeneous as well as homogeneous
architectures. Thus, HPAM_Sim can be used to compare
the performance of heterogeneous machines to that of ho-
mogeneous machines. Heterogeneity is parameterized in
HPAM_Sim. Therefore, it can be turned off for the simula
tion of homogeneous machines.

Section 2 of this paper includes a review of previous
related work. A description of HPAM_Sim is provided in
Section 3. Validation and experimental resultsare presented
in Section 4 and Section 5, respectively. Conclusions and
directionsfor futurework are provided in Section 6.

2 Reated Work

In general, smulation can be categorized under three
major areas. model-driven, trace-driven and program-driven
([14], [8], [9], [24] and [26]). These three approaches are
complementary and there are instances for which one is

moreappropriatethan theother. Themodel-driven approach
consistsof representing thebehavior of thetarget machineby
astochastic model [14]. Thisapproach isconcise but cannot
be easily applied because an accurate model depends on
detailed knowledge of the target machine. Such knowledge
is not available when a machine is being devel oped.

Trace-driven simulation consists of generating a trace of
the events under study which are then fed to a program that
simulates the functional behavior of the target architecture.
Trace-driven simulationispractically difficult because trace
collection consumes a large amount of storage space and
trace processing is time consuming [26]. Often, this tech-
nigue relies on the similarities between the host and the
target architecture.

Program-driven simulation consists of executing the in-
put workload on a host machine. Each event generated by
this execution is processed by the simulator [9]. This ap-
proach can be resource bound (i.e limited by the resources
available on the host machine). However, it isflexible, rel-
atively accurate, and alows the study of different aspects
of the target architecture. A special case of program-driven
simulation is execution-driven simulation where control is
transferred to the simulator only at events of interest ([9]
and [27]). The main advantage of program-driven simula-
tion is the (feedback) ability to steer the execution of the
input program according to the ordering of events dictated
by the results of the simulator. Therefore, atering the be-
havior of the execution can be easily done. This feedback
does not exist in trace-driven simulations. The generated
trace is based on a certain order of execution that isdifficult
to modify given the informationincluded in the trace.

In trying to analyze the features of HPAM, a modd-
driven approach was first considered. However, very little
is known about the different parameters of HPAM to allow
an accurate conception of such a model and an accurate
evaluation of the needed parameters. The trace based ap-
proach was aso considered from two avenues. The first
avenue consists of first reorganizing existing hardware into
a multilevel hierarchical setup, then using tracing tools to
obtain the desired information. This avenue was not ade-
quate because hardware reorgani zationislimited by existing
physical hardware which alowsvery few features to be var-
ied. The second avenue consists of emulating the target
machine on a host machine and then using the tracing capa-
bility of the host machineto generate necessary information
about the target machine. Tracing is heavily dependent on
the physical features of the hardware of the host machine.
Thus, it is difficult to isolate the effect of one feature of
HPAM from that of another feature, a major disadvantage
when designing new architectures.

Thereare severa existing program-driven and execution-
driven simulators for homogeneous multiprocessor ma-
chines. These simulators include RPPT [12], Tango-Lite



and its predecessor Tango [15], Proteus[8], CacheMire[9],
WWT [20], SPASM [24], Mint [27], SimOS [22] and Aug-
mint [23]. Thislist of ssimulatorsisnot exhaustive. However,
it is a representative set of different simulation techniques
reported in the literature.

Each of the above simulators targeted one or more as-
pects of machine architectures. The focus of RPPT is net-
work simulation for parallel message passing Fortran and
C programs. Tango and Tango-L.ite are network simulators
for parallel shared memory C and Fortran programs. Tango-
Liteis an enhanced version of Tango that uses lightweight
threads. Proteusis a network simulator for paralld shared
memory C programs. Tango, Tango-Lite and Proteus are
execution-driven simulatorsthat do not simulatelocal mem-
ory references. CacheMire is a distributed shared memory
simulator that takes shared memory C paralel programs as
input. It isa program-driven simulator that simulates both
instructionsand (local and shared) datareferences. WWT is
an execution-driven network simul ator for distributed shared
memory multiprocessorsthat runsonaCM5. Themainidea
behind the design of WWT is to exploit architectura sim-
ilarities between the target machine and the host machine.
Within WWT dl instructions run natively on the host ex-
cept for shared memory references that generate a cache
miss. Using a multiprocessor platform and the fact that
only shared memory reference misses are simulated allows
fast smulation of large applications. SPASM is a network
simulator that takes asinput parallel C message passing and
shared memory programs. Reported work is only about
the message passing aspect of SPASM. Mint is a program-
driven simul ator for shared memory parallel programs. Mint
accepts any MIPS R3000 compatible object code. There-
fore, Mint is not limited to a given high-level language
but is restricted to MIPS based host machines. Augmint
is a shared memory simulator based on Mint. However
Mint is program-driven and MIPS based whereas Augmint
is execution-driven and X86 based.

SimOS follows a different approach from al the above
mentioned simulators. SImOS isintended to be a complete
workload simulator. It cannot only simulate user level ap-
plications but also operating system calls. SimOS includes
different model sfor each component of an architecture. The
more accurate is the model the longer is the simulation
time. Following an approach similar to SimOS to sm-
ulate heterogeneous systems requires a long devel opment
time. Furthermore, aside from the fact that it is operating
system dependent, the level of details provided by such an
approach isnot necessary at the early stages of devel opment
of HRFAM_Sim. At later stages of the devel opment and pro-
totyping of an HPAM machine, studying the effect of full
workloadswill be necessary and a SimOS approach should
be considered and evaluated with respect to heterogeneous
simul ation environments.

The possibility of reusing any of the above mentioned
simulators as basi¢ building block for HRPAM _Sim was con-
sidered. However, software reuse requires detailed knowl-
edge of the inner workings of candidate ssimulators. This
knowledgeis rarely available because end-users would sdl-
dom need to modify user transparent components such as
the engine of the simulator. Furthermore,in the develop-
ment of previous simulators, there was no prevision of the
need to introduce the kind of modifications required for
a heterogeneous simulator. Reusing an existing simulator
would require major recoding effort which in some casesis
equivaent to the effort needed to develop a new simulator.
Moreover, there are several advantages to developing anew
simulator. Datastructures and programming techniquesthat
support heterogeneous simul ation can beincorporatedin the
early stages of the smulator design process. Furthermore,
theefficiency of different ssmulationtechniqueswith respect
to the simulation of heterogeneous machines can be taken
into consideration at each step of the simul ator devel opment.

HPAM_Sim is an execution-driven, heterogeneous net-
work simulator for message passing Fortran and C paralel
programs. The choice of execution-driven simulation was
based on the fact that this approach leads to alow overhead
simulator and it can be easily implemented. Compared to
execution-driven simulation, program-driven simulation is
more accurate and detailed at the expense of longer simula-
tiontime. Thisisduetothefact that in program-drivensim-
ulation any event generated by theexecution of theinput pro-
gram issimulated. In contrast, execution-driven simulation
processes only events of interest. Furthermore, execution-
driven simulation can adequately satisfy the requirements of
aninitial study of HPAM architectures.

HPAM_Sim is different from previously mentioned sim-
ulatorsin several aspects. Within HPAM_Sim, processors
can be organized in severa groups. Each group constitutes
a homogeneous multiprocessor level. Furthermore, the rel-
ative processor performance of each group can be varied.
Additionally, the interconnect between groups and within
groups varies. These features are not supported by previ-
ously mentioned simulatorsand they are crucia to the study
of an HPAM architecture. HPAM_Sim allows the user to
easily specify and simulate architecturesin which networks
with different characteristics coexist. Furthermore, the user
can easily specify the performance of processors in each
level independently and without modifying the input code.
Previoudy devel oped simulatorsallow usersto generatethis
behavior by explicitly calling delay functions from within
the input source code (e.g. SPASM). This feature was not
intended for atering relative overall speed performance of
processors. Using it for such apurposeisnot only atedious
process but also efror prone.

HPAM_Sim uses the feedback feature of execution-
driven simulation time to sow down the execution on a



given processor or to slow down the transfer of a message
onthenetwork. Alternatively, apost processing stage can be
added to account for changesin different parameters such as
processor speed, network bandwidth and network latency.
Thisaternative can beinaccurate because modifying any of
the mentioned parameters can result in achange of the order
of execution of certain events.

3 HPAM_Sim Organization

The input to HPAM _Sim can be either Fortran or C code
with message passing directives. Assembly code corre-
sponding to the input program is generated using a Fortran
or C compiler. The generated code is the actua input to
the simulator. A complete block diagram of HPAM_Simis
provided in Figure 2. Although thisfigureincludesa shared
memory simulator, acache simulator and a scheduler, these
modulesare yet to beimplemented (futurework isdiscussed
in Section 5).

Inits current implementation, HPAM _Sim contains sev-
eral modules. The details of the augmentation, engine,
message passing and network modules are presented in the
following subsections. The augmented standard libraries
contai n augmented source code that resultsfrom processing
standard libraries codes through the augmentation module.

There are well established performance anaysis and vi-
sualization tools which are based on extensive studies of
existent systems and try to provide report summaries about
potentia sources of bottlenecks. HPAM_Sim takes advan-
tage of these tools by generating alog file in PICL format
[28]. This log file can be then analyzed and graphically
displayed by ParaGraph [16]. There areinstanceswherethe
generated logfilerequiresalargeamount of disk storageand
causes high 1/0 overhead. For these instances, HPAM_Sim
allowsthe user to sel ect aconcisesummary of thesimulation
resultsrather than the regular log file.

3.1 Augmentation Module

The augmentation module in HPAM_Sim inserts code
to account for the evolution of time during smulation. The
success of the augmentation processis eval uated by itsaccu-
racy in estimating execution time and by the time overhead
it addsto the simulation. The lower this overhead the more
successful is the augmentation. There are two different
augmentation strategies: assembly level augmentation (per-
formed on the assembly code) and binary level augmentation
(performed on the object code).

Binary augmentation is usually more accurate than as-
sembly augmentation because it includes the exact cost of
al library calls and synthetic operations. In assembly level
augmentation, the libraries have to aso be augmented and
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Figure 2. HPAM_Sim Organization. Solid and
dashed boxes correspond to implemented
and unimplemented modules respectively.

the simulator might not provide full coverage (i.e not all li-
braries have been augmented). TangoL itehas90% coverage
[15]. The added accuracy of binary augmentation is mainly
due to the fact that synthetic instructions in the assembly
code are fully interpreted at the object code level. From an
implementation point of view, there are two disadvantages
to binary augmentation: portability and ease of implemen-
tation. Binary augmentation is machine dependent and it
requires extensive knowl edge about the host machine object
code format. Additionaly, jump targets and labels might
have to be recomputed [23]. Binary augmentation is used
in SimOS, CacheMireand Mint. Assembly augmentationis
used in Proteus, SPASM, Augmint, RPPT, Tango and Tango-
Lite. Augmentationin HPAM_Sim is done at the assembly
level code. However, in order to reduce the inaccuracy
due to synthetic operations, these operations are replaced
by an equivalent assembly level routine that can be aug-
mented. Thus, code generated by the augmentation module
of HPAM _Sim does not include synthetic operations.

Augmentation can also be classified as dynamic, static or
hybrid (i.e a combination of both). Dynamic augmentation
is usualy associated with binary augmentation. That is, at
the object level each instructionisinterpreted by aschedul er
that model sthefunctional unitsof thetarget processor. This
resultsin a very accurate estimation of the execution time.
However, thisinterpretation can be slow. In order to reduce
this overhead static augmentation is used when the cost
of execution is known apriori. This hybrid approach was
adopted in SImOS.

Staticaugmentation consi stsof first assigning adedicated
location in memory for cycle counting. The augmentation
modul e then processes the input assembly code basic block
by basic block and inserts code to increment the cycle count
by the sum of the cost of the individua instructionsin the
corresponding basic block. Proteus, Tango, Tango-Lite and
Augmint are examples of simulatorsthat use static augmen-
tation. If the purposeof thesimulator isto study the detailed
functionality of a given processor in a multiprocessor sys-



tem, thisapproach can beinadequate. However, if theintent
of the simulator is to understand relative system behavior
by comparing different organizations, static augmentation
issufficient. In SPASM, a different approach to static aug-
mentation is adopted. The average cost of abasic block is
estimated by collecting timing statistics over severa runs of
the input program. These costs are then inserted by hand
into the input program via calls to a delay function. Aside
from being tedious, this processis error prone[24].

In HPAM_Sim, it is assumed that an assembly instruc-
tion can be issued at each clock cycle. This assumption
alows us to use static augmentation for cycle counting.
However, HPAM machines have heterogeneous processors,
thus some processors are faster than others. Therefore, the
relative delay dueto the difference in processor speed isde-
termined dynamically (i.e a runtime). In addition, within
HPAM_Sim, all cals to standard library routines are re-
placed by cdls to equivalent augmented routines. These
libraries are modified versions of the BSD Berkeley distri-
bution libraries. Given that the execution of most routines
is dependent on the input operands, providing such libraries
gives an accurate cycle count every time aroutineis called.
Additionally, it increases the portability of the simulator by
making it self contained. A similar approach was used in
Proteus. HPAM _Sim extends thisapproach also to synthetic
operations by replacing each synthetic operation with an
augmented assembly level routine.

As dready mentioned, augmentation uses a location in
memory to storethe cycle counter during simulation. Inthe
case of Proteus, Tango and Tango-Lite, this counter is an
integer and each time it is incremented it is compared to a
maximum valuein order to prevent overflow. INnHPAM_Sim
an approach similar to Mint was adopted. Timingisimple-
mented in double precision in order to alow the simulation
torunfor alonger period of time before transferring control
to the engine which handles the overflow. This reduces the
overhead of switching between theinput program execution
and the engine of HPAM_Sim. The disadvantage of this
design decisionisthat it takes longer to load and update the
counter. However, this overhead is balanced by the addi-
tional overhead dueto checking the counter for overflow in
an integer implementation.

In order to manipulatethe cycle counter, a set of registers
is needed to perform loads, increments and stores. The aug-
mentation modul e of Proteus scans the assembly codetofind
unused registers and uses them in the above mentioned ma
nipul ation operations. For HPAM _Sim, adifferent approach
was adopted. The compiler isinstructed to reserve the set
of registers needed by the augmentation. This choice was
based on several factors. First, the compiler has highly op-
timized register allocation algorithms and these algorithms
areimproved with new releases. Therefore, HPAM _Sim can
benefit from these optimized register allocation schemes.

Second, the fact that the same registers are used throughout
the augmentation process facilitates debugging of the aug-
mentation module. Theoretically, the HPAM _Sim approach
isintrusive because it actually eliminates a set of registers
that are used for augmentation and can cause unnecessary
register spills. However, practica tests using the Purdue
[21], CMU [13] and Perfect-Club [6] benchmarks showed
that none of the registers used in the augmentation were
actualy used in the assembly code generated by normal
compilation. Therefore, register spillsare not created by the
augmentation process in the above mentioned benchmarks.

3.2 EngineModule

The purpose of the engine of the smulator is to initi-
ate and orchestrate calls to other modules of the smulator.
Furthermore, the engine is the part of the simulator that in-
terfaces with the execution of the input program on the host
machine.

The engine of HPAM_Sim is based on lightweight
threads. Each virtual processor (i.e. processor of the tar-
get machine) is associated with a thread. When a pro-
cessor issues a send or a receive, the engine takes con-
trol over the execution. Several simulators were based on
lightweight threads, including Proteus, SPASM and Tango-
lite. Lightweight threads have low overhead and can signifi-
cantly helpin producing fast ssimulators[15]. The engine of
HPAM_Sim uses the Solaris multithreading library [25]. In
order to increase the portability of HPAM_Sim, the engine
does not rely on a specific scheduling of the threads. The
engine synchronizes virtual processors based on data rather
than on the order of the execution of the threads. Addi-
tionally, only basic thread subroutines that are commonly
available in other thread libraries are used within the en-
gine. These two aspects of the engine allow the substitution
of the Solaris multithreading library with another library
easly. Asidefrom the currently used Solaris multithreading
library, HPAM _Sim was tested using Cthreads[19].

In addition to producing fast simulators, using
lightweight threads offers an additiona advantage.
HPAM_Sim can be used on a uniprocessor host as well as
any multiprocessor host that supports multithreading. This
alows the simulation of small benchmarks on uniprocessor
hosts and the simulation of large benchmarks on multipro-
cessor hosts. The timing results included in this paper cor-
respond to the execution of HPAM_Sim on a uniprocessor
host. However, the validation of HPAM_Sim results was
performed using both a uniprocessor as well as a multipro-
cessor host (2-and 4-processors UltraSparc).

The engine can work in two different modes depending
on whether contention in the network is simulated or not.
Contention in the network occurs when two or more mes-
sages compete for the same path in the network.



Non Contention Mode:

In this mode, the engine stores incoming messages in a
message buffer shared by al the virtua processors. On a
receive, the engine checks whether or not the message has
arrived. If the message has arrived, the transfer latency of
the message is eval uated regardl ess of the other messagesin
the network. If the message has not arrived, the destination
processor becomes idle until it receives the corresponding
message.

Contention Mode:

Inthismode, theengineorderstheexecution of sendsand
receives chronologically so to allow exact simulation of net-
work transfer operations as explained in Section 3.4. This
ordering is enforced mainly through the information con-
tained in the message header and the evol ution of timeinthe
virtual processor. The message header contains the source,
the destination, the size, the timestamp_in and the times-
tamp_out of the message. The timestamp_in corresponds
to the time the message was introduced in the network and
the timestamp_out corresponds to the time the message was
removed from the network and delivered to the destination.
Thisheader isused by the network moduleto eval uate trans-
fer latency. It isremoved by the network module when it is
no longer needed.

Each virtual processor maintains a status time and a
communication time. For a given processor ¢, the sta
tustime (st;) correspondsto the time accumul ated through
execution-driven simulation up to the current communica-
tion operation. The lookahead time (/¢;) is used to advance
the simulation process when processor ¢ isidle (i.e. wait-
ing for a message). Additionally there are two flags asso-
ciated with each processor i, Not_Waiting; and EN D;.
When processor ¢ is not waiting for a message, the flag
Not_Waiting; is set to true. When processor i terminates
execution, BN D; isset totrue.

Each virtua processor is assumed to have an incoming
and an outgoing queue. Thereisa cost associated with the
transfer of amessage out of the incoming queue or into the
outgoing queue. Let ¢ and j denote the source and the desti-
nation of a message (msy;;) respectively. Additionaly, let
¢;; denotethetime needed by processor j to put msg;; onits
outgoingqueue. Onasend, msg;; withitsheader isinserted
in the message buffer in increasing order of timestamp_in.
On areceive, if the message is not in the message buffer
then there are two possible scenarios. The first scenario is
when processor j is not itself waiting for a message, then
msg;; cannot be delivered to processor ¢ prior to the status
time of processor j (st;) plus the time needed by processor
by j to put msg;; on its outgoing queue (¢;;). Thus the
timestamp_in of msg;; cannot be less than st; + ¢;. This
limit isthe amount of lookahead corresponding to processor
i that is available to the engine. The second scenario is if
processor j iswaiting for a message. Processor j needs to

receive its own message first, then it can send msg;; to pro-
cessor ¢. Therefore, msg;; cannot be delivered to processor
i prior to the lookahead time of processor j plus the time
needed by processor j to put msg;; on its outgoing queue.
The lookahead time of processor i for the two scenarios can
be expressed by the following equations:

if (Vot_Waiting;)
lt; = St]' + €
ese
lt; = lt]' + €

For the two scenarios, the lookahead timeis dways safe
and therefore no rollback is needed. This lookahead possi-
bility reducesthe overhead of switching between two virtua
processors and increases concurrency in HPAM_Sim.

If on areceive, the message isin the message buffer, then
the engine checks if there are no possible other messages
that are chronologically ahead of msg;;. This process is
performed by checking if any processor & that has not ter-
minated simulation (i.e. £ N Dy isset to false) satisfies the
following condition:

(sty, <= timestamp_in) and
((Not_Waitingy,) or (It <= timestamp_in))

In the above condition timestamp_in refers to the time
msg;; was introduced in the network. If two processors
attempt to send a message at the same time, precedence is
given to the processor with the smallest global number (7).
Thisorderingisneeded to guaranteeadeterministic behavior
of HPAM _Sim across different simulation runs on the same
host machine and across different host machines regardless
of the scheduling strategy of the underlying threads. It
is enforced by using the above condition for & < ¢ and
changing thetwo inequalities(< =) to strictinequalities (<)
fork > ¢.

3.3 Message Passing Module

The message passing library was modeled after the MPI
library. MPI code requires minor modificationsin order to
be portedto avalid HPAM_Siminput (if necessary the mod-
ifications could be made systematically so to be transparent
to theuser). Thisalowsthe use of thelarge amount of MPI
code availabletotest thesimul ator aswell asthemachinesto
be simulated. The syntax and semantics of a non-blocking
send and blocking receive in HPAM _Sim when contention
isnot simulated are as follows:

hpam_nsend(destination,level ,type message,si ze,tag)
store message in the message buffer



hpam_brecv(source,level, TYPE, message,si ze,tag)
if (message has arrived)
evaluate transfer latencies
retrieve message from the message buffer
ese
yield to other processors

When contention is simulated the syntax and semantics
of anon-blocking send and ablocking receivein HPAM _Sim
are asfollows:

hpam_nsend(destination,level ,type message,si ze,tag)
store message by increasing time_stamp_in

hpam_brecv(source,level, TYPE, message,si ze,tag)
if (message has arrived)
if (message has smallest time_stamp_in)
evaluate transfer latencies
retrieve message from message buffer
ese
yield to other processors
ese
advance time stamp
yield to other processors

In a one level multiprocessor organization each proces-
sor isidentified with a unique number (nodeidentifier). For
the HPAM multilevel architecture, each processor has two
identifiers. Thefirstisthe processor local number withinits
level. The second is the processor global number with re-
spect to the entire architecture. Having these two identifiers
allowsthe user to expressinter-level and intra-level commu-
nication easily. For agiven level of the architecture thereis
a direct mapping between the loca number of a processor
in a given level and its global number. The user needs to
specify not only the source or destination local number but
also thelevel. For example, processor O of level 1 can send
or receive a message from processor O of level 2.

In addition to send and receive operations, several other
message passing operations are provided in HPAM_Sim.
These include arithmetic reduction, logical reduction and
broadcast operations. The implementation of these opera
tions are based on a binary tree reduction agorithm.

3.4 Network Module

The network modulein HPAM _Simis different from any
implementation of the simulators introduced in the related
work section. First,in HPAM_Sim, the network module has
two major components, the intra-level interconnect and the
inter-level interconnect. Figure 3 shows an example HPAM
configuration. Each level of HPAM can have a different
interconnect. Furthermore, the interconnect latency and
bandwidth can vary from one level to the next. Given the

latency, bandwidth and topol ogy of thenetwork, the network
modul e evaluates the transfer latency for a given message.
The evaluation of the transfer latency follows the model
discussed in [1].

Let S, W, and L denote the size of the message, the
network point to point bandwidth and point to point latency
respectively. Thetopology of theintra-level interconnection
network can be either a bus, a cross-bar or a mesh. This
selection is representative of the types of networksthat are
used in commercial multiprocessor machines. For a given
message, with no contention, the transfer latency (¢l) for a
busand across-bar are given by thefollowingtwo equations.

S
S
Heross—par = L * (W) (2)

Therouting for themesh topol ogy isadimension ordered
X-y routing. Furthermore, the mesh network is assumed
to be circuit-switched and pipelined. This mesh network
model can be easily extended to other configurations (e.g
wormhole routing, packet-switched) when needed. Given
that the number of hops from the source to the destination
is n, the transfer latency with no contention for the mesh
topology is given by the following equation.

tlesh :L*(%—i—n) 3

The inter-level interconnect is based on a point to point
connection between two nodes from two different levels.
Therefore, the inter-level transfer latency between directly
connected processors is similar to the transfer latency be-
tween two nodesin across-bar network.

As previously mentioned, the network module routes
messages in chronological order when the network con-
tention is simulated. In this mode and in order to exactly
evaluate contention, the header of al the messages remain
in the message buffer until it no longer needed. Let msg
be the message being routed by the network module. The
message buffer is examined and any message that has a
timestamp_out greater than the timestamp_in of msg isdis-
carded. Given theremainder of the messages, the delay due
to the the transfer of msg is evaluated. This delay is the
sum of the transfer latency with no contention and the de-
lay due to contention. As explained in the next paragraph,
the contention and its corresponding delay depends on the
topology of the network. When the network contention is
not simulated the message and its header are removed as
soon as they areretrieved by the destination processor.

For a bus based interconnect, only one message can be
on the bus at atime. Therefore, each message has to wait
for al pending messages to clear from the bus. The cross-
bar interconnect has a dedicated point to point connection
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Figure 3. Three-Level HPAM Architecture Ex-
ample.

between any two nodes. Within HPAM_Sim contention
between a current message and a previous message in a
cross-bar can occur only if the two nodes involved in the
two messages are the same.  Given the assumed routing
mechanism for the mesh topology, two messages collidein
themesh network if and only if their pathscross. Intheevent
of acollision, themessagethat | ast entered thenetwork waits
for itspath to clear.

4 Validation

There are two approaches to the vaidation of asimulator
that have been reported in the literature. The first approach
consists of comparing the results of a previously tested and
established simulator to the newly devel oped simulator. The
second approach consists of comparing the result of the
newly devel oped simulator to the results of an actual execu-
tion on an existing machine. For example, thefirst approach
was used in the validation of WWT and the second approach
was used in the validation of Proteus.

Given theuniquehierarchical organization of HPAM, the
validation of HPAM_Sim had to rely on both of the above
two mentioned vaidation approaches as explained in the
following two subsections.

4.1 Validation of the Augmentation Module

The performance of the augmentation module is mea-
sured by its correctness, accuracy and overhead. The cor-
rectness of the augmentation establishes whether or not (un-
der the assumed conditions) the generated result is correct.
Given that in HPAM_Sim it is assumed that an instruction
is issued every cycle, it is possible to verify that the re-
sults generated by the augmentation module of HPAM_Sim
are correct using Spixtools[11]. This verification was per-
formed by first using Spixtoolsto evaluate the total number
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Figure 4. HPAM_Sim Validation for ProblemO1.
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Figure 5. HPAM_Sim Validation for Problem04.

of cycles needed for the execution of the non-augmented
sequential code. This number was then compared to the
total number of cycles obtained from running the same code
on one processor using HPAM _Sim.  The results of Spix-
tools and HPAM_Sim match for al of the fifteen Purdue
benchmarks. This test establishes the correctness of the
augmentation module.

Evad uating the accuracy of augmentation consistsof com-
paring the number of cycles obtained from the execution of
the non augmented application on the host machine (native
execution) and comparing it to the number of cycles ob-
tained from HPAM _Sim when thetarget machineisthe same
asthe host machine. Thistest was performed on the Purdue
benchmark suite using a Sun Workstation (85Mhz Sun Mi-
crosparc). ldeally, the number of cycles obtained through
native execution and HPAM _Sim would be the same. How-
ever, in practice it is application specific and in this experi-
ment the ratio of the two numbers varied from 0.33 to 0.81.
Giventhat native execution and HPAM _Simare operating on
identical input codes, thedifferencesin thenumber of cycles
are due to two factors. The first factor is that HPAM_Sim
does not take into account delays due to memory reference
misses. The second factor isthat HPAM _Sim assumes that
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Figure 6. HPAM_Sim Validation for ProblemO07.

an instruction can be issued at every clock cycle. However,
it might not be possible to sustain this rate due to data de-
pendencies and resource limitations. A cache simulator and
a resource scheduler can be used to correct for the inaccu-
racies dueto the first and second factor respectively. Future
work will addressthe devel opment of thesetwo components.
However, even without these componentswhich affect local
processor operations, it is still possible to study the rela
tive behavior of different applications on different HPAM
architectures as shown in the next subsection.

The overhead of augmentation is the time contributed
by the augmentation to the total execution time of the aug-
mented application. This overhead is obtained by compar-
ing the execution time of the non-augmented code to the
execution time of the corresponding augmented code. This
experiment showed that theratio of the two execution times
varied from 1.1t0 3.7. It ispossibleto improve thisratio by
trying to combine basic blocks during augmentation. This
optimization is used in Proteus. However, after measuring
the overhead introduced by the augmentationin HPAM_Sim
and comparing it to theoverhead reportedintheliteratureaf-
ter optimization[8], it was deemed unnecessary tointroduce
this optimization because of itslow return.

4.2 Validation of the Network Module

In this validation experiment HPAM_Sim was used to
simulate an architecture similar to the Intel Paragon XP/S.
The Paragon is a homogeneous mesh-connected multipro-
cessor. Thisconfiguration correspondsto aone-level HPAM
with mesh intra-level interconnect. The execution of the
Purdue benchmarks on the Paragon was compared to there-
sults obtained from HPAM_Sim. The results corresponding
to five of these benchmarks when the network contentionis
simulated are included in this section. Table 1 summarizes
the important characteristics of these benchmarks.

Problem01 of the Purdue suite evaluates a trapezoidal
rule estimate of an integral. Problem04 computes the sum

Benchmark || Commu- | Data Set Mathematical
nication | Size(KB) | Functions
Pattern Called

Problem01 || regular <1 exp

Problem04 || regular 4096 none

ProblemQ7 || irregular | 512 none

Problem10 || irregular | 40 sin

Problem13 || regular 4096 log,sin and cos

Table 1. Purdue benchmarks characteristics.

of theterms of aharmonic series. ProblemO7 uses Lagrange
interpolation to compute polynomid interpolant values of
afunction at five points. Problem10 computes the LU fac-
torization of a matrix using Gauss elimination with pivot-
ing. Finaly, Problem13 computes the sum of the terms
of a power series. This benchmark sdlection is intended
to cover different possible simulation scenarios (i.e regular
and irregular communication patterns, small, medium and
large data set sizes). Furthermore, this selection includes
benchmarks that contain mathematical library routine cals.
HPAM _Simisintended for scientific applicationsaswell as
general purpose applications. Therefore, it isimportant to
include mathematical as well as non-mathematical bench-
marks.

In this experiment the codes executed on HPAM_Sim
and the codes executed on the Paragon are different. The
first uses HPAM_Sim message passing routines, while the
second uses the MPI library on the Paragon. Furthermore,
the compilers used to compile the two source codes are
different. Findly, standard library routines caled by the
two source codes are also different.

Figures 4 through 8 summarize the result of this vali-
dation experiment. In each of these figures there are three
plots. The first corresponds to the timings obtained on the
Paragon for different number of processors. The second and
third plotsare obtained from HPAM _Sim simulations. Inthe
second plot, the processor number of cycles per secondswas
set to that of the building processor of the Paragon. In the
third plot, thisparameter was adjusted by afactor to account
for delays due to memory accesses, data dependencies and
instruction scheduling conflicts. This factor is application
dependent. It was estimated as the ratio of the execution
time of the benchmark on one processor of the Paragon to
the execution time of the same benchmark on one proces-
sor with the number of cycles per second equal to that of a
Paragon processor using HPAM _Sim.

One might expect thisratio to be always greater than 1.0
because it represents how far from ideal isthe actua execu-
tion. In the case of Problem07 and Problem10, thisratio is
lessthan 1.0 (0.56 and 0.61 respectively). Thisresult can be
explained by the fact that two different compilers and two
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Figure 7. HPAM_Sim Validation for Problem10.

different libraries were used in the two cases. Furthermore,
the instruction set for the two processorsis different. In[8]
and references therein, it was found that two different com-
pilers can lead to as much as 33% difference in simulation
results.

The result of this experiment (Figures4 through 8) show
that HPAM _Sim timings closaly follow real timing obtai ned
on the Paragon for al five example benchmarks. In these
figures, the difference between the Paragon and HPAM_Sim
timings increases as the number of processor increases.
This increase in difference is mainly due to the fact that
HPAM_Sim does not account for the time it takes to route
the message header. The size of the message header in the
Paragon is 48 Bytes. This difference becomes more appar-
ent as the number of messages in the application increases.
For all the benchmarks presented in this paper, the number
of messagesincreases asthe number of processorsincreases.

5 Experiment

The three-level HPAM architecture shown in Figure 3
was simulated using HPAM _Sim. The input program used
for this experiment is Problem07 of the Purdue suite. Dif-
ferent sections of thisbenchmark were assigned to different
levelsof thearchitecture. Figure 9 showsthe executiontime
(y-axis) for this benchmark against different ratios (x-axis).
These ratios represent how much slower oneleve isin com-
parison with the preceding level. For example, if theratio
isegual to two, then any processor in level threeistwice as
slow as any processor inlevel two. Similarly, any processor
of level two istwice as slow as any processor of level one.

Figure 9 shows three different plots. Each of these plots
corresponds to a different number of processors in level
three (i.e 8, 16, 32). The second configuration is the one
depicted in Figure 3. The intent of thisexample isto show
the types of HPAM organization that can be smulated by
HPAM_Sim. Quadlitative studies of the results are beyond
the scope of this paper.
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Figure 8. HPAM_Sim Validation for Problem13.

6 Conclusonsand Future Work

This paper presents an execution-driven simulator for
heterogeneous machines. The development of HPAM_Sim
was motivated by the need to study a proposed heteroge-
neous multilevel architecture (HPAM).

HPAM_Sim extends simulation techniques previousy
used in severa homogeneous multiprocessor simulatorsin
order to provide a testbed for the study of heterogeneous
multiprocessor machines. Heterogeneous multiprocessor
machines are in genera more complex than homogeneous
machines. However, they are often more cost-€fficient than
homogeneous machines. HPAM _Sim provides an environ-
ment that can be used to validate this claim. Furthermore
HPAM_Sim will alow a better understanding of the effect
of varying the number of processors, processor speeds and
the interconnection network at each level of HPAM.

Thereareno commercially available machineswithan ar-
chitectureorganization similar toHPAM. Furthermore, there
are no available tools that can simulate heterogeneous ma-
chines similar to HPAM. Therefore, in order to validate the
results generated by HPAM_Sim a piecewise approach had
to be adopted. First, the results of the augmentation module
of HPAM _Sim were validated using Spixtools. Second, the
results of an overall simulation of aone-level homogeneous
HPAM were vaidated with actual runs on an Intel Paragon.
Finaly, the functionality of HPAM_Sim was validated for a
multilevel HPAM configuration.

The development of HPAM_Sim is an evolving project
which is mainly driven by the study of the HPAM archi-
tecture. In its current stage of development, HPAM_Sim
allowssimulation of C and Fortran message passing parallel
programs. Future enhancements include most importantly
the implementation of the shared memory component of
HPAM_Sim. This additional moduleis needed to alow the
analysis of heterogeneity with respect to memory organiza-
tion and communication paradigminan HPAM architecture.
There are several tools, such asADAPTOR [7], that provide
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Figure 9. Simulation of a three-level HPAM.

a shared memory interface to message passing platforms.
The possibility of using an approach similar to ADAPTOR
will beinvestigated.

Although HPAM _Sim was primarily intended as a tool
for the study of HPAM architectures, it can be used for the
simul ation of variousother homogeneousand heterogeneous
architectures.
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