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Abstract — In this paper we present a new approach to
benchmark the performance of shared memory systems.
This approach focuses on recognizing how far off the per-
formance of a given memory system is from a realistic
ideal parallel machine. We define such a realistic ma-
chine model, called the z-machine, that accounts for the
inherent communi cation costs in an application by track-
ing the data flow in the application. The z-machine is
incorporated into an execution-driven simulation frame-
work and is used as a reference for benchmarking differ-
ent memory systems. The components of the overheads
in these memory systems are identified and quantified for
four applications. Using the z-machine performance as
the standard to strive for we discuss the implications of
the performance results and suggest architectural trends
to pursue for realizing a zero overhead shared memory
machine.

1 Introduction

Redlization of scalable shared memory machines is the
quest of several ongoing research projects both in indus-
try and academia. A collection of nodes interconnected
viasome kind of network, with each node having a piece
of the globally shared memory is the common hardware
model assumed. The cost of communication experienced
on any realization of such a model is an important fac-
tor limiting the performance and scal ability of a system?.
Several techniquesincluding rel axed memory consistency
models, coherent caches, explicit communication primi-
tives, and multithreading have been proposed to reduce
and/or tolerate these communication overheads that arise
due to shared memory accesses that traverse the network.
In general the goal of al such techniques is to make the
paralel machine appear as a zero overhead machine from
the point of view of an application. It is usualy recog-
nized that no one technique is universally applicable for
reducing or tol erating the communication overheadsin all
Situations[8].
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There have been severa recent studiesin separating the
overheads seen in the execution of an application on a
paralel architecture [4, 13]. These studies shed impor-
tant light on categorizing the sources of overhead, and
the relative advantage of a particular technique in reduc-
ing a particular overhead category. For example, Siva-
subramaniam et a. [13] break-down the overheads into
algorithmic (i.e. inherent in the application such as serial
component), and interaction (i.e. due to the communica
tion and system overheads seen by the application when
mapped onto a given architecture). All the techniques
for latency reduction and tolerance attempt to shave off
this interaction overhead. However, we would like to be
able to quantify the amount of communication delay that
is inevitable in the execution of the application on any
given architecture. Any communication that is seen over
and above this “redlistic ided” is an overhead, and we
refer to it as communication overhead. Armed with this
knowledge, we can then benchmark the overheads intro-
duced by any given memory system which is meant to
aid the communication in an application. Clearly, if an
application has dynamic communication pattern we have
to resort to execution-driven simulation to determine the
communication that isinevitablein the application.

The quest for amachine model that has zero communi-
cation overhead from the point of view of an application
isthe god of thiswork. PRAM [16] has been used quite
successfully as avehiclefor paralel algorithm design. In
[13], itisshown how PRAM could be used asavehiclefor
determining the al gorithmic overhead in an application as
well by using the PRAM in an execution-driven frame-
work. Unfortunately, the PRAM model assigns unit cost
for all memory accesses and does not take into account
even therealistic communication costs. Thusitisdifficult
to realize hardware models which behave like a PRAM
and to have faith in PRAM as a performance evaluation
tool.

We devel op abase machinemode that achievesthisob-
jective of quantifying the inherent communication in an
application (Section 2). Then, we present an implementa:
tion of thisbase machine modd inthe SPASM simulation
framework (Section 3). Four different shared memory



systems (Section 4) are evaluated to identify the over-
heads they introduce over the communication required in
the base machine (Section 5).

The primary contribution of thiswork is the base ma-
chine model that allows benchmarking the overheads in-
troduced by different memory systems. Another contri-
bution is the breskdown of overheads seen in different
memory systems in the context of four different applica-
tions. Theframework also leads to a better understanding
of the application demands, and the merits and demerits
of variousfeatures of thedifferent memory systems. Such
an understanding can help in deriving architectural mech-
anisms in shared memory systems that strive to perform
like the base machine.

2 Base Machine Mode

2.1 Communication in an Application

Before we identify the overheads that may be introduced
by ashared memory system, we must understand the com-
munication requirements of an application. Given a spe-
cific mapping of an application onto an architecture, its
communication requirements are clearly defined. Thisis
precisaly the data movements warranted by the producer-
consumer relationships between the parallel threads of
the application. In order to keep track of this data flow
relationship various memory systems tag on additional
communication costs. There are a couple of ways we
can tackle the issue of reducing communication costs.
The first is by reducing the overheads introduced by the
memory systems. The other is by providing ways to
overlap computation with communication. The goodness
of a memory system depends on its ability to keep the
additional costs low and to maximize the computation-
communication overlap. We therefore need a model that
can give a measure of thisgoodness.

Given the producer-consumer relationships, applica
tions use synchronization operations as firewalls to en-
sure that the program is datarrace free. The inherent cost
to achieve process coordination, depends on the support
available for synchronization. Any additional cost that
the memory system associates with the synchronization
pointsis baggage added by the memory system to achieve
its god s and thus should be looked upon as overhead.

Some of the communication requirements of an appli-
cation can be determined statically based on the control
flow, whiletheotherscan only bedetermined dynamically.
Depending on the latency for remote communication on
the interconnection network, the requirements will trans-
late to a certain lower bound on the communication cost
inherent in the application. Our goal in striving for a base
machine model, isto be able to quantify thiscommunica-
tion cost.

Figure 1 illustrateswhat we mean by inherent commu-
nication cost and overheads. Consider the case in which
processor P1 writes a value at time ¢t1. The reads cor-
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Figure 1. Inherent Communication Costs and Overheads

responding to thiswrite are issued by processors PO and
P2 attimest2 and ¢6 respectively. If we takeinto account
the communication latencies only, the value written by
P1 will propagate to processors PO and P2 at timest5
and 3 respectively. Thus processor P2 experiences an
inherent communication cost of (¢3 - t2), whereas thereis
no inherent communication cost associated with the read
by PO at time ¢6. Note that in the case of PO, thereis
inherent communication involved but because in this case
the communication is overlapped with computation, the
associated costs are absent. The inherent communication
cost is dependent on task scheduling and load imbalance
(which may arise dueto either differing processor speeds
and/or the work distribution across processors).

Any communication costs that arise in addition to this
intrinsic requirement of the application is the overhead
resulting from a specific shared memory system. For in-
stancein Figure 1, although we said processor PO hasno
inherent communication costs because of the read at ¢6,
due to various architectural factors, the write by P1 ac-
tually propagatesto PO at timet7 and the PO sees a cost
of (¢7 - t6). In this case the observed penalty is only due
to overheads. Latency and contention on the network, the
memory consistency model, the cache coherence strategy,
and the parametersof the cache subsystem combinetogive
rise to these overheads. These overheads manifest in dif-
ferent ways depending on the memory system and may be
categorized asread stall time, writestall time, buffer flush
time. Read stall timeis the wait time seen by a typica
processor for read-misses; writestall timeisthewait time
seen by a typical processor for write misses; and buffer
flush time is the wait time seen by a typica processor
at synchronization points for outstanding writes to com-
plete. In Figure 1 the overhead for the read by processor
PO manifestsitself as read stall time. Notice that a read
stall does not mean that al of it is because of overheads -



some of it may be due to the inherent communication re-
quirements of the application, asin the case for processor
P2. It should dso be clear that if the write by processor
P1attimetl stallsthe processor from doing useful work
in order to provide certain memory consistency guaran-
tees, the timetaken for PO to reach synchronization point
ts0 would be correspondingly longer.

Synchronization events have two cost components.
Oneisfor process synchronization to provide guarantees
that atask has reached a certain point in execution and/or
to coordinate with other tasks. This cost is inherent in
the application 2. The other cost comes about because the
architectural choices made require that certain properties
hold true at synchronization points. For instance, in the
case of wesker memory models, synchronization is the
point at which guarantees are made about the propaga-
tion of writes. This latter factor which manifestsitself as
buffer flush timeis part of the communication overheads
that were introduced by the architecture.

Thus, there isa necessity for arealistic machine model
that can predict tighter lower bounds that includes the
inherent communication costs to help us understand how
closeagiven systemistotheredlisticideal. Such amodel
can then be used to benchmark different design parameters
of amemory system. The knowledge of arealistic ideal
that includes communication costs can also serve as a
starting point in the design of a zero overhead machine.

2.2 Description of the M odel

We want the model to be cognizant of the computation
and communication speeds of the underlying architec-
ture. The communication speed helps determine the in-
herent communication cost of executing a given appli-
cation on the architecture commensurate with the appli-
cation’s communication pattern; and the compute speed
gives us an estimate of how much of thiscommunication
is overlapped with computation based on the timing rela-
tionships between the producers and consumers of data.
Architectural artifactssuch asfinite cachesintroduceextra
communi cation caused by replacements (dueto thework-
ing set not fitting in the cache or due to poor replacement
policies) and we treat them as part of the overheads intro-
duced by the memory system. Hence, we do not want the
model to beaware of the architectural limitssuch asfinite-
sized caches, or limitationsof theinterconnecti on network
topology. We thus define a zero overhead machine (z-
machine) as follows: it is a machine in which the only
communication cost is that necessitated by the pure data
flow in the application. In the z-machine, the producer of
a datum knows exactly who its consumers are, and ships
the datum immediately to these remote consumers. The
producer does not wait for the datato reach the consumer
and can immediately proceed with its computation. We

2Theseinherent costs may certainly be changed by restructuring the
application, but we are concerned only with overheadsgiven a specific
mapping of the application.

abstract out the details of the underlying communication
subsystem to the point that the datumisavailableat acon-
sumer after alatency L. The latency is determined only
by communication speed of the interconnection network.
That is, there is no contention in the z-machine for the
data propagation. While this assumption has the obvious
benefit of keeping the model simple, it is also redistic
since we do not expect the inherent communication re-
quirements in an application to exceed the capabilities of
the network. If the consumer accesses thedata at least 1.
units of time after it is produced, then the communication
is entirely overlapped with computation at both ends, and
thus hidden from the application. Clearly, no real mem-
ory system can do better than the z-machine in terms of
hiding the communication cost of an application. At the
sametime, it should a so be clear that since the z-machine
uses the rea compute and communication times of the
underlying architecture it gives a “redlistic” lower bound
on the true communication cost in the application. This
inherent communication in an application manifestsitsel f
as read-stall times on the z-machine.

We should note that our base machine model, the z-
machine, is different from base machines or idealized
machines usualy used in other cache studies[1, 9]. The
base model in the other studies typically refers to a ma-
chine to which enhancements are applied. Many of those
studies consider a sequentialy consistent machine using
the same cache protocol as the base model. Some other
studiesidealize the machine by removing some costs (like
the protocol processing for coherence messages). While
these model s may serve the purposein the respective stud-
ies, our model is intended for a different purpose - that
of capturing the inherent communication costs and over-
heads. With the other models it may be possible to see
benefits of the protocolsin consideration. However, the
extent of improvements that further enhancements may be
ableto obtain, is not alwaysclear.

2.3 Overheadsdueto Memory Systems

Any real memory system addsoverheadsnot present inthe
z-machine. For instance, the coherence protocol and the
memory consistency model add to these costs in severa
ways. Since thereis no way of pre-determining the con-
sumers of adataitem being writtento, thememory system
has to decide ‘when' and ‘where' the data should be sent.
In update-based protocols, the data is sent to al proces-
sors that have currently cached thisitem. Thisincreases
contention on the network (since some of these might be
useless updates), and manifest as write-stall times in the
execution of the gpplication. In invalidation-based proto-
cols, the ‘where’ question is handled by not sending the
dataitemto any processor (but rather by sending invalida-
tion messages). Inthiscase all consumer processorsincur
an access penalty (which manifests as read-stall timesin
the execution of the application) inits entirety for the re-
mote access even if the data was produced well ahead of
the time when it is actualy requested by the consumers.



Also, the z-machine can be thought of as having an in-
finite cache at each node. Thus rea memory systems
incur additional communication due to capacity and con-
flict misses. Further, if the memory system uses a store
buffer to implement aweaker memory modd, there could
be additional overheads such as buffer-flush times in the
execution of the application. Thus by considering each
design choice inisolation with the z-machine we can de-
terminethe overhead introduced by each hardware artifact
on the application performance.

By gradually devel oping the actual cache subsystemon
top of the base machine (and hence introduce the limi-
tations), we can isolate the effects of each of the factors
individualy.

3 Implementation of the z-machine

The z-machine isnot physically realizable. However, we
want to incorporate it into an execution-driven simulator
so that we can benchmark application performance on dif-
ferent memory systems with reference to the z-machine.
For this purpose, we have simul ated the z-machine within
the SPASM framework [13, 14] an execution-driven par-
alel architecture simulator. SPASM provides a frame-
work to trap into the smulator on every shared memory
read and write. We provide routines that are invoked on
these traps based on the machine model we are ssmulating.
The SPASM preprocessor aso augments the application
code with cycle counting instructions and uses a process
oriented simulation package to schedule the events. Fur-
ther, the simulation kernel provides a choice of network
topologies. The simulated shared memory architecture
is CC-NUMA using a directory-based cache coherence
strategy. The cache line size is assumed to be exactly 4
bytes in the z-machine so that the only communication
that occurs is due to true sharing in the application. The
z-machine assumes that each producer is an oracle, mean-
ingthat the producer knowsthe set of consumersfor adata
item. In genera, due to dynamic nature of applications
we may not be able to determine the recipients of each
write. Thus, we simulate the oracle by sending updatesto
all theprocessors on writes. Thelatency for these updates
is directly available from the link bandwidth of the net-
work, and is accounted for in the smulation. In order to
correctly associate aread with aparticul ar write, acounter
isassociated with each directory entry. Upon awrite, the
counter associated with the corresponding memory block
isincremented. The counter isdecremented after aperiod
of L (thelink latency), at which time the updates should
be available at all the caches. In order to ensure that a
read returns the value of the corresponding write, a read
returns avalue only if the counter is zero. Otherwise, the
read stalls until the counter becomes zero.

The applicationswe areinterested in are data-race free.
Thus there are synchronization firewalls that separate
producer-consumer rel ationshipsfor shared dataaccessin
theapplication. Thez-machine simulationhasto takecare

of the synchronization ordering in the application. Syn-
chronization is normaly used for process control flow;
but in memory systems that use weaker memory mod-
elsitis aso used to make guarantees about the program
data flow. We take care of this separation in the simu-
lation of the z-machine as follows. The synchronization
events simulate only the process control flow aspects. Not
flushing the buffersat synchronization pointsimpliesthat
we cannot guarantee a correct vaue to be be available at
other processors after the synchronization point. How-
ever, the counter mechanism that we described earlier is
used to delay consumersif a produced val ue has not been
propagated. This mechanism is sufficient to ensure that
consumers receive the correct value, and we thusfree the
synchronization events from providing data flow guaran-
tees required by the weak memory models. It should be
noted that the notion of memory consi stency implemented
in the z-machineisthe weakest possi bl e consi stency com-
mensurate with the data access pattern of the application.

4 Memory Systems

As described earlier, the base hardware is a CC-NUMA
machine. Each node has a piece of the shared memory
with its associated full-mapped directory information, a
private cache, and a write buffer (not unlike the Dash
multiprocessor [10]). In our work we consider the fol-
lowing four memory systems (RCinv, RCupd, RCadapt,
RCcomp) that are built on top of the base hardware by
specifying a particular coherence protocol along with a
memory model.

RCinv: The memory system uses the release consis-
tent (RC) memory model [6] and a Berkeey-style write-
invalidate protocol. In this system, a processor write that
misses in the cache is simply recorded in the write-buffer
and the processor continues execution without stalling.
The write is completed when ownership for the block is
obtained from the directory controller, at which point the
writerequest is retired from the buffer. In addition to the
read stalls, aprocessor may incur writestallsif the write-
buffer is full upon awrite-miss, and incurs a buffer flush
penalty if the buffer is non-empty at arelease point.
RCupd: This memory system uses the RC memory
model, a simple write-update protocol similar to the one
used in the Firefly multiprocessor [15]. From the point
of view of the processor, writes are handled exactly asin
RCinv. However, we expect a higher write stall time for
this memory system compared to RCinv dueto the larger
number of messages warranted by update schemes. Tore-
duce the number of messages on the network we assume
an additional merge buffer at each node that combines
writes to the same cache line. While it has been shown
that the merge buffer is effective in reducing the number
of messages [5], it doesintroduce additiond stall time for
flushing the merge buffer at synchronization points for
guaranteeing the correctness of the protocol.

RCcomp: This memory system aso uses the RC mem-



ory model, and a merge buffer asin RCupd. However the
cache protocol used is dightly different. Simple update
protocols are incapable of accommodating the changing
sharing pattern in an application, and thus are expected to
perform poorly. The redundant updates incurred in such
protocolsincrease both the stall times at the sender aswell
as potentialy slowing down other unrelated memory ac-
cesses dueto the contention on the network. The RCcomp
memory system usesacompetitiveupdate protocol to ale-
viatethisproblem. A processor self-invalidatesalinethat
has been updated threshold times without an intervening
read by that processor. By decreasing the number of mes-
sages thismemory system is expected to have lower write
stall and buffer flush timeswhen compared to RCupd.
RCadapt: This memory system is also based on the RC
memory model but uses an adaptive protocol that switches
between invalidation and update based on changes in the
sharing pattern of the application. The protocol used in
this memory system was developed for software man-
agement of coherent caches through the use of explicit
communication primitives[11]. The directory controller
keeps state information for sending updates to the active
set of sharers through the sel ective-write primitive. When
the selective-write primitive is used the corresponding
memory block enters a special state. The presence hits
in the directory represent active set the of sharers of that
phase. Whenever a processor attemptsto read a memory
block with an already established sharing pattern (which
implies the memory block isin a specia state) it istaken
asan indication of achangeinthe sharing pattern with the
application entering anew phase. Therefore the directory
controller re-initializes (by invalidating the current set of
sharers) through an appropriate state transition upon such
reads. In this study, we treat al writes to shared data as
selective-writes. Thismemory system isexpected to have
read stall times comparable to update based schemes, and
write stall times comparable to invalidate schemes.

5 Performance Results

In thissection, we use four different applicationsto evalu-
ate thememory systems presented inthe previous section.
In most memory systems studies, a sequentially consis-
tent invalidation-based protocol is used as the frame of
reference for benchmarking the performance of a given
memory system. Whilethisis a reasonable approach for
benchmarking a given memory system, it failsto give an
ideaof how far off itsperformanceisfromaredlisticideal.
The objective of our performance study isto give a break
down of the overheads introduced by each memory sys-
tem relative to such arealistic ideal which is represented
by the z-machine. Therefore, we limit our discussionsto
executions observed on a 16 node simulated machine. For
all thememory systems, weassume thefollowing: infinite
cache size; a cache block size of 32 bytes (as mentioned
earlier, in the case of the z-machine the cache block is 4
bytes to discount overheads and effects caused by larger
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line sizes); amesh interconnect with alink latency of 1.6
CPU cycles per byte; store buffer of size 4 entries; and
a merge buffer of one cache block. The applications we
studied include Cholesky and Barnes-Hut from SPLASH
suite[12], Integer Sort from the NAS parallel benchmark
suite [3], and Maxflow [2].

Cholesky performs a factorization of a sparse positive
definite matrix. The sparse nature of the matrix resultsin
an agorithm with a data dependent access pattern. Sets
of columns having similar non-zero structure are com-
bined into supernodes. Supernodes are added to a central
work queueif aset of criteriaare satisfied. Processors get
tasks from this central work queue. Each of these tasks
is used to modify subsequent supernodes and if the crite-
ria of the supernode being changed are satisfied then that
node is also added to the work queue. Communicationis
involved in fetching all the required columnsto a proces-
sor working on a given task and to obtain tasks from the
central work queue. The communication patternistotally
dynamic based on the access to the work queue. In the
study we consider a 1086x1086 matrix with 30,824 float-
ing point non-zerosin thematrix and 110,461 in thefactor
with 506 supernodes. Barnes-Hut is an N-body simula-
tion application. The application simulates over time the
movement of these bodies due to the gravitational forces
exerted on one another, given some set of initial con-
ditions. The implementation statically assigns a set of
bodies to each processor and goes through three phases
for each timestep. The producer-consumer relationshipis
well-defined and gradually changes over time. The prob-
lem size considered in this study used 128 bodies over 50
time steps . Theinteger sort kernel uses aparallel bucket
sort to rank alist of integers. The communication pattern

3The problem included an artificial boost to affect the sharing pattern
every 10 time steps. Thisboost simulates the effects of more time steps.
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iswell defined statically. The problem size considered is
32K integers with 1K buckets. The Maxflow application
finds the maximum flow from the distinguished source
to the sink, in a directed graph with edge capacities. In
the implementation [2], each processor accesses a loca
work queue for tasks to perform. These may in turn gen-
erate new tasks which are added to thisloca work queue.
Each task involves read and write accesses to shared data
The local queues of al processors interact via a globa
gueue for load balancing. Thus the producer-consumer
relationship for data in this application is quite dynamic
and random. The amount of computation required in the
application is small and most of thetimeis spent in data
movement. The input graph we consider has 200 vertices
and 400 bidirectional edges.

Aswe mentioned earlier (see Section 2), by definition
the z-machine will not have any write stall or buffer flush
times. The inherent communication cost in the applica
tion will manifest as read stal times due to the timing
rel ationshipsfor the memory accesses from the producers
and consumers of a data item. From our simulation re-
sults we observe that this cost isvirtualy zero for dl the
applications (see Figures 2,3,4 and 5). Thisindicatesthat
all the inherent communication cost can be overlapped
with the computation. Table 1 gives the time spent by
each application on the network in the z-machine, most of
which is hidden by the computation. Thisisa surprising
result since the z-machine does take into account the two
important parameters of any parale machine, namely,
the compute and the communi cation speeds in accounting
for the inherent communication costs. In other words,
the performance on the z-machine for these applications
matches what would be observed on a PRAM. Given this
result, any communication cost observed on the memory
systemsis an overhead.

Figures 2,3,4 and 5 show the performance of these ap-
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Application | Numberof | 9% of Total ExecutionTime | Observed Costs
Writes | that these writes represent (in cycles)
Cholesky 103915 1.477 54.6
IS 6353 3.779 0.0
Maxflow 38209 1.788 7257.8
Nbody 4542 0.002 0.0

Table 1: Inherent communication and observed costs on the z-machine

plications on the memory systems discussed in the pre-
vious section. The y-axis shows the execution time. For
each memory system we have a bar which shows the
amount of time due to each of the overheads. The tota
percentage of the overall execution time that these over-
heads represent is shown on the top each bar. The figures
show that the overheads range from 6% to 37% for RCinv,
3% to 58% for RCupd, 3% to 42% for RCcomp, and 3%
to 43% for RCadapt for the applications considered. As
expected, the dominant component of the overheads for
RCinv is the read stall time, and is significantly higher
than those observed for the other three memory systems.
The difference between the read stall observed on RCupd
and the z-machine gives the read stall due to cold misses
for any memory system*(since there are no capacity of
conflict misses with the infinite cache assumption). Sig-
nificant difference in the read stall times between RCinv
and RCupd implies data reuse. Thisis true for Barnes-
Hut and Maxflow applications (see Figures 5,4), and not
true for Cholesky and IS (see Figures 2,3). The RCcomp
and RCadapt can exploit datareuse only when the applica
tion haswell established producer-consumer rel ationships

4Note that the observed read stall time due to cold misses could be
dlightly higher in an update protocol due to increased contention owing
to updatetraffic.
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over a period of time. This can be seen in the read stall
times observed for Barnes-Hut in Figure 5. On the other
hand, in Maxflow (see Figure 4) the producer-consumer
relationship is more random making the read stall times
for RCcomp and RCadapt to be similar to that of RCinv.

Asexpected, thewritestall timesfor RCinv are signifi-
cantly lower when compared to the other three. Thewrite
stall time is directly related to the number of messages
that aprotocol incurs on the network. Dueto the dynamic
nature of RCadapt and RCcomp (in switching between in-
validation and update), these two memory systems incur
lesser number of messages than RCupd. Decreasing the
number of messages frees up the store buffer sooner, and
al so reduces the contention on the network.

The buffer flush time is a function of the store buffer
size, the merge buffer size, and the frequency of synchro-
nizationintheapplication. Theuse of merge buffer results
in a significant increase of buffer flush time for RCupd,
RCcomp, and RCadapt compared to RCinv. Contention
on the network playsamajor role on the buffer flush time.
This is evident when we compare RCupd with RCadapt
and RCcomp.

6 Architectural Implications

Thefirst observation isthat since the z-machine has close
to zero read stall times, the corresponding times observed
on RCinv are unwarranted. The observation implies that
it is possible to overlap most of the communication with
the computation in an application. Figure 1 illustrates
the above situation. The write by processor PO at ¢8
is propagated well before the intended read by proces-
sor P1 at t11 even including the overheads. Our goa
should be to reduce the unwarranted costs without bur-
dening the application programmer. One approach to

reach the goal is moving towards an update based proto-
col, where this overhead component is usualy low and
is due to cold misses. However update based protocols
do not handle all the situations— our results showed large
read stall times even in the update protocol for Cholesky.
Thus, another approach isto employ effective prefetching
strategies.  Applications in which there is considerable
cold miss penalty (for e.,g. Cholesky) prefetching and/or
multithreading are more promising options.

We know that the write stall and buffer flush times are
pure overheads from the point of view of an application.
In order to redlize a zero overhead machine we have to
drive these two components to zero. The excessive mes-
sage traffic of the update protocolsisthe main culprit for
these components. To keep the traffic low (and thus the
overheads), it is important for the protocol to adapt to
changing sharing patternsin the applications(i.e. lean to-
wards protocols such as RCadapt and RCcomp). Such an
adaptive protocol could bring these two overhead compo-
nents closetowhat isobserved for RCinv. Inour quest for
a zero overhead machine, we now have to identify archi-
tectural enhancementsthat will drivethisoverhead further
down. Write stall time is dependent on two parameters:
the store buffer size and the relative speed of the network
with respect to the processor. Improving either of these
two parameters will help to lower the write stall time.

Increasing the write buffer size could potentialy in-
crease the buffer flush time. The buffer flush timeis a
result of the RC memory model that links the data flow
in the program with the synchronization operationsin the
program. Asthe performance on the z-machine indicates,
there is an advantage in decoupling the two, i. e, use
synchronization only for control flow and use a different
mechanism for dataflow. The motivationfor doing thisis
to eliminate the buffer flush time. One approach would be
associating datawith synchronization[7] in order to carry
out smart self-invalidationswhen needed at the consumer
instead of stalling at the producer.

7 Concluding Remarks

The goal of severa parallel computing research projects
is to realize scalable shared memory machines. Essen-
tialy, this goa trandates to making a parallel machine
appear as azero overhead machine from the point of view
of an application, In striving towards this god, we first
need aframe of reference for the inherent communication
cost in an application. We developed a redistic machine
model the z-machine which would help to serve as such a
frame of reference. We have incorporated the z-machine
in an execution-driven simulator so that the inherent com-
munication cost of an application can be quantified. An
important result isthat the performance on the z-machine
for the applicationsused in thisstudy matches what would
be observed on aPRAM. Using the performance on the z-
machine as aredlistic ideal to strive for, we benchmarked
four different memory systems. We presented a break-



down of the overheads seen in these memory systems
and derived architectural implicationsto drive down these
overheads.

There are several open issuesto be explored including
the effect of finite caches on the overheads, the use of
other architectural enhancements such as multithreading
and prefetching to lower the overheads, and the design of
primitivesthat better exploit the synchronizationinforma-
tion in the applications.
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