The Impact of Caching in a Loosely-coupled

Clustered Software DSMSystem

Luci ana Arantes, Pierre Sens and Bertil Folliot

LIP 6 Laboratory

Universityof P ARIS VI, P aris, France

{[ Luciana.Arantes, P ierre.Sens, Bertil.Folliot]@lip6.fr

Abstract

As interconnection of local-area network of workstation are widely available, the idea of offering a software distributed shared memory

(SDSM) layer across them is quite an attractive alternative for compute-intensive applications.

However, the higher cost of sending a message over an inter-cluster link than over an intra-cluster can limit applications´ performance on a multi-cluster

SDSM. In this paper, we present the extensions that we have added to TreadMarks SDSM in order to adapt it to a loosely-coupled cluster-based platform. A logical per-cluster cache was added to the protocol in order to exploit cluster locality. By accessing its local cache, a processor can share data previously requested by another processor of its cluster, hiding, in this way, the cost of intercluster communication.

1 Introduction

Software distributed shared memor y(SDSM) systems offer an abstractio n of shared memor y for parallel applications running on top of physically distributed machines. It is a ver y interesting approach for compute-intensive problems since it combines the programming advantages of shared memor y paradigmwith the low cost of distrib uted systems.

T he majorityof SDSM systems fo und in literature have been implemented for networks o f uniprocessor machines or, more recently, for networks of shared-memor ymultiprocessors machines ( SMPs). Our proposal is to extend the

SDSM concept to an interconnection o f looselycoupled clustered machines, as for instance, two or more interconnected LANs. Contrar yto SDSM for interconnections of SMP nodes, our approach does not consider any hard ware shared-memor ysupport within a cluster. As networks o f wor kstations

( NOWs) are widespread accepted, our motivation for proposing a cluster -based SDSM system is the possibilityo f easily, and at a lo wcost, increasing the number of machines of the distributed execution platfor m, or exploiting idle remote machines.

Ho wever, in a multi-cluster platfor m, intercluster links are usuallyslo wer than intra-cluster ones. T he gap in speed may be due to larger

communication latency and/or lo wer band width.

T his higher cost of sending a message between two machines of different clusters can not be neglected.

It mayrepresent the major bottleneck that limits the performance of applications on a multi-cluster

SDSM. T his is the reason wh y coarse-grain applications, whose processes hardlyco mmunicate, or those that present sub stantiallyhigher intracluster co mmunication than inter-cluster communication (e. g. cooperatives or embarrassingly parallel ones) are surelythe mo st adequate applications for such platfor m. On the other hand, several studies [IFT 96] [PLA 99]

[JIA97] that characterize the behavior of benchmarks´ parallel applications sho wthat they usually present so me patterns of shared data accesses. T hus, a SDSM layer for a clustered platfor mcould be custo mized in order to exploit these sharing patter n, specially those related to cluster locality. For instance, in a single producer with multiple consumers pattern, one processor updates a shared data which is after wards read by so me or all the other processors. Considering a multi-cluster SDSM, if the consumers and the producer belong to different clusters, the updated data could be brought closer to the co nsumer s´ cluster. All local processors of this cluster wo uld, then, have a faster access to the shared data.

A cluster -based SDSM can also exploit the fact that mo st DSM systems divide the virtual shared memor y into logical units of sharing and that both replication and coherence between the copies are kept at the coarse granularityof these units. Hence, two logicallyunrelated variables, accessed b ytwo different processors of the same cluster, may happen to be in the same unit of sharing. T his is called the false sharing problem. I n the case o f a multi-cluster SDSM, if the two mentio ned processors are aware that the last updated copyof a remote falselyshared page is also available within the cluster, they can both access the latter.

A third important point to consider for the conception of a multi-cluster SDSM is the choice of the protocol that provides consistency of shared data. We have opted for the Lazy Release

Consistency (LRC), multiple-wr iter page-based

DSM, originallyimplemented in T readMarks

[AM Z96, KEL94]. Our decision was taken not only because of T readMarks´s good performance on top of LANs, but also because a processor always keeps in memor yall the updates (called diffs ) made byitself as well as the ones made byother processors and which it is aware of. T herefore, other processors within the same cluster can later make use o f these updates.

Based on the three above points, we have added so me extensions to T readMarks´s LRC protocol in order to implement a logical per cluster cache. Each cluster cache gathers infor mation about shared data available within the cluster. By accessing its local cluster cache, a processor may make use of shared data previouslyrequested b ya second processor of its same cluster. If both a cache and a remote processor hold the last updates made to a page, a request of a local processor for these updates will likely be satisfied firstly b yits local cache rather than b ythe remo te processor.

We performed so me tests with fine-grain and medium-grain applications from benchmar k suites

[BAI 93] [SIN 92] that sho wthat several of them present cluster localitysharing patterns. T hese results do not mean that medium-grain or fine-grain applications present a satisfactor yperfor mance on top of our multi-cluster SDSM. Specially because, their perfor mance is stro ngly influenced b yho w great the gap between inter-cluster and intra-cluster links is. Moreover, for several of our test applications, the better solution wo uld be to restructure them, as described in [PLA99] [JIA97].

On the other hand, our approach auto matically, and transparently, offers a mechanism for exploiting cluster locality, which we believe several applications can benefit fro m.

T he remainder of this paper is organized as follo ws. Sectio n 2 gives an o verview o f

T readMarks DSM and the Lazy Release

Consistency protocol. In section 3, we describe the extensions we added to T readMarks in order to integrate a per cluster cache to it. Section 4 discusses our experimental results. In section 5, related works are presented. T he contributions of this wor k is summarized in sectio n 6, while the last section presents the evolution o f it.

2 Lazy Release Consistency

In the LazyRelease Consistency model, originally defined b y T readMarks [AM Z 96] [KEL94], ordinarymemor y accesses are distinguished from synchro nization operations. T he latter is divided into acquire and release operations. An acq uire operation is used to signal the start o f a set of accesses to shared data while a release operation to signal its end [KEL94]. A co nsistency view of the shared memor yabstractio n is provided to one, or all, processes onlyat the acquire operation. T his postponement reduces much of the co mmunication required to make shared data consistent.

LRC systems usuallyo ffer two types of synchro nization operations: locks and barriers.

Locks are used to control accesses to shared

memor y critical regio ns, while barriers provide global synchronization. Both can be mapped onto acquire/release operations: a lock operation corresponds to an acquire, an unlock to a release while an arrival at a barrier can be modeled as a release and the departure fro mit as an acquire operation.

T he unit of sharing is a page and virtual memor y hard ware is used to control invalidated processors´ copies of pages. T he execution of each process is divided into segments of time called intervals. LRC controls the partial order of intervals byassigning a vector timestamp to each inter val. A new interval begins at each acquire or release operation. Byensuring the causal ordering of all processes´ intervals, the co nsistency of the shared memor y is assured. A process locallycontrols which pages it has modified at each inter val, keeping this infor mation in data str uctures called write-notices . T he updates themselves are stored in structures called diffs , which are run-length encoded records. A diff is created at the end of an interval b yco mparing the current versio n of the page with the cop yof it that was saved at the fir st write access within the interval.

In Lazy Release Consistency , the propagation of updates (i ntervals and write-notices ) is delayed to a processor until the latter executes an acquire operation. Upon receiving the answer to an acquiring request, a process invalidates its local copies of pages, according to the write-notices received. T he first access to an invalidated page will cause a page fault. T he faulting processor will then ask for the updates ( diffs ), related to this page, which it does not have. It knows which processors keep these diffs since it received this infor matio n at acquire operations. So, it groups each set o f causally related diffs into a single list. T he set of all these lists corresponds to the updates that the processes have concurrentlymade to the page

( multiple-writers). For each of these lists, the faulting processor requests the corresponding diffs to the last processor that modified the page and which is included in the list (^if a processor p has modified a page at a timestamp t , then p has all the diffs , including those fro mother processors, corresponding to timestamp s that causallyprecede it [AM Z96]~). When receiving the diffs , they are individ ually applied bythe faulting processor to its local copyof the page, respecting their causal relation.

3 The per cluster cache

As onlyafter receiving all the missing diffs , a faulting process can go on running, the time that a process waits for a diff request has direct influence on the overall perfor mance of the application. If one or more of these requests were issued to remote cluster processors, this time will be higher than if all the requests were issued to local processors.

Figure 1: Inherent cache

T hus, b yextending the LRC protocol in order to add a per cluster cache, our goal is to increase the number of diff requests that can be satisfied closer to the issuing processor, and therefore, more efficiently.

In our cluster-based SDSM, each per cluster cache is co mposed of two others: the LR C inherent cache and the extended cache . T he first one is implemented b ychanging the wa y LRC protocol requests a list of causal related diffs , while the second one involves an extra process which is dedicated to store remote diffs and requests. Both of themare described belo w.

3.1 The inherent cache

In LRC protocol, when a process receives a diff , it does not discard it, but keeps in its memor y, even after applying it to its local copyof the page. It keeps the diff because a third process may request it. Bystoring the diffs in the processors´ local memor y, LRC protocol provides a kind of cluster cache. T his is the reason why we have called it the inherent cache . Processors within a cluster can benefit fro mthis cache, if the multi-cluster SDSM layer changes the way the protocol asks for the missing diffs.

As explained above, when a processor gets a page fault, it needs to obtain the lists of causally related diffs and applythem to the corresponding page. In the original LRC, the faulting processor, q , always requests each list of causally related diffs to the last processor p that have modified the page. In the case of our multi-cluster SDSM, whenever p belongs to a cluster other than q ´s (the faulting processor), the latter splits each list of causally related diffs in two. for each list, it identifies which is the last processor of its local cluster that is included in the list in question. Processor q asks to this processor for the diffs that it holds and asks to the distant cluster processor p for the others, i.e., the ones not available within its local cluster.

T herefore, the list of diffs requested to a remote cluster only includes the o nes that have not been created byany of the local processors and that q supposes that were never previously requested by anyo f the other local processors. With this approach, the amount of diffs sent across the inter - cluster link is reduced. Besides, in the case of lo ng list of causal related diffs , i.e. migrator ydata pattern applications that present the problemof diff accumulation [ AM Z99], the overlap of the 2 diff requests can minimize the time that the faulting processor q will wait for the diffs .

Figure 1 illustrates the inherent cache idea. It sho ws five processors divided into two clusters.

T he application uses a lock to protect accesses to shared data. T imestamps assigned to each acquire or release operation are indicated. For instance, if after acquiring the lock (at 22142), P

3

attempts to access an invalidated page, it will get a page fault and will need to request the missing diffs . I f we consider that all processors that previouslyacq uired the lock modified the page, in the original LRC protocol, P

3

would request to P

1

the whole list of missing diffs (causallyrelated diffs corresponding to intervals fro m00010 to 22042). However, at this point P

3

kno ws that P

4

was the last processor of its cluster which updated the page. Hence, P

3

splits the list of diff requests in two : for P

4

it asks for the diffs until the timestamp 00042 (when P

4

lost the lock ), and for P

1

the remaining diffs .

3.2 The Extended Cache

T he inherent cache mechanism is based on the fact that each processor kno ws, at a page fault, which are the causal relation diffs that are missing.

Ho wever, it may be the case when a processor is not aware that another process of its local cluster has alread yrequested the same diffs that it is going to ask for. For instance, after a barrier operation so me or all the processors may access the same local invalidated copyof a page.

P3

P2

P5

C1Cluster

C2 Cluster

lock

P1

P4 00010 00020

00021 00022

00032

01042 02042

12042 22042

22142 00042

Figure2: The extended cache approach

If it is a remote processor that hold s the latest diffs

of this page, the processors will co ncurrently

redirect the requests to this remote processor.

Examples of such scenario are falselyshared pages

or pages with one producer and several consumers

sharing patter n. On the other hand, if there was a

local process, dedicated to store any diff received

fro many outside cluster, the requesting process

could check if this second process could not

provide the diffs it need s . T his is the idea behind

the extended cache . An extra process, that does not

take part in the application execution, is added to

each cluster. It can run on any processor and has the

objective of keeping remo te diffs , i.e., those that a

process was not able to find in the inherent cache at

the mo ment of the request. In other words,

processors can benefit fro mthe extended cache

whenever theyrequest the same non local diffs

within concurrent intervals.

Figure 2 sho ws a two cluster platfor mwith their

respective application-processors P

i and extended

cache processes ( EC

i

). Consider, for instance, that

processor P

4

(the producer) wrote on variable x ,

which is, after wards read by P

1

, P

2

, and P

3

(the

consumers). T hus, when a processor of cluster C

1

,

e.g. P

1

, issues a request to P

4 for the list of diffs

causally related to the updates made on the variable

x ( diffs

x

), it also sends a cop yof this request to its

local extended cache process EC

1

. Upon receiving

the request, the remote processor P

4 sends back to

P

1 a message with the corresponding diffs

x

. Besides,

as it is the fir st time that P

4 receives a request for

such diffs , it also sends a cop yof themto the

extended cache of the remote cluster ( EC

1

). So, if

we consider that P

1

´s request was issued before P

2

´s

and P

3

´s, the for mer will not be satisfied b y EC

1

,

but the other two requests have a chance of being.

If these processors receive diffs

x fro m EC

1 theywill

go on running, discarding the further diffs

x message

that theywill receive fro m P

4

. Moreover, as the

extended cache is persistent, if there was a fourth

processor in cluster C

1

, a further request for these

same diffs fro mthis processor would be satisfied by

the extended cache . T he extended cache is only cleared out when T readmar ks´s garbage collector is

triggered.

Notice that a processor ( P

4 in the figure)

controls which are the diffs that it has alread ysent

to a remote extended cache , sending themo nly

once. Besides, it maybe the case that, at a page

fault, a single processor issues co ncurrent diff

requests to different non-local processors. T hus,

instead of sending the copies of these requests in

separate messages to its extended cache process, the

SDSM layer co mbines them into a single message.

T his aggregation o f messages reduces intra-cluster

messages as well as possible extended cache ´s

contentio n. Applications like Barnes-Hut fro m

SPLASH-2 suite [ST E92], that intensively issue

concurrent diff requests, can stronglybenefit fro m

it.

T he extended cache process just saves remote

diffs, supplying themto local processors. It operates

quite asynchronouslyand messages that are sent to

or received fromit are unreliable, not requiring

ackno wled gement. T he loss of messages does not

affect correctness o f programexecutio n, since the

extended cache operates with copies of messages.

T he handling of original messages lost is

guaranteed b ythe LRC protocol itself. As the

extended cache does not take part in application´s

execution, it does not spend CPU time in coherence

actions such as creating twin of pages, generating

diffs or applying them to pages. T hese tasks involve

substantial soft ware over head [IFT 96].

The pool of outstanding diff requests

If we consider that inter -cluster links are slo wer

than intra-cluster ones, the extended cache process

mayreceive several requests for the same diffs

before the arrival of the diffs themselves. T his is the

reason why the extended cache process stores in a

pool everyrequest, whose diffs it does not have.

Hence, whenever it receives one or more diffs fro m

a remote processor, it checks this pool, looking for

all the outstanding requests that can be satisfied.

For instance in figure 2, if processor P

2 and P

3 had

issued their requests request, req

x

(2) and req

x

(3)

EC 1 pool of

out. req .

pool of

out. req .

diffs

+ diffs

+

P

3

P

2

P

1

P

4

P

5 EC 2 req x (3)

C

1 cluster

C

2 cluster diffs x diffs x diffs x

diffs x

req x (2) req x (3)

req x (1)

diffs x req (2) diffs x

copy of msg respectively, when diffs

x were on the fly, the

extended cache process EC

1 wo uld save these

requests in the pool of outstanding diff requests. As

soon as EC

1 receives the cop yof diffs

x

, it will

swept through the pool looking for all the requests

that could be satisfied, in this case req

x

(2) and req

x

(3) ,

for warding a cop yof diffs

x to the respective

processors. EC

1 does not send the diffs to process

P

1

, since it kno ws that the remote processor, P

4

, has

directlysent the original diffs

x message to it.

Remar k that, if N

i is the number of processors of

cluster i and m the number of total clusters of the

platfor m, an E C

i process has to keep only N

i x (N

1

+�N

i-1

+ N

i+1

�+ N

m

) entries in the pool of

outstanding requests , since, at each page fault, a

processor of cluster EC

i can issue at utmo st N

1

+�N

i-1

+ N

i+1

�+ N

m concurrently requests for

remote missing diffs . Besides, when receiving a

request for diffs of a seco nd page fro ma processor,

the extended cache process can discard this

processor´s previous o utstanding requests. It kno ws

that the latter have been satisfied since the

processor is asking for diffs concerning a new page.

4 Experimental Results

T he cache extensions described in the previo us

sections were integrated in T readMarks DSM,

version 0.10.1. We used the follo wing medium-

grained or fine-grained applications: Red -Black

SOR and T SP which are distributed with

T readMarks [COX 99]; Water and Barnes-Hut fro m

SPLASH-2 benchmar k suite [SIN92]; IS, 3D FFT

and Multigrid (MG) fro mNAS benchmar k suite

[BAI 93]. T he input problemsize is sho wn in T able

1.

Applications Size/Iterations

T SP 19 cities

SOR 1000x1000, 200

IS 16x16, 10

3D-FFT 256x256x16,30

Barnes-Hut 4K, 3

Water 343,10

MG 64x64x64

Table 1. Input problem size of applications

TSP solves the traveling salesman problem,

using a branch-and -bound algorithm. As it protects

with locks the access to a centralized job queue,

T SP exhibits migrator ydata. It also presents the

problemof false-sharing since so me of their shared

structures are kept in the same page.

SOR solves partial differential equations, using

two matrixes. T he matrix are equally divided bythe

number of processors and staticallyassigned to

them. Shared data co mmunicatio n happens only

between neighbor processors when they access

boundar yro ws [COX 99].

Barnes-Hut application performs a N-bod y

simulation using the hierarchical Barnes-Hut

method [SIN 92]. It presents for so me data and

phases multiple-producers/multiple-consumers data

referencing patter ns. As the read and write accesses

are both fine grained, it presents high false sharing

[JIA 98].

IS sorts a sequence of keys, using bucket sort. It

presents migrator ydata pattern and the problemof

diff accumulation [BAI 93] [AM Z 99].

Water simulates a systemo f water molecules

[SIN92]. Sharing patterns are both migrator yand

producer-consumers. T he arrayo f molecules is

equallydivided among processors. T he problemof

false sharing exists for boundar ypages [ COX99].

3DFFT executes a three-dimensional Fast

Fourier transfor matio n. It is an intensive-band width

application and presents 1 producer- 1 consumer

sharing patter n [BAI 93] [JIA 98].

M G [BAI 93] uses a multi-grid method to

comp ute the solution of the three-dimensional

scalar Poisson solution. It presents a high write-

write false sharing.

4.1 Simulation Platform

We performed our tests o n top of a single

switched 100Mbs/s Ethernet network of Celeron-

based computers.

We logicallydivided the machines into two

distinct clusters. Each cluster has up to six

machines, where one of them is dedicated to

execute the extended cache process. T he others are

called application-processors.

For simulating a small higher inter -cluster

latency, we used an extra machine per cluster.

T hus, ever ymessage to a remote processor is not

directlysent to it. It is routed to one of these

machines that, in its tur n, forwards it to the target

processor.

T he average time, in milliseconds, to get a

remote diff request, a copyo f a remote page, and all

the missing diffs o f an invalidated page (handling of

a page fault), is sho wn in T able 2, when an inter -

cluster latencyis not simulated (unifor mlatency)

and when it is ( higher inter-cluster latency). T he

applications were executed running 5 application-

processes per cluster.

T he number of diff b ytes per message sent o ver

inter-cluster links is summarized in T able 3,

considering an unifor mlatency two -cluster

platfor mwith 5 application-processors per cluster.

T he inherent cache is the one responsible for the

reduction of inter-cluster b ytes/message ratio.

Applications with migrator ydata pattern, such as

IS, T SP and Water, can benefit fro mit. T his

reduction explains wh yapplicatio ns with a stro ng

problemof diff accumulation, as the IS, presents a

better speedup when the per cluster cache is

activated (see Figure 3).

Avg. diff request time Avg. Page request time Page fault handling

Applic. Uniform

latency

Higher inter-

cluster

latency

Uniform

latency

Higher

inter-cluster

latency

Uniform

latency

Higher inter-

cluster

latency

Barnes-Hut 0.90 1.21 2.77 2.96 0.79 0.95

3D- FFT 1.36 2.05 2.15 2.41 1.10 1.34

MG 0.95 1.80 2.03 3.31 1.92 2.23

IS 3.95 5.26 2.06 3.29 3.6 6.8

SOR 0.83 1.03 2.90 3.15 0.71 0.71

T SP 0.37 0.63 2.37 2.89 0.39 0.52

Water 0.87 1.76 2.20 2.45 0.67 0.92

Table 2: Average time for remote data requests in msecs.

Applications No cache Per cluster cache

Barnes-Hut 465 464

3D- FFT 1800 1800

MG 1286 1286

IS 5817 4147

SOR 721 721

T SP 542 404

Water 485 435

Table 3. Number of inter-cluster diff bytes/ msg

In order to evaluate the effect o f clustering and

applications´ cluster locality, we have measured the

percentage of remote diff request hits of the

extended cache process. In T able 4, we can observe

that increasing the number of applications-

processors of the cluster, the diff hit factor increases

as well. Applications whose processes rarelyshare

the same page, as SOR, does not present anyhit factor at all. T herefore, it can not take advantage of

the extended cache .

T able 5 summarizes, for the 5 application-

processors per cluster configuratio n, the percentage

of diff hits that the extended cache could satisfied

using the outstanding diff request pool mechanism

(delayed hits) and the percentage o f remote diff

request answers that a faulting processor received

fro mits respective extended cache process and not

fro ma remote processor (coverage factor). Both

numbers increase for platfor ms with higher inter-

cluster latency, as expected. T he delayed hit factor

proves that, with a higher inter-cluster latency, the

probabilitythat the extend cache receives

concurrent requests for on-the-fly diffs increases.

T he coverage factor represents the effectiveness of

the extended cache , since it is defined as the

percentage of total requests that the extended cache

was able to replyin time to the faulting processor.

Unifor mlatency Higher inter-cluster latency

Applic.

3 nodes 4 nodes 5 nodes 3 nodes 4 nodes 5 nodes

Barnes-Hut 56% 63% 71% 55% 62% 72%

3D- FFT 15% 18% 39% 15% 18% 39%

MG 9 % 18% 20% 10% 17% 21%

IS 23% 37% 42% 24% 35% 38%

SOR 0 0 0 0 0 0

T SP 31% 38% 46% 32% 39% 44%

Water 35% 44% 53% 34% 42% 52%

Table 4. The Effect of clustering

Unifor mlatency Higher inter-cluster latency

Applications

Delayed hit factor Coverage factor Delayed hit factor Coverage factor

Barnes-Hut 3 % 42% 6 % 44%

3D- FFT 16% 18% 25% 29%

MG 3 % 12% 8 % 15%

IS 12% 10% 15% 15%

SOR 0 0 0 0

T SP 2 % 20% 1 % 44%

Water 3 % 20% 20% 42%

Table 5: Extended cache effectiveness

Figure 3: Speedup of applications on top of the non-uniformlatency platform

Figure 4: Average remote diff request waiting time on top of non-uniformlatency platform( msec.)

Considering the non-unifor mplatfor mwith 5

application-processors per cluster, the speedup of

the applications and the average time that

applications were blocked waiting for a remote diff

are respectivelysho wn in Figure 3 and Figure 4.

T he latter justifies the effectiveness of our cache

approach, since the just mentioned waiting time

was reduce for so me applications. As explained

above, the significant speedup of IS application is

due to the inherent cache that co nsiderablyreduces

inter-cluster diff message size. T he small gain for

T SP and Water is a consequence of both the

inherent cache and the extended one, since the

applications presents migratory shared data and

multiple writers patterns, which are respectively

confir med b yT able 3 and 4.

Ho wever, we can argue that the per cluster

cache did not yield a substantial perfor mance

improvement. T his lack of speedup happens either

because the number of diffs satisfied b ythe cluster

cache was small or because the extended cache did

not send themsignificantly earlier to the requesting

application-processor. We believe that with higher

inter-cluster latency, the latter tends to happen more

frequently. Besides, the use of a prefetching

mechanism, as discussed in the last sectio n, can

minimize these two problems, making the cache

more effective. Another point that can not be

neglected is the co nsiderable increase of network

traffic due to the sending of diff message copies to

the extended cache process. For applications as 3D-

FFT , which is an intensive-band width application,

the extended cache entails netwo rk contention delays that influence the application speedup.

Similarly, in spite of the fact Barnes-Hut

application presented a high remote diff hit (T able

4) due to its multiple writers/multiple readers

sharing patter n, and a coverage factor (T able 5), its

intensive concurrent fine-grained accesses cause

contentio n in the extended cache process.

Aggregatio n of messages reduces this problem, but

for larger problemsize than the one used in our

tests, lost o f messages and data retransmissio n was

observed. Selective requesting of diffs to the

extended cache, as described in the last section, will

stronglyreduce this problem.

5 Related Works

Ho me-based LazyRelease Consistency (HLRC)

is a variation o f LRC [ZHO 96]. Ever yshared

paged is statically assigned to a node. At a release

operation, diffs of each modified page are eagerly

sent to its respective ho me node, where theyare

applied to the local copyof the page. T he diffs are

discarded as soon as theyare dispatched to the

ho me node or after been applied at the ho me´s

copy. At a page fault, a processor requests the

updated version of the whole page fro mits ho me

node. T he similarityto our multi-cluster SDSM, is

that in both approaches, diffs are sent to an assigned

processor. However, the extended cache process

does not take part in application´s execution. It just

keeps copies of remote cluster diffs , whose originals

are kept in the application processor´s memor y.

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

2

Barne s 3D-FFT MG IS SOR TSP Wate r

Nocache

Cache

0

1

2

3

4

5

6

Barnes 3D-FFT M

G IS SOR T

SP Water

Nocache

Cache

In order to provide larger scalable shared virtual

memor y systems, several works [SAM 98] [SCA

98] [ST E97] propose to extend the DSM approach

across networks of SMP nodes. T heir design

choices take advantage of cache coherence

hard ware to maintain consistency within each node.

For instance, in the page-based Cashmere-2 L

system, pages are kept in the intra-node shared

memor y, and any update made to themis

immediatelyseen b y all intra-cluster processors.

Shasta [SCA 98] adopts a fine-grain approach and

the underlying hard ware is also exploited to keep

coherence within a node. In HLRC-SMP [SAM

98], based on HLRC protocol described above, any

consistency infor mation received fro ma remote

SMP node is kept in the hardware shared memor y,

being, then, available to anylocal processor. T his

advantage of exploiting intra-node physical

memor y hard ware, invoking the so ftware DSM

protocol onlyfor data shared across the SMP nodes,

is not possible in our loosely-coupled cluster based-

solutio n. On the other hand, co mparison with our

solutio n can be done, since the aim of our logical

cluster cache is also to provide availability of all

consistency infor mation received fro man o utside

cluster.

Plaat et al. [PLA 99] make a perfor mance stud y

of medium-grain and fine-grain parallel

applications running on top of cluster-based

systems, where inter -cluster links are slo wer than

intra-cluster ones. T heir experimental testbed

allo ws the emulation o f a varietylatency and

band width gap. B yrestr ucturing them, the

applications were adapted to the non-unifor m

remote memor yaccess system, presenting

therefore, a better performance. Application

restructuring is also proposed in [JIA97] in order to

migrate applications that perfor mwell o n top of

physical shared address space multiprocessor

to wards page-grained distributed shared virtual

memor y systems. Contrar yto our solution, in both

cases, the optimizations were introduced to the

applications themselves and not to the shared

memor y support.

6 Conclusions

T his paper proposes a per cluster cache for loosely-

coupled cluster -based SDSM systems, based on

T readMarks SDSM. T aking advantage o f LRC

consistency infor mation persistency and the fact

that processors can concurrently request the same

unit of sharing, we have added so me extensions to

T readMarks in order to implement a logical per

cluster cache.

T he results present in section 4 confir mthe

effect of clustering: migrator yaccess pattern

applications can benefit fro mthe inherent cache ,

while application with producer/consumers or

multiple-wr iter access pattern can benefit fro mthe

extended cache . T he greatest benefit provided by our approach is the reduction of time that a process

waits for diffs at a page fault. T his reduction may

result in perfor mance gain. Since our cache

proposal focuses on hiding the cost of inter-cluster

latencyand exploiting cluster locality, our solutio n

is more effective on higher inter-cluster latency

platfor m.

7 Future works

T he effectiveness o f the extended cache is directly

related to the time that it takes to satisfy a request

for remote diffs . If the extended cache does not

have a requested diff , it sho uld wait for it. T his time

plus the time to for ward the diffs to the local

processor must be longer than the time o f an inter -

cluster request. T his happens because the extended

cache depends on a first request to be able to satisfy

the follo wing ones. T hus, in order to minimize this

waiting time, we are currently wor king on a new

version o f our clustered SDSM, where a

mechanismfor feeding the extended cache

beforehand is provided. A processor will

periodicallyand asynchro nously send to a remote

extended cache some diffs that the processors of

this remo te cluster might ask for in the future . T he

good choice of which diffs to send requires

prediction of application future sharing access

pattern. Since temporal locality is proved to be a

good heuristic in DSM diff prefetch [KAR97]

[BIA98], a processor will make its decision of

which diffs to pre-send to a remote extended cache,

based on the diff requests past histor yof the

processors of this cluster, expecting that the same

concurrent sharing access pattern will be repeated

in the near future.

Another point that worth discussing is the extra

number of request/diff messages that the extended

cache generates. T his network traffic rise can lead

to networ k message contention and application

performance degradation. T he ideal wo uld be that a

processor could choose which are the diffs that it

desires to request to the extended cache. Hence, in

our new clustered SDSM version, an adaptive

extended cache mechanismwill be provided. A

processor will send a diff request to its extended

cache onlyfor those pages that it kno ws that at least

one processor of its local cluster alread yissued a

request for it (or will do in the near future) or that it

can find in the cache due to the pre-sending

mechanismjust described.

References

[AM Z 96] C. Amza, A. L. Cox, S. Dwarkadas, P.

Keleher, H. Lu, R. Rajamo ny; W. Yu

and W. Zwaenepoel. T readMarks: shared

memor y co mputing on networks of

workstatio ns. IEEE Computer, 29(2): 18-

28, February1996.

[AM Z 99] C. Amza, L. Cox, S. Dwar kadas, J. Jin,

K. Rajamani; W. Yu and W.

Zwaenepoel. Adaptive protocols for

software distributed shared memor y. In

Proceedings of the IEEE , 87(3):467-475,

March 1999.

[BAI 93] D. Bailey, J. Barton, T . Lansinski, and H.

Simo n. T he NAS parallel benchmark.

Technical Report 103863 , NASA, July

1993.

[BIA 98] R. Bianchini, R. Pinto, C. L. Amorim.

Data Prefetching for Software DSM s. In

Proceedings of International Conference

on Supercomputings , July, 1998.

[COX 99] A. Cox, E. de Lara, Y. Hu and W.

Zwaenepoel. A perfor mance

compariso n of ho meless and ho me-

based lazyrelease consistency

protocols in software shared memor y.

In Proceedings of The Fifth

International Symposium on High

Performance Computer Architecture ,

Feb. 1999.

[IFT96] L. Iftode, J. Pal Singh, and K. Li.

Understanding Application Perfor mance

on Shared Virtual Memor ySystems. In

Proceedings of the 23 rd International

Symposium on Computer Architecture ,

May1996.

[JIA 97] D. Jiang, H. Shan, and J. P. Singh.

Application Restr ucturing and

Performance Portabilityo n Shared

Virtual Memor y and Hard ware-Co herent

Multiprocessors. In Proceedings of the

ACM SIGPLAN Symposium on

Principles and Practice of Parallel

Programming, June 1997.

[KAR 97] M. Karllson. and P. Stenströ m.

Effectiveness of Dynamic Prefetching in

Multiple-writers Distributed Virtual

Shared Memor ySystems. Journal of

Parallel and Distributed Computing ,

42(7), July1997.

[KEL 94] P. Keleher, A. L. Cox, S. Dwar kadas and

W. Zwaenepoel. T readMarks: distributed

shared memor yon standard wor kstatio n

and operating systems. I n: The Winter

1994 Usenix Conference, San Francisco,

pages 115-31, 1994.

[PLA99] A. Plaat, H.Bal, R. Hofman. Sensitivity

of Parallel Applications to Large

Differences in Band width an Latencyin

two -layer interconnects. I n Proceedings

of the Fifth International Symposium on

High Performance Computer

Architecture , Feb. 1999.

[SAM 98] R. Samanta, A. Bilas, L. Iftode and J.

Singh. Ho me-based SVM protocols for

SMP clusters: Design and Performance.

In Proceedings of the 4th Symposium on

High Performance Computer

Architecture . Februar y1998.

[SCA98] D. Scales, K. Gharachorloo, and A.

Aggar wal. Fine-Grain So ftware

Distributed Shared Memor yon SMP

Clusters. In Proceedings of the Fourth

HPCA , Februar y1998.

[SIN 92] P. Singh, W. Weber and A. Gupta.

SPLASH: Stanford parallel applications

for shared-memor y. Computer

Architecture News , 20(1):5-44, March

1992.

[ST E 97] R. Stets, S. Dwarkadas, N. Hardavellas,

G. Hunt, H. Kontothannassis, S.

Parhasarathyand M. Scott. Cashmere-

2L: Soft ware Coherent Shared Memor y

on a Clustered Remote Write-Network.

In Proceedings of the 16th ACM

Symposium on Operating Systems

Principles , October 1997.

[ZHO 96] Performace Evaluatio n of T wo Ho me-

Based LazyRelease Co nsistency

Protocols for Shared Virtual Memor y

Systems. In Proceedings of the 2nd

Symposium on Operating System Design

and Implementation , October 1996.