A P erformance Ev aluation of Cluster-based Arc hitectures

Abstract

This pap er in v estigates the p erformance of shared-memory cluster-based arc hitectures where

eac h cluster is a shared-bus m ultipro cessor augmen ted with a proto col pro cessor main taining

cac he coherence across clusters. F or a giv en n um b er of pro cessors, sixteen in this study , w e

ev aluate the p erformance of v arious cluster con�gurations. W e also consider the impact of

adding a remote shared cac he in eac h cluster. W e use Mean V alue Analysis to estimate the

cac he miss latencies of v arious t yp es and the o v erall execution time. The service demands of

shared resources are c haracterized in detail b y examining the sub-requests issued in resolving

cac he misses. In addition to the arc hitectural system parameters and the service demands

on resources, the analytical mo del needs parameters p ertinen t to applications. The latter, in

particular cac he miss pro�les, are obtained b y trace-driv en sim ulation of three b enc hmarks.

Our results sho w that without remote cac hes the p erformance of cluster-based arc hitectures is

mixed. In some con�gurations, the negativ e e�ects of the longer latency of in ter-cluster misses

and of the con ten tion on the proto col pro cessor are to o large to coun ter-balance the lo w er

con ten tion on the data buses. F or t w o out of the three applications b est results are obtained

when the system has clusters of size 2 or 4. The cluster-based arc hitectures with remote cac hes

consisten tly outp erform the single bus system for all 3 applications. W e also exercise the mo del

with parameters re ecting the curren t trend in tec hnology making the pro cessor relativ ely faster

than the bus and memory

. Under these new conditions, our results sho w a clear p erformance

adv an tage for the cluster-based arc hitectures, with or without remote cac hes, o v er single bus

systems.

Keyw ords: shared-memory m ultipro cessors, clusters, proto col pro cessors, mean v alue analysis.

1 In tro ducti on

Single bus shared-memory m ultipro cessors, or m ultis [4 ], ha v e enjo y ed a tremendous success. Ho w-

ev er, the n um b er of pro cessors that can b e incorp orated in the system is limited since the single

bus so on b ecomes an o v e rcommitte d resource. The lac k of expansion is exace rbated b y the fact

that the rate of increase in pro cessor sp eed gro ws faster than the corresp onding increase in bus

bandwidth and decrease in memory latency . F or example, systems that w ere balanced with a dozen

pro cessors of the x86 vin tage migh t b ecome saturated if more than four pro cessors of the P en tium

Pro class are atta c hed to the single bus. One w a y to expand the n um b er of pro cessors while k eeping

the shared-memory paradigm is to consider eac h m ulti as a cluster and to link clusters toge ther

using some in terconnection net w ork suc h as one (or t w o) mesh [12 ] or an SCI ring [14 ].

In cluster systems, memory requests are satis�ed either lo call y

, i.e., within a cluster (in tra-cluster),

or externally

, i.e., b y another cluster (in ter-cluste r). In tra-cluster cac he coherence is enforced using a

sno op y proto col while some form of directory-based coherence is used for in ter-cl uster transactions.

In tra-cluster misses utilize the in ternal resources of the cluster, namely the common bus, the lo cal

memory

, the sno oping cac hes of the other pro cessors in the cluster, and, on o ccasio n, the proto col

pro cessor (see b elo w). In ter-cluster misses utilize the net w ork and additional logic for managing

the directory information and for transmitting con trol information and data b et w een clusters. The

curren t trend[8, 14 , 17 ] is to use programmable pro cessors, hereafter called pr ot o c ol pr o c esso rs,

rather than hardwired con trollers for the managemen t of in ter-cluster transactions. This c hoice

is motiv ated b y the ease in expansibilit y , the opp ortunit y of tailoring coherence proto cols to the

needs of an applicatio n, and the p ossibilit y of in tro ducing user-directed comm unicatio n primitiv es.

The dra wbac k is that in ter-cluste r misses, that already su�er a dela y an order of magnitude longer

than that of in tra-cluste r misses b ecause of the net w ork latency

, will b e more costly than in the

hardwired approac h. A balanced system should then b e suc h that the n um b er of in tra-cluster

misses do es not saturate the cluster buses and at the same time the n um b er of in ter-cluster misses

should not b e to o large since it tak es m uc h longer to resolv e them.

In this pap er, w e ev aluate cluster-based arc hitect ures where eac h cluster is a shared-memory single

bus m ultipro cessor to whic h is asso ciate d a proto col pro cessor. W e use Mean V alue Analysis (MV A)

to estimate the con ten ti on at ma jor shared resources, the cac he miss latencie s, and the o v erall

execution time. The input parameters of the analytica l mo del include arc hitec tural parameters

suc h as the cac he and line sizes as w ell as the n um b er of cycles needed for primitiv e, con ten ti on-free,

op erations, and application dep enden t parameters suc h as the cac he miss pro�les. These application

dep enden t parameters are obtained via trace-driv en sim ulation. W e compare the p erformance of

v arious cluster-based con�gurations with di�eren t applicatio n parameters, including systems that

con tain a remote cac he for reducing in ter-cluster references.

The rest of the pap er is organized as follo ws. In section 2, w e presen t the basic arc hitect ural

mo del and its v ariatio ns. In section 3, w e in tro duce the analytica l mo del sho wing ho w to get

an estimate of the cac he miss latencies and o v erall execution time. In sectio n 4, w e describ e our

c hoice of arc hitect ural parameters and ho w w e obtained the applicatio n parameters needed for the

ev aluatio n. In Section 5, w e sho w the quan titat iv e results obtained b y exercising the mo del and w e

highligh t where p erformance b ottlenec ks migh t arise and what con�gurations are b est for v arious

parameters. Section 6 presen ts related w ork. Finally , w e summarize our results in Section 7.

2 Arc hitectu ral mo dels

2.1 Base arc hitecture and alternativ es

. . M E M O R Y

BUS

NETWORK

Logic Forward

Protocol

Processor

Core

. . . . Bus interface

. . . . Network interface

M e m o y c o n t r o l l e r

r

P L2C

.

(a): The base architecture

P L2C P L2C

P L2C P L2C P L2C

I N T E R C O N N E C T N E T W O R K

M PP

M PP

. . .

. . .

Cluster bus

Cluster bus

(b): The protocol processor

Figure 1: The hitect ural dels

The base hitec ture, wn in Figure 1a, consists of clusters connected to h other y an

terconnectio n ork h as a mesh. h cluster is a single bus shared-memory cessor

ted with a colcessor. A priv ate he (or he y) is ciated with h cessor in a cluster. The hes are ept t via a ycol. Memory dules can e

accessed through the bus and through the colcessor. us, lo c al memory accesses, h as

he misses for priv ate data, can e directly placed on the bus instead of eing routed through the colcessor. In addition to data, the memory also tains the coherence directory for the

(shared) memory ciated with the cluster. F rom the directory’s t,des are clusters

not individual cessors. Data that is not cal is called r emote.

The colcessor in the base hitecture, Figure 1b, tai ns a colcessing core

for running col handlers e assume a full directory coherence col), a ork terface

for sending and receiving ter-cluster messages, a bus terface for unicating with the tra-

cluster, or cal,cessors, and a memory terface for acce ssing memory

. In order to decrease the

load on the colcessing core and to reduce ter-cluster latencies, e include a arding duleeen the bus and ork terfaces for those messages where it is easy to decide that

they do not need access to cal memory and/or directory

. Examples of h messages ould e

a read request whose home de is another cluster and the onding k" from the

home cluster.

Because there is a large discrepancy een the latenci es of tra-cluster and ter-cluste r misses,

the erformance of cluster-based hitec tures is e to the ortion of the o kinds of

misses. ely

, this ortion is closely related to the er of cessors in the cluster. If

3

e increase this er, the ratio of tra-cluster misses to ter-cluster misses will increase. t

one extreme, as all cessors reside in a single cluster, all he misses ecome tra-cluster. t

the same time, tio n on the bus will degrade erformance. On the other hand, if the er

of cessors er cluster is o small, then e t e o y ter-cluster misses with long

latency

. t the other extreme, h cluster has only one cessor and all he misses not serviced

y the cal memory are ter-cluster misses. One purp ose of this study is to ev aluate cluster-based

hitect ures when e v ary the er of er cluster; e will monitor w the he

miss distribution reacts to this parameter and what impact it has on erall erformance.

One v t to the base hitect ure that e will also study is clusters with large remote hes e

those found in o t systems [14 , 17 ]. The remote hes are shared y all cessors in the

cluster and tai n only remote data. Including a remote he in a cluster will reduce the of ter-cluster misses; e will assess the ene�ts of ducing this new resource in the system.

2.2 Classi�cation of misses

he coherence in the hical hitecture is tained y using a bination of y

and directory-based he coherence hanisms. Detaile d colerations are similar to those

found in [12 ]. F or our deling purp oses, e need to classify the he misses according to their

service demand on the shared resources. In T able 1 e summarize the actions needed for h typ e

of read misses. A similar table for write misses is en in endix A.

3 Analytical mo del

3.1 Estimating the execution time

A program’s execution time can e estimated as:

T

execute

= T

instr s

+

X

r

M

r

� L

r

(1)

where T

instr s is the time to execute the instructions on hcessor (assuming d load balance),

M

r is the e r he misses and L

r is the latency for e r misses. If there is no

ti on, L

r is the summation of service times of the resources used y a e r miss. If there

is tio n, then L

r is the summation of service times plus the queuing times on those resources,

i.e.:

L

r

=

X

k

(W

k ;r

+ S

k ;r

) (2)

In Equation (2), W

k ;r is the total aiting time of a request of e r on a resource of e, and

similarly S

k ;r is the total service demand of request of e r on resource of e. As wn in

T able 1 h miss request of a en e generate s a eci�c sequence of sub-requests. These sub-

requests, the resources they use, and their tics are wn in T able 2. T able 3 is a thesis

of T able 1 and T able 2 wing in detail the sub-requests and ciated resources for h miss

4

Miss yp es Resources Situations and Op erations

I ntr a R 1 Bus d data exists in one of the al aches.

he The sno yhanism transfers data from he to he.

The directory state do es not hange,

and the proto col pro cessor is not ed.

I ntr a R 2 Bus Home de is al, requested data is not in lo cal hes.

PP Home no de issues a memory read and up dates the directory .

Memory

I nter R 3 Bus Home de is al, data is wned y a remote cluster.

PP Home no de sends a k to the wner.

ork When the data comes k, it is supplied to the he requesting pro cessor and written k to memory .

Memory Home no de up dates the directory .

I nter R 4 Bus Home de is emote, data is clean.

PP Request is arded to home no de.

ork Home no de issues a memory read, sends the data

Memory to the requesting no de, and up dates the directory .

I nter R 5 Bus Home de is emote, data is y the home cluster.

PP Request is ork Home no de issues a k lo cally

. When the data he comes k, it is arded to the requesting no de and

Memory written to memory

. Home no de up dates the directory .

I nter R 6 Bus Home de is emote, data is y a third cluster.

PP Request is ork Home no de requests the wner to write k. When data he es, it is arded to the requesting cluster and

Memory written

. Home no de up dates the directory .

T able 1: Classi�cation of read misses. This table lists six es of read misses, resources used y

h e, and a el description of the col ed on a miss.

e (similar tables for write misses can e found in endix B). F or example, a read miss of e I nter R 3 �rst generates the wing 4 sub-requests in its home cluster:

1. Request for data on cluster’s address bus (Areq on resource Abus)

2. Insertion in the input queue of the bus terface (BreqI on BI(I))

3.

colcessing eration ops on PPcore)

4. Send a k request to a remote cluster (NreqO on NI(O))

Then in the remote cluster, the k request will pass through the ork input queue

(NreqI), the arding dule (F req), the bus terface output queue (BreqO), and e placed on

the address bus (Areq). F rom there on, there will e another sequence of sub-requests to get the

data from one of the hes or cal memory of the remote cluster, pass it to the bus terface,

arding dule, ork terface, and ork. Finally

, there will e a last sequence of sub-

requests in the home de.

5

Sub-requests Resources: Abbrev. Meaning

Areq Address bus: Abus Request data/write-ba kvwnership k/Xo wn Data bus: Dbus T ransfer t/wnership

Rl2 L2 he: L2 Read data from L2 he

Rmem/Wmem Memory: Mem Read/W rite memory

Rrc/W rc Remote he:C Read/W rite remote

BreqI/BdatI/Ba kI Bus terface (IN): BI(I) e req/dat/ac k from BI

BreqO/BdatO/wnO Bus terface (OUT): BI(O) Send req/dat/o wn to BI

kI/No wnI orkterface (IN): NI(I) k/ wn from NI

NreqO/NdatO/ kO/wnO orkterface (OUT): NI(O) Send req/dat/a k/wn to NI

F req/Fdat/F k/F o wn F arding mo dule: Fwd F ard messages ops PP core: PPcore Proto col pro cessing op erations

e.g., PPrecv/PPsend, hed,

DIRstatus, DIRadd, etc

PPrecv/PPsend PP core: PPcore e message y PP core hed PP core: PPcore e proto col handler

DIRstatus PP core PPcore Lo ok up status of a he blo k

DIRadd PP core: PPcore Add a no de

DIRdel PP core: PPcore Delete a no de

DIRrtrv PP core: PPcore e a no de

T able 2: De�nitions of sub-requests and resources required. This table ws the sub-requests,

their names, the resources they use with their abbreviated names, and the actio ns wing h

sub-request. Only a subset of the colcessing erations are ed.

3.2 hitectural assumptions

As evidenced y the example in the previous paragraph and y T ables 3, 11, and 12, our hitec-

tural del is quite detailed. Nonetheless, e e a few assumptions and simpli�cations to eep

the analysis computational ly tractable and e .

T o start with, e consider only symmetric systems, i.e., h cluster tains the same er of cessors, same t of memory

, and remote he if y

. Then oking at h t of

a cluster, e assume the wing:

� The instructions executed on the compute cessor are erfectly elined. Therefore the

CPI is one under an ideal memory system.

� L2 he misses k the compute cessors that ust ait for the memory requests to

complete efore executing their next instructions.

� The L2 hes e dual orted tags. Hence, oping on the bus es not terfere with

a cessor accessing its L2 he if the cessor and the op troller access t he lines. W e will ignore tio n at the L2 el since the t access to the same

L2 he line y the cessor and y the op troll er is extremely rare.

6 yp e of Sub-requests

Misses Abus Dbus L2 Mem BI(I) BI(O) NI(I) NI(O) Fwd PPcore tra R1 Areq Xdat Rl2 tra R2 Areq Xdat Rmem BreqI opster R3 Areq Xdat Wmem BreqI BdatO NdatI NreqO ops

Areq Xdat Rl2 BdatI BreqO NreqI NdatO F req

Fdat ter R4 Areq Xdat BreqI BdatO NdatI NreqO F req

Fdat

Rmem NreqI NdatO opster R5 Areq Xdat BreqI BdatO NdatI NreqO F

Areq Xdat Rl2 Wmem BdatI BreqO NreqI NdatO opster R6 Areq Xdat BreqI BdatO NdatI NreqO F

Wmem NreqI NreqO

NdatI NDatO

Areq Xdat Rl2 BdatI BreqO NreqI NdatO F req

Fdat

T able 3: Service demands of read misses on shared resources. ws of this table w the sub-

requests and the resources needed h resource has its wn column) in a en cluster for a

particular e of read miss (cf. T able 2 for the meanings of abbreviations). F or misses olving

ultiple clusters, the �rst w ws the service demands for the cal cluster; the second and third

ws (if t) are the service demands for the second and the third clusters e d.

� The cluster buses are split transaction [7 ]. The address bus and the data bus are o separated

resources and can e used ultaneously for t transactions.

Finally

, e do not consider the t ion on the ork for three reasons: (1) The bandwidth pro-

vided y t ork hnolo gy ears to e t for the size of the systems estig ate d

in this er and t ion is not an t factor; (2) y dels e eened to

analyze the erformance of v arious orks [1, 13 , 5 ]; and (3) The MV

A (Mean V alue Analysis)

hnique e use cannot e easily with the ork ti on directly

. If need e the results of

the tio n dels just alluded to could eorated in the analysis (cf. Section 6).

3.3 deling tion

Returning to Equation (2), S

k ;r and W

k ;r are ely the summations of the service times and

aiting times of the sub-requests issued to k y a e r miss. While the S

k ;r

’s are hitect ural

parameters, tio n is t in the determination of the W

k ;r

’s. W e use a closed queuing

ork to del the cluster hitect ures, with compute cessors as customers, and buses,

memories, and colcessors as service ters. W e will use the MV

A hnique and the

7

wing notations to e W

k ;r

.

� N is the tota l er of cessors in the system.

� N

c is the cessors er cluster, i.e., the cluster size.

� P

r is the y that a miss request is of e.

� I is the erage er of instruction cycles een he misses.

� R is the mean total time � U

k is the utilizat ion at e k ter.

� Q

k ;l oc

(Q

k ;r mt

) is the arriv al queue length at k ed y a cal (remote) request.

� s

k

;i;loc

(s

k ;i;r mt

) is the service demand of the ith sub-request to k from a

cal (remote) r

miss. Recall that a he miss y issue ultiple sub-requests to a service ter.

� s

k is the erag e sub-service demand on � m

k

;l oc

(m

k ;r mt

) is the

er of sub-requests to k issued y a cal (remote) r miss. If r es not require cal (remote) k resource, m

k

= 0 (m

k

= 0).

� m

k ;r is the cal and remote sub-requests issued to e k resource y a e r

miss. m

k ;r

= m

k

+ m

k

. If r

es not use e k resource at all, m

k ;r

= 0.

� w

k ;l oc

(w

k ;r mt

) is the aiting time at k for a sub-request issued y a cal (remote) miss.

Based on the assumption that a he miss ks the compute cessor, h cessor alternate s een executing instructions and aiting for miss requests ed y the memory system. us

the mean total time een he misses can e expressed y the instruction cycles een o

misses under an ideal memory system plus the time t in the memory system:

R = I +

X

r

(P

r

�

X

k

(W

k ;r

+ S

k ;r

)) (3)

where

W

k ;r

=

(

0; if k is L2 cache or netw k

m

k

� w

k ;l oc

+ m

k

� w

k ;r mt

;

w ise

(4)

S

k ;r

= m

k

;loc

X

i=1 s

k

;i;l oc

+ m

k

X

j =1 s

k

;j;r mt

(5)

Equations (4) and (5) express the total aiting time and tota l service time in terms of the aiting

time and the service time of sub-requests ely . W e w consider the queuing e�ect at h e of service ter on the aiting time of h sub-request. Supp ose a e r miss issued from

cluster C requires resource k of the cal cluster, and the same e of resource k of a remote cluster.

Since the system is symmetric, for h service erformed at a remote cluster, resource k of C will

need to erform the equiv t service on ehalf of a request of e r issued from a remote cluster.

Therefore, for y request issued from the cal cluster (C ), the arriv al queue length at k (Q

k ;l oc

)

is tributed y (1) all the sub-requests issued y the other N

c

� 1 calcessors and (2) y

the remote requests of the N � N

c remote cessors, with h request ving a y

N

c

N �N

c

of requesting cluster C . Similarly

, for y request issued from a remote cluster, the arriv al queue

length at k (Q

k ;r mt

) is tributed y the sub-requests issued y the cal N

c cessors and

N

c

N �N

c

8

of the sub-requests issued y the other N � N

c

� 1 remote cessors. Hence, the arriv al queue

lengths at ter k ed y a cal or a remote request are:

Q

k ;l oc

=

P

r

P

r

�[(N

c

�1)�

P m

k;r;lo c

i=1

(w

k;lo c

+s

k;r;i;lo c

)+(N�N

c

)�

N

c

N�N

c

�

P m

k;r;

t

j=1

(w

k;

t

+s

k;r;j;rm t

)]

R

Q

k ;r mt

=

P

r

P

r

�[N

c

�

P m

k;r;lo c

i=1

(w

k;lo c

+s

k;r;i;lo c

)+(N

c

�

N

c

N�N

c

)�

P m

k;r;rm t

j=1

(w

k;

t

+s

k;r;j; t

)]

R

(6)

Finally

, e can estimate the aiting time for h sub-request y the arriv al queue lengths and

utlizatio n.

w

k ;l oc

= (Q

k ;l oc

� U

k

) � s

k

+ U

k

� s

k

=2

w

k ;r mt

= (Q

k ;r mt

� U

k

) � s

k

+ U

k

� s

k

=2

(7)

where

s

k

= (

X

r use k

P

r

�

S

k ;r

m

k ;r

)=(

X

r use k

P

r

) (8)

U

k

= N

c

�

P

r

P

r

� S

k ;r

R

(9)

Since Equations (3)-( 9) tai n cyclic endencies, W

k ;r will e ed e ly with w

k ;l oc

and w

k ;r mt initializ ed to 0.

4 Mo del parameters

The input parameters of the del consist of those solely determined y the hitect ures, h as

the service demands of the sub-requests listed in T able 3, and of those that are ton

the applications as ell as the are and are systems, h as the ers and es of

he misses.

4.1 hitectural parameters

W e �x the total er of cessors (16 cessors) and the total t of memory in the

system. W e will v ary the cessors in h cluster, or cluster size, from a single cessor er cluster (as in FLASH [8 ]), to 2, 4, 8, and �nally 16, i.e., a single cluster onding

to a ti onal shared-bus cessor. In the e designs that y remote hes,

e will eep the remote he size ercessor a t while altering the cluster size, so that

comparisons een v arious con�gurations are as fair as ossible. Other hitect ural parameters

h as those related to the L2 hes and the cluster bus are en in T able 4. The latencies of

the sub-requests are en in T able 13 in the endix C. The ork latency is 24 cycles.

9 siz e = 64 b

L2 he l ine siz e = 64 te

assoc = 1

Remote he siz e = 256 bercessor l ine siz e = 64

assoc = 4

Data path width of PP 64bits

Data bus width 64bits

CPU k/ bus k 2

T able 4: hitect ural parameters

Program Problem size T otal instr(M) Shared read(M) Shared write(M)

FFT 64k ts 33.32 6.00 5.73

RADIX 0.5M tegers, 1024 radix 29.55 6.70 3.46

RA CE ot 375.9 3 54.60 0.22

T able 5: Applications: problem sizes, er of instructions executed (in millions), er of

shared read references (in millions), er of shared write references (in millions).

4.2 Applications parameters

In order to exercise the delerly e need reasonably balanced orkloads. T o that e�ect, e

selecte d FFT, RADIX, and RA

CE from the SPLASH-2 hmark suite [23 ]. The algorithms

for FFT and RADIX are en in [3] and [6] ely . RA

CE is an image cessing

program h renders a three-dimensional scene using y tracing [18 ]. T able 5 summarizes some t statistic s out the applicatio ns: problem size, er of instructions, er of read

and write references to shared data.

F or determining the application t parameters, e e erformed en ulations

in h e assume that he misses are e to the accurate timing information, hence e

use t latenci es for he misses. The assumption is reasonable for y applications for

h false sharing is a rare case h as FFT

1

The applicatio n enden t parameters of principal

terest are the ers of he misses of h e and the y that a replaced he k is y and, in that case, whether its home de is cal or remote. T o gather these statistics,

e use t [20 ] as the ulation ol. t is a are k age that ulates

execution ts and generates memory reference ts h e a memory system

ulator.

Figures 2, 3, and 4 w the he miss pro�les of the three applications. The four and half pairs

of he miss pro�les ond to hitect ures of cluster size 16, 8, 4, 2, and 1 ely;

1

The ersion e use has b een optimized to eliminate false sharing and to facilitate bulk data transfer.

10

16 8 4 2 1

Cluster size 0.0

0.5

1.0

1.5

Miss ratio in percentage

Intra_R1,2

Intra_W1,2

Inter_R3,4,5

Inter_W3,4,5,6

Inter_R6

Inter_W7,8

16 8 4 2 1

Cluster size 0.0

2.0

4.0

6.0

8.0

Miss ratio in percentage

Intra_R1,2

Intra_W1,2

Inter_R3,4,5

Inter_W3,4,5,6

Inter_R6

Inter_W7,8 1.0

2.0

3.0