On the P erformance of a Bus-based Multipro cessor

Cluster Arc hitecture

�

Craig Anderson and Jean-Loup Baer

Departmen t of Computer Science and Engineerin g

Bo x 352350

Univ ersit y of W ashington

Seattle, W

A 98195-2350

fcraig, baerg@cs.w ashington.ed u

TR UW-CSE-95-12-01

Decem b er 4, 1995

Abstract

The fo cus of this pap er is on the ev aluation of a hierarc hical cluster arc hitec ture

where a cluster consists of a single bus shared-memory m ultipro cessor and where the

in terconnect is a tree hierarc h y of busses.

W e �rst outline a cac he coherence proto col for a UMA arc hitecture. W e then in-

tro duce a v ariation of the proto col for sector cac hes where the coherence and transfer

units are not the same. W e ev aluate , through cycle b y cycle sim ulation, the UMA ar-

c hitect ure under these t w o proto cols. W e sim ulate six b enc hmarks with v aried memory

access patterns and sho w that the clustering concept is b ene�cial as long as arc hitec-

tures are balanced. The subblo c k proto col w orks w ell and is more stable than proto cols

with �xed blo c k size that can b eha v e v ery w ell on some applications and v ery p o orly

on others.

In the second part of the pap er, w e mo dify the UMA arc hitecture in to a NUMA

arc hitect ure. W e discuss sev eral w a ys to p erform memory allo cati on in this new con-

text. W e test some of these allo cati ons on t w o of the b enc hmarks and rep ort that

impro v emen ts are largest when the memory allo ca tio n do es not induce m uc h extra

computations and when arc hitec tures are balanced.

�

This w ork w as supp orted in part b y NSF Gran ts CCR-94-01689, CCR-91-23308 and b y Apple Computer,

Inc.

1 In tro duction

In order to meet the needs of computationally in tensiv e applications, shared-memory pro-

cessors m ust b e scalable. The single shared-bus arc hitecture that has b een so succe ss ful in

the 1980’s cannot meet the bandwidth requiremen ts of curren t and future large applications.

One arc hitecture that has b een prop osed is based on clusters of pro cessors connected via

some in terconne ction net w ork. T able 1 summarize s v ariations on this basic sc heme . In this

pap er, the fo cus is on the ev aluation of a hierarc hical cluster arc hitecture, where a cluster

consists of a single bus shared-memory m ultipro cessor, i.e., pro cessors with priv ate lev el 1

cac hes and a shared lev el 2 cac he, and where the in terconnect is a tree hierarc h y of busses .

T able 1: Hierarc hical Systems

Arc hitect ure

F eat ure Wilson DDM KSR Stanford Galacti ca Con v ex Hecto r

D ASH Net Exemplar

Cluster Bus Bus Ring Bus Bus 5X5 Bus

In ter- Crossbar

connect

T op T ree T ree T ree Mesh Mesh F our Tw o

In ter- of of of Rings Lev el

connect Busses Busses Rings Ring

Cluster Sno op y Sno op y Sno op y Sno op y Sno op y Directory Sno op y

Cac he

Coherence

T op Sno op y Sno op y Sno op y Direc- Hybrid SCI None

Cac he tory

Coherence

Cluster Y es Dir.y Dir.y Y es Y esz Y es No

Cac he?

Inclusion? Y es Y es Y es No N/A Y es N/A

Memory UMA COMA COMA NUMA NUMA NUMA NUMA

Organi-

zation

Reference [Wil87 ] [HLH92 ] [FIR93 ] [LLJ

+

92 ] [WTP

+

92 ] [Con94 ] [VSL

W91 ]

yDir.: Only directory en tries are cac hed, not data.

zEac h cluster shares a p ortion of main memory

, whic h can b e used as a cac he of other clusters’

pages.

Sev eral factors impact the scalabilit y of this t yp e of arc hitecture. In a hierarc hical setting,

it is imp ortan t to b e able to determine the prop er n um b er of pro cessors sharing a common

bus in a cluster, and the n um b er of clusters that ma y share an in ter-cluster bus b efore

that bus b ecomes saturated. As a corollary

, an y artifact that reduces the comm unic ation o v erhead caused b y cac he coherence will b e w elcomed since it will p ostp one reac hing the

saturation p oin ts of the v arious busses. Another critical asp ect is that the shared-memory

programming paradigm m ust recognize the e�ects of non-uniform memory latency

. In the

con text of a hierarc hical bus based m ultipro cessor system, this implies the e�cien t sc hedulin g

and compilation of parallel programs, and means to selectiv e ly con trol the placemen t and

cac hing of shared data.

W e start this pap er (Section 2) b y in tro ducing the base arc hitecture, a Uniform Memory

Access (UMA) system, then con tin ue b y outlining a simple (but not simplistic ) sno op y-based

cac he coherence proto col, and terminate this section b y describing our ev aluation metho d-

ology

. In Section 3, w e prop ose impro v e men ts on the coherence proto col using subblo c ks as

units for coherence. These impro v em en ts ha v e b een pro v en e�ectiv e in non-hierarc hical sys-

tems and w e ev aluate them, with appropriate mo di�cations, in this new con text. In Section

4, w e mo dify the UMA arc hitecture b y placing memory at the cluster lev el. This NUMA

arc hitectural v ariation is ev aluated with di�eren t memory allo cation pro cedures. Finally

, in

Section 5, w e summarize our �ndings on the e�ectiv e nes s of cluster arc hitecture s.

2 Base Arc hitecture and Proto col

2.1 Base Arc hitecture

Memory

Bus cache Bus cache

Pcache Pcache Pcache Pcache Pcache Pcache

P P P P P P

Level 1 bus Level 1 bus

Level 2 bus

Figure 1: Base (UMA) hine hitecture

The base hitecture is built on a y of busses as wn in Figure 1. Although �gure and the remainder of the er limit es to o els , the basic col e ed orks on a hine that y e from o to an arbitrarily high er els 3

t the ottom of the y el 0) are cessors along with their hes .

cessors are ed to clusters of some er of cessors er cluster, ypically to t. h cessor he has a dual directory h ermits ultaneous access and he coherence k s initiated y bus requests. The tra-cluster are connected to one another via a e tional bus, h e call the el 1 bus. connected to the tra-cluster bus is an tra-cluster he/bus connector, or bus c acheThis toth connects h el 1 bus to the onding el 2 bus, and hes data for the cessors in the cluster w it. T o reduce bus tra�c, all hes in system are write k hes. Bus hes satisfy the inclusion y , that is, h at a en el tains a erset of the ts of the hes w it in the [BW88]. Inclusion is teed through the actions of the col, as in [Wil87]. When bus he replaces a k, it sends a mess age wn that forces all cessor hes w to v alidate the h bus he has a dual directory so that erations on oth busse s it is to can ceed in parallel. h bus he also has a er of bus reques t bu�ers hold oth bus reques ts that e een enqueue d aiting for access to either bus, as ell information out ap erations in progress that are eing acted on in parts of the system.

t the top of the y is memory

. e in single bus ycols,ks in memory e no state. Requests for ks that are not found in y he progress the y til they h the top, where they are satis�ed y main memory

2.2 erview of the base proto The base col is designed to minimize onse time and bus tra�c, ecially at higher els of the y . T o do this, requests are satis�ed as close as ossible to requestin g cessor. The col will attempt to satisfy a request using hes at the el as that as that of the requester; the request is arded to higher els only necess ary

. In some cases, a reques t y need to el up the y

, then k wn another h of the tree; the reply retraces the same path k to the request In addition, lines are written k only to the next higher el of the y

. Only a he at the top the y writes a line k es the line migrate to memory The cessor el col most closely b les the Illinois col with INV V ALID CLUSIVE, READ SHARED, and DIR

TY he k states. There are transitional states that are needed for the correctnes s of the col (see

Theks in the bus hes are in one of the e wing states (with, of the y that they are in transitional states; see [And95] for a complete

� INV

ALID: The k is not t in or w the � READ SHARED: The k is t in the he in a clean state and y elsewhe re in the system in a clean 4

� V ALID CLUSIVE : The k is t in the he, but is not teed to up-to-date. The k y exist w this he in a y or clean � DIR

TY SHARED: The t in the he and is y with ect memory

. This he is onsible for writing the v alue k to memory

. In the k y exist er in the y in READ SHARED state only

� DIR

TY WNED: The k is t in the he, is y with ect to memory and is the only hed y in the system ving t states for cessor hes is usual for hical [Wil87], [YTB92]. The duction of the DIR

TY SHARED state is motiv ated y its of reducing el 1 tra�c in ter-cluster requests Bus reques ts are generated y cessor actions (read, write, ap) and he states. addition to the usual single-bus cess or transactions, there is a need for eling wn" the y in the case of ter-cluster transfers and for inclusion (e.g., purge When a request misses in a cessor he, the cessor is forced to ait til request is satis�ed. The cessor’s he cates a k for the data (if necess ary) enqueue s the appropriate bus Because con icting request can e generated \at the same time" y t andecause there is no implicit serialization device h as the bus in a single-bus system , is ossible that a request generated y a miss will fail. If the reques t succe eds , the is restarted; otherwise the cessor will ait a �xed t of time after the failed has een returned to it, then retry the request e erime ted with an k-o� olicy but it did not t vious adv

In addition to the e states, the col uses transition states to inhibit requests for a k when the state of the k is in ux. This helps to greatly reduce y of the state space of a en k. F or example, ose a cessor wishes write to a en k h is not in its he (call it he X). The k exists in a (call it he Y) in another cluster in state DIR

TY. T o obtain the k, he X ust a request h propagates up and then k wn the y to he Y. Assuming request succee ds, the up-to-date v alue of the he k on’t e found in y he the reply has hed he X. Because of this, all other requests for this k ust canceled and retried til the k is in a stable state in he X. This is done y ak (if necessary) on h he on the path from X to Y and assigning a state to that k. Then, when under the normal he op hanism a he detects request on the bus(es) it is hed to that hes a k in a transition state, it that the reques t should e canceled . The request is then t k to the originator, will try the request again after aiting a d of Occasionally

, a request from a he’s er bus and another reques t from its er will attempt to access the same he k on the same cycle. When this ccurs, the from the er bus will e e d til the request from the er bus has een5

The reason that the reques t on the er he is en preference is that it is ely the er request has eled further than the er request, hence making it ait for er reques t will ely force the er reques t (rather than the er) to e retried. is a more ens e eration than retrying the er In a similar ein, o (or more) con icting k reques ts y exist aiting for access the same bus at the same time. If all the con icting requests are in er he bus then the �rst reques t to obtain the bus has y er all other requests . e r, er he bus request has y er y er he bus request, for the same en e that an er bus transaction has y er a er bus transaction if access the same k on the same 2.3 Ev aluation metho Our hitectural ev aluations are erformed on a cycle y cycle execution en a di�cation of erus [BAD89, AB93]. The cessor dule ulates (at a el) the eline ys of a RISC cessor. All instruction references and all priv data references are assumed to hit in the cessor he with no additional y

. references that hit in the ulated he and require no further action y the system also require a single cycle to All busse s in our ulations are 64 bits wide and split-transaction on non he transactions. Arbitration for bus access is done on a round-robin basis, and one cycle. W e assume the bus has separate address lines so that addressing information e transmitted at the same time as data for the same In the baseline hitecture, the cessor hes (for shared data) ere 8K ytes, e and had either an 8 yte or a 64 yte k size. Bus hes ere either or 128K ytes , y set e and had the same k size as the cessor hes . a shared reference requires the use of the memory system , the ys are 6 cycles plus cycle er 8 ytes for a hit in the bus he (latency of 14 cycles for a 64 yte k). If reference misses in the cessor and bus hes, the ys are 20 cycles plus o (one for the er and one for the er bus) er 8 ytes for a memory access (latency 36 cycles for a 64 yte k). These �gures assume no tion on the busses W e used 6 applications to test and ev aluate the osed designs. W e hose these marks ecause together they exhibit a wide v y of reference patterns. In all cases, gathered statistics only for the parallel section of the The Gauss { a gaussian elimination program without oting [Dar88]{ and Cholesky sparse matrix factorization from the SPLASH suite [G92] { hmarks oth e spatial y and exhibit high hit rates. MP3D { a 3-dimensional molecule ulator from the SPLASH suite { exhibits a great deal of true sharing, and as written to false sharing. Both the T opt { ological optimization on VLSI circuits using a ulated annealing algorithm [DN87] { and eri fy { a eri�cation program h o circuits and orts if they are functionally equiv t [Egg89] [WS87 ] { exhibit oth true and false sharing, en using derate k sizes . Lastly

, the 6

application { another of er the SPLASH suite ulating the e�ect of y on system of dies { es ely few shared accesse 3 Ev aluation of the UMA arc

In this section, e ev aluate the ene ss of the UMA hical hitecture . ev aluation is done under o cols: (1) the base col of the previous section, (2) a col that, in general terms, uses a large k size (64 ytes ) for read and a k size (8 ytes) as a unit for coherence. The motiv ation for the second set ts is that the kcol as found to e succes sful when applied within cluster [AB95]. W e �rst e brie y this second

3.1 Subblo k proto col for o el The kcol is tended to ork with sector hes where ks are toks (in our case, ks of 64 ytes are divided to 8 k s of 8 ytes In the sector hes , othks and ks e t the tra-cluster el the col is similar to the one describ ed in [AB95]. are 4 k states and 4 k states. he to he transfers are ored. On misses , as y v alid ks in the k as ossible are transferred. On writes to ks and write misse s, only the k to e written is v alidated. The motiv is to oid false-sharing as h as

When expanding the single bus kcol to a y of busses , e e e a minimal t of hanges to the single bus col in order for it to ork at cluster el in a hical system . t the same time, e based the er el col on the \standard" hical col en in the previous section. e er e l col, the k state in a bus he (INV

ALID, CLEAN SHARED or DIR

SHARED) merely e s what e of ks y e found in the k. The state es it simpler to tially replace ks that will not require a write en an unlimited er of state bits, e ould e hosen to use 5 konding to the 5 er el states in the standard hical col.out the er of state bits required forced us to discard a state. Of the e the hoice came wn to discarding either the DIR

TY WNED or DIR

TY SHARED Because er bus bandwidth is usually the k in hical bus systems , it e ed in preference to ving er bus bandwidth. Hence, e decided to discard DIR

TY SHARED k state. A complete col description for oth els can found in [And95 3.2 Ev aluation of the UMA W e ulated ten t binations of cessors and clusters, ranging in size cost) from the 2 clusters of 2 cessors (2X2) con�guration to the 8 clusters of 4 7

con�guration. o of the organizations (2X8 and 2X16) are balanced ecause they y er cluster and few (i.e., 2) clusters. Not only ust the cluster bus the tra�c of 8 or en 16 cessors, but also the cessors will su�er more he when the sum of the sizes of the cessor hes hes or exceeds (in the 32K case) the size of the bus he, ossibly causing y forced replaceme ts as the bus tains inclusion. erthele ss, e still include those con�gurations in our In the wing paragraphs, e e detailed results for the six hmark s e F or those applications for h results are plotted, e t the ten con�gurations left to t in order of increasing cessors; and for a en in increasing er of clusters . In the legend, the bars are eled with the k size and 64b for the standard hical col with small { 8 ytes { and large { 64 ytes k sizes and Sb for the kcol; e also call these cols 8b, 64b, and All �gures are con�gurations with 128KB bus hes and eed-up is ersus a one con�guration with an 8 yte size k and 128KB bus he (in that case a second Barnes The Barnes application ed up ell on the cluster hitecture, hievin g linear eedup up to 16 cessors, and a eedup of out 27 using 32 cessors. of Barnes’ small data set, there as little di�erence een using the small or large he. And since Barnes did ely few shared references, v arying the k size only a minor e�ect on erall erformance. Using the small k size did e a t to 5 tagets) adv tage er using the large k size, particularly when 16 32 cessors ere used. When e examined the statistics for the er of times a transaction had to e retried, e found that the er of retried bus transactions ely large when a large cessors ere used. This as ecially true in 64 yte ks Running the kcol had ery little e�ect on program erformance. In cases, using the col increased erformance y 1{2%, while in others it had the eedup as the

Gauss Gauss erforms est when using a large k size ecause of its spatial y This is quite t from Figure 2. Though the eedup for the col didn’t h e 10 for y con�guration, the col ed excellen t eedup on all con�gurations; in some cases, an t erlinear eedup as obtained ecause additional cessors and bus hes could hold more of the orking set, and ecause single cessor used for the comparison has an 8 yte line size. Not surprisingly

, con�gurations that had more clusters had ettereedup s than those with few though the di�erence s ere small except for the 2X16 con�guration. In that case, the bus had a high utilization rate h led to a drop-o� in

The reason for the col’s erior erformance is that it used far er tions, out 85% less, to e data around. The er of ytes transferred on the bus as tly larger, from 10 to 15% ending on the con�gurations, indicating that 8

Machine configuration (# of clusters X size of cluster) 2X2

Speedup vs. 1 processor

8b 64b Sb 102030 2X4 4X2 2X8 8X2 4X4 6X4 2X16 4X8 8X4

Machine configuration (# of clusters X size of cluster)

Speedup vs. 1 processor

8b 64b Sb

2X2 2X4

10

15

5

4X2 2X8 4X4 8X2 6X4 2X16 4X8 8X4

Machine configuration (# of clusters X size of cluster)

8b 64b Sb

2X2 2X4

25

20

Speedup vs. 1 processor

10

4X4 2X8 4X2 8X2 6X4 8X4

2X16 4X8

Processor

Cache Processor

Cache

Bus

Cache Memory

Bank

Processor

Cache Processor

Cache

Bus

Cache

Upper Level Bus

Lower Level Bus Lower Level Bus

Memory

Bank

2X2 2X4 4X2 2X8 4X4 8X2 2X16 4X8 8X4 2X2 2X4 4X2 2X8 4X4 8X2 2X16 4X8 8X4

Machine Configuration - (# of Clusters X Size of Cluster) 0

1

2

3

Speedup vs. 8I Base

Gauss - 128K Bus Cache

8I Unmodified Cluster/MI 8I Modified Cluster 64I Unmodified Cluster/MI 64I Modified Cluster

1.06

1.10

1.06

1.11

1.44

1.44

1.01

1.03

1.47

1.89

1.97

1.98

0.94

0.98

1.67

2.13

2.80

2.94

1.01

1.02

1.01

1.02

1.08

1.07

1.03

1.03

1.08

1.10

1.11

1.11

1.02

1.02

1.22

1.27

1.29

1.29

0

1

2

3

Speedup vs. 64I Base

0.0

0.5

1.0

1.5

Speedup vs. 8I Base

Mp3d - 128K Bus Cache

8I Unmodified Cluster 8I Modified Cluster 64I Unmodified Cluster 64I Modified Cluster

1.01

0.96

1.01

0.96

1.02

1.00

1.00

0.99

1.10

1.26

1.05

1.36

1.00

0.87

1.13

1.73

1.05

1.66

1.00

0.92

1.00

0.89

1.01

0.92

1.00

0.96

1.02

0.98

1.02

1.06

1.00

1.01

1.06

1.22

1.03

1.14

0.0

0.5

1.0

1.5

Speedup vs. 64I Base