80 Pro c. of F

GCS ’94, ICOT, T oky o, Decemb er 1994

The Ev aluation of P arallel Inference Mac hines

Kouic hi KUMON and Hiro y oshi HA T AZA W A

Institute for New Generation Computer T ec hnology

4-28, Mita 1-Chome, Minatoku, T oky o 108, JAP AN

fkumon,f-hatazag@icot.or.jp

Abstract

In this pap er, we study the p erformance of v arious im-

plementations of KL1 pro cessing systems, including the

parallel inference machine (PIM) system and the KLIC

system. PIM systems are built on dedicated parallel

hardware develop ed in the F

GCS pro ject for e�cient

KL1 execution, while the KLIC system is KL1 p orted

to run on UNIX workstations. This di�erence makes

the design p olicies of b oth systems quite di�erent neces-

sitating a quantitativ e analysis. KL1 is a parallel logic

language running on hardware ranging from a single pro-

cessor to several hundred pro cessors. Thus p erformance

measurements must cov er this range.

Firstly w e use a set of small b enchmark programs for

single pro cessor p erformance. It includes a naive re-

verse program to compare and characterize those sys-

tems. And we tak e a close lo ok at the execution of in-

structions in b oth the PIM KL1 pro cessing system and

the KLIC system. The PIM/p system is a conv enien t

platform b ecause b oth the conv en tional KL1 system and

the sequential core of the KLIC system are av ailable on

it, and thus we can compare b oth implemen tations on

the same base. W e also compare b oth system using the

life program, which sho ws quite a di�erent asp ect to

the append execution.

Then, we ev aluate the cluster p erformance for auto-

matic load balancing. Some PIM mo dels hav e a cluster

structure, in whic h pro cessors are connected by a com-

mon bus and share memory

. In parallel pro cessing in

a cluster, automatic load balancing is av ailable to re-

duce the burden of writing load distribution co de. It

is thus meaningful to inv estigate load balancing mec ha-

nisms and measure the sp eed-up in parallel p erformance.

T o do this, we make execution mo dels for a very small

program, examine the parallel p erformance, and esti-

mate the distribution ov erhead in the cluster.

Finally

, we inv estigate the distributed p erformance

of the systems by using simple comm unication de-

p endent b enchmark programs. The PIM mo dels use

a dedicated netw ork for comm unication b etw een clus-

ters/no des. How ev er as the KLIC system uses PVM

for message passing primitives, w e found that the p er-

formance of KLIC wholly dep ends on the PVM p erfor-

mance.

1 In tro duction

ICOT has built �ve mo dels of PIM, whic h ha v e b een used

to develop application programs in the FGCS pro ject.

In the p ost-F

GCS pro ject, ICOT has b een developing

the KLIC system, which makes these application pro-

grams av ailable on commercially-av ailable workstations

and parallel machines. These tw o KL1 pro cessing sys-

tems di�er in their design p olicies, and using the same

scale for these tw o systems we can study their b ehavior.

In this pap er, w e measure and ev aluate the p erfor-

mance of the �ve PIM mo dels and the KLIC system with

b enchmark programs.

In Section 2, w e brie y ov erview the �ve PIM mo dels

and the KLIC system, and in Section 3 we measure the

single pro cessor p erformance with a num b er of b ench-

mark programs. In Section 4, w e inv estigate the distribu-

tion strategy of the cluster-con�gured PIM and the char-

acteristics of the strategy by making execution mo dels.

Of course, only cluster-con�gured PIMs are measured.

In Section 5 we compare communication ov erhead inside

a cluster and b etw een clusters.

2 PIMs and KLIC

As we hav e already men tioned, the �ve PIM mo dels hav e

di�erent architectures.

2.1 Con�gurations

First, we brie y intro duce the features of eac h PIM

mo del. PIM/m and the other PIMs (PIM/c, PIM/k,

PIM/i and PIM/p) use the di�erent base of implemen-

tation. PIM/m inherits its implementation from Multi-

PSI, how ev er, the other PIMs use the Virtual PIM[5]

(VPIM) as a prototyp e KL1 pro cessing system, but

Multi-PSI and PIM/m use their own implementation for

KL1 pro cessing.

PIM/m[8] PIM/m is a revised mo del of the Multi-

PSI mac hine, all pro cessing elements are connected

only by inter-pro cessor netw orks; neither Multi-

PSI nor PIM/m has shared memory

. Memory

can b e safely accessed without implementing exclu-

sive op erations, resulting in faster system p erformance. Actually

, the single pro cessor p erformance

of PIM/m is the fastest among the PIMs. PIM/m

can hav e a maximum of 256PEs. The cycle time of

the PIM/m is 65ns.

PIM/p[6] The PIM/p system has the largest con�gu-

ration among the PIMs (up to 512PEs). Eight pro-

cessors constitute a cluster using Illinois typ e sno op

caches. The pro cessor’s cycle time is 80ns. The clus-

ters are connected by a hyp er-cub e netw ork with a

worm-hole routing facility

. On the PIM/p hardw are,

the KLIC system sequential core is also a v ailable.

As w e run the KLIC system on the bare hardware,

very reliable measurements are av ailable without the

interference of interrups or virtual memory manage-

ment. This mak es a comparison b etw een the con-

ven tional KL1 system and the KLIC system easier.

W e use the KLIC system version 1.511 and gcc-

2.6.0 C-compiler customized to the PIM/p cross-

compilation environmen t for measurement. W e call

the KLIC system on PIM/p as KLIC/p.

PIM/i[10] The pro cessing element of PIM/i uses LIW

instruction sets, and up to tw o instructions are ex-

ecuted simultaneously in every cycle. The cycle

time is 160ns. The PIM/i also has a cluster struc-

ture from eigh t pro cessors with write broadcast typ e

sno op caches. PIM/i lacks net w ork connection facil-

ities, consequently an eight pro cessor system is the

maximum con�guration.

PIM/k[10] In the PIM/k system, four PEs of PIM/k

constitute a mini-cluster. Each PE has a �rst-lev el

cache and shares a common bus, and four mini-

clusters are connected b y a secondary level bus with

secondary caches. A global memory is attached to

the secondary bus. Thus, all PEs of the PIM/k sys-

tem can access any data directly b y a global address.

PIM/c[7] The PIM/c cluster consists of eight pro cess-

ing elemen ts, cluster con troller and shared memory .

The cycle time of the machine is 60ns. T otally 32

clusters are connected with a cross-bar netw ork to

reduce netw ork latency .

KLIC[3][1] KLIC is not a hardware but a softw are im-

plementation for the UNIX environmen t. A KL1

program is compiled into C source co de, then a

C-compiler compiles it to a load mo dule. In the

sequential p erformance measurement, w e use b oth

the Sparc Station 10

1

and the PIM/p hardw are

2

as execution en vironmen ts. In the distributed sys-

tem measurement, we additionally use a SparcCen-

ter 2000

3

. Currently KL1 features are not fully im-

1

The clo ck sp eed is 36MHz and the main memory size is 64M

bytes.

2

The clo ck sp eed is 12.5MHz and the main memory size is 256M

bytes.

3

The clo ck sp eed is 40MHz, and the memory size is 1G byte.

plemented on KLIC, and so some of the b enchmark

programs do not run on KLIC.

All PIMs except PIM/m use the Virtual PIM (VPIM)[5]

written in PSL (PIM Sp eci�cation descriptive Language)

as their abstract pro cessing system. This PSL represen-

tation is translated to each PIM arc hitecture by the PSL

compiler, and thus all VPIM based PIM use the same

pro cessing mechanisms.

2.2 PIM and KLIC Design Sc heme

There is a ma jor di�erence in the design scheme b et w een

the PIM pro cessing systems and the KLIC system. Each

PIM system uses dedicated pro cessors designed for e�-

cient execution of KL1 as follows:

� All data hav e b oth a v alue part and a tag part. Eight

bits are used for the tag part, and thus, up to 256

di�erent data t yp es can b e represented. One of the

tag bits is used to represent the MRB status, 46

of the rest 128 typ es are used in the system. In

the PIM pro cessor, testing a tag v alue and jump on

the result can b e executed in one instruction using

dedicated hardware.

� In the MRB management, propagation of the MRB

status according to p ointer dereferencing is needed.

With a dedicated instruction, this MRB op eration

requires no additional ov erhead.

� KL1 language has no typ e declaration, and so dy-

namic data typ e chec king is frequen tly needed and

execution may di�er dep ending on the typ es. Al-

though there are many combinations of data typ e,

actual execution is limited to a small p ortion of

the combinations. Therefore, to reduce the static

co de size, it is helpful to provide a lo w-o v erhead

subroutine-call mec hanism. Usually

, subroutines

provide common op erations of the KL1 pro cessing

system. The PIM/m system uses a micro-co de ar-

chitecture and the PIM/p system uses a macro-

instruction mechanism for this purp ose.

� The cluster-con�gured PIMs hav e an explicit lo ck-

ing/unlo cking memory op eration, unlike other con-

ven tional exclusive instructions such as compare-

and-swap or test-and-set. This makes v arious ex-

clusive op erations feasible.

On the other hand, the main feature of the KLIC sys-

tem is the pursuit of b oth p ortability and p erformance

using a high-p erformance general-purp ose pro cessor and

an optimizing C-compiler. Therefore, a tag data may use

only the tw o bits whic h are not used for word address-

ing in byte-addressable machines. T o c hec k and jump on

the tag data, an instruction sequence is needed, suc h as

a logical-and follow ed b y a comparison and a conditional

jump instruction.

2.3 Garbage Collector

In the design of the garbage collector (GC), there is

also a distinct di�erence b et w een b oth systems. In all

PIMs, the Multiple Reference Bit (MRB)[2] is employ ed

to reduce memory consumption during reduction, and

only when un-collected garbage �llup the heap, a copy-

ing typ e GC is in v ok ed. Thus, if the MRB scheme can

collect most of the garbage, the used heap area do es not

expand, hence, no copying-GC is inv ok ed.

On the other hand, the KLIC system do es not col-

lect any garbage on the y

, b ecause the tag bits hav e

no ro om to con tain an MRB bit, and without sp ecial

hardware supp ort to manipulate the MRB op erations,

the p erformance would b e severely degraded. Conse-

quently

, all garbage must b e collected by a stop and

copy typ e GC. Unlik e in PIM systems, the UNIX multi-

pro cessing and virtual memory system preven t the KLIC

system from using the physical memory directly

. Hence,

the KLIC system incrementally expands its heap when

garbage cannot b e su�ciently reclaimed. Thus, the �-

nal heap size and the num b er of GCs v ary unexp ectedly

dep ending on execution conditions, such as input data.

Therefore, p erformance of the KLIC system dep ends on

the initial heap size. In the following measurements, we

used the default initial heap size (= 24K words) for b oth

the Sparc Station and the PIM/p KLIC system. In ad-

dition, we also measured the p erformance at 10M word

heap settings in the PIM/p KLIC system. This v alue is

almost equiv alen t to the av ailable heap size in the con-

ven tional PIM/p KL1 pro cessing system.

3 Single Pro cessor P erformance

In this section, we compare the single pro cessor p erfor-

mance of v arious systems, using a set of b enc hmark pro-

grams.

3.1 Benc hmark Programs

The following b enchmark programs hav e b een used to

improv e the p erformance of the PIM/p system, and so,

the execution mechanisms of the programs are already

well understo o d. A brief outline is given here:

Naive rev erse Reverses a given list by rep eatedly call-

ing append, th us the p erformance of this program

re ects the p erformance of append itself. The n um-

b er of total reductions in this program is linear with

the square of the size of input list while the n um b er

of active cells is prop ortional to the size.

Life A v ariation of a life-game program. This program

consists of a 38 by 38 torus netw ork. Each no de

connects to its adjacent four no des and obtains their

states on every cycle. Then the no de calculates its

next state and sends it to the four neighb ors. This tight comm unication b etw een adjacent no des pre-

ven ts each no de from contin uing to run more than

tw o reductions. The source program size is ab out

200 lines.

Puz15 A solver for a well known 15-puzzle. The IDA*

algorithm is used to �nd the minimum turn sequence

to the initial pattern. The source program size is

ab out 1,000 lines.

Pen to A solver for a w ell kno wn pieces pac king puzzle.

The source program size is ab out 1,000 lines. This

program do es not run on the KLIC system, b ecause

of the semantic di�erence of vector and functor in

KLIC.

Bp100x100 A solv er for �nding the b est path of a tw o

dimensional mesh netw ork. The distance b etw een

tw o adjacent no des are randomly generated. The

source program size is ab out 1,500 lines. This pro-

gram do es not run on the KLIC system, b ecause

KLIC do es not supp ort strings with 16-bit elements.

W altz The program is a revised version for KL1 by E.

Tick. The source program size is ab out 200 lines.

Nqueen N-queen solver. It generates all the solutions

of N-queen programs. T o inv estigate di�erent searc h

trees, it repro duces the curren t environmen t by us-

ing append, diagonal chec k is done by arithmetic

calculation. The source program size is ab out 35

lines.

Zebra A constraint solver written by E. Tick. The

source program size is ab out 200 lines.

Puzzle A solver for a 3-Dimensional pieces packing puz-

zle, written by E.Tick. The source program size is

ab out 160 lines.

3.2 Measuremen t results

Firstly we show the append p erformance of each system.

Historically

, app end execution sp eed has b een frequently

used to demonstrate the system p erformance. W e will

lo ok at its detailed execution in Section3.3.

T able 1 shows the append Reductions Per Second, or

RPS, in seven con�gurations. T o observ e the in uence of

cache miss-hit, we use 1,500 element and 5,000 element

lists.

The heap size setting of the KLIC system directly af-

fects the p erformance, thus it is di�cult to state the

KLIC p erformance. T o o small a heap size decreases the

p erformance due to GC ov erheads, to o large a heap size

also decreases p erformance due to cache miss hit p enalty .

F urthermore, UNIX related ov erheads, such as for virtual

memory management or task switching, make the result

obscure. By using the KLIC system on PIM/p, we can b e

free from these factors. Therefore, the KLIC/p system

T able 1: App end RPS on v arious systems

clo ck nrev1500 nrev5000 Ratio

System (ns) (RPS�10

3

) (RPS�10

3

)

PIM/m 65 600 411 .69

PIM/p 80 305 281 .92

PIM/c 66 55 56 1.02

PIM/i 240 65 65 1.00

PIM/k 100 76 76 1.00

KLIC

(1)

28 1,151 1,173 1.01

KLIC/p 80 225 238 1.06

KLIC/p

(2)

80 405 386 0.95

(1) On SS10, time is measured by CPU time.

(2) The initial heap size is 10 mega word.

Figure 1: Dynamic Beha vior of the Benchmark Programs

is b etter for observing the in uence of heap settings on

p erformance. W e use a default heap size setting for the

KLIC/p system, and also we use the size setting equal

to the heap size of PIM/p system.

The distinct p erformance di�erence b etw een short and

long list reverse exists on the PIM/m system. The cache

size of PIM/m is 4K words, it cannot hold 5,000 element

lists, resulting in p erformance degradation.

Using append as a standard measure, we can mea-

sure the system p erformance to some extent. In KL1

pro cessing, the execution patterns found in append can

b e viewed as stream creation and stream consumption.

Consequently append employs some features of the KL1

language. But the other b enchmark programs, which

hav e more complicated structures and are closer to ac-

tual application programs, sho w di�erent asp ects of the

KL1 pro cessing systems.

T o show the di�erence b etw een append and the other

programs, we classi�ed the execution into three typ es,

Exe cute, Pr o c e e d and Susp ension. The ratios of these

typ es are shown in Figure 1. All pro cessing systems w e

measured in this exp eriment use last goal optimization,

and thus Exe cute is the lightest op eration, and Pr o c e e d is

the next. Both Exe cute and Pr o c e e d actions are executed

at the end of reduction, the p ortion ov er the 100% repre-

Figure 2: Normalized Reduction Time

sents the susp ension rate relativ e to the reduction counts.

If a predicate b o dy has more than one goal, like append,

all reductions are executed by Exe cute. In KL1, susp en-

sion and resumption realize concurrency

, which is one of

the main features of KL1. The app end RPS measure-

ment do es not re ect this feature at all, b ecause append

execution do es not cause any susp ensions/resumptions.

In most of programs, one reduction requires a muc h

longer time than append. Figure 2 shows the av erage

reduction time of v arious programs normalized to the

�gures for append.

T able 3 shows the p erformance comparison of PIM/p

and KLIC/p with a 10M word heap for v arious programs.

W e can see that KLIC has almost the same p erformance

to the native KL1 pro cessing system, except for the life

program. W e discuss the life program in Section 3.4.

3.3 App end Co de Analysis

In this section, we study the k ey technique of the KLIC

system to obtain its p erformance without an y hardware

supp ort for the tag op erations. T o make the discussion

more concrete, we use append execution trace on b oth

PIM/p and KLIC/p.

Figure 3 and 4 show the pseudo C-co de based on

append execution trace on PIM/p and KLIC/p, resp ec-

tively

. In these �gures, each line corresp onds to a ma-

chine instruction. In the KLIC/p co de, a total of 21 in-

structions are executed in the main cycle of the append.

The num b er is same as that for a Sparc Station or a

DEC Alpha, while the PIM/p KL1 system executes 28

instructions. T o inv estigate the reason, we classify those

instructions by function.

T able 2 shows the results. F rom these �gures, we

found:

� Over 20% of the total instructions are MRB related

instructions.

� The lo c king/unlo c king instructions, which are

84

append(x, y, z)

{

top:

if (is_ref(x)) { typechk

t = x; x = deref(x); deref

if (is_undef(x)) goto susp; typechk

if (!is_mrb_on(x)) { MRB(gc)

*t = flist; flist = t;} MRB(gc)

if (is_ref(x)) goto ...; } typechk

if (!is_list(x)) goto ...; typechk

d = cdr(x); read(cdr)

if (is_mrb_on(x)) new_list(x); MRB(gc)

if (empty(flist)) make_flist(); alloc

new_w = flist; flist = *new_w; alloc

cdr(x) = new_w; write(cdr)

*new_w = UNBOUND; MRB(penalty)

{ /* mcall unify_bound(z, x) */ (mcall-penalty)

if (is_ref(z)) { typechk

work1 = z; z = deref(z); deref

if (!is_undef(z)) goto ...;} typechk

work2 = lock_read(work1); exclusive

if (is_mrb_on(work2)) {...}; MRB

if (!is_undef(work2)) goto ...; exclusive

z = x; redundant

unlock(*work1) = x;} write(unify)

x = d; MRB(penalty)

z = new_w; move

reds = shoen

reds - shoen

2; shoen

if (reds > 0 && !slit_chk()) goto top; slitchk&loop

}

Figure 3: Pseudo C-co de of append on PIM/p

append(x, y, z)

{

top:

tag = tagof(x); typechk

if (is_list_tag(tag)) typechk

goto list; typechk

delay_slot(redundant)

list:new_word = allocp; alloc

*allocp = allocp; write(cdr)

work = car(x); read(car)

*(allocp+1) = work; write(car)

new_cons = mkcons(allocp) addtag

tag = tagof(z) typechk

allocp += 2; alloc

if (!is_ref(tag)) goto ..; typechk

work = *z; deref

if (z == work) typechk

goto L; typechk

L:*z = new_cons; write(unify)

x = cdr(x); read(cdr)

z = new_word; move

work = heaplimit; slitchk

if (allocp < work) slitchk

goto top; slitchk

}

Figure 4: Pseudo C-co de of append on KLIC/p

T able 2: Classi�cation of Executed Instructions

Category PIM/p KLIC/p

Typ e-chec k 6 < 7

MRB 6 � {

W rite 2 < 3

SHOEN 3 > {

Exclusive 2 > {

Deref 2 = 2

Allo cation 2 = 2

Read 1 = 1

Slit-chec k 1 < 3

Mov e 1 > 1

Other 2 > {

T otal 28 > 21

needed to supp ort VPIM parallel execution in a clus-

ter, form a rather small p ortion.

� The SHOEN management o ccupies a small but non-

negligible p ortion.

� PIM/p chec ks the data tags 6 times with 6 instruc-

tions. How ev er, KLIC/p chec ks only 3 times with 7

instructions.

The MRB GC[2] can preven t greedy memory con-

sumption, how ev er, it m ust pay the following p enalties:

Dereference and T yp e-c hec king The PIM/p system

needs only one instruction to chec k a tag, while the

KLIC/p system requires tw o or more instructions.

How ev er, the total num b er of tag chec king instruc-

tions is nearly the same as on the PIM/p system.

That is b ecause the v ariable cells must b e kept out-

side the structure to enable the structure to b e col-

lected on the y

. In execution of append on the

PIM/p, most of the cons structures ha v e an un-

de�ned v ariable in the cdr part. Hence, one more

dereference and another typ e chec king are needed.

Extra Mo v e Instruction In the append co de, a cons

structure is reclaimed prior to the use of its con ten ts

by the MRB GC. This requires the additional mo v e

instructions to backup the conten ts into a register.

F ree List Management The collected cells are man-

aged in a free list, and cells are alwa ys allo cated from

the list. Therefore an empty list chec king instruc-

tion is demanded b efore every memory allo cation.

GC Cost The cost of MRB GC is almost linear with

heap consumption, and roughly linear with the num-

b er of reductions. How ev er, the cop ying GC cost is

linear with the n um b er of active cells. The MRB GC

p erforms b etter when the heap is almost full with

active cells. Ob viously

, our b enchmark programs do

not meet this criteria, and so the MRB GC is not

suitable.

85

F rom ab ov e observ ation, we conclude that the mem-

ory management scheme of KLIC is well suited for our

b enchmark programs.

3.4 Life Program Execution Analysis

The life program shows an interesting contrast with the

app end program. On the KLIC system, most programs

run almost the same as, sometimes faster than, on the

PIM system. The life program is an exception. The

b enchmark result shows that the KLIC/p system runs

four times slow er than the PIM system, and if the default

heap size is used, the p erformance is down to 1/7 of

the PIM p erformance. Even if w e use KLIC on a Sparc

Station, the p erformance is still inferior to the PIM/p

KL1 system. This p erformance deterioration is explained

as follows:

� Strong dep endency among goals results in the very

frequent susp ensions. In the KLIC system, the goal

records and susp ension structure are allo cated to

the heap, and only a garbage collector can reclaim

it, while the PIM systems reclaim goal records when

it is dequeued from the goal queue.

Usually

, these structures are several times larger

than a cons cell used for a stream. F requen t sus-

p ension accelerates heap consumption, and causes

contin ual inv o cations of the garbage collector which

severely reduces the p erformance. By lo oking into

the p erformance of KLIC/p with default and 10

mega word heap size, we conclude that a small heap

size may cut down p erformance to ab out half.

� KLIC expands frequently-executed co de inline to

obtain its p erformance while the less frequently exe-

cuted co de is stu�ed in to library routines. T o mak e

co de small and simple, the b o dy of the KLIC co de

has only one exception handler.

Therefore, when an exception o ccurs such as a

garbage collection request or a goal susp ension, the

library routine must analyze the reason for the ex-

ception, and then the corresp onding pro cessing b e-

gins. Usually

, this makes the co de smaller and exe-

cution faster, but these tec hniques make susp ension

muc h slow er.

4 Cluster P erformance

In this section, we argue the parallel execution p erfor-

mance of the cluster-con�gured PIM. Benc hmarking of

parallel pro cessing on shared memory con�guration or

distributed memory con�guration is very di�cult. One

reason is that the execution mechanism of the parallel

environmen t di�ers for each system. Therefore, simple

measurement of execution time may mislead the argu-

ments.

T able 3: Relative Machine Performance

System nrev5000 life mm pascal semi

PIM/p 44452 11458 13517 3546 10832

PIM/p 1 1 1 1 1

PIM/m 1.46 1.43 1.72 1.73 1.32

PIM/c 0.20 0.07 0.05 0.07 0.07

PIM/k 0.27 0.39 0.38 0.38 0.34

PIM/i 0.23 0.30 0.26 0.29 0.16

KLIC

(1)

4.17 0.60 4.33 5.54 1.93

KLIC/p 0.85 0.14 0.78 0.82 0.45

KLIC/p

(2)

1.37 0.28 1.05 0.83 0.74

System nqueen(11) qlay(11) waltz zebra puz15(6)

PIM/p 28486 22144 9667 8782 131905

PIM/p 1 1 1 1 1

PIM/m 1.74 1.47 2.04 1.61 1.48

PIM/c 0.07 0.12 0.05 0.05 0.05

PIM/k 0.36 0.36 0.36 0.39 0.45

PIM/i 0.27 0.26 0.31 0.12 0.13

KLIC

(1)

3.53 2.34 3.95 2.25 2.78

KLIC/p 0.72 0.53 0.70 0.53 0.53

KLIC/p

(2)

1.24 1.16 0.87 1.20 0.78

Italicized num b er shows absolute execution time

on PIM/p in milli-second.

(1) On SS10, time is measured by CPU time.

(2) The initial heap size is 10 mega words.

T o a v oid the pitfall, �rst w e try to build an execu-

tion mo del for a program, and then measure the parallel

sp eedup of automatic load distribution on the PIM sys-

tem.

4.1 Benc hmark Program for P arallel

Execution in Cluster

Go o d b enchmark programs should cov er a wide v ariet y of

application program parallelism. Parallelism is classi�ed

into three t yp es:

OR parallelism: Pro cesses consist of a pro cess tree,

and each pro cess can b e executed indep endently

from the other pro cesses. A program with this par-

allelism can easily obtain go o d parallel sp eedup even

on lo osely coupled parallel pro cessors. The N-queen

problem is a classic example.

Stream parallelism: Data generator pro cesses and

consumer pro cesses are connected b y streams, this

parallelism is called as pip eline-parallelism also.

The consumer is waiting until data is sent by a gen-

erator. It is generally di�cult to obtain go o d p er-

formance on this typ e of parallel execution. Some

resource control may b e needed to prev en t a gen-

erator runa w a y or a consumer data starv ation. A

typical example is a sieve prime num b er genera-

tor.

P arallel message passing parallelism: This typ e re-

sembles stream parallelism, but dep endency b e-

tw een generators and consumers may b e bi-

directional, resulting in e�cient parallel execution

more di�cult. The life program is a simple exam-

ple.

86

go(N):- N>0, N1:=N-1 | go(N1), go(N1).

go(N):- N=:=0 | true.

Figure 5: Simple Or-Parallel Program TP1

Unfortunately

, making a general mo del av ailable for all

these typ es is a di�cult task. Currently we hav e made

a mo del for a simple and very small program. In the

following discussion, w e use the v ery small OR-parallel

program TP1 sho wn in Figure 5. In the TP1 program,

each goal spa wns tw o c hild goals until the depth reaches

N. This no de hierarch y constitutes a binary tree in which

a total of 2

N +1

goals exist. In each branch, a goal can ex-

ecute indep enden tly without any communication to goals

in other branches.

First we mak e execution mo dels of the program for

PIM/k, PIM/c and PIM/p. Then, we show the TP1

b enchmark results, and �nally we estimate the distri-

bution ov erhead of the PIM systems from the results.

4.2 Load Distribution Mo dels

T o discuss the parallel p erformance precisely

, it is im-

p ortant to make an execution mo del of the program for

a sp eci�c execution environmen t.

The pro cessing system of cluster-structured PIMs de-

rives from the same co de, the VPIM co de. How ev er, p er-

formance tuning on each PIM system makes the system

slightly di�erent. Because of this mo di�cation to the ex-

ecution mechanism, mo dels m ust b e built indep endently .

The load balancing metho d of the VPIM based pro-

cessor is as follows:

Original VPIM Load Distribution In the PIM/c

and the PIM/k implementation, each pro cessor has

one goal queue which is accessed only by the pro ces-

sor. Therefore, no exclusive op eration is needed to

manipulate it. The load distribution works as fol-

lows: When a pro cessor b ecomes idle, it signals to

the busy pro cessors to send a goal. Then, a busy

pro cessor sends the goal next to the curren tly exe-

cuting goal. Thus, when no idle pro cessors exist in

the cluster, no sp ecial op eration for goal distribu-

tion is needed, resulting in a low ov erhead in single

pro cessor execution.

Mo di�ed VPIM Load Distribution In the PIM/p

implementation, each pro cessor has tw o queues; a

lo cal queue and a global queue. Enqueuing and de-

queuing goals are assigned only to the lo cal queue,

which can contain up to tw o goals. Surplus goals

are swapp ed out to the global queue, which requires

exp ensiv e lo ck/unlo ck op eration to protect from un-

exp ected op erations by the other pro cessors. The

lo cal queue is prepared to reduce the ov erhead in

accessing the global goal queue. When a pro cessor b ecomes idle, it searches other global queues, and if

it �nds a non-empty queue, it takes a goal for itself.

Now we can consider how the ab ov e di�erence a�ects

the parallel p erformance of TP1. W e lo ok at the tw o

pro cessor case to make the problem simple, although it

is feasible to extend this argument to more than tw o

pro cessors.

In the follo wing discussion, we assume the following

hyp othesis:

1. All goal reductions take the same time (= T ).

2. The busy pro cessor gives to the idle pro cessor the

next goal to execute in the goal queue which is man-

aged as a LIFO

4

. The goal sent requires j reduction

to reduce. Sto chastic analysis shows that j is equal

to the depth of the initial tree N .

3. The initial goal requires 2

N +1

reductions to reduce.

In goal transferring, a v erage j (= N ) reductions task

is mov ed from the busy pro cessor to the idle pro ces-

sor, and b oth sender/receiver pro cessors must exe-

cute transferring ov erhead o.

5

4. During execution, b oth pro cessors m ust alwa ys ex-

ecute reductions or send/receiv e tasks. Thus, the

sum of the reduction-time and the distribution-time

is the same on b oth pro cessors.

At �rst we analyze the PIM/c and the PIM/k imple-

mentation.

Execution Mo del for PIM/c and PIM/k The load

distribution ov erhead must b e paid by b oth sending and

receiving pro cessors.

Initially

, the busy pro cessor has a total of 2

N +1

tasks.

When a goal is transferred, N � T tasks are mov ed from

the busy pro cessor to the idle pro cessor, and ov erhead o

is added to the b oth pro cessors. If task transfer o ccurs

a total of d times, the task to b e executed on b oth pro-

cessor b ecomes:

Busy processor executes : 2

N +1

T + d � o � d � N � T

Idle processor executes : d � o + d � N � T

F rom assumption (4), these execution times must b e the

same, then we can solv e for the num b er of distributions

d and also obtain the theoretical sp eedup ratio as:

sp eedup =

2

1 + o=(N � T )

if o > N � T , i.e. the goal transferring ov erhead is larger

than the av erage task contained in the transferred goal,

the speedup b ecomes less than 1.

4

W e should call it a goal stack instead of a goal queue, but

historically we call it a goal queue.

5

In the PIM/p system, the goal sending ov erhead is negligible

for the sender.

87

T able 4: Load Distribution Costs in Cluster

Distribution Costs(�s) Equiv alen t Reductions

PIM/p 17�22 3�4

PIM/c 239�275 14�16

PIM/k 94�116 9�11

Execution Mo del for PIM/p In the PIM/p system,

the goal distribution ov erhead for busy pro cessors is very

small. Thus, we can assume that the goal sending ov er-

head is added to the idle pro cessor. Using a similar calcu-

lation, we obtain the theoretical sp eedup ratio for PIM/p

as:

sp eedup = 1 +

1

1 + o=(N � T )

The speedup is alwa ys greater than 1 regardless of the

transferring ov erhead.

F rom the ab ov e tw o equations, we can say that if the

distribution ov erhead b ecomes relatively large, the origi-

nal VPIM metho d has inferior parallel p erformance to a

single pro cessor p erformance, while the mo di�ed VPIM

metho d do es not.

On the other hand, if the ov erhead is small enough, the

original metho d will p erform b etter b ecause no prepara-

tion for parallel execution, such as global queuing with

exclusive op erations, is needed.

4.3 Cluster P erformance

Measuremen t

W e measure the execution time of TP1 with N = 20 on

the three typ es of PIM. The result is shown in Figure 6.

The sp eedup is normalized to the sp eed of one pro cessor.

Figure 6: Parallel Sp eedup Ratio

T able 4 shows the estimated ov erhead time o in the

ab ov e theoretical arguments calculated from the b ench-

mark results. Equivalent r e duction means the goal trans-

fer ov erhead measured in units of reduction time. The

PIM/p executes less exp ensive goal distributions for b oth

absolute timing and relative timing. The reason is:

� The VPIM metho d uses interruptions to start task

distribution, then the interrupted busy pro cessor must sav e the curren t status into a goal record and

then enqueue it. Usually

, the interrupt handling

takes several times longer than a reduction of TP1,

resulting in large transfer ov erhead.

� The idle pro cessor do es not know which pro cessor

currently has surplus goals. Therefore, it interrupts

all pro cessors. How ev er, to a v oid a concentration of

goals, only one pro cessor is allo w ed to send a goal

to the idle pro cessor. Th us, unnecessary interrupt

handling on other pro cessor b ecomes a large distri-

bution ov erhead.

If automatic distribution do es not select appropriate

goals to distribute, like the current PIM system, mak-

ing the distribution ov erhead less exp ensive is the �rst

thing, ev en though that may decrease single pro cessor

p erformance.

5 Distributed System P erfor-

mance

The KL1 execution in a distributed parallel pro cessor envi-

ronment di�ers from the execution in a cluster, b ecause goal

destination in a program must b e explicitly sp eci�ed with

thr ow go al pr agma.

The ma jor factors of the distributed system p erformance

are:

� The time needed to throw goal

� The time to send/receive data

� The ov erhead for managing meta-program facilities such

as a program termination detection

In a cluster, sending/receiving data is realized by passing

the address p ointer to the data b etw een pro cessors. On the

other hand, in a distributed memory environmen t, the data

to b e sent is registered in an exp ort table prior to transmis-

sion, and then the index of the table is sent. The receiver

reads the num b er, and register it in an imp ort table along

with the sender pro cessor ID. This translation enables in-

dep endent garbage collection in clusters[4]. Usually

, goal

throwing is less frequent than data transfer, so op erations on

imp ort/exp ort tables b ecome main ov erhead of inter-cluster

communication.

In this section, we measure and compare the communica-

tion sp eed inside a cluster and b etw een clusters.

5.1 Benc hmark Programs

The time for the data transmission dep ends on the data

structure to b e transferred, as large data or complicated data

needs more time.

In the pro cessing of communication b etw een clusters, a

nested data structure is transferred lazily

. When a receiver

side tries to read imp orted data, a read-request is sent to the

pro cessor which exp orts the data, and then only one level of

the data structure will b e sent. Therefore, to measure the

88

Figure 7: Inner Cluster Round-T rip Time vs. Data

Depth

Figure 8: Inter Cluster Round-T rip Time vs. Data Depth

communication time, we hav e to measure the communication

time dep endence on the data structure. In this exp eriment,

we measure the dep endence on the data width and the data

depth. F or example, to measure the communication time

for width �ve and depth �ve, we use f1, 2, 3, 4, Nextg

and fffffNextggggg , resp ectively

. Here, Next is a v ariable

to represent the next data to b e sent. W e measured the

communication time for the data of width one to ten, and

depth one to ten levels.

In the b enchmark programs, we place tw o pro cesses on

sp eci�c pro cessors, one is a sender and the other is a receiver.

The sender pro cess sends the data we hav e mentioned ab ov e

and waits an ackno wledgmen t from the receiver. The receiver

pro cess reads the data sent and sends an ackno wledgmen t to

the sender. The ackno wledgmen t is alwa ys a one word vector.

5.2 Measuremen t Results on PIM

The partial results of the exp eriments are shown in Figure 7

which represents round-trip time of the sp eci�c depth in a

cluster. Figure 8 shows that of the inter-cluster. The mea-

surement results show that the execution time of the b ench-

mark programs is almost linear with depth or length of the

transferred data.

Thus, we can �t regression lines to the results. In a cluster

of PIM/p, the round-trip time of a width one (and depth one)

data takes 20:5�sec, it increases by 0:9�s or 1:0�s with the

increase of the data width or depth, resp ectively

. In inter-

cluster communication, the round-trip time of a width one

(and depth one) data takes ab out 182�sec, it increases by

8�s or 120�s with the increase of the data width or depth,

resp ectively .

F rom these exp eriments, we can conclude the followings:

Inner/Inter-Cluster Comm unication The data trans-

ferring time dep ends on the data structure. In the case

of small data transfer, the inter-cluster communication

takes ab out 10 times longer than the communication

within a cluster. If the depth of the transferred data is

ten, inter-cluster communication takes ab out 100 times

longer than within a cluster.

In uence of Data Structure All PIM systems except

PIM/k take longer time to transfer deep structured data

than to transfer a wide structured data, b ecause all

PIM mo dels use the one-level data transfer scheme. In

the PIM/k system, all pro cessors are connected with

common bus, the data transfer b etw een mini-clusters is

same as that in a mini-cluster. How ev er, as all inter

mini-cluster communication use the second-level com-

mon bus, it may b ecome a b ottleneck, which must b e

examined by other measurements.

5.3 Measuremen t Results on KLIC

Currently

, an exp erimen tal version of KLIC parallel imple-

mentation on distributed memory machines is av ailable[9].

W e measure the same b enchmark program on the KLIC-

1.511 system for PVM, running on a SparcCenter. The ex-

p eriment shows curious results. The round-trip time of depth

N data requires (20:1N + 9:8) milli-seconds. When we run

the same program on Sparc Station 10 using four pro cesses

6

,

The round-trip time of depth N data needs (20:0N + 1:7)

milli-seconds. Both exp eriments show nearly the same co-

e�cients. T o see bare PVM p erformance, we measured the

p erformance using a C program, and we found that the delay

of transmission is caused by PVM itself. The pro cessing p er-

formance of KLIC system on SparcCenter is tw o to �ve times

faster than that of PIM/m or PIM/p, how ev er the commu-

nication p erformance of KLIC is almost one hundredth of

the PIMs. PVM is not indented for use by resp onse-time

dep endent program such as the distributed KLIC system.

Therefore, the KLIC system needs other choices for the com-

munication path without loss of p ortability .

W e conclude that, in the communication dep endent KL1

program, the PIM has sup erior p erformance to the current

distributed KLIC system. Even if we use other communica-

tion libraries, we may not attain the same communication

p erformance compared to the PIM netw orks. Therefore, the

KLIC system needs a granularit y control metho d to make

the communication course grain and less dep endent on the

netw ork resp onse time.

6

The distributed KLIC system needs N + 2 pro cesses, while

N is a num b er of reduction pro cesses. In this case tw o pro cesses

are used for reduction, one pro cess for an I/O and another for a

termination detection.

89

6 Conclusion

In this rep ort, we measured the p erformance of all PIM sys-

tems and the KLIC system, and analyze the p erformance

quantitativ ely approach. In Section 3, single pro cessor p er-

formance of the KLIC system is nearly equal to, sometimes

sup erior to, that of dedicated machines when well b ehav ed

programs are executed.

The fact shows that the complicated op erations of MRB

suppress the PIM p erformance in these cases. How ev er, when

the active data �llup most of heap, the MRB scheme will hav e

the adv an tage to a stop-and-collect GC.

And also, the goal reclamation scheme of PIM shows its

adv an tage in programs with frequent susp ensions. Therefore,

the KLIC system may still hav e some ro om to improv e the

p erformance of suc h programs.

In Section 4, we measured the automatic load-balancing

mechanism of the cluster-con�gured PIMs. W e made execu-

tion mo del and analyzed the b enchmarking results using it.

F rom the execution mo del, we prov ed the mo di�ed VPIM

load distribution metho d is sup erior to the original VPIM

metho d. The analysis also shows that there should b e some

goal distribution strategies to achiev e e�cient load distribu-

tion.

W e measured the distributed system p erformance in Sec-

tion 5. F rom the measurement, the PIM system has sup e-

rior p erformance to the current exp erimental KLIC system

for communication dep endent programs. The current dis-

tributed KLIC system p erforms communication several hun-

dred times slow er than the PIM systems. W e think the KLIC

system will b e improv ed to some extent, how ev er, it is dif-

�cult to �ll up the gap b etw een pro cessing sp eed and the

communication sp eed. Therefore, the KLIC system needs

a granularit y control metho d to make the communication

course grain and less dep endent on the netw ork resp onse

time.

Through the measurement, we con�rm that a bare hard-

ware and a go o d softw are, environmen t, such as PIM/p, help

us ev aluate the architecture and the softw are implementa-

tion.

Ac kno wledgmen t

The research on ev aluation of the PIM systems was car-

ried out by the PIM/p group in the First Research Depart-

ment at ICOT. The ev aluation of PIM other than PIM/p

was carried out by Katsumi T ak ahashi of Mitsubishi Elec-

toric Corp., T oshiaki T arui of Hitachi Ltd., Hiroshi Sak ai of

T oshiba Corp., Kenji Kato and all p eople who hav e engaged

in the developmen t and the measurement of the PIM sys-

tems.

The authors express sp ecial thanks to the F ree Softw are

F oundation for developing and distributing the GNU C-

compiler, which enables the comparison b etw een KLIC and

the KL1 system on the PIM/p hardware.

Finally

, the authors would like to express their gratitude

to the PIME-TG memb ers, who gav e us helpful and fruitful

comments.

References

[1] T ak ashi Chik a y ama, T eturo F ujise, and Daigo Sekita.

A Portable and E�cient Implementation of KL1.

In Manuel Hermenegildo and Jean Penjam, editors,

Pr o c e e dings of International Symp osium on Pr o gr am-

ming L anguage Implementation and L o gic Pr o gr am-

ming, num b er 884 in Lecture Notes inComputer Science.

Springer-V erlag, 1994.

[2] T ak ashi Chik a y ama and Y asunori Kimura. Multiple Ref-

erence Management in Flat GHC. In Pr o c. of F ourth

International Confer enc e on L o gic Pr o gr amming, pages

276{293. ICOT, 1988.

[3] T etsuro F ujise, T ak ashi Chik a y ama, Kazuaki Rokusaw a,

and Akihiko Nak ase. A Portable Implementation of

KL1. In FGCS94. ICOT, 1994.

[4] N. Ichiy oshi, K. Rokusaw a, K. Nak a jima, and Y. Ina-

mura. A new external reference management and dis-

tributed uni�cation for kl1. New Gener ation Computing,

7(2{3):159{177, 1990.

[5] ICOT 1st Lab oratory. T utorial on VPIM Imple-

mentaion(In Japanese). T ec hnical Memorandom 1044,

ICOT, 1991.

[6] K. Kumon et al. Architecture and Implementation of

PIM/p. In Pr o c. of International Confer enc e on Fifth

Gener ation Computer Systems, pages 414{424. ICOT,

June 1992.

[7] T. Nak aga w a et al. Hardware implementation of dy-

namic load balancing in the parallel inference machine

pim/c. In Pr o c. of International Confer enc e on Fifth

Gener ation Computer Systems, pages 723{730. ICOT,

June 1992.

[8] H. Nak ashima et al. Architecture and Implementation of

PIM/m. In Pr o c. of International Confer enc e on Fifth

Gener ation Computer Systems, pages 425{435. ICOT,

June 1992.

[9] K. Rokusaw a, A. Nak ase, T. Chik a y ama, T. F ujise, et al.

Distributed Memory Implementation of KLIC. In Work-

shop on Par al lel L o gic Pr o gr amming and its Pr o gr am-

ming Envir onments, num b er CIS-TR-94-04, pages 151{

162. Universit y of Oregon, 1994.

[10] Kazuo T aki. Parallel Inference Machine PIM. In Pr o c. of

International Confer enc e on Fifth Gener ation Computer

Systems, pages 50{72. ICOT, June 1992.