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ADSTIACT

We have preposed a new porallel
inference machanism callad the HARU-WAKE

method, and have puilt an  experimental
OR paralliel inference sysicrm based on
this method. This peper evaluzites usa of
the KABU-WAKE mechanism in practical ap-
pPiicevions. Tests on our experimental
EyETom uging 2 reatric*ed bobtom-up
parser show that the HABU-WAHE method is
very effective for large gzoblems that
contein a lot of para11n111n_ Thiz papear
glso describes two difficul+ies of tha
RABU=WAYE method mada eviZfznt through
analysis of the status of zzzh
=

ProCesscr
element during the processing of & prob-
lem with a low performance improvement
Tatio. We 2lso estimazed the parformence
improvemaent rztic expested with 100 pro-
cesEer elements. This resssrch was spen-
szred by MITI @3 o pert of the FE0S pro-

ject.

h is now ZIlou:

ol X :
pradlizm with erne of tha
-

o

In Lthig ¥
important i ocan e solved by
traversing a2 h otree using tris? and
srror methods. A logic procram can zleo
be executed using perallel procescsing,
such 23 QR parallel, AND perallsl, or
ANE -STREAM parailel processing. QF
perellel processing fe suitable for non-
deterministic  sigorishms  and we <herp-
for think it is well suited =T a
gsgarch-type nroblem described abovae.

We rroposed a TiEw parsllel
inference mschanism, sallad +he KAD-
WEKE amuethod. We built an experimental OR
pErazial inference sysiem implementing
this method [1], [2]. we wan a simple
game  problem, the HN=Queen oroblem, on
thr experimanial syestem +o evaluate our

metnoed  [371, {4). At pre=zant, we are
BUiluating sur metnod for fwo  arastical
Bpplizations, both of which are parser
programs with restricted grammars,.  We
have slready prescrted an evalustion of
me of the applicstisne-- = Top-down

makahara-ku, Kawasaki 211, JAPAN

dlgorithm produced 2 top-down pazsing
trae from a sentence [6]. This papoer

perser for the Japanese languace. The

evaluates the HADU-WAKE method using a
bottom-up  parser for the Japonese
languege. The algorithm makes a parsing
tree from terminz! symbols at the botiom
[5]. By analyzing the statuz of esach
Brocessor Element {PE)] during process-
ing, we will explain 1) why the perfo--
mance  improvement Tatic (how much pes-
formence improves over performance with
1 PFE) with fewer than 12 PEs was high
uzing a lerge problem, 2) why the par-
formance irprovement Cotilo was low using
& p=stlem that cannot achisve a high
pericrmance  improvemsnat Tatlo with 12
P25, end 3) estimats the performancs im-
provemant ratio expected with 100 reEs
uFing & problsm  thed  ashieved &
performance imDrovement —atio wiilh

Lhan 12 FEg, Chapter 2 discusses

&ms In parallel! inference processing,
nd expleins the featu-zs and noiples
T eperation of tho HAEU-W meshod.
hagtes 3 outlines our experimenicl sys-
Tem.  Chepter 4 discucsss the reseles of
executing the boztom-up parser Prags an
ohN Sur experimentsl syvstem.

2. KARU-WAKE method

2.1 Problems in Farallel Inference Pro-
Lenning
JAERL

Our original guestion iz how ==
make an UR paraliecl processing inferes: =
EYETem 50 that performance is presor-
ticnal +to the number uf FEs The fol-
lowing problems reed resclution:

(13 Preblems wiilhin each PE
i. Reducing ovaerhead for switching
and scheduling tasks
ii. Reduring the time for creating
ond divicing tasks

(£} Prableas Detween PEs
2. Acthlieving dynamic losd balancing,

because we 45 not Krow besw much



processing & progTam requires  bDe-

fore it is executed.

ii. Reducing the number of subtask
transfers
iii, Reducing the amount of timo foT

pach subtask transier

The KABU-WAKE method solves most

af +these problems for certain applica-
tipns, as we discuss in the naxt se&-
tian.
2.2 Principles of Operation

This section discuss the opera-

+ion principles of the RABU-WARE method.
Figure l-z is an example of a knowledge
meme  written in Frolog. We have omittad
the arguments of the predicates to sim-
plify ewplanation. The arrows indicate
tne normal f£low  in a sonventional
sequentigl inference. Figure 1-b is &
snepshot of processing using the HABU=
WAXE method. The bold lines indicate the
socessing in PE 0, corresponding to the
srocessing  indicated by the arrows in
Figure l-a. If & regusest comes from PE
1, PE 0 divides its task at the node
ciosest to the root of the seazch  tree
and +ransfers a poctien to PE 1. I a
reguest then comes from PE Z, FE 0 again
divides a part of the task in the same
way. This method enables several FEs to
solva ons problem.

Teea,

Figure 1-b

Fipure | Basic WABU-WAXE nechanisa

2.3 Features

The KABU-WAKE method has two
principal features:
-- Each PE uses the same gegarch sitra-

tegy as is used by a conventional
seguential processor o traverse Aa
gearch tres, namely, a gepth-first
search.

-~ A PE divides its task and transiers
a portion of it only when reguested
by snother FE.

These faestures have the
ing advantages:

follow=

{1} Low overhead in each FE
{. Each PE processas only one task.

—-3% There is no owverhsad for switch-
ing end scheduling +tasks as in a
multinle task environment.

ii. A task is divided at
closest 0
tree.

_.% We think that each FE should
divide a task into the largest pos-
sible subtasks.

iii. Each FE usas conventiconal sseguen=
+ial processing. -

-=% There is almost no overhesd for
azTellal =rooassing  Susing exasu-
+tien in esch FPE  [4]. Also, this
method cen use the high-speed tech-
nigues developed foT conventional
spgquential processing, such as in
compllers.

+he node
the root of the search

{2} Low ovechesd batween FES
1. A busw BE divides its task and
+ransfers a portlicon only whan re-
guested by another FE.

--% Wnen all the PEs are busy,
is no communication.

ii. A distributed processing method
ig used in which only idle PEs Té-
ceive tasks.

--3 Effective dynamic load balancing
i=s possible.

there

(3] Easy implementation

i. The numbsr of LTasks does not
excaesd the number of PEs.
-3 Mo mechanism is reguirsd to tem-

porarily hold extra tasks for PEs.

3. Experimental System

3.1 System configuration

Figure 2 shows the system
hardware configuration. The experiman=
tal system consists of 16 PFEs  {(one for
+he man-machine interface] and two net-
works. These networks are used for dif-
farent purposes, and were designed
specifically for our method.

s



(1) PE

B PE porforms inference process-
ing., 1t gives pert of it's task to
another TF if a2 reguest comes during

processing. & HKABU-WAKLD interpreter is
installed in each PE. This interpreter
is a conventional segquentigl interpreter
with added control mechandisms [2), [4] to
implement +the HABU-WAKE method. Each FE
has a copy of the entire database.

{2) CONTRCL NETWORK

The control notwork £z 2 com-
munication route Zfor requesting tasks.
Thiz network conmests all PEs in a ring
via controel network adapters (CNAz). The
clock freguency 4is 2 MHz. A packet,
wnich indicates whether cach PE is busy
or idle, goes zround the netwask [5] in
E-microsecond cycles.

DATA NETWORK

The data network is & commenica-
tion route for transferring tesks. It is
8 two-stage network made up of 4 x &
Switches., The communication method is

R

DMA transfer of 8 bits in perallel. The
transmission Iate of the networhk
haerdware without overhead iz about 4900

it drops to S50 KB/s with tha
communication

KE/3, but
z2ddition of the
overhead [&].

software

L R T

Figpure 7 Systes configuration of

experimental machine

3.2 Implementation
The following itemzs need bBe im-
plemented in cur experimental system.

(1} Unbinding of variables
When a search tree is split, the
status of the wariables in zhe split

L]

tree must be as if all the processes lo-
catod  below the split portion of the
search tree had failed and backtracked,

i.2., unbinding. To speed up this un-
binding operation, we reserved an  ares
for esach wariablie in which was stored
the time at which it was beounded. Each
time a subgosl is resched, a new level
number, corresponding to  the depth of
subgoal, is aszigned. For wvariables
bound  during  the processing of  that
subgcal, the same level number as +hat

of the subgoal iz flagged. When a +rae
is split, we can determine whether nind-
ing should be releazed by comparing the
level of  the subgoasl to be split with
the varisble's level number. 1n this
method, the +time reguired 4o relesse
varisbles for splitting is propertionz:
to the npumber of wvariables in  +he
subgoal to be split. Using a =railing
5teck is another alternative, but we
think the processing would <take more
time.

(2) Use of rule numbers

When a +tree is
trensferred, it is transferred in the
form of a subgosl. However, since some
cf the dafinitions for the subgoal are
glraacy being processsed, the other PEs
must gstart from subsenusnt definitions,
we, therefcre, we sdotted a method in
which A zpecsizl predicate, czlled 2 rule
number, is zrepared and sttached to
subocal before transfer to  indicass
whers To starct exscution.
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. Evaluation
S e

Lat us now consider the results
ottained by running the bottom=up parser

on Sur  experimental  system, We  will
first present the results, then digcuce
theam
4.1 Results
4.1.1 Test programg

We entered three sentencas into
thae bottem-up carser {Ld=ntag
1G3facts ). The characteristics of the
threes hottom=up parsar prograns

corresponding te the three sentances an-
vered are shown in Table 1. Here, the
bottom-up perger is a Japanesc-language



parser; the algorithm makes a parsing
tree from terminal symboals at  the bot-
tom, We define a execution time with 1
PE as the amount of processzing time. The
ratico of the amount of processing time
in Sentence 1 +o that in Sentence 2 is
1:8 and of Sentence 1 to Sentence 3 is
1:60. The amount of processing time re-
guired in Sentence 1 is about 1.3 times
as much as in 7T-Queen.

Table 1 Logical characteristics of
hottom-up BATSEr Prograns

[TEM
fverage nomoer of humber of
parallel deiress inference levels
FROGRAN %]
Sentenct | 43 1254
Semtence I 238 2081
| Seatéence 3 | 1427 2368

hotes
%1 + fhverspe rumber of parallel degrees =
{ (total number of inferences)
{number of inference fevels) )
#% :The three sentences entered are as blow
Sentence 1
“wakal oloko wa kouen de akei bovshi no
onne no ko ga hon wo yomu nows mitz T
(neaning }
4 woung man saw a git! with & red hat
reading a book at & park.
Sentence ¥
20 fukt po wakal oloko wa kouen no
ki mo penchi de akai boushi no onna no
ko ga atareshii rvouri oo hos wo Yomy
nowe Eita
{meaning !
4 man wearing blue clothes saw a Eirl
with & red hat reading a new cookbook
on & wood bench at a perk.
Santence 3
2ka1 fuky no wakai otoke wa watashi no
machi no kousn no ki ne benchi de akal
boushi no oRne Ro ko ga atarashii ryourd
no hon wo yome nowo ol
{meaning )
# voung man wearing red clothes sae
a girl with @ red hatl reading 3 new
cookbook on @ wood bDench at @ park in my
towm,

4.1.2 Performance improvement ratio

Figure 3 shows the relstionship
between the number of PEs and the per-
formance improvement ratic due teo paral=
1el inference. It shows that in & large
problem, such as Sentence 3, the perior-
rmance improvement ratio is almost pro-
portional to the number of PEs. As the
amount of processing decreases {Sentence
3 =» Bentence 2 =3» Sentence 1)}, the per-
formance improvement ratio decreases.

The ratio of Sentence 1 increases only
until the number of PEs reaches B, then
it levels off.

4.2 Discussion

This section discusses the fol-
lowing three items.

{1} Performence improvemeni ratio of
Sentence 3
Figure 3 shows that the perfor-
mance improvement ratio of Sentence 3 is
higher than that of sentence 1 and 2. We
will discuss the cause.

(2] Performance improvement ratio of
Sentence 1

Figure 3 shows that the perfor-
mance improvement ratio of Sentence 1 is
low. We will discuss the cause, and
desoribe several difficulties related to
the KASU-WAKE method made evident
through cur analysis.

{3) Estimated performance improvement
ratic of Sentence 3

One of the AI applications is a
search problem; we think this type of
problem reguires & creat deal of opro-
cesging. We regard Sentence 3 as such a
sgarch-type preoblem and estimate the
performance improvement ratio with 100

PEs.

2 13 )
g Ideal
2
3
g i s §?nlencz 3
E 0= -;/;’
1
E i Senience 2
= | y
£ | [
D »
| / Sentence 1
| - —
|
ol |
n 5 10 15

hueber of PEs
Figure 3 Performance Improvement ratic
due to parallel inference

4.2.1 Performance improwvemsnt ratic of
sentence J

Figure 4 graphs the relationship



between the prossssing time (with 1 PE= )
and the number of subtask transfers
(with 17 PEs). In Figure &, the rooordi-
nate s « logarithm of the processing
time. Figure 4 indicates that vhe number
of subtask transfers is =lmost propoc--
tienal to the logarithm of the process-
ing time, but not to the processing time
itself. This means that, as the prosse-
ing time increases exponentially, the
number of subtask transfers increaces
linearly. Thet is, for similar programs,
the longer the processing time, the lass
communication cverhead. This is why +the
performance  improvement ratio of Sen-
tence 3 iz higher than that of Sentence
1l and 2.

i | ! sentence d 1

g
T
A
o

Hoimber of sublast Lranslors

| | |
Qi | | i 1
! : A I
| | / |
400 . —
. | I !
i * Sentanu 1 |
o i . ' =
!

1 0100 1000 10000
Proceszing time (secconds )
Figere 4 Eelatd

Lonship b lwssp processing iime
and musher of subiask transfers (P0g =171
£.2.2 Performance improvement ratisc of
Scntence i

Table 1 shows ihat The averaga
number  of legical parsllel degrewss in
processing by the HABU-WAEE method is
4%. However, the nerformance improvemocnt
vatio of Scntence 1 does nol reasch 4,
#van  when Sentence 1 iz processed with
1Z PEs.

=1» Results

The experimenial res
et whan  the number of PEs
rate of processing items (b
WARE, ddle) are as follows:

Dusy time: 30.6%,
HABU-WAKE time: A43%,
idle <ime: 26.4%

'ﬁ

Bupy time includes 211 af 4the
inforence processings,  KABU-WAKE time
includes all of the KABU-WAKE procaess-
ings {explained later).

The ratic of processing  time
shows  that FABU-WAKE fime and idle time
accounted for more than 708 of 811 the
wime umed to process Sentence 1. Those
cwo factors [we czll them eowverhead for
parallel execution) prevent performanca
improvemesnt,

“2r Analwvsis

To discover why the overhesd for
parallel execution such as hothk AL -
WAKE time and idle time ars lerge, we
dizcuss seme factars which mey causs the
overhasd.

There &
cadse the owverhs:

FTactor 1:
per trensaction
The time depends on what Zea
of  HABU-WAKE processing  is be
used,
Factor 2@ number of KABU-WAKE process-
inzs
Tne number depends on +the natypr
of paralleliesm in the seazgh “-ro o
1

Sentenocs 1.
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.
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Figuze 7 detzsils thas HASU=-WAKE
Sing Time in the executisn of San
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(2) Nature of parallelism in the search
trea of Sentence 1.

Almost all the parallelisms azre
of the type shown in Figure 6, and al=
most all brapches { b, ¢, and d in Fig-
ure £#) in the portions with such paral-
1elisms hawve a number 2f inferences
smaller than B0.

- !
a o
‘] I

al v c|d L Y

Almost all branches b, ¢, or d has
a number of inferences smaller than G0,

Figure § Characterisiics of & sablask that to can be
processed in parallel by a battem-up parser

In the axecution of Benteance 1
with 12 PEg, +he transferred subtasks,
consisting of fewer inferences than 24,
is about 26% of 8ll the transferred sub-
tasks, and consisting of fswer than &0
iz abowt B1%. It means that the number
of KABU-WAXE processings wes large be-
gause tha transferred subtasks consistead
of a2 smaill number of inferences. Furthers
the beginning eand the ending of execu-
tion was yenerally oot good. Also  be-
cause o the long KAEU-WAKE procassing
tima and ths lsrgsz number of trensferred
subtasks, thers ware many idls FZs that
sometimas became Dusy. This ceuse a 1ot
of idle tima. Figure 7 shows the dynamic

FEs . - - .

1*:'": x| | Sro— | 11111 o 5 o S T I

11% ot G ! 0 NG 1O

W0 1 DB RN § i
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81 BAD I BT | T
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61T 1§15 O MR LR
580000 TS noon b
\fl 000 FEIFT GRINEN TSI rem 65 90 1 Cebe e —
K: I iy | eo——1 L L

7 i e e— 1111 | - EA | 1

1 11 £ I e | LIEAR U I I
0 0y K

Time {relatival

Figure 7 Thange of status in esch PR
during processing of Semtence |

change of status of each PE during the
processing of Sentence L. In Figure 7,
busy, KABU-WAKE, and idle states have
the following meanings:

-- Much idle time ogcurred during the
firat and last thirds of the execu-
tign. This accounted for more than
o0% of all idle time.

== Communication wes distributed wuni-
formly from the beginning to the end
of execution. In the first third,
the number of subtask transferse was
117, in the second third, 106, and in
+he last third, 125,

-= A1l of the PEs processed the majori-
ty of iInferences during the middle
third of execution.

The KABU-WAKE processing and the
zgarch tree of Sentenge 1 have the abowve
characteristics, When we return to  the
factars which ceuse overhead inm parsllel
exzacution, +the KABU-WAKE procesEing Time
per transaction wes long and the number
of WABU-WAME processings was large. 5o,
the overhsad (KABU-WAKE time and idie
time) took up more than 70% of all the
+time used to process Sentence L.

Two fifficulities in  the KRBU-
WAKE method WETE revealad during
analvsis ¢ tThe abhove experimsnt.

i. HKABU-WAKE procsssing time per
transsction iz lznger  than it
should be,

ii. Thna numboer of inferences which
make up a fransferrad subtask have
a larze influance on tha perfor-
mance impravemsant retio.

Estim=ted perfcrmence improvement

This section describes the es-
+imated performance improvemant ratio
expected if Sentence 3 is processed with
100 PEsg.

The following expression shows
how the performance  improvement ratio
with 100 FiEs is ocbiained.

performance improvement retio =
(exccution Time with 1 PE)

{execution time with 100 FEs)

The wvalue of the execution time
with 1 PP i=s hased on actual measure-
ment. Dusimg execution with 100 PEs,
each PE doos interence processing, does
KABU-WAKE processing., or is  idle. 50,
the exegcution time with 100 FPEs iz
determined by the following expreceion.



gxecution time with 100 PEs =
{{busy time) +
(KABU-WAKE time) + (idle time))

in trhe above expression, busy
time 4is the sum of inference processing
time from PE 1 to PE 100: we can regard
the husy time as the execution time with
I PE. The KABU-WAKE tima is determined
by the following expression.

KREU-WAKE time =
{ { KABU=-WAKE processing time
per transzaction) *
(number of subtask transfers))

Here, The velue of the HARU-WAKE
processing time per transaction 1s hased
on actusl neasurement of tThe exesution
cf zZgntence 3 with less than 12 PEs,. To
cstimate the number of previgus subtask
transfeares when Sentence 3 ig processed
with 190 PEs, wa usef the relzticnship
batween +the number of Pxsg and the number
of subtesk transfers obtoined oy actual=-
ly measuring the executicen of Santenca 3
with les=ss than 12 PEs. (In the KABU-WARED
mathod, the relation 48 linear [47,.[&1.1)
We estimated the idle time from the Te-
lationship betwesn the number of FIs and
the amount of idle time {shown in Figurs
8) obteined by actually mesuring the ax-
azution of Sentence 2 with le=zs than 12
FZs. Figur 8 indicates that the rolz-
tiansghip is zlmast linesx.

The gbkove computztisns give an
aETimated performance improvemont rati
of gbout 50 when Sentesnicse 3 i processza
wish 100 rLse,
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5. Conclusion

e aevaluated the KABU=WAKE
method by running & botiom-up parser
program with restricted a grammar an our
experimental  svstem. The rosults led us
to the conclusions listed below.

(1) With the KABU=WAKE method, we o
obtain 2 performance improvement T
tio propoztional to the number of
PEs for large problems with & lot of
parallelism. The method has the ad-
vantage for parallel infersnce that,
25 the amount of processing  din-
creases enponentially, the number af
subtesk transfars inereases linsar-
1y.

(2) Difficulties in the KABU=WELE
method made evident throusgh znalyvsi
of the cause of the low perfearmance
improvement retic when 12 PEs wera
used is e followg:

i. The HABU-WAKE processing tine per

transaction ig longer than it
should ba.

ii, The number of dinferences wnich
maka ug & transferred SubieESK
greatly influences the performance

improvement ratic.

({3) The ezTimated performance improve-
ment ratic g ahout 30, whan & prob-
lam that achieved & high periormance
improvement retio with fewer than 12

PEs is processed with 100D PEs.

In cur @nalysis dascribesd In I,
zbove, we =saw that the KABU=WAFIZ pTo-=
cegsing time had a great deal of P
gnce on the periormance imnrovement DL
Tio. We think it 1= important ©o Tedos
the HABI=WAKET processing Lime pear Tran-
sastion. For 2 1 zbove, we heve built s
FABU-WARE aompi ler  that reduses ©ho
KABU-WAKE processing time per  transec-
tion and are swaiting an ewvalugsien of
it. For 1 ii, as the KAEU-WAHE process
ing *time gets shorter, ils influence on
thea perfc-mznce Iimprovements 25io lu-

comes smaller. We sre investigating oth-
er possibtle aolutions to 2 i1 that ro-
late +tao the basic prinoinies of ===
KABU-WAKE method. i

We think that one of ihe pra-=i-
cal applicetions in AT, the search pro -
lem, reguires a large amount of Drocess -
ing with a large numher of subfasks +..zv
can be procossed using CR pargllel. The
KARU=-WAKE method is werv cultolle #or
thig tvpe of applicelica.

FECi is zttampting to davaloapn =i
AMD-STRERM  paraliel into T !
which exciuvtes the GHC
Clause) language (7],
view of GHT, OR parallel Prolog,




pure Prolog, is a language that is used
to describe special types of algorithms
such as a search problem. Therefore,
when we think of the GHC-priented
machine as a general purpose parsllel
inference machine, we can regard an OR
parallel Prolog=oriented machine as a
specigl-purpose parallel inference
machine. Az search problems appear in
most AI spplications, we think ths OR
Farallel Prolog-oriented machine is
quite valuable.
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