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L. B v prea SRR

PS5l b kll m=wd 2 od wa F0 3 fRL, FTreaBific, K Foinsi tfTniiErdtfFes
}.E:r

3. diFile i o PR R

QHTEA v v 2 BTHH AT b T ) BEoNF v v E MR L wf s v i) i
F v b7 2 HEE, FEP BES 0T T, BUGFULER - 20TH 5,

1.2 WNEFRFER /[ MEEFEOHOY—IL

SHEKDADEBLIL ) v v BRI Wy Fol e YR - neTR]HH Y — AR h T ok, 7
st PR =g LT,

VT b e TIEES Y I al—4

P51 ki PSL/UX, PIM/m i f ab— 2 ¢ LA, wAF oot O {ial—a v iRETH S,
P ial=2FkeT mull-PSl CERHERAFA T o 7 aeMTC b, v dnf v d N 2mF
AbrEEEENTS O ETE A,

—_ 20 —



s v AP bLr—2R
#ifdhnef 207 FLA3HET6, PSIIUX T, 1K@, PIM/m T, 256 Bo7T Fradic
ez MO E,

e vl FL—F
w42 a7 —AFORENY s FRFA Y [HEHTHY, 2O P RN TARF » T OfEE 43T
LHRTE B,

s BB L LA ST =2
WREGS L <A TORETL—2 TL—2 ¥ h BT LBTE S, RFFELT, HRT FLA, fa—F,

AEVEY [F—8 LVZEEY [ FoSERLTECENTES, ¥4, ThEOHFESATIL
Farerd LERLMILTETTEOT, A4 774 vMROF <y FCUHHTS I,

T IR ORI h T 5,

e GEVC
v ey —n Vofg e s FRF X JIERTCEE, A4 FOlBLICLD, Yy PETTR
AF o T HERTFERADEGEVD wvd - ¥a2Hid v v b S d. RSO BT & ErN-C
IRRToCLHTE B

& processor profiler

ot LD RENHT O ERTELE, Pr—AY 2T EHAIATWE, Moo e 7§
LirlkprmE s,

- T A FagH

- GEVC

- xwa—FEhiitye—P0HIEE

- Foa=F&hki»e— T OHREE

MEF GC oRlHEORH e -7 7

o APy o

filAREE log eventi Event])) FETo®# & Evenlll) #idk5 3.
— A= VOB THRRICE L A FR

chb otk PIMOS ot — 3 2ssriENcE L o 1M TE B,

s shoen profiler

PR TET S ABOSETE LR A FOBERRRRT OO EMNTES, £, A w FLA#
mEEROfELREr FATE S,

2 ESA R & OMREE
T, PSIJUX BB ET . MTORBRE (R 3.
e PIM/m T2, MRB I X5 H —< VoL s e v HALTHY, BRI htvan7 ) —) = HESE
REdtg—sin s PR G,
o BEEFUAE L O, PSL/UX TRAZ » 7 ¥AwT, BRERFLTwIORE LT, PIM/m THa—AL
T FEFAT L6, EF-SDNENT SRV DF —sin s Tidda i,

1 PSI/UX & PIM/m & OETEROUM T T . (1)  KLL &7 v ¥ 7 4% E#ic#EX Prolog i
LAb@T, (2) kidht S bcEX Prolog HicBMibt itk boTh b,

append, nrev OPEERE, MRB RIad 71—V 2 FPFRCEELTWL 4D EEL GRS BN Prolog T
1 reduction @Mic A T ) BUHES A 6 WehIokd LT, kIl TRRI0EEE->Twvd, Fh, FWX prolog ik

-



1 EH Prolog : oEBEHE

Fu¥In #EH Prolog(msec) | KL1{msec) | H
1} (2
append 1000 * 1000 1,497 E58 1,641 | 1.91
100 * 10000 1,237 854 1,618 | 1.B9
an* 1oonnn Jf3.5a5 2,582 4,927 | 1.91
nrev 1000 fill 827 | 1.35
100 * 100 fifill 651 ETE | 1.34
an = 1000 46 483 ETE | 1.41
QEOEL 2¥* 11 158 oG 07 | .04
2%* 13 E24 519 1,488 | 2 &7
215 || 4,398 2,704 8,756 | 8.24
lisp interpreter taraid 210 173 287 | LG9
fib10 20 14 | 35 | 2.50
reverse i 11 9 27 | 1o
‘ngueen ' .'4. a7 163 | 1.68
10 2,104 3,337 | 1.59
12| 6s08 101,453 | 1.49
pentomino B*5 [ as830 | avees 74,442 [ 1.98

HE (1) & (2) o@EER, PEOARHDOA—TOELHIC LS, (2) RERTFEEL, (3) B d fail Lk,
call #5c fail Ik D, %% 2 22k kb FrooaDby MESBLEF S, kIl TH J—1 2 MEE# LT
LLDT, FRFEELOBE T, Frviatley Y S,

gsort, lisp interpreter i Prolog =¥ 7 2 + ORHECH, AXFTI<F 0 » FARELTWE RS, EX Prolog
DEEED S C@dEv. K TRAFH - FRoET 4 ~0BHFI L0 FEE BB 0T, AF
D E D PR A,

ChooiiRe G, ERE Trolog & kI oBEEEED 1D ~ 20 BThac edibihi,

3 Multi-PSI & @MREL 2

3.1 H/W
Multi-PSI & PIM/m @ = o2 TOBWEEICT ENE, CRLY, BERKXOX5 KBS LTWE iC
DNTERETL.
o T A
Multi-PSI &% 5 MHz (200 ns) o3 L€, PIM/m k2 154 MHz (05 ns) =, #9308 &% PIM/m @74 o
i
DRELE b
Multi- PSI iag 2 = o FEECH 2 408, PIM/m THIEBEWSEBril 79 vt haTnd,
i, Froreryalfiisisf I robficibii,. . vF¥2 8o 2 ANABERIF, &
e L b, A 72 v dF v v taT SR — e FERE,
s T VL AEEE A
Multi-PSI i, AEF— 72T = F 2T XTI H, PIM/m Ti=A it LL F—
FAOGIAMEBLTAE LT nd, LEd 2T, ok LbF—TadigFfhd b hihd—rt~a FERE,
s Fyypiadzl
Multi-PSI <, F—# /gl KEth oA, PIM/m TR&S IK M, 7—F 4K 3 eo0igz
i,



# 2 Multi-PS1 & PIM/m @ H/W H#2
f [ Multi-PSI PIM/m ]

MEAR B3 ¥y h ARl 2 u | 64 o b ATEIwA 2 u
hlEREE R LLY 32 K a
M LI CMOS¥— T4 OMOS A~<—2

BK/20K #'— 0 & 0.8/1.0 u m
L vdd IA 5 MHz (200ns) 15.4 MHz (65 ns)
A F DA B 7 = » FOA 5 Fad 7B
T FLrAREAE By —7 A AP BELEF—FAAREL
Froia 4K fivgr 1K 88 + —% 4K a8
FHMET R K0 ns 1430 ns

PEMF» b W=2 || 2BTA v s (max B'E) | 2 FTTA v & a (max 16716)
IR0 Ey b Faefa | FRAMIOE b Fefa

E & Mbps 384 Mhbps
Ay F g AK =4 k 1K #44
Az BOM #4d © [(16M 35 BOM oA b (16M )
FEP ¥ enffs PEM > r 7= SCSI
Py 4 =2 kL EPE £ 2ic 670 M +id
Append 2EF 128 KRPS 615 KRPS
dummy (N, %, ¥, End) :- KR > 0, K1 = N - 1, add(N,X,Y,End} (- N > 0, H1 := N - 1,
- = E+ T _i=A+Y, =X+,
dumzy (N1,%,7,End) _m X4, _=mI+T |
dummy (0, _,_,End} := true | Emd = end. add (N1,%,¥,Fnd) .

add(0,_,_,End) :- true | End = end.

{a) (h)

B 1 25— V#EARGRAMUH KLL a5 4

o BT r £

Multi-PSI TR S v » L 2Bl PR CHERET 2 22 8 h e @S0 4 7 w0 25y, Bi0ns TH 72, PIM/m
TR FeeFir, 1430 ns BB ok,

s Fow bT—2F
Multi-PST T, #ds 5 Mbps 2ok 038 PIM/m T, 3.84 Mbps, »%o 7744 X 4 K44 b
e dodi, 1K A Frhvak b, s E A, Chid, Mulu-PSI offiilc X 9ok s
LHMFE R A RS,

3.2 #ildiaE

KLl SETRES AT & MmN, Madiesh & o#bAREE Mulli-PSI 2 PIM/m i # TS 0§
RETRMME S Frd - A o TRED L LR, T8RS0 ot Bln e miciiAs e 5 L HE L.,
BFL7 a7 6% Multi-PSI & PIM/m-03f7 L, AEMESHEILERT 2 Lns FET - o Multi-PSI 2
PIM/m H#EEE e 2 v bbb b, M= PolliZ+iTsc bdivE . AP vie 7o ¥ 50Tk, B
el g CEAREE ORI O A HICHife T ET & h S S M ORI o THBIL T 2 E, S oS TR
OGS EIEMT & LS BFECHNE T ok, B Hod— V. B 2edF s —oH&EFR 7T,

W Wl 2 e e o b AR T Tt i i i

ci @D b PIM/m # Multi-PST L LTEFO T kathhd,

o BRI L S e e S A0 Tl T, TR, AL TFL O ERT, FLY P LrARID
ALV 2 RTRERATHE.



dummy (N, X, ¥, End)} :- N >0, Bl := N - 1 | b_add(N,X,¥,End) := N > 0, N1 := N -1 |
_ o= X + ¥, dummy(Ni,X,Y,End)}. - m X+ Y _ = I+Y,
dummy (¥, _,_,Fnd) := true | End = end. =X+ ¥, _ =XV,
b_add(N1,X,Y,End].
b_add{0,_,_,End} :- true | End = end.

(a) {b)

B 2: #F 4 BEARIEIEA KLl 7w ¥ 54

# 1 #LAGRRE

[ s Multi-PS1 | PIM/m | k
badd £,000 1,049 || .08
bomaudeiply #*1) 96 055 | 14,293 || 252
homubtiply{ 327 AT*HEAE5) 50,0749 29 B36 (| 1.68
bolivide{2/1) AXORT | 23388 || 1.50
balivide{ 2147380345/ 65535) 94,14% | 93,555 || 1.01
bsingle float_add 48,077 45,478 || 1.06 |
IJ.sinEIc Hoatraultiply THO28 | 94,724 || 0,84
baingle float_divide 111,979 | 131,706 (| 0.84

‘gvectorelement(6 T¥ MRBoff) || 37,258 | 12,121 || 2.9
bovectorelement|f B# MID-of) | G2, G8Y 19,101 | &os
setvectorclement( 6 3558 MRB-off) 67,105 19,491 .44
Estringelementd LEbit MBB-off) TH,76 | 11,486 || 6.85
batringelement| 16bit MAEB-off) #6,710 17800 || 4.87
setstringclement(16bit MEE-off) 100,761 26,246 164

o BEEEEE, MultiPSI T, 2o MEER©O ALU 28 CPU eS8 s Twnitd, PIM/m THi~T
Fr—LW 2T TEALTWE, TOEW, ke i, SELRETEREEOENEL Al v,

o PRV EEOL BRER T LE . ALY OoRBEREHTW .

v B R AR T AL F v v P I0R IR X Wl o Twnd, CHbEAS T T4 woiidd
BB Ed, B, I—F A rFFro e P LELECBHEF L, Multi-PSI RowT i E bKREE{EoSs
MBI NTWE, &L, TEREERE PIM /m -t Multi-PSI @ 245k =T, PIM/m TH7—
ERA T Y THRANFEEI A RMF L LR S LS EE LT L BEAD,

3.3 ZLEiEHaE

KLl oW@fhfis & Lo, dffoW e (ERErE L) 42835, o 3 2 oABEEGEE I 2 T EbEdy
[T =,

1Ll re—= | BREML
1 ¥ o —ZneiEHd 100 yo—=eh b-t, 2% 10,000 G EF.

pO(N) := true | pl{N).
pl{N)} :- true | p2{¥).
p2{N) = ....

poB(N) :- true | true,

Multi-PSL, PIM/m @7 7 =89 2 TR, @8O EX LR, @8- a—= Pt —nad o &
EfRrensFREmib L T, FEETT I oI EHT C B TE S,



5 14: AR
Feria Multi-P31 PIM /m [ 4
msec | Krps msec | Krps
1PREREL B74 | 1,144 259 | 3,861 | .37

100 U L (A L) || 12,731 | 78 | 3,046 | 253 || 3.22
100 FEEE L (dmid &) || 31,63 32 | 10,063 9% || 3.14

201 Fo—= 100 FFLEEL

L2 w—2c 100 ECRBEFUEALE 2 b2, Thd 10,000 G0 iETd. FUHLARSRA=7 45— 2
vERwT, e Ei#-Twn{bor, PIEL AV,

eng :- true | engl0,X1),
eng(X1,X2), ....,

eng(X99,_ ).
eng(X,Y) = true |
Y = XK.

Multi-PSI, PIM/m @77y — 4% = T, 5 100 fos—r e o= FEED, $hdd2T, =2
#o P, EMLFACHEFLCW, Pl LAiwv.

o1 = 100 AFLEA L (PRt &)

1 # m—C 100 H0fmBrf o2 L3 de faty, 0% 10,000 [ biEd, H wait T2070, FAT0 o —
Al e APl B,

susp - true |
eusp(X99, 3, ...,
suspl(f1,x2),
susp{0,%1).
susp(X.¥) :- walt(X) |
Y =1

R A LLRESER, Y22 2 LM LT, BiTLA LS, FHEEBELT WA WOT, Ll s,
FThbbh, §4Tor—fg, " oAb PRES v T s e F i — T—A TR e B

W — Pl s - JRELTT—ARE o Il -2 o 2R BRI LTEFFE " b

B9

F A CLRERO Multi-PSL & PIM/m QREEEF - 2%RT, ACLLEE sTwE0Tr e 208 (3.08
it wBTFL - TwnE, FT PIM/in AL, -4 774 v ToORIREELTWE,

WS v o DERDnTERTE, PO 7o | FUA LSS oML, 100, 200, ..., 1000
Pe—TETAEL L, PAEROU XS La v EEFRIT LA, S L Multi-PSI & PIM/m SH¥ LAF—#
TR

W PRl #o—Zdikh 530, Multi-PSI O% + 220 K& PIM/m 0%S3+ v v adl 1K
MBbIIETE L, Fu—ZMH Multi-PS] T 800 (4000/5) H& bic, PIM/m i, 200 (1000/3) Bk bic
BEOHNABL bk, EHFL —BI 5. fh, 4o badt I ALALEOd—ty F2E multi PSI 22
LTIEEECHLH, PIM/ i T4 BEHBLSwit b oFf—2#holb b tdvx s,

3.4 SiFtinE

6 PIM Bo-<rFes—r7e?7 a0BESRE 57 00T, multi-PSI & 48L& PIM/m o8
ﬁmﬂh'cﬁ\_j-n



# 5 MEF v v RS

= p——" Multi-P5] PIM,/m | I
msec | Krps msec | Krps |
ol 874 [ 1,144 | 259 | 3,861 || 237

200 || 1,752 | 1,142 612 | 3,268 || 2.86
00 2,784 1,089 3,685 Bl4 .75
400 || 3,531 | 1,133 || 6.680 | 599 || 053
500 || 4424 [ 1,030 || ®317 | 601 || 0.53
600 || 5447 | 1,102 |[ 10,016 | 599 || 0.54
700 || 6263 | 1,198 || 11,692 | 598 || 0.54
800 )| 7,341 | 1,000 || 13,342 | 600 || 0.55
900 || 11,018 | 817 | 14,980 | 600 || 0.74
1000 || 14,807 | €75 || 16,638 | 601 || 052

Multi-PSI 32 X8 PIM/m =i, MEB K LEB—BHE L OER L 7 ) — U 2 o HEIC & 5 IRE GC 288
HLTwa: PIM/m T#, 1~ 8 16, 32, 64, 198, 256 & 17 Mo eAadfEsTHD, 70—y 2 himc
okl ¥, BIT, GO B 2 ~ 16 BRI 2. X COEFRCAFHENCEIALTWE LD 2% 5 0hny,
mt&bﬂk%@?baq&kiH1Mﬂmmwwmﬂiﬁmﬁ&fmﬂmﬂHﬁmﬁmfﬁmman,ﬂﬁ&w
FE=D 2 R, 20208967 % KHA D 656 RO ALERENTE S, —4 pentomine TH, 3,300 K
D E—THEHE ., bF e, 55 KBorinisiis, TR, 4.7 KBaiof st b, ElsE ¢
LFrTHIC kbR b, Bk, T-AL -V EhD 16 B EACEEE T3 &, bestpath100*100 T, 11
Kz 0 -2 pieohpth B2, pentomine THL 5, B ERINLTEE,

Emb,m##»—ffﬂﬂﬂﬁﬁmﬁfnhm:ﬂﬁﬂﬁcaﬁbman

KbéTik, GC kv, 79—y = PR LA EEORMESLEB LA L FoRTEETH L. B T k. ikt 10
Wi bestpath TdEBIL & & & oFETwRE % 7. B AR LS LT, Gt F—rxil Tapi
LESSEH LA (0) LR AL (#76 M &), (1) 1M 38, (2R iIMisTha, N = gl g A e
LB GC #REI0A L 30 G0 ALOBMch 2, LB bestpath 100 * 100, FERKE 200 * 900 v F — &
ThBo PIM/mTH, A1 T2 e 2L TH. Multi-PST LHELC, oo 2 b 2T 7 v 2@ Lol
DL BSEYEC, Shin, r—Av=TiCYET FLagilr—sanAhs bvs TSR, CoF —
2Lb. MRB t ks tamEmi, 4= T DRI B Y+ SMMRBDE T Litbah, el T2 2 Hidm
W PIM/ /i TH, TOENEEL D, Th, kKl OBETL I et R Gy P T— %< =T suspend,/resume
TEHDEY Sors s FHETIEL ST LR, 2+ DREAFEHET 4D Lo gTodod b, PIM/m &
MR E I L ST cng b b g A,

MEB MIK2wT § v g PIM/m DFHEEHLDNTRE,

o 15 A2, multi-PST B 25 240 ©, HPS 4 89 K L, B0, AREN 2w Pk
Aq— e r Ft’&' 'E) C tﬂ:hﬂ“’? tn PIM}'ITTI ﬁ’)-ﬁ‘f:\

p(X,L} :- true | q(L,¥),
=X+ Y, v(2).

LG o—Fe, ¥ 3 g/ oHboBS, /2, /1 DE v & 2 =D MEHEFTEH, 2y FLTL
£ FARYF L AKARREC 2SI 55 L g b FLOMEEHET I ADONE LSS AnICAE
LA =ty ¥iddnd, PIM/m, muliiPSI THEABOFHEHAT W5 OF 2 4 PO G —
sty KO ) AERLE B 40k Bbh s,

PIX,L) := true | g(L,¥),
call add(Z,Y,%), r{z).

call_add(X,¥,2) :- true |
L =X 4,



F 6 BifkdiRe

Turai Multi-P5I PIM/m H
|| msec I Krps msec | Kips |
life game 18,583 | 19 || 8,020 | 45 [| 2.32
glavll 45,458 49 || 15,057 116 §f 2.35
emi 19,578 a7 8192 Ba || 2.39
hestpath 100 45,530 62 | 19,263 129 || 2.36
tsumegod 477 3% 2,479 1l ff 2.61
mastermind 23,683 | 73 || T.837 | 222 | 3.02
mrepueen 12 280,650 9 | 92,483 278 | 304
pascal E3T3 &1 2,051 161 2.62
puzlh-6 216,075 T i 89,173 B0 2.42
puzli-6ino susp) || 161,368 49 | 57,994 147 || 2.78
puzzle 32,702 39 4,401 128 || 530
waltz 15 5410 ) 4734 | 2h || 328
gebra 16,482 25 || a.430 74 || 3.0z
pentominol(8%5) || 211,229 10 || 59,366 95 || z.40
pentominaZi®*5) [ 187,708 45 || 69792 | 121 | 259
pentomined(8*5) || 164,026 62 || 54.883 135 || 2.99

DLty FLAWE e 7o 7 04 BERL S LED puelb-G(nn susp) @ X 5 AR HRERE B
T3

s ponloming (FE@HRAA A TR, FofRFE=Y—LadL, fRlRLTw (. pentominol, pentomino?
ThRinF—Fak-<rivdh, A5 oBTofES 1385 4 ¥y P07, §BEMALTWI,
pentominel THEOFHOEE [ FEOLHEETE M. pentomino? TH., £y FER (7 AR %
HwntTwd, PIM/m . SUAERECITCr~~Ak L SR EHE <., multi-P5] HAE o Tnde

s X600, pentomino? LA - FEIAMERKC T, Yo FREHEE T, BE/E£FETo T3, LdL. PIM/m
T, DEEVIENAL 7L v RRALCwE RN, fkT 24— Foord FF 202 [ ¥y HERIC
fYor, v F—pyriihdt, mulii-PSI FEAT2 e 0 2 HIEFHERESH A v pentominad TH. B
Fo b2 b wXEEHAT, ABEELGFEREASF-TwE, Fo-7A0NTARMCLEN, Av¥S—oy
SR E L, EIEAE LT S, multi-SE e PIM/m B EB Lo Tndindil Bic 2 F ) o Rogidad
b LR Sl Y

3.5 WO iR

Mulii-PSI ofEBEfEE b e 7 — 2 oFERER I AR SE  AvtwiBReBh, 2o, PIM/m Cit
Multi-PSI LT, S0 XS5 sE s Lk, TR oo ful ol o+ » vOffEIc 2w R
T

# G FT—FECOPU @A 7T LT, HARAHEESALANE S Multi-PS1 ok, fEH L4 4 K-°
A PCHaRH, PIM/m 2 1K A4 bk ko,

o F oo bU—FEEREA,. Multi-I'S] Tk 5 Mbps TH -2 G 08 PIM/m T 3.84 Mbps & Froafe, ¥
oy fHTHEGLRIELDEE S TWE,

e, PIM/m i, 155, HEREircos, 7ol B8 AoGaE i, MEOSE{EERhsTWE,
# 8 1PE & 16 PE @ Multi-PSI, PIM/m ©08REHE L LA, FOERLETOL S bEHERL XS0 )
ﬂ;‘ﬂé La

o pusld & [mnl.'.u:'rﬁnu Lokt PV =0 ToeamEny ool -cw, idEpEoEtfol-T 16
PE £ bClyme o 8t L OERRIZEL E i,

_ 27 —



#£ 7: bestpalh oREsEsT

Multi-PSI {0) {1 (2) &Y
msec Tse msec s TRSEC ]
46,559 o0 | 19711 106 [ 19288 100 [ 18,940 1.00 | 10,860  1.00 |
47,030 25 858 21,247 25,132 21,628 1.06
47,186 1,01 || 28,161 21,150 27 454 21,004
47,158 28,805 25 760 27,954 21,027
47,129 24,1B8 25,435 21,211 21,008
47,016 20 608 27 648 25 464 21,028
| 47,178 26,537 25,442 37 411 21,009
a7 062 25,807 28,927 LA0 | 28304 149 | 21,028
47,181 20940 152 | 22,263 20,614 21,008
47,173 a0 758 26,955 4,647 21,027 ]
| 47067 (wve) | 28,037 (ave) | 24,411 (ave) | 20752 [ave) | 20803  [ave)
188,296  1.00 [ EL,717 100 | 103.272 U 81203 1.00
[ 198,852 111,509 137 | 107,717 1.07 | 63,520 83,042 L.02
189,772 99, 484 108,160 97,006 63,278
200,070 0w AT 105 514 | 89,360 53,042
106,203 106,441 104,612 46,37 #3.270
7203892 1.06 || 85,745 104,304 BEBIT 53,041
13,150 110 486 107.07% 07,349 B3,27d
100 368 100,374 100,844 1.00 | 87,811  1.00 | 84,041
184,261 100947 107, 4%]1 97.494 1.11 83,274
193,364 106,959 105,645 a0 83l 83,041
195,723 [ave) || 102,286  (awve) | 105,272 {ave} }];i,ilh-i (ave] | 82,952 [n»‘c}—l

« LPE LB 16 PR 0% 5 3587 = 2% 4 (master mind, puzzle, waltz, rebra) 7 e - S EEE L b
BHRORTENIOT, A7 bV CHMFDHE O L EL LIS, THLIESHTHR, 1 PE Eh. 16
PE @Fat, PIM/m, MultiPSI i o % <€ dw |7 — oSN TRE,

o bestpathl00 REHEEOE CE<A LS K7 —F w7 vy paikE ¢, AT UHERES A E (a4 o
Bbid, 6PL EEHEGWMTIE, 1 Tur o PR 00Y —% 0 iy ppisha ¢ Lo, 1 PR X
b4 16 PE @F 5 28, EAEHN L (AaTwnE,

KO pentomine ¥ 2 HKEL O F vt v $OHEITL LRSS T, 16 PE Bt CHIEEHEIELOE A
e, PR TIR2AMEE TR o L7 —20RBHELNE,

i, EHEIZIGA 7w 77 LT OISR S T4, 10 BEFIEEEE Y 2 5 4 MOTP e o b
EERRETHE. MGTP i PIM/m 0lEH7 2 # 3 Ao T b LFITlE200 v 40T, pentomine EO G F oo b
V- FREEIE . Tl OERBIEALES LT e SRS, R SO 3 4 Othds, 260G F o
FTHRHR G T LB RN LS b o Th s, CoCH. 64 PL TEOEE Y no Fe FERERD S & e R AR
‘F]:‘Zr"r%o

COT%, pentomino &[REEIC 64 PE B0 Tho 17— 0BBWHOT WD, FhiC, FmENE S ST,
F 1164 PE, 256 PE CORBOMNREFH, #—<Vab2va vl - iBohz encode/decode £
FEOREICEEND VX2 s v ¥t B2 02 o= OMEE F0¥2 6, MultiPS] & PIM/m TRIEIE
FILEIF 2 LTwa bl R 21 bbb b4, PIM/m T#. idle 5+ encode/decode @EMSHMEA T L gt
Hdde LOEMELT, FECA L LYt PERICE A S BEHO ) | —xoMb ) 15 Trergh
FEOMIRATRETFIC £ 8 GO BMomSoMlE s & h s, PIM/m OMERE CC P fREic s - & L s
N7 PE OBSRERRT 27010 A » e — PR30 NE, 204 ¥ VR GOMCHMAL, Fo 17— 22
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Fu¥oL 1PE 16 PE
Multi-PSI | PIM/m | 1 || MultiPSI | PIM/m | 1
tsumegos 6,534 #615 | 2.50 2,502 1,083 | 2.31 |
pascal 5,454 2177 | 2.51 B3 377 | 2.24
s 15-6 216,075 | Beron | 241 15,405 6,328 | 2.43
puz L5i-G-new 161,368 | 57004 | 278 11,651 4,225 | 2.75
pentemine] 223,708 | 91,777 | 244 14,431 6,003 | 2.40
pentomine? 187,297 | 70,330 | 2.66 12,293 4,671 | 2.63
pentomined 172,702 | 38,710 | 2.94 11,124 3,510 | 2,92
master mind 34,287 | 7974 [ a0s || 56,206 | 32,270 | 1.T4
puzzle 33,702 | 10495 | 322 57126 | 23111 | 247
waltz 15,658 4,705 | 2.27 20,202 7300 [ 277
zebra 16,442 5,624 | 2.93 53437 | 21,805 | 2.45
life 18,58 431 | 220 4,522 1,977 | 2.29
bestpathl100 10,659 5,735 | 1.86 1,391 675 | .06
O R oy EERE ( Pentomine R*5)
T Multi-PSI T """ I'IM/m L
II msee | 8L || msec | HEHE
t PE | 172,702 Loo ) 38,710 .00 [ 284
2 PE || 86,562 200 [ 28,779 2.04 || 201
4 PE | 42,058 402 | 14,402 4.05 || 2.08
A PE 21,712 7.5 7,423 741 || 2.0
1ii PE 11,124 15.5% A E0 15,47 || 2.4
iz PR i, 968 2551 2,185 dHA || 2E6
4 PE 3,379 G111 118 49,51 || 2.8
125 PE A4 T3.02
250 PE T2 T4.51 |
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(T Multi-PST PIM/m | 13
J‘ msec | Krps msee | Hrpa
pro200m2 16 PE || 1,477,791 | 551 ]| 691,007 | 1276 || 2.14
32 PE || 776,256 | 1076 || 373667 | 2234 || 2.08
64 PE || 433,167 | 2007 || 227,692 | 3830 || 1.90
256 PE || 127,622 | 8448
prof00m2 16 PE || 918,008 | 605 || 438,122 | 1274 || 2.10
iz FE 481,721 | 1176 || 224,901 | 2532 || 2.14
64 PE || 267,006 [ 2191 [ 133525 | 4148 || 1.93
256 PE 92 546 | 6900
prod80mz 16 PE [| 1,043,910 | 641 || 465,758 | 1434 || 2.24
32 FE || 549,054 | 1266 || 230,843 | 2798 || 2.20
B 64 PE || 203,508 | 2383 || 150,720 | 4635 || 1,95
256 PR 95,047 | B313
# 11 ST o M
[ ] Mulli P§] PIM/m
G4PE || M PE(1) | 64PC(2) | 256 PE
S E uiE G | 85.0 % 9T6% | 47.0 % |
GO 7 % 3.2 % 5.0 % 0.0 %
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o ——
Y& x| T00,015 407 | 690 00& 590 f TI2.840,024 | 792,217,641 ]
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64 PE 64 PE 256 F'L
throwgoal 4686 462 1,046
ready 166 273 652
terminated 83T Ti8 1,158
read 5.52EEO6 || 5,550,008 | 22065 384
answer_value 5,387 880 || 5,404,105 | 18,994,702
release 5,580,619 | 5,603,751 | 18,823,868
unify 259,504 261,213 270,490
exception 209 206 212
requestowic o 0 0
supply_wte i fl 0
returnowic 1471 358 425
request resouroe 37E, 384 96 862 115,097
supply resanrce 7R, 568 47,122 115,774

FELUTI_FRASOIIECEH 18 T LB '1'-2—
syncronized GO 1] 0 0
multi-packetcontinued 6,903 14,124 11,428
ﬂlli-pnukﬂ:t_ldql_" 94 i 1,664
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PIM/m Tt &b, #4724 v EOMEloAS, 54 ¥ b * 512 F2EEhTva,

LIFie PIM/m, Multi-PSI, PSI/UX w4 # n@RE 51 k.

multi-PS1 kIl || 15,672 (3D38) | 957 %
PIM/m kIl [ 23754 (5AD6) [ 710 %
PSI/UX ko [[ 25,859 (6503) | 78.9 %

PIM/m &% %, 11.2 % &, SO§1 wn—F vrodh i, FIM/in @2 7— &7 2 7@ cxccute S0 —M5
M Jicrd,
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T ' L A ——— + w1
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i: /Y& ADR g7,
A ] 1 _word , jump . mar := P0 + ir/aig ; .
1 /'8 DRD 3.
H A mdr = mar ; $'.
i '8 DPT $°,
HER (mar? , mdr?) := mdr |, mdrl := CRR : . LA
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ELE _execule:
CRRE := mdrl - 2, yr <- 2 , cond{51it_Check_sxsw(4) .
Wi CRE = CRR_mdr1 - 2
= mdrl = yr , cond{siga} , zr < PSTR , reset_SUSPF_swd ,
if {cond) call Sub®_k1i_spy_check_in_sxec .
WL check CRR =< 2 , Suspenzien Stack Flag OFF
4% return : saved mdr2 , := CRR - 1 , cond{aign)
PC o= €O mdrZ , xr <= PC |, cond{interrupt_all) ,
if (cond) goto $Fengueue_and_proceed .
% PC = mdr2 (PC + IR/S16)
if met (eond) eop , r04 := zr , reset_CGCF_swd .
Wk Current Goal Content Flag 0OFF
W i_fetch and eop are suppressed if ZERD
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FGCS Project: Personal Perspectives

CACM Vol.36 No 3 pp.65-T6 (1093) oBCH X b

L FHE (NEC C&C §)

An outstanding fearure of the
Fifth Generation Computer
Systems (FGCS) project s s
rnicldle-out approach. Logie
programming was choscn as
thie central notion with which
w link highly parallel hard-
ware and application software,
and three versions of so-called
terie! JIE:'“_?'-"“:L"" WG pl.‘J.]‘l]'LE'd.
wsumed to be based on logic pro-
grammung. The theee versions corresponded to the three-
stage structure of the project: initial, intermediate, and

all of wiich were

final stages

I'hee first keernel |..|||.|_=||,|<|::l|¢:. Rl wis hased one Py |ﬂl:'rE
aitel designed i 1U8Y a5 the machine language of the
Sequentil Inference Machine. Inital study of the sec-
ol kernel Linguage, KL, for the Parallel lnterence
Machime started in 1982 as well. The main purpose of
RI.L was o support parallel computation, The third ker-
el languawe. KLE, was planned 1o address high-level
Enowledge mfermation processing. Although the Inst-
iates doir Moesw Coeiieni i EiJlllPlllt‘r 'I'g;-l_'||1||_||§||:-;'g. I!{-:OT:I
comducted research on languages tor knowledge infor-
manan processing throughout the project and finally
proposcd the language Quixoe [11], it was not called a
“Rernel” language (which meant a language in which o
write cvervihing), This article will focus on the design
anel the evolution of KL1, with which I have been in-
virlved since 1983,

Whae are the implicatens of e mulidle-om appooach
e Janguaee desizng Tnoa bctome-ap or wop-down ap
L'I"‘Ju“ IJ, i..-IEIHII.I.EF" .'||.f~.|qr1 I_f_ll_]ld I'_]f JI_lEl]Flt‘d I:T\- t‘:{lf]’”ill
cniterie, suchoas amenabiny wetficient implementanoen
o parallel hardware and cxpressive power lor knowl
edgre inlormation processing. In the middle-out ap-
preach, however, languape design must have strong jus-
nflcanons in its s rigrh.

e design of KLO could be based on Prolog, which
wis quite stable when the FGOS projert stareed, In con-
Iraist, fit"!i_L.']l of KL had 1 s with E‘IIlr_lHlH i e -
part ol Prolow, wonely o stable parallel programming
Lanigisage el o e programming. Such a language
waiks supposed 1o provide o commeon plattorm tor people
wirrking o praralle! compuner architeeture, parallel pro-
grammwing andd apphacons, foundations, and so on.

It is well known thay ICOT chose logic programming
as s veniral principle, but it is less well known that the
shill wconcurrent logic programming started very early
i the research ancd development of KL, Many discus-
sioms were made during the shufi, and many criticisms
anl ruserations arose even inside 1COT. In these strug-
gles, | proposed Guarded Horn Clauses (GHG) as the
basis ol KL1 in December 1984, GHE was recngnized as

LR LRI L T ﬁs
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astahle placform with a number of justifications, and the
basic design of KLI started to converge. Thus i should
be meaningiul o describe how the research and devel-
opment of KLI was conducted and what happened in-
side [COT before KL1 became stable in 1987, This arti-
cle also presents my own principles behind the language
design and perspectives on the future of GHC and KL1.

Joining the FGCS Project

When GO started in 1982, | was a graduate studene &
the University of Tokyvo, My general interest at that ome
Was in programming lan;;uag-cs and text processing, and
1 was spending mast of my time on the thorough cxami-
nation of the Ada reference manual as a member of the
Tokve Study Group of Ada. (Takashi Chikavama, au-
thor of an article included i this issoe, was also s memn-
ber of the Tokyo Study Group s A colleague, Hidevaki
Mazkashima, one of the carlicst proponcnts of Prolog in
Japan, was designing Prolog/KR [13], We and another
colleague, Satoru Tomura, started to write a joint paper
on input and output (without side effects) and string
manipulation facilities in sequennal Prolog, with a view
e using Prolog as a text processing language instead of
languages such as SNOBOL.

The work was partly monvated by our concern about
declarative languages: We had been very concerned
abour the gap berween the clean, “pure” version of a
language for theoreucal study and its “impure” version
for practical use. [ was wondering if we could design a
clean, practical and efficient declarative language.

[ had been disappointed with language consiructs for
concurrent programming because of their complexity.
However, Hoare's enlightening paper on CSP (Commu-
micating Sequential Processes) [10] convineed me that
concurrent programming could be much simpler than [
had I:huughl.

I joined the NEC Corporanon in April 1983 and soon
started 1o work on the FGCS project. | was very inter-
ested in joining the project because it was going to design
new programming languages, called kernel languages,
for knowledge information processing (KIP). The ker-
nel languages were assumed o be hased on logic pro-
gramming. [t was not clear whether logic programming
could be a base of the kernel language that could sup-
port the mapping of K1P to parullel computer architee
ture. However, it seemed worthwhile and challenging o
explore the porenual of logic programming in that di-
recion,

KL1 Deslgn Task Group
Prehistory
The study of KL had already been started at the time |
Joined the project. ICOT research on early days was con-
ducted according to the “scenaria” of the FGCS project
established before the commencement of 1COT. Basic
research on the Parallel Inference Machine (PIM) and its
kernel language, KL, started in 1982 in paraliel with
the development of the Sequential Inference Machine
and its kernel language, KLO. Koichi Furukawa's labora-
tory was responsible for the research into KL
Although KI.[ was supposed to be a machine lan-

&6 .- L NALEE, Mol | et A T b O TR

guage for PIM, the research into KL1 was initially con-
cerned  with higher-level issues, namely expressive
power for the description of parallel knowledge infor-
mation  processing  (e.g., knowledge representation,
knowledge-base management and cooperative problem
solving). The key requirements to KL1 included the de-
scription of a parallel operating systent as well. bue this
again had w0 be considered from higher-level features
(such as concurrency) downward, because ad hoe exen
sion of OR-paralle] Prolog with low-level primitives was
clearly mappropriate. The project was concerned also
with how o reconcile logic programming and object-
oriented programming, which was rapidly gaining pop-
ularity in Japan.

Research inte PIM, at this stage, focused on parallel
exerution of Frolog Concurrent logic programming was
i vet @ vialle alvermanve o l’ml{:g, lhough, as an iniial
study, Akikazu Takcuchn was implemenung Relational
Language in Maclisp in T982. 1t was the first language to
exclusively use puarded clauses, namely clauses with
guards in the sense of Dijksira's guarded commaneds,
Ehud Shapire proposed Concurrens Prolug that vear,
which was a more Rexibile alternative to Relational Lan-
guage that featnred read-only unificanon. He visited
[COT from October to Novernber 1982 and worked on
the language and programming aspects of Concurrent
Prolog mainly with Takeuchi. They jointly wrote a paper
on object-oriented programming in Concurrent Prolog
[16]. The wisit clearly nfuenced Furukawa's commit-
ment 1o Concurrent Prolog as the basis of KLI.

The Task Group

After joining the project in April 1983, [ learned it was
targeted toward more general-purpose computing than
I had expected. Furukawa often said what we were going
to build was a “truly” general-purpose computer for the
1990s. He meant the emphasis must be on symbaolic
(rather than numeric) CoHmputation, knuwledge {rather
than data) processing, and parallel [raher than sequen-
tialp architecture,

As an 1COT acuviy, the KL1 Design Task Group
started in Mav  [UH3* Members included Koichi
Furukawa, Susumu Kunifuji, Akikazu Takeuchi and me,
The deadline of the inital proposal was set for August
1983 and imensive discussions began,

By the time the Task Group started, Furukawa and
Takeuchi were quite confident of the following guide-
lines:

® (Concurrent Prolog) The core part of KLI should be
based on Concurrent Prolog, but should support search
problcms and rnrl.ilprngrulnming as well,

& (Set/stream interface) KL should have a set of lan-
guage constructs that allows a Concurremt Prolog pro-
gram to handle sets of solutions from a Prolog engine
andior a dawabase engine and 10 convert them 1o
SIredms.

* (Mewaprogramming) KL1 should have metaprogram-

*Fortunately. | found a number of old files of the Task Group in storage
at ICOT, whech enabled me to presend the precise record of the design
prodess in chis arcle



ming teatures that supgeort the creaton and the (eot-
trofled) execunon of program codes

Apparently, the setstream intertizce was inspired by
Clark et al's work on [CPROLOG [5]. and metapro-
gramming was inspired by Bowen and Kowalski's work
on metaprogramming [5], The wlea of sets as first-class
oljects mav possibly have been inspired by the func-
tonal language KRCTE]

I kpew lictle abour Relatonal Language and Concur
rent Prolog prior 1o joining the project. | was racher sur-
prised by the decision o abandon Prolog's features w
search solutions, but soon accepted the decision and
liked the lanpuage design because of the simplicity.

Various issues related to the preceding three guide-
lines were discussed in nine meetings and a three-day
workshop, until we finally agreed on those guidelines
and [inishedl the inmial proposal. We assumed that KLI
predicates {or relatons) be divided oo two categories,
namely AND relatrons tor strcam-AND-parallel execution
ob concurrent processes based on don’t-care nondeter-
minism, and Q8 relations for OR-parallel search based on
don’t-know nondeterminism, The clear separaton of
AND and OR relations reflected that the OR relations
were assumed to be supported by a separate OR-parallel
Froleg machine andfm a knowledge-base  machine.
(Yeaes bver, hovwever we decded non o coeate macinnes
othier tlian PIM; wes becaine confdent search amd e
base applivations coudil be sepported by software with
reastnahble performance). Sevstream interface was o
connect these two worlds of computation. We discussed
varous possible operations on sets as first-class objects.

Memprogramming was being considered as a frame-
work for

# the observauon and control of stream- AND-parallel
computaton by stream-AND-parallel computataon, amd
* the ohservation amd conteol ol OR-parallel computa-
i by stresmm AND-parallel companiion.

The former aspect was closely related 10 operatng
SYRIEMS ;1r11’5 [hr: Igl[ll"1 ARl wis 1_11!5.:,-51_4- |::|",|I,|:L| Lir the
set/siream mterface. Metaprogramming was supposed 1o
provide a protection mechansm also, The management
of program codes and databases was another importan
concern. Starting with the “demo” predicate of Bowen
and Kowalski, we were considering various execution
strateries and the representation of programs to be pro.
vided to “demo.”

(her aspects of KLL considered in the Task Group
i luelese] ebavar pypes sl olject-oriented prograomming.
It was argued thar progrian oodes amd characte Alrings
must be supported as built-in data tvpes,

The inthal report, “Conceplual Specificaton of the
Fifth Ceneriton Kernel Language Version | (KL1L"
which was published as an [COT Technical Memaoran-
dum n Scptcmbcr 14s4, ﬁﬂmpr‘iscd SIX SCCLIONS:

1. Introducnon

2. Parallelism

3. Ser Abstraction

4. Meta Inlerence

5. String Manipulation
6. Module Structures

In retrospect, the report presented many gond wheas
aned very effeciively covered the features that were real-
izedd i some form by the end of the project. though of
cottrse, the consideritions were immiure, Tle report
died i yer consader how o integrate those features inoa
coherem sewing, The repore dicd non vet clearly distin-
guish hetween features requinng hardware siipport andd
those realizable by software.

[COT invited Ehud Shapiro. Keith Clark and Sieve
Goregory o Ocrober TS to discuss and merm'{' I
propesal. Clark and Gregory had proposed the succes-
sor of the Relatiomal Language, PARLOG [3]. Many
meetings were held and many [COT people muside the
Task Group attended as well.

Int the discussions, Shapiro erincized the report as m-
troducing oo many good teatures, and insisted thin the
kernel language should be as simple as possible. He tried
tor show hiow 2 small number of Concurrent Prolog prim-
itives could express a variety of useful notions, including
metaprogrannming. While Shapiro was exploring a
metainterpreter approach o metaprogramenng, Clark
and Gregory were pursiing a more pracrcal approach
in PARLOC, which used the butl-in “metacall” priminive
with various teatures.

From the implementation point of view, most of us
thought the puard mechanism and the synchronization
primitive of PARLOG were easier to implement than
those of Concurrent Pralog. However, the KLI Design
Task Group stuck o Concurrent Prolog for the basis of
KL FARLOG asof 1985 loul rmany more features than
Concurrent Prolog and seemed less appropriae for the
starting point. Some people were alraid that PARLOG
imposcd datatlow conceprs that were oo stanc, making
programiming less Hexible.

The discussions with the three invited researchers
were enlightening. The most irnpnrtam feedback, | be-
lieve, was that they reminded us of the scope of KL1 as
the kernel language and led us o establish the following
jrrinciples;

# Amenability to elfcient implementation

* Minimal nomber of primitive copstroets (o, Occam’s
razrarh

* Logical intcrpretation of program execunon

Meanwhile, Furukawa started 1o design a user-level
language on wp of KLI The language was firse called
Popper (tor Parallel Object-oriemied Prolog Program-
ming Envikonment), and then Mandala. On the other
hand. the implementation aspect of KLI was left behind
for a long ume, untl Shapiro started discussions ol se-
guential, but serious, implementation of Concurrent
Prolog. The only implementation of Concurrent Prolog
available was an inerpreter an top of Prolog, which was
mest Fast o= lew hondred reductions per second {RPS) on
IYECaystesin- 20

After the three invited researchers lelt, the Task
GHZIII.I.P had many '.'I.':‘.'l.ISS'I'.!I'IS ol |.|'“." IiI rl];'-hlgl" ‘-Pf-‘f“ica'
ton of KL and the sequenual implemeniaion of Con-
current Prolog. Although we started to novwe that the
intormal specilication of Concurrent Prihog left some
aspects (including the semanucs of read-only unifica-
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mon) met fully specified, we became convinced that Cones
CUrrent I"‘rvr:-lng was base .'|||:|.- thies :-ishr_ choice, and in Jan-
vary 1884 started 1o convinee the ICOT members and
the members of relevant Working Groups,

Three large mecungs on Concurrent Proloy were
held in February 1984, which many people working on
the FGES project awended. The Task Group argued for
Concurrent Prolog (or concurrent lugic programming in
general) as the basis of KL1 on the tollowing grounds:

[. Itisa general-purpose la nguage in which concarrem
algorithms can be described

2. Tt has aclded ondy two syntactic constructs 1o the Fugic
programming Framework.

b0 retans the soundness property of the logic pro-
gramming framework.

1. Flegant approaches to programming cnvironments
taken in ]Gﬂit.' pmgrammin; vould be ada pu:d 10 CONCUT-
rent logic programs

People gave implicic consent to the choice of the Task
Group in that nobody proposed an alternative basis ot
KL1 in response to our solicitation, However, as 2 matier
of fact, people were quite uneasy abou adopting Con-
current Prolog as the basis of KL 1. The arguments being
tmade by the Tisk Group seemed based on belief rather
than evidence. Many people, particulariy those win king
on PIM. were rather upser {and possibly offended) tha
don't-know nondererminsm of Prolog was going o be
excluded from the core part of KL1 and moved 10 a
back-end Prolog engine. Unlike logic programming, the
direction of computation was more or less fixed, which
was considered inflexible and unduly restrictive, How-
ever, Furukawa maintained thal the paraliel svmbolic
Processing was a more important aspect of KL than
exhausuve search,

Implementation  people  had  another  concern:
whether reasonable performance could he obrained.
Some of thew even expressed the thought that i rould
be oo dangerons 1 have parallel processing as the main
abjective of the FGUS project.

Newvertheless, through the series of meetings, people
agreed that a user language must be higher level than
Concurrent Prolog and thar vanious knowledge repre-
sentation languages should be developed on top of the
user language. We also agreed that programming eivi-
ronments tor Concurrent Prolog (and a KL1 prototype)
must be developed quickly in order 1o accumulate expe-
riences with concurrent logic programming. We decided
o develop a Concurrent Prolog imgdementation in a
general-purpose language ((C was considered  first:
Maclisp was chusen finally) to sualy implementation
techniques.

In March 1984, the Task Group finalized the report
on the Conceptual Specification of KL1 and published it
as an [COT Technical Report [T]. The re POt NowW Con-
cemtrated on the primitive features w be supported di-
rectly in KL1 for Nexible and efficient KIP,

Implementing Concurrent Prolog

A good way o understand and examine a language defi-
mition s by trying to implement it this forces us to con-
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sider every detail of the language. In April 1984, the
Task Group acquired some new members, inctuding
Toshihuko Mivazaki, Nobuyuki Ichiyoshi and Jire Ta-
naka, and started a project an the sequential implemen-
taton of Concurrent Prolog under Takeuchi's coordina-
tion. We decided to build three interpreters in Maclisp,
which differed in the mul iple environment mechanisms
necessary 0 evaluate the guard parts of program
clauses. The principal member, Mivazaki, was quick in
designing and Lisp programming. We also stareed
bunld a Mandala implementation in Goncwrrent Prolog.

As an independent project, Chikayvama started 1o
improve Shapiro’s Concurrent Prolog intérpreter on top
of Prolog. By compiling program clauses to some exient,
he improved the performance 1o 4kRPS, a much hewer
nurmber for practical use. [ further improved the perfor-
mance by compiling clauses to a greater degree, and oh-
tained 1 TKRPS by November 1984, a number better than
most interpretive Prolog svstems of thar time,

We had a general quesnion on the implementation of
concurrent logic languages as well. which had been men-
tioned repeatedly in our discussions on systems pro-
gramming. The guestion was whether basic operations
such s many-10-one inlerprocess communication and
array updates could be implemented as efficicmiby as
could be done in procedural languages in terms of time
complexitv, For svstems programming without side ef-
tects 1o be practical, it seemed essential to show that the
complexity of these operations s not greater than that of
procedural languages. [ devised an implementation
technique for these operations with Chikivama in the
beginning of 1984, and presented it in the FGCS'84 con-
ference. These two pieces ol work on implementation
convinced me of the viabulity of concurrent logic pro-
grammng languages as the basis of KLI.

Meanwhile, Clark visited us again in spring 1984, and
introduced a revised version of PARLOG [4]. The lan-
guage had been gready simplified. Although we were
oo comimitted 1o Concurrent Prolog at that wme, the
new versinn mfluenced the research on KL1 later in var-
ilth 'A".I'!r"_i.

The three Concurrent Prolog interpreters were al-
most complete by August 1984, and an interim report
comparing the three methods was written. Two succes-
sor projects started in Seprember, one on an abstract
KL1 machine architecture, and the other on a KL com-
piler. 1 started to design an abstract machine instruction
set with Miyazaki, but was not very excited alwout it. One
reason is that we had found several unilarified points in
the definiion of Concurrent Prolog, most of which were
related (o read-only unification and the execution of the
guards of program clauses. 1 siarted o feel that we
should reexamine the language specificauon of Concur-
rent Prolog in detail before we went any further, The
other reason is that full implementation of the guard
construct seemmed to be too complicated w0 be included in
a KL1 implememation. The idea of Flat Concurrent
Prolog (FCP), which avoided the nesting of guards by
allowing ouly simple test predicates in guards, was con-
veyerl twous by Shapire in June 1984, but few ol us, in-
cluding mie, were interested.



In recrospect, it is rather curious thar we stuck wo the
Full version of Concurrent Prolog, which was hard o
implement. However, we were not conbdent of moving
to any subset, The guard construct, if successfully imple-
mentedl, was supposed to be used for OR-parallel prob-
lem solving and for the protecied execution of user pro-
Erams i an operating systenm,

Peaple working on PIM, whe were supposed to o ple-
ment KL in the tuture, were getung impatent in mad-
L4, As architects, they needed a conerew specification
of KL1 as eariv as possibie and wanted o know what
kinds of operauons should be particularly oprmized, but
the design of KL1 had not reached such a phase. On the
other haned, members of the KL1 Design Task Group
were unbappy that they recetved] few constructive com
ments from ouside. A kind of munos disbelief wis ex
posed in three meenngs of the PIM Working Group held
Fream Jume o August, in which the lask Group con-

ferred with the PIM praphe.

Proposal of GHC, a New Basis of KL1

Al 1984, 1
stavted o reessamine the hinguage speaficanon of Con-
cureent Frolog in decul, the main concerns being the
atommiciey {or granulariivy of various operations, nclud-
ing read-anly umification and commitment, and the se-
mantics of the mulbple environment mechamism [19].
Manv subtle points and difficulties were found and dis-
cussed. 1 had to conclude that although the language
ritles could be made rigoreus and coherent, the resultant
set of rules would be more complex and require more
seqquentiality than we had expected.

Uhe result of that work was not very cnceuraging, but
| continued 10 seck a coherene set of !Anguagc rules. In
mdl-December, [ came up with an alternative to Concur-
remt Prolog, which solved the problems with read-only
unification and the problems with the multiple environ-
ment mechansm simultaneonsly, The adea wis o sis-
pend the computation of the guard of aoclase if i would
Tét[l.II:Tl.‘ 4 I‘|11J.|.Ii|'1]l" covirornent wechaonso, 1 s, 3
the computation wenhl mstangiate varihles inthe caller
ol the clavse. The semanucs of guard now served as the
synchronizaton mechanism as well, making read-only
uniticanon necessary,

On December 17, 1 proposed the new language to the
KL Design Task Growep as KLO.7. The name KLO.7
meant the core part of KL that lefi:

the FOOSHE conference m Movern b

# the decision on whether 1o inclule e Prodog e supe-
port exhaustve seavch direcily

* machine-cependent consirmes ol

® the set of predelined predicanes

The handout {in Japarese] mcluded the tollowing
clanmms:

I. Read-only annotation 15 dispensed with becaose it
does not fit well in fine-grained parallel computation
maodels.

2, Muluple environments are unnecessary. It is not vet
clear whether multiple environments must be imple-
mented, while it certainly adds w implementation cost,

a5

IR -ralafian
dascribed in
{Pure) Prolog

| !

. Modularization and Melaprogramming Supparn
. (crantian and cat of program codas)

AND-ralabon
describad in
Consurrant Praleg

Sot'Sinppm Interface

Flgure 1.
ConcepTtual configuration of K11 (19841 [71

KL1-U
© o Amigher-iavel fealunes)

KL1=F
Imapping ta parallel hardwane)

. KLI-C .
(ks leaturas)

i

KL1-B
{anstract KL 1 machinal

Figure 1.
Structure of KL1 11285

Muliple eovirgmments make the visibiliey vule (of the
vadies of vanables] o e conmpnnmenr rle less clear
ran be ex-

A Aewle e Barannen s tlh-:lH'Il\-rl'tl witly; o
cluded from the kernel language level

4. Chne wined of wmificanon s enovgh at che kernel lan-
guage lewe], thsageh @ setr nr'spr_'f_i;qlizut wnification prim-
mives coukd exist at a lower level.

3 Implementanon will be as easy as PARLOC.

B Implementation will be as efficient as PARLOG.
TooA metanterpreter of isell can I written,

H Sequentiliny hetween priminve operanons s mini-
mivedd. which will leacd 10 high marimsic parallelsm and

clerer semantics

laterestngly. the resultam language wrned out w be
semantically closer o PARLOG than 1o Concurrent and
FCP in the sense that it was a single-environment Lans
guage, Unlike PARLOG, however, i did not assume
static analvsss or cormpilaton: PARLOG assumed compi-
lation into kernel PARLO - o language with lower-ievel
pravvtives, The handout claimed afso that pure Prolog
need not be mcluded i KL i we made sure that ex-
haustve search could be done efficiently m KL withouwt
special support.

The oniv now aspect to be considered in the imple-
mentaton of KRLOT was the management of nested
guards. 1 found it could be done anvway and expected
that static anaivais would help o many cases. [0 wis not
cleat whether complex nestedl viands were really neces-
sary, but they were free of semantical prablems and thus
vontlel b retained for the time lweing, Tn addition, the
v Bangwape was aedoubiedly more amenabde e come-
pilation than Concurrem Prolog,

1 quackly timished two mternal reports, “Concurrent
Froloyg Re-Examined”™ and % Drabt PFroposal of CPHT
anet brewghiy them o the Task Group mecting on De-
cember 2 The pame CPL (tor Concurrent Prolog 1)
was selected tentanvely aned was used for o while. The
[ask € B secied toowelcome ny [+l |:-|)-u~m] anel e
vited the simphibicaten.
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In January J085, the Task Group continued design-
ing KL1 with a new basis. Takeuchi proposed that KI.1
be CPL with the metacall construct a la PARLOG and
primitives for the allocation and scheduling of goals.
The proposal well reflected the lnal structure of the
core part of KL1. Setstream intesTace and modulariza-
tion (as a user-level Teature) were siill considered 1o be
part of KLI, but were put aside tor the moment. By Jan-
vary 1955, the Task Group reached an agreement o
base KL1 on CPLL. The agreement was quick and with-
out oo much discussion, because we had agreed o hase
KLl on some concurrent logic language. and CPIL
seemed o have solved most of the problems we had ex-
perienced with Cancurrent Prolog, CPLL did exclude
some of the pl'ngral:rnrling r:-'rhniques allawed in Con-
current Prolog, as Shapiro’s group at the Wetzmann [n-
stitute pointed out Laer. However, we preterred a lan-
guage that was simpler and casicr o implement.

Peuple outside the Task Group also welcomed the
proposal of CPIT, though most of them were not ver con-
vinced ot the approach based on concurrent logic pro-
gramming in general. It was not very cleas, even o us in
the ‘lask Group, how expressive tlus conceptual lan-
guage was in a practical sense, much less how w build
large parallel software in 1. However, there seemed to
be no altermative 1o CPLL as long as we were to go with
concurrent logic programming, since the language
secmerd 1o address “something essential,”

In early January 1985, Masahiro Hirata ar Tsukuba
University, who was independently working on the for-
mial operational semantics of Concurrent Prolog, not-
fied me that the functonal language, Quie, designed by
Masahiko Sate and Takalumi Sakura [15] had Incorpo-
rated essentially the same synchronization mechanism,
The news made me wonder if the essence of CPLL was
simply the rediscovery of a known idea. After learning
that Qure wnroduced the mechanism to retain the
Church-Russer property in the evaluation of expres-
sioms, however, | found it very interesting that the same
mechanisim was independenty introduced in different
languages from difterent motivations. This suggested
that the mechanism introduced in these languages was
more universal and stable than we had thought at firsy
Apparently, Hirata was independently considering an
aliernative to the synchronization mechanism of Con-
current Prolog, and later proposed the language Oc [9],
which was essentially CPII without any guard goals.

By January 21, 1 modified my Concurrent Prol
compiler on wp of PFrolog and obtained a CPII compiler.
The modificaion wok less than two davs, and demon-
strated the suitability of Prolog for rapid pratotyping.
Mivazaki also made a GHC campiler with more features
by modifying Chikayama's Concurrent Pralog compiler
on top of Prolog,

It the meantime, [ considered the name of the lan-
guage by putting down a number of keywards in my
netebook. The name was changed w Guarded Horn
Clauses (GHC) by February 1985.

In March 1985, the project on Multi-5IM {renamed to
Multi-I'S1 later) started under Kazuo Taki's coordina-
tion. [ts purpose was to provide an environment for the
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development af parallel sultware. Thus, by the end of
the initial stage, we could barely establish a starting point
ol research in the intermediate stage.

From GHC to KL1

I june 1955, the intermediate stape of the FGCS proj-
cet started, and 1 joined 1COT while maintaining a posi-
non at NEC.

Shortly befure that, the KL1 Design Task Group (the
members being Furukawa, Takeuchi. Mivazaki, Ueda
anel Tanaka at that time) prepared a revised internal
report on KLL The two main aspects of the revision
were (i) the adoption of GHO in view of parallel execu-
tion and {i) the reallocation of proposed features o
three sublanguages, KLI-C {core), KL1-F {pragma), and
KLI-U fuser). KLI-C, the e part of KL, was sup-
posed to be GHC avgmented with some metacall con-
struct Lo support aneuinference and modularization.
KILI-F was supposed 1o deal with the mapping between
B LI-C programs and ph‘:‘sical resources of the underly-
ing impiementation. The proposed components of
KLI-F were an absiract machine model. a mechanism
for allocating goals to processors, and a mechayism fur
scheduling goals allocared in 1he same processor. KLI1-U
was considered as a ser of gher-level language con-
structs 1o be compiled into KL1-C and KLI-P. which in-
cluded the suppors of pure Prolog (with 2 set/stream in-
terface) and a module construct,

Another sublanguage, KL1-B, was added 10 KL afier
a while. Although KL1-C and KIL1-P were supposed to
be the lowest-level sublanguages for programmers, they
were still too high-level 1o be executed directly by hard-
warc. We decided to have a laver corresponding to the
Warren Abstract Machine for Prolog, Imval study of the
aperating svstem {or PIM, called PIMOS, started as well
in June [9H5.

We had assumed that KL1-C had all the features of
GHU, including neseed guards, until Mivazaki and 1 vis-
ited Shapiro's group at the Weizmann Institute for two
weeks from July 1o August 1985, During the visit, we
had intensive discussion on the differences between
GHC and Concurrent Prolog/FCP. We had discussions
also on the subsetting of GHC to Flat GHC, an analogue
of FOF obtained (rom GHC.

Colleagues at the Weizrmann Insutute (Stephen Taylor
in particular, who later codesigned Strand and PCN)
were greatly merested in Flat GHC as an alternative o
FUP. However, they were concerned that the smailer
atomic operations of Flat GHC made the language less
robust for describing their Logix operating system. In
Concurrent Prolog and FCP, a goal publishes binding
information 10 outside on the reduction of a goal to oth-
crs, while in GHC, the publication is dune after reduction
using an independent unification goal in a clause body.
The separation made implementation much easier, but
caused a problem in their metinterpreter approach w
operating systems: the failure of a unification body goal
might lead o the fatlure of the whole system,

Our visit provoked many discussions in the FCP
group, bl they finally decided anot to move 1o Flat GHC
on the ground that Flat GHC was wo {ragile for the
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metainterpreter approach [17]. On the other hand, we
chose the mewacall approach because we thought the
metainterpreter approach would require very careful
mmal design i order w get evervthing to work well,
which could be too time-consuming for us. The metacall
approach was less systematic, but this meant it would be
easier to make extensions if rerqpured in the developoment
of the PIMOS operating system,

Back in ICOYE, a meeting was held o discuss whether
we should move from GHO wo Flat GHC. Since Flat
GHC was ciearly preferable frem an amplementation
pront of view, the question was whether the OR-parallel
exccdtion of different nested guards was really neces-
sary, or if it could be efficiently compiled ima the ANT-
paraliel execution of different body goals. We did ner
have a definite answer, but decided o start with Flat
GHC since nobody claimed the necessity of nesied
puards. & wesk later, Mivaeaki submitted the decailed
design of a Flao GHC implemeniacion for Mult-51M,
and Taki submitted the design of interconnection hard-
ware for Mulu-SIM. Mivazak: alse submitted a draft
specification of KL1-C as a starung point for discussions.
The points w be discussed included the detailed execu-
tion rule of guards, distinction betwesn failare and sus-
pension, the detail of metacall predicaes, the treastment
of extralogical predicates. requiremen fur systems pro-
_E,Tamming. and the handling of varooas abnormal suoa-
tions {i.e., exception handling)

However, the detal]l of KLI-C was left unfinalized
untl summer 1987, We had a number of things o do
before that. From an implementation poim of view, we
first had 1o develop basic technologies for the parallel
implementation of Flat GHC, such as memaory namage
ment and distriboted unification. From a Programmng
point of view, we had 1o accumulate experiences with
Flin GHC programming. Although the focus ol the R&D
of parallel implementatian was converged on (Flat) GHC
Ly the end of 1985, it was still very important 1o accumu-
late evidence, particularly from the progra mmmg point
of view, that the concurrent logic programming ap-
proach was really feasible. One of the greatest nbstacles
to be cleared in that respect was to establish how 1o pro-
gram search problems i Flar GHC.

! started to work on compilation leom pore Prolog o
Flat GHC in the spring of 1985, Since Hideki Hira ke
had developed a pure Prolog interpreter in Concurrent

Prolog({8]. the nitial idea was to build its compiler ver.
sion. However, the interpreter used an extralogical fea-
mure—the copving of nonground rerms—which trned
oul not o make any sense in the semantics of GHC,
Alter some trial amd error, in September 1985, | found a
new method of compiling a subset of pure Prolog into
Flar GHC programs that enumerated the solutions of
the onginal programs. While the technique was not as
general as people wanted it 1o be in that it required the
mode analvsis of the original programs, the avoidance of
the extralogical feature led to higher performance as
well as clearer semantics.

.-"'.lll'll'mgh the |_m_|1r1|||1_|r: isell was ot widely used
later, people started 1o agree that an appropriate compi
lauon techrgque could generate efticient concurrent
logic programs tor search problems. An important out-
come along this line was Model Generauon Theorem
Prover (MGTP for a class of non-Horn clause sews [6].

My main work in 1985 and 1986 was 1w examine and
justify the language design from various respects and
thus to make the language more robust. [ had a number
of apporiumines o give presentations and have diseus-
somns oy GHCL These were very usetul for nmproving the
way in which the language was explained. The paper on
GHOC was first presented at the Japaness Logic Program
Conference in June 1985 [20]. A two-day wutorial on
GHC programming, with a texthonk and programming
assignments, was held i May 19586 and 110 people at-
tended. All these activities were quite important. because
peaple had not had suilicient exposure o aoual GHC
prevgrinms anedl b Tiede wless abont bow 1o express hings
i CaHCL

At Birst, T was introwducing GHO w people by compar-
ing u with the framework of logic programming. How-
ever, 1 started w feel it was bewer wo introduce GHC as a
madel of concurrent computation, GHC looked like a
concurrent assembly language as well, which featured
process spawning, message sendingreceiving, and dy-
namic memory management. | revised my presentation
transparencies describing the syntax and the semantics
of GHC several times, The current version uses anly one
IEATAfRIT ey, where | refer to the SYTLAL LI COmslriucts ol
logic programming only for conoseness.

KL 1-velstes] BETY ACTIvIEEES 1Ty {hi: intfr'rrlrr:hull- -:I:-lgl?
staried as collabwration between the first research Labo-
ratory for basic research (to which the KL1 Design Task

From an implementation point of view, we first had to
develop basic technologies for the parallel
implementation of Flat GHC, such as memory
management and distributed unification. From a programming
point of view, we had to accumulate experiences
with Flat GHC programming.

COMMUNIENTIONE 4 Tiom mesa: March [9¥1L05, Nad T
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Group belonged) and the fowrth research labotory for
jlnpln‘]nru[unun. As the Muolt-SIM pl'l:'r_ir_-l;l I_lrugr::sﬂ;d_.
hiswever, the interaction between the two laboratories
decrcased. The tourth research laboratory had o design
implementaton decnls, while the Birse research labora-
tury was concerned with varous topacs related o coneur-
rent and parallel programming, In November [986, all
the development efforts related to KLI, including the
design of KLI, were gathered in the fourth research lab-
aratory

The dewail of KL1 had o be determined with many
practical consideravions in implementation. GHOC was o
concurrent logic programming what pure Prolog was w
logic programmmg; there was sull a gap between GHC
and a kernel language for real parallel hardware. [ was
of course interested in the design of KL1. but thought
there would be no other choice than to leave 1t w the
implementation team., Duaring 1986 and 1987 1 spem
much of my ume m giving wwonals on GHC and writing
tuterial ardcles. 1 did have another implementation
project with Masao Moria, bur it was rather a research
project with the purpose of studving the relationship
between language speciticanon and sophisticated opri
mization technigues.

In the summer of 1987 Chikavama and his team fi-
nally fixed the design off K1L1-C and KLL-P. Fhe design
of KLI-C reflected many ddiscussions we  had  since
Mivazaki's ehralt speaification, and ook Chikavama's
ety anagemnent scheme based on I-hit reference
counting (MRB scheme) [2] into account. KLI-C wrned
out not o be a genuine extension of Flar GHC but had
several ad Aoc resirictions which were mainly for imple-
mentation reasons. [ did not like the discrepancy be-
tween pure and practical versions of a language, but |
felt that if some discrepancy was unavoidable, the two
versions should be designed by difterent people. 1n our
project, both GHC and KL1 are important in their own
rights and had ditferent, rather orthogonal design ra-
tionales, which were not 1o be confused. Fortunately, the
discrepancy is bar smaller than the discrepancy between
pure Proleg and Prolog, and can be negtigible when dis-
cussing the fundamental differences between GHC and
KL1 {see the Tollowing subsection “GHC and KL17.

Research In the Final 5tage

Since 1987, the acuvives related to the kernel language
in the first research laboratory were focused on hasic
research on Flat GHC and GHC programming, The
additional features of KL (bv KLT we mean KLI1-C and
KLI-F henceforth, ignoring the upper and lower layers)
were oo praciical for theoretical study, and Flar GHO
isell sull had many aspects 10 be explored, the most
impartant of which were formal semantics and program
analysis,

I had long thought that in order to maintain its ewn
“heaithiness,” in addinon o reconciling parallel archi-
tecture and knowledge information processing, a kernel
language must reconeile theory and practice. A pro-
gramming language, particularly a “declarative” one,
can casily split into a version Tor thearetical siudy and
another version for practice, between which no subsian-
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ual relationship remains. [ wanted o avoid such a situa-
ton. Unformunately, the interests of most [COT theore-
ticians were not in concurrent logic programming (with
a few exceptions, including Masaki Murakams, whao
worked on the semantics of Flat GHG, and Kenji
Hermchi, who worked on abstract interpretation). Since

January 1988, [ thought abow how the set of wnfold!

fold rransformation rules for Flar GHC, inidally pro-
pusedd by Furukawa, should be justiticd. 1 finally devel-
oped what could be viewed as an asynchronous version
of theoretical CSP, in which each event was a unit trans-
actien between an observee process and its observer, and
presented this idea at the FGOS'ES conference.

In the FGUSSE conference, | was invited o the final
panel discussion on theory and practice of concurrent
systems chaired by Shapiro, and presented my position
on ehe role and the future direction of kernel languages
[24} The panel was excepuonally well organized and
received favorable responses, which was unusual for
panel discussions.

I suggested two vesearch directions of KLI in the
panel, The {irst was the reconstrucnon of metalevel tea-
tures i K11 By mewalevel features | meant the opera.
tions that referred w andior modified the “current” sia-
tus of computation. Jico Tanaka was interested in the
concept of reflection since 1986 and was designing re
Hective features for Flar GHC with his colleagues. 1 liked
the approach, but fele that a for of work was necessary
before we could build a full-fedged concurrent system
with reflective operations.

T'he sccond research direction was the simphilication
of KL1 and the development of sophisticated apriniza-
von techniques, the motivation being 1o prouese KiL1
programming with manv small concurrent processes.
The ultimate goal was to implement {4 cerain class of)
processes aned streanes as efficiently as records and paint-
ees i procedural languages. | became interested in opti-
wieation wechniques for processes that were almost al-
wilys suspending, and began studving with Masao Morita
in Seprember 1985, The work was intended to comple-
ment the R&ED of Multi-PS] and PIM and 1o ex plore the
future specification of K11 o be used bevond the FGCS
project.

We soon devised the basic idea of what we later called
the message-oriented implementation technigue [25],
though it 1ook a3 long nme w0 generalize it. We found it
interesting that Flai GHC programs allowed an imple-
mentavon technigue totally different From the ooe
adoped by all the other implementations.

souphisticated optimizaton clearly involved sophisi.
cated compile-time analysis of programs, particualacly e
global analvsis of information Now (mode analysis), Con-
current logic languages emiploved unificaton as the
basic means of comumunication, Although mathemati-
cally elegant, the bulirecionality of unification made s
distributed imiplementation rather compheated. From
the language point of view, the bidirectionality might
cause unification failure, the failure of unification body
goals. Unification failure was considered an exceptional
phenomenon very similar o division-by-zero in proce.
dural languages (not as a superficial analogy, as ex-

-—42_



plained an [217), and hence it was much more desirable
wo have a syneactic means te avold 1t than to have it pro-
cessed by an exception handler.

0n the ather hand, people working on development
were skeptical about global program analysis, suspecung
that it was not practical tor very barge progrions. The
skepticism, however, led me to develop an efficient
mide analysis technigue that was efticient and amenable
o separate analysis of (very) large programs [25]. The
technigque was based ono maode svstem which turned Flat
GHC into a strongly moded subset called Moded Flat
GHC. 1 presented the echmgue ar 10T F990 new-
vear plenary meeung. Verv mterestingly, rwo other talks
at the meeting argued against general unification in KL
as well. The group implementing distributed umtication
l;(lll:li[luint'(t ol s 1_'1J|'|1p|.|:!iill:'\.'. The Eroup "n'ﬂ!'k.["g on
linguages  and  knowledge  representanion
painted out thie unification in RL1 did not help in im-
plqmqn;ing unification over rvicher structures such as
feature graphs. These arguments convineed me that
general unification was not necessary or useful af the ke
nel language level, though the progress made with KL
implemnentations on PIM had been wo great for e io
stop implementing general distributed unification. K11
implementations on PIM would have been considerably
simpler if the mode analysis wehnigque had been pro-
posed earher

(PR I.]I.lJ

Reflections and Future Prospects
GHE and KU1
How close is the current stuties of KL1 @ my vision?

In many senses, KL1 was designed trom very pracucal
considerations, while the main concern of GHO was the
ba}SiC framtwork le COMCUrrent CDmE'I-llIH non, As a PDSI-
tive aspect of KL1's design policy, its pertormande is ne
wirse than procedural languages in terms of compuita-
tional complexity, anc s alwolute performance 15 also
good for a novel symbaolic processing Langiage.

On the other hand, the consiruces for melaprogram-
ming have staved rather conservative. T expedied that
practical metaprogramming constructs with some theo-
retical background coubd be designed finally, but u
wrned out to be very difficult. Also, the precise seman-
tics of guards seems 1o have stmewhat ad hoc aspects, For
imstance, the atherwise construct for specifying “default”
clauses could have been introduced in a more controlled
way that allowed beter formal interpretation.

From a methodological point of view, the separation
of the two languages, GHE and KLIL, turned out 1o be
successtul [295]. In designing thess (woe languages, it
turned out that we were irying (o separate two different,
though dosely related, notions: concurrency and paral-
lelism. Concerrency has e do with correciness, while
parallelism has w do with cfficiency. GHC 15 a concur-
rent language, but its semantics is completely indepen-
dent from the underlying model of implementation,
Before GHC was designed, Shunichi Uchida, who led
the implementation weam, mantained that the basic
Lmnpul'.uiuna.l model of KL1 should not assume any
particular granularity of underlying parallel hardware,

To make eflective use of parallel computers, we

should be abie w specity how a program should most
desirably be executed on them—at least when we wish.
However, the specification tends 1o be implementation-
dependent and is best given separately. This 1s an anpor-
want role ol KL, or more precisely. KLL-P. The cea
separation of concurrency and paralielism made it easier
o tune progirams withour affecting their meaning.

O GHC, the miain point of success is that it sim plified
the semantics of guards by unifying two previously dis-
tinct notions: synchronizanon and the management of
binding environments. When Gérard Huet visitesd [COT
in 1988, he finished a CAML implementaion of Flat
GHC in a few days, [ was impressed with the guick, con-
siructive wav of understanding a programnung lamn-
guage he presented, but this was possible because GHU
wies 50 small

Another point of success is that GHOC turned out to be
very stable—now for eight years. | always ernphasized
the design principles and basic concepis of (+HC when-
ever [ introduced it, and stubbornly kept the language
unchanged This may have caused frustration to CHCY
KL programmers. Indeed, the design of GHC has not
been considered deeply from a software enginecring
point o view, However, the essence of GHC i in its se-
mantics;, the syntax could be r:drsiHnEd as lomg as a pro-
gram in 4 new svntax can be translaced w a program in
the current svntax in a well-delined manner. [ found the
design of user languages much more dafficult to justify,
though thev should be useful for the development of
large soltware. Many candidates For KLI-U were con siel-
ered in ICOT, but the current one turned out o be a
rather conservative set of additional syntactic conven-
[ L Bim s

Although [ have kept GHC unchangel, [ have contine
wed ta study the language. 1 added mochw the stability
of the language and improved the way the Linguage was
explained. Many ileas that were imphcit when GHC was
designed materialized later from the research inside and
outside 1GOT, and conrributed 1o the justilication of the
language design. lmportant theoretical results From out-
gighe 1007 include the logical account of the communi-
cation mechanism by Maher [12] and Saraswat's work on
concurrent constraint programming | 1] that subsumes
concurrent logic programming and Flat GHC in particu-
lar. Ona pcr.s.u:mal side, [ have abwavs been interested in
clarifying the relationship between concurrent logic pro-
gramming and other formalisms of computation, in-
cluding {ordinary) logic programming and models of
concurrency. | lave also been interested n subsctting
and have come upp with a strongly moded subset called
Moded Flag GHCL

Many peuple in the project worked on the implemen-
tanon of KLI amd KL plugraum]lng. and produced
innovauve outcomes [11] They were all important in
demonstrating the viability of the concurrent logie pro-
gramming approach and provided uvseful information
for Tuture language design and implementation. [ be-
lieve our R&D went quite well. A new paracigm of paral-
lel symbolic programming based on a new programming
language has gone in a promising direction, thuugh of
course, much remains to be done.
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Did logic programming have anyvihing 1w do with the
design of KLI? The objective of concurrent logic pro.
gramming is quite dilferent from the objective of logic
programming [22]; nevertheless logic programming
played an important role in the design of GHC hy giving
it strong guidelines. Without such strong guidelines, we
might have relied 1o much on existing coneurrency
constructs and designed a clumsier language. It is not
£asy W incorporate many good ideas coherently in a sin-
gle language,

Consequenmly, GHC programs still allow nonvacuous
logical reading.  Instead of featuring  don't-know
nondeterminism, GHC and other concurrent logic lan-
puages ireed 1o give better alternatives to operations that
had 1 be done using side effects in Prolog. Logic pro-
gramming provided a nice framework for reasoning and
search and. at the same time, 2 nice framework for com-
puung with partial information. Concurrent logic pro-
gramming exploited and extended the latter aspect of
logic programming to build a versatile framework of
conourrent LGl[I[.'I'I.IlH.L'IﬂI'.I.

OF course, the current status of concurrent logic pro-
gramnnang s not without problems, First of all, the term
“eoncurrent logic programming” icsell and the fact that
it was born from logic programming were—ironically
envugh—a source of confusion. Many people consid-
ered GHC as an unduly restrictive logic programming
language rather than a fexible concurrent language at
tirst. 1 tried to avoid unfruitful controversy on whether
concurrent logic programming languages are “logic”
programming languages. Also, largely due 1o the con-
fusion, the interaction of the concurrent logic program-
ming community with the community of CONCUTTENCY
theory and the community of ohject-oriented concurrent
programming has been surprisingly small. We should
have paid more attention to concurrency theory much
earher, and should have talked much more with people
working on object-oriented concurrent programming.
The only basic difference between object-oriented con-
current programming and concurrent logic program-
ming seems o be whether sequences of messages are
hidden or exposed as first-class abjects.

ICOT as a Research Environment

ICOT provided an excellent research environment. |
could continue to work on language issues for vears dis-
cussing them with many people inside and outside
Japan, which would have been much more difficult else-
where. Electronic mail communication to and from
overseas was not available unul 1985, OF the three siages
of the project, the iniual stage (fiscal 1982 10 1984) was
rather different in the sense that it gave us who worked
on KL1 much freedom as well as much responsibility for
the R&D of subsequent stages.

I have never felt that ICOT’s adherence to logic pro-
gramming acted as an obstacle to kernel language de-
sign; the details were largely up to us researchers, and it
was really interesting to try to build a system of new con-
cepis based on logic programming.

I'he project’s commitment 1o logic programming was
lizble 10 be considered extremely political and may have
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come as an ohstacle o some of the researchers who had
their own fields of imerest outside (concurrent) logic
programming. However, in retrospect, LOOT's basic re-
search activitics, particularly thase non directly celaed o
concurrency and parallelism, could tocus more on con-
necting logic programming and their primary fields of
nterest.

Parallelism, too, was not a primary concern for most
people working on appheations, Parallel programming
in KL1 was probably not an easv and pleasant task for
them. However, it was clear that somebody had 10 do
that pioneering work and contribute 1o the accumulation
of good programming methodologies.

Position and Betiefs

Fortunately, | have been able to maintain a consistent
pasition regariling my research subject—at least since
984 when I hecame acquainted with the project. I was
consistently inerested n clarifving the relationship and
mterplay among difterent concepts rather than amalga-
mating them. The position, for instance, reflected in the
research on search problems in concurrent logie lan-
guages. Although the Andorra principle was proposed
later as a nice amalgamation of logic programming and
concurrent logic programming, our research on search
problems, including the MGTP project, focused on the
rompilation approach throughout, An interesting find-
ing obtained independently from my work on exhaus-
tve search and the MGTP work is that a class of logic
programs, which the specialists call rumge-restricted, is
fundamentally easier to handle than others. Thus the
compilation approach led us w recognize the impor-
tance of this concept.

The separation of a concurrent language. GHC, and a
parallel language, KLI, 15 another example. The panel
discussion of the FGCS'88 Conference included a heated
debate on whether w expose parallelism to program-
mers or to hide it. My position was 10 expose parallelism,
butin a tractable form. This was exactly what KL tried
to address by separating concurrency and parallelism. It
is often claimed that GHC is a language suitable for sys-
tems programming, but the fact is that GHC iwself lacks
some important features for systems programming,
which are included in KL 1.

I language design, there has been a long controversy
within the concurrent logic language community on
whether reduction (of a goal) and unification (for the
publication of information) should be done atomically or
separately. Here again, we continued 1o use the Separa-
tion approach.

One reason 1 stuck to the separation of concepts is
that the gap between parallel hardware and applications
software seemed to be widening and was unlikely to be
bridged by a single universal paradigm. Logic program-
ming was a good initial approximation to the paradigm,
but it turned out that we had 1o devise a system of good
concepts and notavons. The system of concepis and no-
tations was supposed to form a new methodology, which
the FGCS project was going to establish as its principal
nbjective. GHC and KL1 were to form the substratum of
the system. (This is why the performance of KL imple-



mentitions is very mportant ) Later on. languages such
as GDCC (1] and Quixote provicded bigher-devel con-
vepis aned notations. First-order logic isell can be re-
garded as one of such higher-level constrocts, n thi
sense that MGTPE compiles e KL progroms. These
languages will play the role of Mandalyand KLY we once
planned,

[ was always interesied in the interaction between the-
oy and practice and red wopu mysellin between, Now
I am quite contident that a languags designer should try
to pay attention to various aspects mcluding its defini-
tion. implementation, programming and foundations
simulaneously, Language design requires the reconcl-
ativn of constraints from all these aspects. (Tn this sense,
our approach to the project was basically, but no strictly,
i dle-out.

Maode analysis and the message-oriented implementa-
ton technigue were the recent examples ol simultanety
working well. It would have been very difficult to come
up with these weas if we had pursued theory aned prac-
tice separately, In the combination of high-level lan-
guages and recent computer architectures, suphisticated
program analysis plays an important role. 1o s ghly
lesirahle 1hir such analvsis can he done systernatically
rather than in an ad koo maneer, and further that a the-
orv behind the svstemate approach is expressed natu-
rally inn the torm of 4 linguaye construct. By supulating
the theory as a language constroct, it becomes a concept
sharable among a wider range of people.

Language designers need teedbacks from specialists
in related fields. [n semantics research, for imstance, one
position would be 1o give precise Meanings o given pro-
gramming languages. However, it would be much mare
productive if the mathematical formulation gives con-
structive feedhacks back w language design.

The Future

What will the future of GHIUYKL] and concurrent logic
programming in general be? Let us look hack to the past
to predict the fulure.

The history of the kernel language design was the his
tory of simplitication, We moved from Concurrent Fro-
log to GHC, and from GHC 1o Flat GHC. Most people
seemed o believe we should implement distributed un-
fication for Flan GHO at first. My present inclination,

however, is nod i do so. The simplifwcaton needed a lot
of discussions and expernences, b the perfurmance
requiremnent has slwiys been a strong thrust w thes di-
rection. bt is not ver clear whether we can completely
move toa kernel language based on Moded Flar GHC in
the near future, bu if successful in moving, 1 expect the
perturmance can be approximately half of the perfor
manee of comparable progreams written in procedural
languages. The challenge is w achieve the performance
in a non-ad hee oanner:

Far applications in which etticiency is the primary issue but
little flesiuliny s needed, we could design a resiricted version of
GHEG which allows only 3 subclass of GHU andfor imreduces
declarations which help optimieatien, Such a variant should
have the properties that additional construces such ay deciara-
thong are wsed only for efficiency purposes and that a program
in that variant is readable as a GHO program voce the addi-
tional constructs are removed from the source text. (20, Secrim
3.3]

We hope the simplicity of GHC will make it suitable for a
parallel compuiarion model as well as a programming language.
[he fexibility of GHC makes irs efficien: unplementation diffi-
cult compared wih USP-like languages. However, a flexilile
lanyuaye could be appropriately restriceed m order 10 make
simple programs run etfioenty. Onohe other hand, it wothd b
very ditticult w extend a fast but inflexible fanguage naturally.
|21, Section 9]

Review of the design of KL1 and s implementation is
nevw very important. The design of different models of
PIMs may not be optimal as KL1 machines, because they
haul 1o be designed when we did not have enough knowl-
eidge about KL implementaton and KL1 program-
ming. Also, as experimental machines, they included
various ideas we wanted to try, Now the machines have
been built aml almost a million lines of KLI programs
have been written. Based on the experience, we should
try to simplify the linguage and the implementation
with minimum loss of compatibility and expressive
power.

Another problem facing KL is the huge economical
and social mertia on the chuice of programming lan-
guages. Fortunately, the fact that KL1 and other concur-
rent logic languages address the tield of paraliel com-
puting makes things more advanageous. For example,
PCM 11, a descendant of concurrent logic languages,
addresses an important issue: parallclizaton of proce-

1 have never felt that ICOT'S
adherence to logic programming
acted as an obstacle to kernel
language design; the details were largely up to us
researchers, and it was really interesting to try to build a system of
new concepts based on logic programming.
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dural programs. | am pleased to see that a new applica-
tion area of concurrent lugic programming is developed
this way, but ar the same time, 1 Feel we should study
whether parallel applications can be mace 0 run very
efficiently without interfacing o procedural codes.

Formal tec hnig||.w-i_ such as verificaton, are the area in
which the progress of our rescarch bas been very slow so
tar. However, we belicve that GHC/KLL is quite amena-
ble 1o tormal techniques compared with other concur-
rent languages. The accumulation of technologies and
experiences should be done sieadily, as the history of
Petri nets has shown.

I his invited lectire of the final day of the FGOSU2
conference, C. A, B Hoare concluded his talk, “Pro-
grams Are Predicates” |11 ], with comments on the simi-
larities beiween his and our approaches w programming
languages and formabsms, listing 3 number of key-
words—simplicitv. efficiency. abstraction, predivates,
algebra, concurrency, and nondeterminisi.
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Abstract

Highly parallel processing and W51[Wafer Scale [ntegration) architectures have been intensively studied. In this
paper, sclf-reconfigurable algorithms and their evaluations for a Highly OR-Paralle]l Inference Machine (Multi-
ASCA) are described. Seif-reconfigurable algorithms and required functions for a defect PE are analyzed. The
dynamic characteriatica of a self-reconfigured inference plane (1024 PEs : 32 x 32 array) are evaluated through
the performance study based on a trace-driven simulation. The self-reconfigurable algorithms only use a local
information of defect distribution but they achieve high performance level as same as the previous reconfigurable
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