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Abstract

A Co-operative High performance sequential Infer-
ence (CII) machine has been developed within the
Fifth Generation Computer Systems (FGCS) project
in Japan. This paper describes the CHI-II (advanced
version CHI} design approach, its characteristies and
performance estimation. The CHLIT was designed for
personal use and to be as small as a desk-side com-
puter. In the design, Prolog oriented specialized hard-
ware and machine instruction code optimization tech-
nigue ware considered for attaiping high performance
in Prolog program execution, CHI-II performance is
estimated to be at 490 KLIPS for deterministic append
program execution,

I  Introduction

Logic-programming language Prolog has been con-
sidered Lo provide useful capabilities in an Artificial In-
telligence fieid, and has been used to develop praeti-
cal application programs{1]. However, on conventional
computers, the Prolog programs require many execu-
tien steps, and use much memory space. Therefors,
It is necessary to develop a specialized machine, which
executes the Prolog programs efficiently.

The Co-cperative High performance sequential In-
ference (CHI) machine has been developed within the
Fifth Generation Computer Systems (FGCS) project
in Japan. In the project, CHLI (pratatype CHI)[2) and
CLI-II {advanced version CHI) have been developed.

CHIs, incleding CHI-I and CHIII, are compiler-
oriented machines to realize high performance Proleg
processors. Their architecture js based on Warren Ab-
stract Machine (WAM)[3). They are implemented as
back-end high performance Prolog machines with large
main memory capacity for lazge-scale practical Prolog
programs,

CHI-Tis an experimental machine to prove its archi-
tecture suitable for realizing & high performance Pro-
log processor. It is implemented with high-speed CML
(Current Mode Logic) circuits. Therefore, it has at-
tained 285 KLIPS (Kilo Logical Inferences Per Second)
in deterministic appand program execution[2]. How-

ever, its size is too great for personal use. When evalu-
ating the architecturs and hardware configuration, the
authors found a few improvable design points.

Therefore, CHI-II was planned to be a practical ma-
chine for personal use and to have more powerful perfor-
mance than CHLL The CHI-II is designed as small as
a desk-side computer, and is implemented with CMOS
gate-array LSIs and off-the-shelf TTL ICs. This paper
describes CHI-IT design appreach and its characteris
ties.

2 CHIII design approach

CHII has about 80,000 gates in processor and 4
mega words (1 word : 36 bits) in main memory. Its
machine eycle time is 100 nane-second, CHIII is de-
signed as a desk-side machine with 128 mega-word (1
word : 40 bits) main memory and with more functions
in the processor than those in the CHI-] processor.

To realize a desk-side machine, 2 CMOS gate array
LSIs (totally about 20,000 gates) have been develaped
in the CHI-IT processor, and 1 mega-bit D-RAMs are
used as main memory,

Ta realize o high performance machine, the following
three points were considered,

* Machine cycle time
= Multiple function execution in a micro cycle

& Compiler optimization technique

2.1 Machine cycle time

Machine cycle time is a strict factor to decide pro
cessor performance. CHI-IT machine cycle time is re-
stricted by its cache memory cycle tine. In Prolog pro-
gram execulion, memory accesses occur very frequently,
and much memoty space is required. Even if plural in-
structions can be parallelly executed, most fundamen-
tal Prolog operations require sequential data accesses.
For example, variable dereferencing operation requires
step by step memory access to trace a reference chain
sequentially. Therefore, the ideal program execution
time is eoincident with the total memory access time



required to execute the program. The CHI-II processor
is designed to execute many micro operations in a micro
step, in order fo eliminate micro steps without mem-
oy access. Then, the memory access ratio, between
memaory access count and micro steps, required in ma-
chine instruction or program execution, was measured
to estimate the hardware function suitability. When
the memeory sccess ratio is 1, and the machine cyele
time is equal to the cache memary access time, the ma-
chine design is ideal. Therafore, CHI-II machine cycle
time (170 nS) was determined, hased on cache memery
access time (about 150 nS).

2.2 Multiple function execution in a
micro cycle

CEI hardware was designed on the basis of tagzed-
architecture, and its data format ronsists of two fields.
One is for specifying data types, called a {ag field, and
the other is for data values, called a value field. Tn CHI-
Il processor, fag field is Bbits in length, and value field
is 32 bits in length,

CHI-IT processor provides Prolog language oriented
hardware functions: tag check, value comparison and
argument access. It also provides conventional hard-
ware [unctions: instruction prefetching and micropro-
gram mulii-way branching, In CHI-II, these operations
are executed simultancously in a micro step, as many
as possible, in order that the memory access ratio may
be equal to I For example, on an argument matching
operation, which is the most characteristic operation in
Prolog program execution, the CHI-II processer com-
pares fags and values, respectively, in a single micro
eycle,

2.3 Compile optimization technique

Clause-indexing instructions[3] markedly reduce the
number of machine instructions to be executed, by
checking the first argument feg field in a predicate.
Two kinds of new clause-indexing instructions are intro-
duced in CHL-II, in order to take advantage of CHLII
multiple function execution in a micro cycle. One of
the pewly introduced clause-indexing instruetions com-
bines get instructions, for the first argument, with an
original clavse-indexing instruction. These instructions
are a3 follow,

awitch _on list_register_varinble
aviteh on_list_register_valua

The other includes a kind of deloyed branch type in-
structions, as follow,

delayed_switch_on_tarm

delayad_soitch_ on_ list
delaysd_nwitch_on_ list_register_variable
delaysd_swltch_on_list_register_valus
dalayad_sarxacnta

append([],X,1).
append([X[4],B, [XIC]):-append{ A, B,C).

(a). Append program in Pralog

Fapp: wwitch sn_term Toil F1at. 3L S 0 4 o steps

11 Ery e else iz B

Fml:  getonil AD R
get register_valuse Al A2 3
procesd '

1L brustomeelss fail i

Blae: et list Ad il oatep
“umily regiatermriakle A2 ;# d L osteps
unily register.variable AQ P02 uoateps
getdiat A2 P 4 oatepa
unify registervalue Al iw X oaceps
unify regiaterovarable 42 i % 2 staps
exEgute Sapp 3w osteps

+ instruction executed ln the 2nd clayse

(b). Machine program without using the newly introducsd
instructions

Yapp: switch.onlisc_register variable A3 %nil st 81 H

i try e sise 52 ;
getnil i

Inil:  getregiater.value AlLLAZ H
procesd

12 erustomeelas fasl
getdist register variablevariable ADAD AD
Frbdistrematerovaluavariable A2 A3 AT
awitchoon list register_variable  AZJ $nil 9lst, 21
$lat:  unify.se galer_variabie A i ® 1 poatepa
geetist feginteromlugavariable  AZAJ A2 - N
iwitghandist registeromriable  AS3nil Slae 1 | o 4 4 steps

® inatruction executed in the Ind clavse

(). Machine instructions using the newly introdnced
imstruetions

Figure 1: Append Program in CHT-TT machine

Extended unification instructions for list data are also
intreduced in CHI-TT.

gat ldst _register variable_variahle
Eet_liat_registar_walna_variahle
nefify list_regletar_wariable_variable

anify _liat_ragiatsr_walae_varizble ate.

Each new clause-indexing and extended unification
instruction replaces several machire instructions, For
example, in append program execution, 5 machine in-
structions and 8 micro steps are reduced in evary logical
inference, by using above new instructions (as shown in
Figure 1),

3 CHI-IT configuration

CHI-1T system provides an excellent Prolog program
development and execution environment for 2 single
user, including multi-processing and multi-window en-
vironment. It consists of 2 host machine and CHI-TI
machine (as shown in Figure 2),
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Figure 2: CEI-II System Configuration
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Figuze 3: CHI-1I Machine Configuration

A host machine controls peripheral devices, inelud-
ing man-machine interface control and CHI-II file man-
agement on secondary storage devices. An engineering
workstation with UNIX system V is used as the host
machine. CHI-II machine is composed of a high per-
formance processor (CHIIT processor), a large capacity
main memory (CHI-II memory system) and a host in-
terface unit (HIU) (as shown in Figure 3)

3.1 CHIII processor

CHID processor provides two ALUs, one for address
caleulation and the other for data computation, and an
argument comparator for data type check (as shown in
Figure 4).

Therefore, it can execute address computation, value
comparison and fag check in a micro cycle. It also pro-
vides a multiport (4 read ports and 2 write ports) reg-
ister file, compased of 32 data registers and 32 control
registers. The data registers specified by instruction
code can be accessed in a micro step. They are used
as argument registers.[3] The control registers are used
to control stack operation, backiracking and predicate

mar I

Cacha Mamury &
CEI-TI ¥emory Systea

A i ALY for address calevlatianm
Bo: ALY for data computaticn

€ : argument comparatar

D : multipost ragister file

E : instruction prefetchar

FFP : floating point procesaer
BAF [ memary address regiacars

Figure 4: CHI-II Processor Configuration

call operation,

Mest machine instructions can be executed in two ar
three micro steps in CHILIT processor, A faw instruc-
tions can be executed in a micro step. The authors have
developed two CMOS gate-areay LSIs for COLI pro-
cessor. One is 2 micro sequence controller (about 13,000
gates) and the other is an instruction code prefetch eon-
treller (about 6,000 gates).

3.2 CHI-TI memory system

CHI-IT memory system consists of a mapping unit
and main memory. The mepping unit translates logical
addresses to real addresses. In CHI-II machine, 8 in-
dependent logical spaces are required to execute Prolog
program, These spaces are called:

syutem control arga: for system information and

micro work area

code area: for executable machine code

commen data area:  for shared data

system object area: for sysiem rescures

lacal stack area:

global stack arem;

trail stack area:
loeal heap area:

The main memory provides a 128-mega-word mem-
ory space with error eorrection. It is implemented with
! mega bit D-RAMs, and high-density packaging te?h-
nology. Therefore, a single main memory board, ‘_"lﬁ]'i
surface-mounted memory ICs on both sides, provides
40-mega-byte memory capacity (8 mega words). There
are 16 main memory boards in CHI-II machine.

far undo cantrol
for process infurimation
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Table 1: Memory Access Ratio in typical 18 machine

pstructions
Slacning tlvera Step Tleiemary dlemory
Caount Access |Access Ratio
Inatruetian CHId |HT-EE | Count | cHia | CHIS
Eeipernanenlvariabis F) | F] 1.000] 1.
gettemporary vmrinble 2 1 0.300| 1.000
Fetpermanent value 5 3 ] 0.800| 0.667
gestempomry omlue -] 1 1 0EET [ L.000
grelise 1 1 1 0500 1.000
Eecatrugture ] 3 2 [.500| DLBET
putpermansnimnable 2 2 2 0857 1,009
|pu e temporary varabie 3 T 1 0,887 1.000
putpermanent value d 3 2 0,500 | 0.8&T
putlempamry.value 3 1 1 0.2330 1.000
puat Jiaz 3 1 1 0.333| 1.000
Pukatruciure H 3 1 0400 L.000
unify permanentomriabiel 4 3 3 0780 | t opo
unify _temparary varisbie | 4 2 2 0.500) 1.000
unify fermanentvaiue 3 3 3 B.&00| | oD
unify _temparary value ] 2 2 D400 | 1.000
anify list 2 1 1 0.500 | 1.000
ubil¥ Structure ] 3 T 0.233| 0.68T
toral [ 42 —_— —_—
nverage R 1.5 10476 0588 |

3.2 Host Interface Unit

The HIU controls asvochronous bi-directional eom-
munications between the host machine and CHI-1I ma-
chine. It also converts CHI-II 40-bit-data into 32-bit-
data used in the host machine, and vice versa. There
fore, the host machine is considered as an excellent 1/O
processor for the CHI-1I processor, It provides file man-
agement function, map-machine interface function and
CHI-IT hardware monitoring function.

4 Performance estimation

CHI-I performance estimation ie based on micropro-
gram execution for machine instructions and a deter-
ministic append program. The number of micro sieps
11 each machine instruction was counted to compare
CHI-IT and CHL-I performance (as shown in Table 1).

In most machine instructions, the number of micro
steps in CHI-IT is smaller than that required in CHI-
I, when the cache hit ratio is 100%, because of the
improvement in multiple funetion exesution in CHI-IL,
The average memory access ratie, in typical 18 ma-
chine instrustions execution, i= 0.889 in CHI-II, while
it is 0.478 n CHI-I.

In append program execution, 8§ machine instructions
and 20 micro stepe are required for a logical inference
in CHI-II. The memory access ratio is 0.850. In CHI-L,
9 machine instructions and 35 micro steps are required,
and its memeory access ratio is 0.457. Therefore, in spite
of long machine eycle time, 170 nS, CHI-II performance
is estimated to be at 2804 KLIPS in append program
execution, while it is estimated as 285 KLIPS in CHI-I
{as shown in Table 2).

Moreover, using the compile optimization technique,
CHI-II performance is improved at 490 KLIPS in

Table 2: Performance Estimation in append program
execution

Macnine Ko Memory |Perfotmance
Instrus-  |Siep Accem  |[KLIPS)
tion Count /L] | Racio
Caotme LI

CHILT 3 B K THE

=11 WICh- F ED] O.650 o

Ut compiie opti-

faeFF=1 3151

CHI-T wacn cami- 3 12 [} EE]

pile aptimization N

append program exesution. Then, 3 machine instruc-
tions and 12 micro steps are reguired, and the memory
access ratio is Umproved at 0.917.

53 Conclusion

CHI-II has been designed and implemented as a
practical desk-side computer. It bas improved hard-
ware functions and machine architecture for realizing
a machine superior to CHI-I. Moreover, as a result of
improvement in the memory access ratio, applying com-
pile optimization techoique, CHI-TI realizes a powerful
Frolog processar. In append pragram execution, CHI-I]
perlormance is estimated o be at 490 KLIPS.

The authors consider that, if a few mega bit SRAM

. and 100,000 gates could be integrated on a chip, the

ideal CHI processer could be realized, resulting in a
practical Prolog processor with several MLIPS (Mega
LIPS). .
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