P arallel Basic Soft w are

T ak ashi Chik a y ama

Institute for New Generation Computer T ec hnology

4-28, Mita 1-chome, Minato-ku, T oky o 108 Japan

chikayama@icot.or.jp

Abstract

Results of the research and developmen t conducted on

parallel basic softw are in the FGCS follow-on pro ject

are rep orted. The principal ob jective of the pro ject is in

dissemination of the technologies develop ed in the FGCS

main pro ject based on concurrent logic programming.

T o reach the ob jective, the softw are systems devel-

op ed in the F

GCS pro ject on parallel inference ma-

chines (PIMs) required a more widely av ailable platform

for their broader utilization. PIMs were ev aluated in

further depth and a new implemen tation of a concur-

rent logic programming language KL1 for Unix-based

systems, KLIC, was dev elop ed based up on the results.

Principal basic softw are systems on PIM were p orted to

KLIC, including a parallel database managemen t system

Kappa and a parallel b ottom-up theorem prov er MGTP .

1 In tro duction

In the Fifth Generation Computer Systems (FGCS)

pro ject conducted in �scal years of 1982 through 1992,

its parallel inference system was develop ed to provide

massive pro cessing p ow er with a comfortable softw are

developmen t en vironmen t based on concurrent logic pro-

gramming. The parallel inference system consists of par-

allel inference mac hines [7], parallel implementations of a

concurrent logic programming language KL1 up on them

and basic softw are systems [17, 2].

Through developmen t of n umerous exp erimen tal par-

allel application softw are systems, the parallel inference

system was prov ed to provide sup erior pro cessing p o w er

and a comfortable environmen t for e�cient softw are de-

velopmen t. How ev er, the system based on sp ecial pur-

p ose hardware had some drawbac ks that prev en ted wider

utilization of the system and application systems on it.

The KL1 language system and basic softw are sys-

tems hav e b een redesigned and reconstructed on com-

puter systems commonly a v ailable in the mark et for

wider av ailabilit y and easier access. This pap er gives an

ov erview of the researc h and dev elopmen t on this area

in the FGCS follow-on pro ject.

1.1 Motiv ation and Ob jectiv es

The parallel inference system built in the F

GCS pro ject

had the following drawbac ks.

� PIMs had pro cessing and interpro cessor commu-

nication hardware sp ecially devised for concurrent logic programming. It had many exp erimental fea-

tures and consideration on their cost was premature.

This preven ted wider av ailabilit y of the hardw are.

� KL1 was the only high level programming language

av ailable on the system. This preven ted utilization

of already existing softw are written in other lan-

guages.

� The op erating system of PIMs had user interface

muc h di�erent from commonly used op erating sys-

tems. New users needed to get ov er this threshold

b efore enjo ying the b ene�ts.

� Although KL1 w as appropriate for description of

parallel symb olic pro cessing programs, it do es not

feature theorem proving mechanisms for the full

�rst order logic, and there w ere needs for higher

level logic programming.

These had b een obstacles for broader utilization of the

softw are develop ed in the FGCS pro ject.

T o get rid of these obstacles, the following had to b e

provided.

� An e�cient and p ortable implementation of KL1

on computer hardware accessible to a wider range

of researchers.

� Language features to allow smo oth link age with al-

ready existing softw are.

� User interface consistent with widely used op erating

systems.

� A higher level programming language which pro-

vides more general theorem proving capabilities.

1.2 R&D Ov erview

The requiremen ts describ ed ab ov e led us to design a new

implementation of KL1 for Unix-based computer sys-

tems, named KLIC.

F or higher p ortability

, KLIC uses the language C as

an intermediate language for compilation of KL1 pro-

grams, rather than going do wn directly to the machine

instruction or the microprogram level as w as done with

PIMs. How ev er, it is not the only di�erence b etw een

KLIC and PIM implemen tations. Many of the design

decisions were remade for di�erent reasons.

Through deep er analyses of the KL1 implementation

on PIM with many exp erimental parallel application softw are on it, we could more quantitativ ely ev aluate

v arious implementation ideas, which in uenced the de-

sign of KLIC considerably

. The di�erence of the target

hardware caused redesigning, of course. Some of the im-

plementation ideas that needed architectural supp ort for

e�cient pro cessing were given up and several new ideas

were incorp orated instead.

Some of other basic softw are systems also needed non-

trivial redesign for e�ciency on general purp ose hard-

ware. In case of PIMs, we designed the whole computer

systems from the arc hitecture level with sp ecially de-

vised communication mec hanisms, which the KL1 im-

plementations could use directly

. On the other hand,

KLIC is for hardw are with communication mechanisms

with relativ ely low throughput and high latency

. More

imp ortantly

, the op erating system lay er in b etw een the

hardware and the language implementation incurs con-

siderable ov erhead. Thus, some basic softw are systems

had to b e redesigned to reduce the amount and frequency

of interpro cessor communication. The distributed p o ol

is a representativ e example.

The features of KLIC to link with programs in other

languages enabled writing some parts of systems in lan-

guages other than KL1 b est suited for their purp oses.

Most of the con v en tional languages are suited only for

sequential pro cessing, but KLIC can b e used e�ectiv ely

to combine suc h sequential parts together into a parallel

system. A parallel database management system Kappa

was p orted to KLIC with rewrites in the low-lev el data

handling in the language C.

The language KL1 is a logic programming language

but is not meant to b e a theorem prov er for the full �rst

order logic. This is also true for Prolog, but giving up

the automatic search feature of Prolog for b etter paral-

lel execution control made the language level low er than

Prolog. T o �ll the enlarged gap b etw een the needs of

application soft w are and the features provided by KL1,

a b ottom-up theorem prov er MGTP on PIMs was aug-

mented with v arious features to b e useful as a common

to ol or a programming language for knowledge pro cess-

ing and p orted onto KLIC.

The rest of the pap er giv es more detailed descriptions

of each R&D topic. The next section giv es an ov erview

of the ev aluation e�ort made on the KL1 implementation

on PIMs. Section 3 describ es the outline of the KLIC

implementation of KL1. The distributed p o ol, a table

handling utilit y optimized for distributed pro cessing, is

describ ed in section 4. Section 5 gives the outline of

the database managemen t system Kappa. R&D on the

MGTP theorem pro v er is describ ed in section 6. Finally ,

a conclusion is given.

2 Ev aluation of PIMs

Five mo dels of parallel inference machine PIM were built

in the FGCS pro ject. In the FGCS follow-on pro ject,

their ev aluation through building exp erimental parallel

application softw are contin ued.

In addition, the KL1 implementation on the PIM

mo del-p has b een insp ected in more depth after v arious

improv emen ts. The ov erall pro cessing sp eed of the implementation has b een more than doubled in tw o years of

the pro ject p erio d, smo othing out rough edges, making

ev aluation of the implementation scheme more reliable.

2.1 Memory Managemen t

All the KL1 implementations on PIMs adopted a refer-

ence count memory management scheme with a single

reference count bit in p ointers [4]. Through analyses of

the implementation, the following were found.

� Managemen t of MRB was made quite e�cient with

slight architectural implementation supp orts.

� It was e�ective in allowing destructive up dates of

singly referenced data structures without disturbing

the pure semantics of the language.

� Incremen tal garbage collection using the MRB in-

formation was not so e�ective; the management cost

for free lists was muc h higher than simple consec-

utive allo cation. Conv en tional garbage collection

might outp erform it.

2.2 Shared Memory Implemen tation

The mo del-p of PIM has clusters with eight pro cessors

sharing memory and a bus, which in turn are connected

with a hyp ercub e netw ork. Thus, its parallel implemen-

tation of KL1 has b oth shared and distributed memory

p ortions.

Through the analyses of the shared memory p ortion

of the implementation, we could �nd the following.

� Uni�cation on shared memory could b e made e�-

cient with a simple compare and swap primitive.

� Dynamic automatic load distribution within a

shared memory cluster could b e made reasonably

e�cient [9].

� P arallel garbage collection was e�ective but the

shared bus b ecomes the b ottleneck. On the other

hand, incremental garbage collection incurs more

false sharing of cache lines and thus heavier bus

tra�c.

2.3 Distributed Memory Implemen ta-

tion

The distributed memory implemen tations of KL1 on

PIMs adopted a tw o level addressing scheme with lo cal

and global addresses. Interpro cessor memory manage-

ment was through weigh ted reference counting.

Analyses of the implementation revealed the following.

� The sc heme allow ed indep endent lo cal garbage col-

lection, whic h was quite e�ective in reducing the

amount of interpro cessor communication.

� Reference coun ting interpro cessor garbage collec-

tion work ed w ell. Although this cannot collect

garbage forming an in terpro cessor lo op, this never

was a serious problem with application systems

tested so far.

� Lazy data transfer scheme work ed well, but in-

terpro cessor comm unication delay was considerably

large even with architectural supp orts. Application

programs had to b e a w are of data lo cality for e�-

cient pro cessing. Ho w ev er, for many problems, al-

gorithms to ensure higher data access lo calit y could

b e designed without losing parallelism muc h.

2.4 KLIC on PIM

The sequential core of KLIC (describ ed in the next sec-

tion) was p orted to the mo del-p of PIM. It provided an

interesting basis for comparing tw o di�eren t implemen-

tation schemes.

The KLIC implementation sho w ed p erformance simi-

lar to the original implementation in av erage. This was

unexp ected as the original implementation utilizes the

sp ecial features of PIM hardware while KLIC implemen-

tation relies only on RISC-like instructions generated by

a C compiler. The following are susp ected reasons.

� The original implementation is ready for shared-

memory parallel pro cessing while the KLIC version

is not.

� The free list management with incremental garbage

collection with MRB in the original implementation

is not so e�ective for sequential pro cessing.

� The original implementation uses 64 bits p er p ointer

while KLIC uses 32 bits which resulted in b etter

cache p erformance.

One p oint where KLIC was found to p erform muc h in-

ferior to the original implemen tation was goal susp en-

sion for data- ow synchronization. KLIC ow es its p er-

formance to inline co de expansion and thus the ob ject

co de tends to b ecome large. T o alleviate this problem,

compiled co de for a program mo dule has only one run-

time subroutine call site commonly used for all the p os-

sible execution interrupts: goal susp ension, garbage col-

lection, external interrupt, etc. This increased the goal

susp ension cost considerably

. How ev er, it w as also found

that only few application programs had frequent susp en-

sions.

Considering p erformance sup eriority of KLIC on Unix

machines to other logic programming language systems,

the p orting prov ed that the original KL1 implementation

on PIM w as reasonably e�cient, although some ro om

remains for improv emen ts.

F urther details can b e found in [13].

3 KLIC: A P ortable KL1 Imple-

men tation

KLIC is a p ortable implementation of the concurrent

logic programming language KL1. As almost all the soft-

ware systems develop ed in the latter part of the FGCS

pro ject were written in KL1, it was essen tial to pro-

vide its p ortable implementation for dissemination of the

FGCS technologies.

3.1 Design P olicy

KLIC was designed under the following p olicies.

� P ortabilit y should b e put ab ov e everything. Only

standard features of the language C and Unix

should b e used.

1

� The system should b e made as mo dular as p ossi-

ble. As a standard for interpro cess communication

mechanism is yet to b e established, parallel imple-

mentations cannot but hav e some system dep en-

dencies. Such system dep enden t mo dules should b e

clearly separated for ease of p orting.

� The interface should conform to the Unix tradition.

Systems on Unix usually provide a collection of rel-

atively small programs in stead of a single uni�ed

environmen t that most Lisp or Prolog systems pro-

vide. W e susp ect that this di�erence has b een a psy-

chological obstacle to wider acceptance of sym b olic

pro cessing languages. Separation of developmen t

and execution environmen ts also makes pro duction

co de smaller.

� The system should pro vide a wa y to smo othly in-

terface with programs in other languages, sp eci�-

cally the language C. A subroutine interface is not

enough. There should b e a w a y to de�ne data

area for C programs that are maintained within

the framework of the memory management p olicy

of KLIC, including distributed memory cases.

3.2 System Outline

The KLIC system consists of the following.

KL1 compiler that translates programs in KL1 to

plain C programs. Only those features commonly

av ailable with most of the C compilers are used.

Runtime Libraries which are a collection of C sub-

routines called from the translated C co de.

C Header Files that provide data typ e de�nitions and

inline expanded op erations used in the translated C

co de and the run time library .

Compiler Driver that controls the compilation and

link age of KL1 programs.

Compilation of KL1 programs pro ceeds just lik e compi-

lation of C programs except for an additional precompi-

lation step from KL1 to C (Fig. 1). In a sense, KL1 is a

so-called \fourth generation language".

Di�erent runtime libraries are provided for di�erent

forms of usage.

The simplest library provides the basic features and is

meant for the pro duction co de. The debugging library

is for program developmen t providing tracing and b etter

error diagnostics in addition to the basic features.

1

Actually

, we constrained ourselves to a still smaller subset to

enable versions on DOS, OS2 and parallel systems without full

Unix functionalities on pro cessing no des.

Figure 1: Compilation of KL1 Programs

Figure 2: Structure of Parallel Implementations

Another axis that characterizes di�erent libraries is

their parallel pro cessing features. The sequential run-

time library do es no parallel pro cessing. The shared

memory and distributed memory parallel runtime li-

braries provide di�erent parallel pro cessing schemes.

F urthermore, the core algorithm for the distributed

memory implementation is made indep endent of phys-

ical comm unication mechanisms. Separate libraries are

provided dep ending on the low er-lev el comm unication

mechanisms used. Of course, the users are exp ected to

install only those libraries of their need (Fig. 2).

Note that, for all the di�erent purp oses, the C

co de translated from KL1 programs remains the same.

Switching from pro duction co de to debugging co de only

requires link age with a di�erent library

. This also makes

optimizations on the compiler and the parallel imple-

mentation mechanisms orthogonal, making concurrent

system design and developmen t easier.

T o use the same co de for di�erent parallel implemen-

tation schemes, some handles are required in the core

implementation to recognize the needs of non-lo cal pro-

cessing. Explicit op erations, such as designating a goal

to b e executed on a di�eren t work er, are easily recog-

nized. Shared data accesses are implicit and data access

op erations ha v e to provide handles to escap e to appro-

priate runtime library routines. This is realized by using

generic obje cts describ ed in section 3.4.

3.3 Basic Design

T aking into account of the ev aluation results of the KL1

implementations on PIMs, di�erences of the target ma-

chine architectures, and recent research results on logic

programming language implementations, we made the

following design decisions for the core part of the KLIC

system.

� The MRB reference counting scheme is not adopted.

Incremental garbage collection based on MRB was found not to b e so e�ective and, unlike PIM pro-

cessors, sto ck hardware cannot handle many tag

bits e�ciently

. Also, recent research results sug-

gest most of the information obtained by dynamic

reference coun ting may b e obtained through static

analyses.

� Only tw o low est bits of a p oin ter word are used for

tags. By aligning p ointer words with four or more

bytes at w ord b oundaries, these t w o tag bits can b e

used freely

. Mo dern C compilers can com bine tag

handling and memory accesses as one load/store in-

struction with a small o�set. V arious builtin data

typ es are realized as generic ob jects describ ed b e-

low.

� Rather than compiling one KL1 predicate into one

C function, one KL1 program mo dule consisting of

a set of related predicates is compiled into one C

function. As most of the mo dern C compilers are

still not go o d at interpro cedural optimization, size

of C functions should b e kept reasonably large.

3.4 Generic Ob jects

With the KL1 implementations on PIM [7], we exp eri-

enced sev ere di�culties in trying out di�erent parallel

execution schemes, as the sc hemes were to o muc h inte-

grated into the system core. This p ointed to us a moral

that system extensibility and mo di�ability should b e put

ab o v e bare e�ciency

. On the other hand, as the system

is for sto ck hardware, only a limited num b er of p ointer

tag bits can b e handled e�ciently . W e thus needed some

other wa ys to distinguish v arious built-in data typ es.

Generic ob jects w ere intro duced to ac hiev e these tw o

ob jectives at a time. W e b orrow ed the basic idea of

generic ob jects from AGENTS [11], mo di�ed and ex-

tended it for KLIC.

The core of the runtime system and compiled co des

only know data typ es generically called generic obje cts.

Generic ob jects of all classes hav e the same interface;

new ob ject classes can b e freely added without chang-

ing the system core. F or example, copying of ob jects on

garbage collection is implemented as one of their meth-

o ds, and thus the system core do not hav e to know their

physical representation.

KLIC has three categories of generic ob jects.

Data Obje cts are immutable ob jects without time-

dep enden t states. Time-indep endence means that they

alwa ys lo ok the same from KL1 programs; their physical

representation may b e mo di�ed. F or example, multiv er-

sion arrays are data ob jects that lo ok immutable, but

di�erent v ersions of an array are represented by a phys-

ical array and linked records of their di�erences, which

are mutated on up dates.

With a set of macros pro vided by the system, users

can de�ne an ob ject class to interface C programs with

the KLIC system in an ob ject-orien ted manner. On

distributed memory implementations, ob ject migration

can b e realized by simply providing a metho d to enco de

the ob ject in to a message and a corresp onding deco der.

Higher level decisions suc h as when to migrate ob jects

14

and lo w er level communication pro cedures are taken care

of by the KLIC system.

Consumer Obje cts are data-driven ob jects with time-

dep endent states. They are asso ciated with an uninstan-

tiated logical v ariable and activ ated by its instantiation.

When the uni�er recognizes that the instantiated v ari-

able is asso ciated with a consumer ob ject, the unify

metho d of the ob ject is called. The ob ject p erforms the

task sp eci�ed by the given v alue and, when the v alue

is a structured data, may asso ciates itself again with a

v ariable inside the structure. Consumer ob jects b ehav e

exactly like a pro cess describ ed in KL1 waiting for in-

stantiation of a v ariable, except that arbitrary C co de

can describ e its b ehavior.

Gener ator Obje cts are demand-driven ob jects. They

are also asso ciated with an uninstantiated v ariable but

are activ ated on demand of its v alue. When a v ariable

asso ciated with a generator ob ject is found to b e required

during goal susp ension handling, the generate metho d

of the ob ject is called. It ma y generate some v alue imme-

diately to instantiate the asso ciated v ariable. Alterna-

tively

, it may initiate some activity that will even tually

do it.

In parallel implementations [14, 15], non-lo cal ref-

erences are represented as generator ob jects. Their

generate metho ds send a v alue fetching message to an-

other work er or read data from shared memory .

No distinction of the ab ov e-describ ed three categories

is made by AGENTS; It hav e no generators and the

functionality of consumers is provided by p orts which

are data ob jects. Ports are names of streams rather than

streams themselves.

3.5 Sequen tial P erformance

With careful design of the generated C co de, and thanks

to excellent optimization by mo dern C compilers, the

sequential core of KLIC shows reasonable p erformance.

F or a set of standard b enchmark programs that use com-

mon features of Prolog and KL1, KLIC runs ab out twice

as fast as native machine co de generated by a widely

used Prolog system, SICStus Prolog [1]. This was re-

con�rmed b y the t w o versions of the KL1 to C compiler,

one in Prolog and another in KL1 itself

2

.

While SICStus generates machine co de directly ,

KLIC’s co de generation is indirect through C. Deep er

analysis of the generated co de rev ealed that the lack of

backtrac king b ene�ted KLIC considerably

, but nothing

seems to b e lost b y the indirect co de generation sc heme

through C, while yielding excellent p ortability [3].

Note that, with the parallelization scheme of KLIC,

this excellent sequen tial p erformance is directly inher-

ited to the single pro cessor p erformance of its parallel

implementations.

3.6 Shared Memory Implemen tation

In the shared memory implementation of KLIC, each

work er pro cess has its own lo cal heap area and shares

one common heap area in addition. The lo cal heap may

2

The Prolog version is a by-product of the earlier developmen t

phase of KLIC.

Figure 3: Shared Memory Implementation

Figure 4: Distributed Memory Implemen tation

b e physically homogeneous with the shared heap; the

logical distinction is to reduce the needs of lo cking and

to increase access lo cality

. The principal management

p olicy is to allo w p oin ters from a lo cal heap to the shared

heap but not the reverse.

Data structures are created in a lo cal heap and stay

there as far as no references from di�erent w ork ers are

made. Data structures created for temp orary use by one

work er live their whole lives within the lo cal heap.

When a reference is made from a di�erent work er, ei-

ther by passing the data structure as an argument of a

distributed goal or by unifying it with a v ariable in the

shared heap, the structure is copied to the shared heap.

Nested structures are copied recursively down to the b ot-

tom in such cases, as they will b e indirectly shared.

With the pure semantics of the language, data struc-

tures are read-only and thus need no sp ecial care even

when they are shared. Uninstantiated v ariables in the

shared heap call for sp ecial treatmen t, as their instanti-

ations need lo cking and copying of the lo cal data uni�ed

with them to the shared heap. Generic ob jects are used

as handles to access shared v ariables (Fig. 3).

As garbage collection is an op eration without go o d

memory access lo cality

, garbage collection of the shared

heap may easily saturate the memory bus. By sepa-

rating lo cal and shared heaps, individual work ers can

garbage-collect its own lo cal heap indep endently and

asynchronously

. Also, an interesting research is going

on to allo w async hronous garbage collection of shared

heap [14].

3.7 Distributed Memory Implemen ta-

tion

The distributed memory implementation of KLIC inher-

its its basic design from the distributed memory imple-

mentation on PIMs [10]. Two level addresses, lo cal and

global, are used with address translation tables called

exp ort table (Fig. 4).

An imp ortant di�erence is that, unlike on PIMs where

15

the op erating system is built on the KL1 language imple-

mentation, KLIC programs are no more than application

programs running under op erating systems. Thus, uni�-

cation failures can b e treated as the failure of the whole

program in case of KLIC. This considerably simpli�ed

the distributed uni�cation mechanism [15].

The basic common part of the distributed memory im-

plementation translates the needs of the KL1 programs

into message exchange. Each concrete implementation

then realizes message exchange using some low er-lev el

mechanism. P ortable implementations based on mes-

sage passing libraries PVM and MPI, and those based

on more system dep endent features suc h as active mes-

sages are b eing develop ed.

3.8 P ortabilit y

The sequen tial core of the KLIC system has b een p orted

to many Unix-based systems, including systems pro-

vided by DEC, NEC, Hitachi, Omron, SGI, Sony

, and

Sun. Porting to other Unix-based systems usually re-

quires only adding a line or tw o to the con�guration

script, if an y . The system has also b e p orted to p ersonal

computers running Linux, MS-DOS and OS2.

The shared memory parallel implementation is run-

ning on shared-memory multipro cessors provided by

DEC and Sun at the time this manuscript is prepared

(Nov em b er 1994). It can b e easily p orted to other sys-

tems with shared memory features by rewriting only the

parts of the co de for shared memory allo cation, lo ck-

ing, and cache coherence (on systems with weak cache

coherence semantics).

The distributed memory parallel implemen tation is

currently running on PVM. It runs on workstations con-

nected via ethernet and is also rep orted to run on Intel

Paragon. A shared memory implementation of the dis-

tributed memory implementation, which uses the shared

memory for exchanging messages, is also running. An

MPI implementation and implementations using system

sp eci�c interpro cessor communication features are also

going on for AP1000, Cenju3, CM5, SR2001, and some

other systems.

F urther details can b e found in [6].

4 Distributed P o ol

The p o ol is a table maintenance utilit y pro vided by the

PIMOS op erating system [5] of PIMs. It provides v ari-

ous forms of tables with arbitrary keys and data and has

b een extensively used by exp erimental parallel applica-

tion programs on PIMs.

The original p o ol itself did not run in parallel. All

the data is managed by a single pro cess. This had the

following problems.

� On systems where communication b etw een pro cess-

ing no des is relatively slow, access latency b ecomes

problematic.

� On a highly parallel system with many pro cesses

accessing a single p o ol, load concentration makes

the p o ol the b ottlenec k of its p erformance.

� The amount of data stored in a p o ol is limited b y the

memory av ailable for a single pro cessing no de, while

more memory may b e remaining on other pro cessing

no des.

The access latency problem will b ecome more apparent

on systems where the sp eed ratio of computation and

communication is larger, such as some of the targets of

the KLIC system.

The distributed p o ol w as designed to solve the ab ov e

problems by adopting the following schemes.

� Data are distributed among pro cessing no des. This

alleviates memory use imbalance.

� Data accessed are cac hed by lo cal cache pro cesses.

This alleviate access latency and load im balance.

T o maintain the semantics of the original p o ol utilit y ,

a cache coherence algorithm was designed. The algo-

rithm is similar to ones used in k eeping physical memory

cache consistency except that communication b etw een

caches is asynchronous and thus requires sp ecial care on

message crossing and outstripping.

F urther details can b e found in [16].

5 Kappa: A P arallel Database

Managemen t System

Kappa is a parallel database management system

(DBMS) for providing e�cient database management

facilities for knowledge information pro cessing applica-

tions. Its data management is based on a nested rela-

tional mo del, in which complex structured data can b e

handled muc h more e�cien tly than in the con v en tional

relational mo del.

Kappa was originally develop ed as a sequential DBMS

and evolv ed to a parallel version in the FGCS pro ject.

In the FGCS follo w-on pro ject, the parallel version of

Kappa was p orted onto KLIC.

Kappa consists of a num b er of elemen t DBMSs run-

ning in parallel managing their own data. Eac h of the

element DBMS has the full functionality of a DBMS. A

global map of relations in element DBMSs is managed

by serv er DBMSs. The placement of the data can b e

con�gured dep ending on the amount of and access pat-

terns to the data. One relation can b e divided horizon-

tally into subrelations and distributed. F rom the users,

the relation still lo oks as a single relation logically . F or

frequently accessed data, copies of one relations can b e

distributed for increased access lo calit y (Fig. 5).

In the KLIC version of Kappa, some low er level data

manipulation p ortions of Kappa were reco ded in the

language C directly

. This made its sequential p erfor-

mance close to con v en tional relational DBMSs on Unix

systems, while retaining its parallel and distributed pro-

cessing abilities and added exibilit y of its nested rela-

tional mo del.

F urther details can b e found in [12].

16

Figure 5: An Example Con�guration of Kappa

6 MGTP: A Bottom-Up Theo-

rem Pro v er

A theorem prov er MGTP was built on PIMs in the

FGCS main pro ject. The pro of mechanism of MGTP

is through generation of mo dels from a giv en axiom set

and a theorem to b e prov ed in a b ottom-up manner.

In a sense, the system w as to supplement KL1 with

its more general logic programming capabilities. The

MGTP system sho w ed remark able p erformance through

highly parallel pro cessing on PIMs for certain classes of

problems. One of its representativ e results is an au-

tomatic pro of of an op en problem in quasi-group the-

ory . How ev er, it had relative weakness for problems of

certain classes when compared to top-down prov ers or

constraint-based systems. Also, its surface syn tax was

not easily accepted as a programming language b y ap-

plication programmers.

In the FGCS follo w-on pro ject, MGTP has b een re-

�ned and extended with v arious features to b e useful as a

common to ol or a programming language for knowledge

pro cessing and also p orted onto KLIC.

T o ov ercome its weakness on certain classes of prob-

lems, a technique called non-Horn magic set (NHM) has

b een dev elop ed. MGTP generates mo dels from a given

axiom set to pro v e theorems, but literals irrelev an t to the

pro of were generated also. The NHM technique con trols

the mo del generation to suppress case splits redundant

or unnecessary for the pro of, improving its p erformance

remark ably .

T o solve constraint satisfaction problems more e�-

ciently

, a version with constrain t propagation features,

called Constrain t MGTP (CMGTP) has b een develop ed.

F or higher lev el description, a metho d to translate for-

mulas of mo dal logic into those of �rst-order logic has

b een develop ed, so that pro ofs in mo dal logic can b e han-

dled by MGTP . F or e�ciency on systems with slow er in-

terpro cessor communication, a v ersion with higher data

access lo cality

, called distribute d MGTP has also b een

develop ed.

In the course of developmen t of v arious systems, to ols

for visualizing the progress of pro ofs w ere also devel-

op ed. Such to ols has b een essen tial in tuning the pro of

strategies.

F urther details can b e found in [8].

7 Conclusion

The KL1 language system and principal basic softw are

systems hav e b een successfully p orted to the hardware

av ailable in the market. By releasing them as free soft-

ware, many researchers outside of the pro ject started to

base their research on these basic soft w are systems. Still

wider use of them can b e exp ected in coming years. In

this viewp oint, we may conclude that the research and

developmen t of the basic softw are systems in the FGCS

follow-on pro ject w as quite successful.

On the other hand, there remains muc h ro om for im-

prov emen ts. F urther optimizations with static analy-

ses are needed to mak e the p erformance of KLIC pro-

grams approach programs directly written in C. F re-

quency of in terpro cessor communication should b e re-

duced through static analyses. Kappa and MGTP also

hav e ro oms for p erformance improv emen ts and b etter

user and program in terfaces. W e exp ect that a wider

but probably more lo osely coupled research comm unit y

to b e formed after the termination of the FGCS follow-

on pro ject to lo ok into these research topics.

Ac kno wledgmen ts

Rep orts on R&D on individual topics are based on the

pap ers b y and discussion with those who carried out

research and developmen t on individual topics, includ-

ing Koichi Kumon, Hiroy oshi Hataza w a, T etsuro F ujise,

Masaki Sato, Moto Kaw am ura and Ryuzo Hasegaw a.

References

[1] Mats Carlsson, Johan Wid� en, Johan Andersson,

Stefan Andersson, Kent Bro otz, Hans Nilsson, and

Thomas Sj� oland. SICStus Pr olo g User’s Manual,

1993.

[2] T ak ashi Chik a y ama. Op erating system PIMOS and

kernel language KL1. In Pr o c e e dings of FGCS’92,

pages 73{88, T oky o, Japan, 1992.

[3] T ak ashi Chik a y ama, T etsuro F ujise, and Daigo

Sekita. A p ortable and e�cient implementation of

kl1. In Manuel Hermenegildo and Jaan Penjam, ed-

itors, Pr o c e e dings of PLILP’94, pages 25{39, Berlin,

1994. Springer-V erlag.

[4] T ak ashi Chik a y ama and Y asunori Kim ura. Multiple

reference managemen t in at GHC. In Pr o c e e dings

of 4th International Confer enc e on L o gic Pr o gr am-

ming, 1987.

[5] T ak ashi Chik a y ama, Hiroyuki Sato, and T oshihik o

Miyazaki. Overview of the parallel inference ma-

chine op erating system (PIMOS). In Pr o c e e dings of

FGCS’88, pages 230{251, T oky o, Japan, 1988.

[6] T etsuro F ujise, T ak ashi Chik a y ama, Kazuaki Roku-

saw a, and Akihiko Nak ase. Klic: A p ortable imple-

mentation of kl1. In Pr o c e e dings of FGCS’94, 1994.

17

[7] Atsuhiro Goto, Masatoshi Sato, Katsuto Nak a jima,

Kazuo T aki, and Akira Matsumoto. Overview of

the parallel inference machine architecture (PIM).

In Pr o c e e dings of FGCS’88, T oky o, Japan, 1988.

[8] Ryuzo Hasega w a. Parallel theorem prov ers |

MGTP |. In Pr o c e e dings of FGCS’94, 1994.

[9] Hiroy oshi Hatazaw a. Ev aluation of Fine-Grain Au-

tomatic Load Balancing Metho d on the Shared

Memory Parallel Machine Journal of Information

Pr o c essing So ciety of Jap an, 35(10):2069{2077, Oc-

tob er 1994. in Japanese.

[10] Nobuyuki Ic hiy oshi, Kazuaki Rokusaw a, Katsuto

Nak a jima, and Y u Inam ura. A new external ref-

erence management and distributed uni�cation for

KL1. In Pr o c e e dings of FGCS’88, T oky o, Japan,

1988. Also in New Generation Computing 7{2, 3

(1990), pp. 159{177.

[11] Sverk er Janson, Johan Mon telius, Ken t Bo ortz,

Per Brand, Bj� orn Carlson, Ralph Clarke Haygo o d,

Bj� orn Danielsson, and Seif Haridi. AGENTS user

manual. SICS technical rep ort, Swedish Institute of

Computer Science, 1994.

[12] Moto Kaw am ura and T oru Kaw am ura. Parallel

database management system: Kappa. In Pr o c e e d-

ings of FGCS’94, 1994.

[13] Koichi Kumon. Ev aluation of parallel inference ma-

chine PIM. In Pr o c e e dings of FGCS’94, 1994.

[14] Masao Morita, Nobuyuki Ichiy oshi, and T ak ashi

Chik a y ama. A shared-memory parallel execution

scheme of KLIC. ICOT technical rep ort, ICOT,

1994.

[15] Kazuaki Rokusaw a, Akihiko Nak ase, and T ak ashi

Chik a y ama. Distributed memory implementation

of KLIC. ICOT technical rep ort, ICOT, 1994.

[16] Masaki Sato, Masahiko Y amauc hi, and T ak ashi

Chik a y ama. Distirbuted p o ol and its implementa-

tion. In Pr o c e e dings of FGCS’94, 1994.

[17] Kazunori Ueda and T ak ashi Chik a y ama. Design of

the kernel language for the parallel inference ma-

chine. The Computer Journal, 33(6):494{500, De-

cemb er 1990.