66 Pro c. of FGCS ’94, ICOT, T oky o, Decem b er 1994

KLIC: A P ortable Implemen tation of KL1

Tetsuro Fujise, T akashi Chika y ama

Kazuaki Rokusa w a, Akihiko Nakase

Institute for New Generation Computer T ec hnology

4-28-21F, Mita 1-chome, Minato-ku, T oky o 108, Japan

ffujise, chikayama, rokusawa, nakaseg@icot.or.jp

Abstract

This pap er describ es an ov erview of the implementation

of KLIC. KLIC is a p ortable implementation of a concur-

rent logic programming language KL1. The sequential

core of KLIC shows reasonable e�ciency in b oth time

and space asp ects. Tw o kinds of parallel implementa-

tion on a distributed memory and a shared memory

, are

designed with the p olicy to retain the e�ciency of the se-

quential core. T o realize this, the parallel pro cessing p or-

tion of the implementations is built on generic obje cts,

which pro vide a framework for exible extensions with-

out even slightly changing the core implemen tation.

1 In tro duction

KLIC is a p ortable implementation of a concurren t logic

programming language KL1, based on FGHC[19]. KL1

has b een prov ed to b e a practical to ol for parallel pro-

cessing softw are research through the developmen t of the

PIMOS op erating system[4] and v arious application sys-

tems on parallel inference machines Multi-PSI[16] and

PIM[11] in the Japanese Fifth Generation Computer Sys-

tems pro ject.

Although KL1 runs e�ciently on those parallel infer-

ence mac hines, such implementations hav e a serious dis-

adv an tage in that they are not p ortable and cannot b e

used on commercial machines. T o solve this problem,

a scheme that allows a v ery p ortable implementation

of compiling into C was inv estigated. The language C

was chosen as the intermediate language, b ecause there

are widely av ailable compilers with excellent optimiza-

tion quality for the language now ada ys. V arious demer-

its exist in using C as an intermediate language, we hav e

designed an implemen tation scheme which detours them,

and built KLIC.

The sequential core of KLIC shows reasonable e�-

ciency in b oth time and space asp ects. It runs ab out

twice as fast as the native co de generated by SICStus

Prolog[2] for b enchmark programs on SparcStation 10 mo del 30. The co de size b ecomes larger than abstract

machine co de but is found to remain reasonable.

W e designed the parallel implementation with the p ol-

icy to retain the e�ciency of the sequen tial core of KLIC.

T o realize this the parallel pro cessing p ortion of the im-

plementaion is built on generic obje cts.

Generic Ob jects provide a framew ork for exible ex-

tensions of the implementation. The framew ork is

ob ject-oriented so that the core implementation do es

not hav e to know the representation nor manipulation

of generic ob jects. When some manipulation is required

on generic ob jects, the core asks the ob jects. Generic ob-

jects realized full functionality of the system with quite

concise core implementation.

F eatures of KLIC implemented up on generic ob jects

include built-in data typ es with foreign language inter-

faces, as well as multiple parallel implemen tation.

Two kinds of parallel implementation of KLIC are

designed, called a distributed memory implementation

and a shared memory implementation. The distributed

memory implemen tation is based on a message passing

scheme; the shared memory implemen tation is based on

a shared heap area accessing scheme.

This pap er gives an ov erview of implementation of

KLIC and the structure of this pap er is as follo ws. Sec-

tion 2 describ es the e�cient technique of the compiling

KL1 in to C program. Section 3 describ es the sequential

core of KLIC, generic ob jects are describ ed in Section 4.

In Section 5, tw o kinds of the parallel implementation of

KLIC are describ ed. Section 6 giv es a summary follow ed

by concluding remarks.

Note that the KLIC system is describ ed in [6].

2 C as the In termediate Lan-

guage

Language C was chosen as an intermediate language,

mainly for establishing higher p ortability

. The merits

of using C and the di�culties as following faced up on translating KL1 programs to e�cien t C programs are

summarized, and our solution to this problem is given.

2.1 Merits of Compilation in to C

There are v arious merits in using C as the intermedi-

ate language to implement KL1, among whic h imp ortant

ones are the following:

Portabilit y The implementation can b e made quite

p ortable. Porting the system will require only ad-

justing some switches and recompiling.

Low-lev el optimization Some C compilers provide

very go o d low-lev el optimization. By letting the C

compiler take care of low-lev el issues, the language

implementation can concentrate on higher-lev el op-

timization issues.

Link age with foreign language programs

Linking KL1 programs with programs written in C

b ecomes quite easy .

2.2 E�ciency problems

Although compiling into C has the ab o v e-men tioned ad-

v an tages, it is not easy to realize a reasonable e�ciency

for languages with an execution mo del quite di�eren t

from C, such as KL1. Typical e�ciency problems in-

clude the following:

Costly function calls The C language and its imple-

mentation is designed with fairly large functions in

mind. Although function inv o cation and parameter

passing ov erhead itself may b e regarded not very

large, dividing programs in to functions makes pro-

gram analysis more di�cult, often resulting in less

e�cient ob ject co de. KL1 predicates are usually

very small, often as small as one line of C co de.

Many of them are recursive, making inline expan-

sion imp ossible. Thus, naiv e strategies such as com-

piling each KL1 predicate in to one C function may

result in quite ine�cien t co de and should b e not b e

used.

Register allo cation control Certain

global data, such as the free memory top p ointer,

is accessed v ery frequently

. It would b e b est to keep

such data in dedicated registers during the whole ex-

ecution. In most C implementations, ho w ev er, such

control of register allo cation is not p ossible.

Provision for interrupts Multipro cessor imple-

mentation should pro cess interrupts from other pro-

cessors. Interrupts may require allo cating memory ,

enqueueing goals or instantiating v ariables. Data accessed in these op erations is also frequently refer-

enced and altered within the pro cessor. Thus, data

lo cking or inhibition of interrupts may b e required.

These are quite costly under conv en tional op erating

systems.

Ob ject co de size Compiling logic programming lan-

guage programs tends to pro duce large native ma-

chine ob ject co de. Increased working set sometimes

results in p erformance worse than an abstract ma-

chine interpreter. When compiled through C, this

co de size increase might b e ampli�ed. Using run-

time subroutines may reduce the co de size but may

also reduce sp eed.

2.3 Solutions

Our solutions to the e�ciency problems describ ed ab ov e

are as follows.

One mo dule as one function Compiling the whole

program into one function may b e the b est for re-

ducing function call ov erhead. How ev er, this will

preven t separate compilation, which will b e a seri-

ous problem with programs of practical size. Our

solution is to let the user control the size of compi-

lation. Each \mo dule", whic h de�nes a set of closely

related predicates is compiled into one C function.

As far as predicates within the same mo dule calling

one another, con trol transfer is b y goto and argu-

ments can b e passed through lo cal v ariables, whic h

might b e allo cated on machine registers.

Cac hing global v ariables T o access to frequently ref-

erenced global v ariables with minimal ov erhead,

such v ariables are cac hed in lo cal v ariables. C com-

pilers may allo cate them on registers; even if not, ac-

cesses to lo cal v ariables are less costly than to global

v ariables with most mo dern pro cessor architectures.

Certain care should b e taken to synchronize with

interrupt handling. Even for synchronized runtime

subroutines, passing all the cached v ariables back

and forth is quite costly . F ortunately

, we could de-

sign a maintenance principle for such v ariables so

that only small n um b ers of them b e passed and re-

turned in most cases.

E�cien t synchronization with interrupts

Signal handlers are made to set a certain ag, which

is examined when conv enien t for normal pro cessing.

This synchronizes interrupt handling with normal

pro cessing without exp ensive interrupt inhibition.

This ag chec k is combined with a mandatory

, heap

ov er o w chec k for garbage collection, and thus made

virtually costless.

runtime routines for exceptional cases

Read/write mo des of v ariable o ccurrences can b e

decided during compilation muc h more easily for

KL1 than for Prolog. Common cases are handled

in-line while exceptional cases are dealt without sig-

ni�cantly slowing execution.

3 Implemen tation of the Se-

quen tial Core

This section describ es an outline of the exp erimental im-

plementation of the sequen tial core, and its empirical

ev aluation results.

3.1 Exp erimen tal Implemen tation

This section describ es the sequential core of our exp eri-

mental implementation. The parallel implementation is

built on this sequential core.

3.1.1 Data Represen tation

Every KL1 term is represented by a word (Fig. 1). The

low est 2 bits are used for basic data t yp e tags. The rest

represents an address or immediate data. T ags ha v e to b e

remov ed to access memory referenced by tagged p ointers,

but this can b e done easily by giving small o�sets to

register-based memory accesses. The tag bits distinguish

Figure 1: Basic Data Typ e

the following four basic typ es.

v ariable reference: The data part has the address of

a v ariable cell. Uninstantiated v ariables are self-

referential p oin ters as in W

AM[20]. V ariables with

goals aw aiting for their instan tiation will b e de-

scrib ed later.

atomic data: F or atomic data, 2 more low est bits of the

data part are used as a tag extension, which distinguish symb olic atom, in teger, etc. The remaining

bits represent the v alue.

cons: The data part has the address of a tw o-w ord mem-

ory blo ck for the cell.

functor: The data part has the address of a memory

blo ck of a functor structure. The low est bit of the

�rst word of the blo ck di�erentiates functor struc-

tures from generic data ob jects (see Sect. 4 for rep-

resentation of generic ob jects.) F or functor struc-

tures, the word contains a functor iden ti�er. The

rest is used for arguments.

The KL1 implementations on PIMs hav e a single refer-

ence count in p oints which allo w ed incremental garbage

collection and destructure up dates [3]. W e decided not

to adopt this scheme b ecause no more tag bits can b e

e�ciently manipulated on widely av ailable hardware.

Atom and functor identi�ers are determined at com-

pilation time. The compiler driv er keeps a database of

atoms and functors used in the programs of a pro ject and

generate C header �les with their de�nitions as macros.

Separate C compilation is p ossible b ecause de�nitions

are only added and never deleted.

3.1.2 Goal Management

Ready goals are represen ted as goal records in the heap

area (Fig. 2), and put in to a LIFO goal stac k, which is

a linked list of goal records. In each reduction step, the

topmost goal is p op ed up from the stack, reduced ac-

cording to the program, and the resultant child goals, if

any , are pushed bac k to the stack, except for the leftmost

one, whic h is executed immediately

. The second �eld of

Figure 2: Goal Record

a goal record has a p oin ter to a predicate descriptor that

contains a p ointer to the co de corresp onding to the mo d-

ule (a C function) it b elongs to, the predicate ID within

the mo dule (an integer), and the num b er of argumen ts.

The rest contains arguments of the goal.

As KL1 allows programs to sp ecify priority for each

goal, either statically or dynamically dep ending on the

partial results of computation, there can b e multiple

goal stac ks corresp onding to priority levels. The priority

mechanism has b een found to b e very useful through ap-

plication softw are research on PIM systems in describing

69

v arious algorithms with sp eculative computation, and

now is an indisp ensable feature of KL1. The last en-

try in the goal stack is a sen tinel goal which schedules

the goal stack with the next highest priority

. The low est

priority goal stac k uses the sen tinel goal for termination

detection.

Goal records are allo cated on the heap with other

data. This allo ws allo cation of v ariable cells within goal

records, which reduces the working set size and derefer-

ence cost. On the other hand, goal records are not reused

incrementally

, increasing garbage collection ov erhead.

A v ariable with goals waiting for its initiation is also

represented by a p ointer with the v ariable reference tag

(Fig. 3). The p ointer part references a susp ension r e c or d

Figure 3: Susp ended Goals

that starts a list of ho ok r e c or ds. The �rst word of the

susp ension record contains a p ointer bac k to the v ariable

making a tw o-w ord lo op

1

. The rest of the susp ension

record contains a ho ok r e c or d that records a goal waiting

for the v ariable’s v alue. Ho ok records, including the �rst

one in in the susp ension record, are linked by their �rst

words to form a lo op. This lo op allows e�cient uni�ca-

tion of tw o v ariables each with many susp ended goals.

The �rst �eld of goal records for susp ended goals is

used to keep their priority v alues, rather of link age as

for the goal stack. The low est bit of the �eld is set for

susp ended goals. A goal aw aiting for instantiation of

one of a set of v ariables is referenced from multiple ho ok

records. When the goal is activ ated by instantiation of

one of the v ariables, it is sent back to the goal stac k. As

the �rst word of the goal record is used for chaining the

goals in the stack, the low est bit of the word is naturally

cleared. On instantiation of other v ariables in the set,

goals put back already can b e recognized by this bit.

The ho ok records are deleted and reclaimed only by

the garbage collector. Recognizing them as inv alid at

1

This idea is originated Hiroshi Nak ashima.

v ariable instantiation is less costly than incremental dele-

tion, but may burden the garbage collector further.

3.1.3 Heap Area Management

The heap area is organized as shown in Fig. 4. Memory

Figure 4: Organization of Heap Area

allo cation is usually made from the heap p oin ter do wn-

wards. At the end of each reduction, the heap p ointer

is compared with the heap limit. If it p oints b elow the

limit, the garbage collector will b e inv ok ed. The garbage

collector uses a copying scheme with mo di�cations to

cop e with directly referenced structure elements.

Allo cations in certain runtime subroutines, such as

those implementing some of the built-in predicates, are

made with the system heap p ointer which p oints to the

b ottom of the free heap area upw ards. C allows only

a one-w ord v alue to b e returned e�ciently as the result

of functions. Returning m ultiple v alues has to b e done

through global v ariables or by passing v ariable addresses,

which are signi�cantly slow er. Thus, for subroutines that

allo cate memory only in exceptional cases, it is more e�-

cient to av oid passing and returning the heap top p ointer.

When allo cations are made at the b ottom, not only the

system heap p oin ter but the heap limit p ointer as well

is mov ed upw ards by the same amount, alwa ys keeping

a certain gap b etw een the system heap p ointer and the

heap limit. The size of the gap is kept greater than

the maximum memory allo cation in one goal reduction

made in the compiled co de. Runtime subroutines chec k

this dynamically at memory allo cation.

When the garbage collector copies data from the old

space to the new space, it makes no distinction b etw een

the system heap and the normal heap; activ e data in the

system heap is copied to the top of the new space.

3.1.4 Interrupt Handling

On multipro cessor implementation, normal goal reduc-

tions may b e interrupted by other work ers. On inter-

rupts (e.g. Unix signal), the signal handler will b e used

only for noti�cation of interrupts: it will set a ag in

70

a global v ariable and, at same time, mo dify the heap

limit

2

, so that the chec k at the end of the curren t reduc-

tion will �nd it. The garbage collector called through the

chec k can examine the ag and determine the need for a

garbage collection and/or interrupt handling, The inter-

rupt handler will b e called as normal pro cessing. Thus,

no extra interrupt chec king is required during normal

pro cessing, except that the heap limit has to b e stored

in memory .

The same mechanism is used to notify and resume

newly av ailable goals with higher priority

, by instantiat-

ing their ho oked v ariables. It is also used by the stepping

tracer.

3.2 P erformance

W e compared the sequen tial core of KLIC with a rep-

resentativ e Prolog system, SICStus Prolog version

2.1 patchlev el 8, and tw o exp erimen tal logic program-

ming systems, Aquarius Prolog version 1.0[10] and

JC v ersion 2.0[9], a Janus[18] to C compiler. F or SIC-

Stus, b oth native co de(fastco de) and abstract machine

co de(compactco de) were measured.

The execution time for the b enchmark programs are

shown in T able 1.

T able 1: Comparison of execution time

program K Sf Sc A J

nrev 2,430 4,789 10,440 1,610 2,740

qsort 3,300 7,320 14,980 1,920 3,240

times10 2,420 5,659 12,569 3,090 3,240

divide10 2,900 5,890 14,390 3,240 4,370

log10 1,060 3,319 6,299 1,830 1,670

ops8 1,620 4,460 9,270 2,560 2,330

primes 1,600 2,869 5,349 2,780 2,170

tak 3,620 6,789 14,820 1,460 1,590

mean 2,205 4,908 10,343 2,219 2,532

K: KLIC; Sf: SICStus fastcode; Sc: SICStus compactcode;

A: Aquarius; J: JC. Timing data are in milliseconds. The \mean"

shows geometric means.

When compared to SICStus, the sequen tial core runs

ab out twice as fast as native co de and 3 to 6 times as

fast as abstract machine co de. Aquarious and JC show

similar sp eed with the sequential core. Both consider-

ably outp erform the sequential core with tak. One rea-

son may b e in the implementation scheme of the goal

stack. As the sequential core allo cates goal records in

heap, garbage collection ov erhead b ecomes very high for

programs that make man y non-tail recursions. Actually ,

simply setting a larger heap size sp eeds up the execution

to 3,170 ms.

Aquarious is faster for programs with muc h in teger

arithmetics. This may b e at least partly due to the global

2

Real heap limit is sav ed in a separate v ariable.

analysis that can delete redundant dereference and t yp e

chec ks. This suggests the direction of further improv e-

ments of the sequential core.

F urther details can b e found in [5].

3.3 P ortabilit y

The sequential core has b een p orted to many systems,

Ma jor systems which KLIC has p orted to are shown in

T able 2.

T able 2: Portabilit y of the sequential core

Mo del OS Manufacturer

SparcStation SunOS, Solaris Sun Micro.

DEC 3000 OSF/1 DEC

RS 6000 AIX IBM

HP 9000 HP-UX HP

IRIS IRIX SGI

EWS 4800 EWS-UX/V NEC

Luna 88k Mach OMRON

M-880 HI-OSF/1-MJ Hitachi

S-3800 HI-OSF/1-MJ Hitachi

IBM A

T clone MS-DOS, OS/2, Linux IBM etc.

4 Generic Ob jects

The generic ob jects feature allows easy mo di�cation and

extension of the system without changing the implemen-

tation core. This section describ es why and ho w such a

feature is incorp orated and how it is used.

W e b orrow ed the basic idea of generic ob jects from

AGENTS[14], mo di�ed and extended it for KLIC. In

AGENTS, the distinction of three categories of generic

ob jects describ ed b elow is not made; there are no gen-

erator ob jects and the functionality of consumer ob jects

is provided by p orts which are data ob jects, as p orts are

names of streams rather than streams themselves.

4.1 Ob jectiv es

With the KL1 implementation on PIMs, we exp erienced

severe di�culties in trying out di�erent parallel execu-

tion sc hemes, as the sc hemes were to o integrated in to

the system core. This gav e rise to the principle that sys-

tem extensibility and mo di�abilit y should b e put ab ov e

bare e�ciency

. On the other hand, as the system is for

sto ck hardware, only a limited n um b er of tag bits can b e

handled e�ciently . W e thus needed some other w a ys to

distinguish v arious built-in data t yp es.

Generic ob jects were intro duced to KLIC to achiev e

these tw o ob jectives simultaneously

. Some of the stan-

dard built-in data typ es and non-lo cal data references

71

for parallel implementation were implemen ted as generic

ob jects. The core runtime system and compiled co de

only know that there are data typ es generically called

\generic ob jects". Generic ob jects of all classes hav e the

same in terface; new ob ject classes can b e freely added

without changing the system core.

Bo dies of data ob jects can b e allo cated to the heap

area

3

, and they can contain b oth KL1 data and C data

there. This means that structured data in C, that is,

tag-less data is allow ed to b e allo cated on the heap area

by the framework of data ob jects. The garbage collector

calls the gc metho d of their own. This metho d can b e

de�ned easily

. This idea originated in AGENTS.

4.2 Three Categories of Generic Ob-

jects

KLIC has three categories of generic ob jects: data ob-

jects, consumer ob jects and generator ob jects.

4.2.1 Data Ob jects

Data ob jects are treated exactly as data of extended data

typ es. As describ ed in Sect. 3, only four basic data

typ es are supp orted in the KLIC system core. Data ob-

jects provide a framework to add and main tain more data

typ es in the whole KLIC system.

Data ob ject are accessed via built-in predicates and

generic metho d calls. Metho d calls hav e the inter-

face generic:Method(Obj, Args, ...). They are log-

ically immutable ob jects without time-dep endent states.

Time-indep endence only means that they alwa ys lo ok the

same to the KL1 program; physical representations ma y

b e mo di�ed. F or example, m ultiv ersion arrays are data

ob jects, but their actual represen tations are mutated on

up date. Multiversion vectors and character strings are

implemented as data ob jects, and v arious other ob ject,

such as bignum are also planned. New data ob jects can

b e de�ned easily in C.

4.2.2 Consumer Ob jects

Consumer ob jects b ehav e exactly like susp ended goals

which asso ciate with logic v ariables. They are activ ated

by v ariable instantiation i.e. consumer ob jects are data-

driven ob jects. When a v ariable asso ciated with a con-

sumer ob ject is instanciated, the uni�er subroutine rec-

ognizes that, and calls the unify metho d of the ob ject.

Consumer ob jects are also mutable, time-dep endent ob-

jects. A consumer ob ject is allow ed to re-asso ciate with

another logic v ariable again after it has b een activ ated

by the instantiation of its pre-asso ciated v ariable. F or

instance, supp ose a logic v ariable OBJ is asso ciated with

3

Bo dies of constants of data ob ject describ ed b elow may b e

allo cated outsides of the heap area some consumer ob ject. When the ob ject is activ ated

by v ariable instan tiation, Obj = [Message|NewObj], the

uni�er calls the unify metho d of the ob ject. The ob ject

p erforms the task sp eci�ed b y Message or creates a new

goal to do the job, and re-asso ciates itself with NewObj

again (Fig. 4.2.2). Thus, if the task is simple enough,

the ov erhead of goal susp ension and resumption can b e

av oided. Note that this is not disturbing the pure seman-

tics of the language; consumer ob jects b ehav e exactly like

a KL1 pro cess waiting for instantiation of a v ariable. If

the task sp eci�ed b y Message is a metho d call, the unify

metho d of the ob jects is treated as a generic metho d just

like a b o dy generic metho d (see b elo w) for data ob jects.

Since the asso ciation of an ob ject with a new v ariable

implies the change of the pro cess to a new state, ob jects

can rewrite their own b o dies every metho d call. There-

fore, in the case that a C program with side-e�ects is to

b e included in a KLIC program, the C program should b e

implemented as a consumer ob ject. Stream mergers and

�le I/O interface ob jects are implemented as consumer

ob jects. F or example, the unify metho d of the I/O in-

terface ob ject for message put(C) will simply write the

character C to a �le. In other words, putc(C) is one of

the generic metho ds.

Figure 5: Re-asso ciation of Consumer Ob ject

4.2.3 Generator Ob jects

Generator ob jects asso ciate with logic v ariables. These

logical v ariables lo ok like a reference to a cell which

has b een instantiated or ma y b e instan tiated with some

v alue. Unlike consumer ob jects, generator ob jects are

activ ated b y dereference op erations, that is, a genera-

tor ob ject is a demand-driven ob ject. Generator ob jects

de�ne a gener ate metho d. When the goal susp ension

handling routine �nds that a susp ended v ariable is asso-

ciated with a generator ob ject, the gener ate metho d of

the ob ject will b e in v ok ed. The ob ject may immediately

generate some v alue and instantiate the asso ciated v ari-

able, or it may spawn a goal that will even tually do it.

Generator ob jects are also mutable, with time-dep endent

72

states, and allow ed to asso ciate with another logic v ari-

able like consumer ob jects. Generator ob jects can also

implement lazy computation. Generator ob jects are ac-

tiv ated only when the v alues they generate are required

by some other goal.

4.3 Represen tation of Generic Ob jects

All kinds of generic ob jects hav e a p ointer to its metho d

table (Fig. 6). The rest of the ob ject is accessed only

through their metho ds; the core implementation do es

not touc h the ob ject itself. Common op erations, such

as copying for garbage collection, are standard meth-

o ds shared by all ob ject classes. Non-standard metho ds

are logically called through the guar d and b o dy generic

metho d. Actually all non-standard metho ds of some

class ma y b e implemented only on a function which p er-

forms its generic metho d.

Figure 6: Bo dy of Generic Ob ject

Data ob jects are represented by p ointers to b o dies of

data ob jects with the functor tag (Fig. 7). Data ob jects

are distinguished from functors by the low est bit in the

�rst word of the blo ck.

Figure 7: Representation of Data Ob ject

Consumer ob jects are referenced by the second word of

ho ok records (Fig. 8), as for susp ended goals. Consumer

ob jects are distinguished from susp ended goals by the

low est bit of this second word.

Generator ob jects are referenced by the second word

of susp ension records (Fig. 9). Generator ob jects are

Figure 8: Representation of Consumer Ob ject

distinguished from the ho ok records list by the lo w est

bit of this second word.

Figure 9: Representation of Generator Ob ject

4.4 Standard Metho ds

Generic ob jects of all classes ha v e the same standard

metho ds. The follo wing describ es ma jor ones.

b o dy unify The b o dy unify metho d is inv ok ed by the

b o dy uni�er.

guard unify Only data ob jects hav e a guard unify

metho d. This metho d is inv ok ed by the guard gen-

eral uni�er.

generate Only generator ob jects hav e a generate

metho d. This metho d is inv ok ed when the goal

susp ension handling routine �nds that a susp ended

v ariable is asso ciated with a generator ob ject.

gc The gc metho d is inv ok ed by the garbage collector.

This metho d copies a generic ob ject to a new heap

area when the garbage collector has found the ob-

ject.

b o dy generic Only data ob jects hav e a b o dy generic

metho d. This metho d is a meta-metho d which calls

user-de�ned metho ds app earing in b o dy parts of

clauses.

73

guard generic Only data ob jects hav e a guard generic

metho d. This metho d is a meta-metho d whic h calls

user-de�ned metho ds app eared in guard parts of

clauses.

enco de Consumer ob jects do not ha v e this metho d. It

is used for parallel implementation when ob jects

are translated to pack ets for communication with

other pro cessors. Consumer ob jects do not hav e this

metho d b ecause making their copies will change the

semantics.

5 A P arallel Implemen tation of

KLIC

This section describ es the parallel implementation of

KLIC.

Two di�erent implemen tation on, distributed memory

and shared memory

, were designed dep ending on the

memory architecture to use. Both were designed with

a common p olicy that no mo di�cation should b e made

to the sequential core in order to retain its e�ciency .

Under this p olicy

, most of the extensions required for

the parallel implementations were realized using generic

ob jects.

This section gives the use of generic ob jects and the

scheme of interrupt handling for parallel implemen ta-

tions are describ ed. Overviews of the tw o typ es of par-

allel implementation are describ ed. Brief description of

a p erformance tuning to ol is also given.

5.1 Common Mec hanisms

5.1.1 Generic Ob jects for Parallel Implemen ta-

tion

In parallel implementations, non-lo cal references are rep-

resented as generator ob jects. On susp ension of a goal,

the gener ate metho d of a generator ob ject asso ciated

with a susp ension reason v ariable is called. It may send

a v alue fetching message to a remote pro cessor or read

data from shared memory

. If it do es not get a v alue im-

mediately

, the generator ob ject mutates to a consumer

ob ject or another generator ob ject and waits for the as-

so ciated v ariable to b e instan tiated or dereferenced. In

this wa y , remote references are easily implemen ted with

generic ob jects.

5.1.2 An In terrupt Handling for P arallel Imple-

men tation

On parallel implementations, a work er that sends goals

or data (the \sender") noti�es their arriv al to another

work er (the \receiver") which should receive them. T o

realize that, the sender rewrites the heap limit of the receiver to zero, i.e., the receiver is rep orted the arriv al of

goals or data as a request of a garbage collection. Thus,

a KLIC interrupt handling routine may receive messages

or goals from other pro cessors b et w een reductions in a

synchronous manner. Unix Signals or active messages

are often used for rewriting the heap limit.

5.2 The Distributed Memory Imple-

men tation

5.2.1 Basic Design

In a distributed memory implementation, goal and data

migrations among work ers are p erformed with message

exchanges. The scheme of this implementation inherits

its basic design from the distributed implementation on

PIMs

4

(e.g. tw o level addresses, lo cal and global, are

used with address translation table called \exp ort table").

In the distributed memory implementation, p ortabil-

ity w as put ab ov e e�ciency .

Most part of the communication pro cessing is imple-

mented with generic ob jects as metho ds of generic one

called only on demands, it do es not degrade the p erfor-

mance of the sequential core. Machine dep endent com-

munication pro cedures are strictly separated from the

management of the high-level communication such as

distributed uni�cations, giving high p ortability .

5.2.2 Con�guration

T o execute a KLIC program in parallel, a communication

library is attached to the sequential core. The core runs

on each pro cessing no de as a work er.

Creation of work ers and communication with other

work er are done via a communication library

. This li-

brary is divided into tw o levels for p ortability; \KL1

communication library" and a \machine-dep endent com-

munication library".

The KL1 communication library is directly inv ok ed by

the sequential core, and p erforms KL1-lev el management

and control, including goal migration, distributed uni-

�cation, distributed garbage collection and distributed

termination detection.

The machine-dep endent communication library is in-

vok ed b y the KL1 comm unication library

. It initiates

work ers and passes actual messages among them.

The con�guration of this implementation is shown in

Fig. 10. It can b e p orted by replacing the machine-

dep endent communication library for the target machine

architecture and comm unication media.

4

F urther details can b e found in [17].

74

Figure 10: Con�guration

5.2.3 The KL1 Communication Library

The KL1 communication library manages goal migra-

tion, distributed uni�cation, distributed garbage collec-

tion, and distributed termination detection. The basic

scheme of the distributed implementation is based on

those of Multi-PSI and PIMs, and optimized to �t for

KLIC.

Goal migrations should b e explicitly sp eci�ed by a goal

distribution pragma, \@node(X)". F or instance,

a(X):- true | b(X)@node(1).

means to migrate a goal b to work er 1.

Goal and data migration is p erformed as follows.

� Migration of Goal

{ When a goal is migrated to another work er,

the goal is enco ded in the message named

\%thr ow" and sent to the other work er.

{ If this goal has arguments, this message has to

include the enco ded data of these arguments.

{ When the other w ork er receives this message,

the %thr ow is deco ded to a new goal on this

work er (Fig. 11).

� Migration of arguments of a goal

{ Arguments of a goal are enco ded when the goal

migrates to the other work er.

{ When the argument is an atomic or structured

constant data, it is enco ded as it is.

{ When the argument is a structured data (ex-

cept constants) or a v ariable, this is deco ded

Figure 11: Goal Migration with V ariable

to a v ariable asso ciated with a remote refer-

ence called an external r efer enc e to the struc-

tured data or the v ariable on the sender w ork er.

This means arriv al of a %thr ow may make re-

mote references from the receiver work er to the

sender work er. As describ ed ab ov e, external

r efer enc es are represen ted as generator ob jects.

� Uni�cation

{ When uni�cation of concrete v alue with a v ari-

able asso ciated with an external r efer enc e is

made on the receiver work er, the generator ob-

ject, which is an external r efer enc e, sends back

the message \%unify" to the sender work er and

where it is done.

{ The %unify message includes a uni�ed data.

This data is an atomic or a structured data

whose elements are enco ded to external r efer-

enc es to the receiv er work er (Fig. 12).

{ If this element has already b een an external

r efer enc e, it is sen t as it is.

{ The v ariable on the sender is uni�ed with the

v alue deco ded this message.

Figure 12: Uni�cation

� Dereference

75

{ When a dereference to a v ariable asso ciated

with an external r efer enc e is made on the re-

ceiver work er, the external r efer enc e sends bac k

the message \%r e ad" to the sender and mu-

tates itself to a consumer ob ject which waits

for a uni�cation message describ ed b elow from

the sender or a uni�cation on the receiver.

{ If the v ariable on the sender is not yet instan-

tiated, this v ariable is asso ciated with a con-

sumer ob ject for sending a reply v alue to the

consumer ob ject on the receiver after the v ari-

able is instantiated to some v alue (Fig. 13).

{ If the v ariable on the sender has already b een

instantiated to a v alue, the message \%an-

swer" including the v alue is sen t and a message

named a \%r ele ase" is sent back to the sender

to remov es the reference (Fig. 14).

Figure 13: Dereference (1)

Figure 14: Dereference (2)

5.2.4 The Machine-Dep endent Comm unication

Library

The machine-dep endent comm unication libraries hav e

tw o functions: initiation of w ork ers and actual message

communication among them.

Initiation: In initiation, work ers are spa wned and com-

munication paths are established mutual. Sp ecial

work ers for console I/O and termination detection

are also in v ok ed. The console work er is used for

interaction for tracing.

Message passing: This implemen tation p erforms mes-

sage passing simply

. It is not necessary to send so-

phisticated messages passing primitives, such as for

broadcasting or message tagging.

Message sending and receiving pro cedures are as

follows: initiating a send bu�er, packing data into

bu�er and sending the message; initiating a receive

bu�er, receiving a message into the receiv e and un-

packing data from the bu�er.

The following summarizes typical communication

paths.

General purp ose message-passing library:

Several message-passing libraries hav e b een devel-

op ed recently

, such as PVM[8] and MPI[7]. These

libraries hav e b een p orted to man y kinds of parallel

and distributed machines. KLIC on these libraries

are p ortable.

Shared memory: On shared-memory

machines, shared memory segmen ts can b e used for

high p erformance message paths.

Mac hine-sp eci�c comm unication path: Most par-

allel machines hav e their o wn message passing li-

braries for maximizing parallel execution p erfor-

mance.

W e adopted PVM as the basis of a machine-

indep endent p ortable parallel version of KLIC.

5.2.5 Performance

W e show parallel sp eed-up of tw o kinds of implementa-

tion where communication paths are PVM and shared

memory in T able 3. Programs for this comparison are

n-queen (13), the distinct order factorization[15] and ge-

netic sequence alignment analysis[13]. All measurements

are on SparcCenter 2000, with 40MHz Sup er-Sparc pro-

cessor with 1 M Byte of external cache and 16 Kbyte

of internal cac he. The result of distinct order factoriza-

tion shows the PVM version got similar sp eed up as the

shared memory version. The alignment analysis program

76

got low er p erformance on b oth of them, but the result of

PVM v ersion got worse than that of the shared memory

version.

T able 3: Execution times

(a) PVM

13-queen

W ork ers 1 2 4 8 12 16

W all Clo ck 176 88 47 28 20 19

Sp eed Up 1.0 2.0 3.7 6.3 8.8 9.3

Distinct Order F actorization

W ork ers 1+1 2+1 4+1 8+1 12+1 16+1

W all Clo ck 149 75 38 19 13 10

Sp eed Up 1.0 2.0 3.9 7.8 11.5 14.9

Alignment Analysis

W ork ers 1+1 2+1 4+1 8+1 12+1 16+1

W all Clo ck 116 106 66 57 48 52

Sp eed Up 1.0 1.1 1.8 2.0 2.4 2.2

(b) Shared Memory (NORMA)

13-queen

W ork ers 1 2 4 8 12 16

W all Clo ck 165 85 45 24 16 14

Sp eed Up 1.0 1.9 3.7 6.9 10.3 11.8

Distinct Order F actorization

W ork ers 1+1 2+1 4+1 8+1 12+1 16+1

W all Clo ck 145 73 37 18 12 10

Sp eed Up 1.0 2.0 3.9 8.0 12.0 14.5

Alignment Analysis

W ork ers 1+1 2+1 4+1 8+1 12+1 16+1

W all Clo ck 64 54 39 23 19 16

Sp eed Up 1.0 1.2 1.6 2.8 3.4 4.0

Timing data are in seconds.

5.2.6 P ortabilit y

This version of KLIC has b een p orted or is b eing p orted

on several systems in T able 4.

5.3 The Shared-memory Implemen ta-

tion

5.3.1 Basic Design

Shared-memory implementations of concurrent logic pro-

gramming languages dev elop ed so far hav e tak en either

a UMA mo del (all memory is shared) or a NORMA

mo del (no memory is shared). The PIM implementa-

tion adopted a UMA mo del. In that implementation,

many lo ck op erations degrade the p erformance of each

work er.

Our implemen tation adopted such memory mo del that

each work er owns its lo cal heap area in addition to a

shared heap area, in order to decrease the n um b er of lo ck

op erations even in garbage collections. Since basic data

T able 4: Portabilit y of the distributed implementation

Mo del OS Comm.

Path

Manufactor

SparcStation SunOS PVM Sun Micro.

SparcStation Solaris PVM Sun Micro.

SparcCenter Solaris PVM Sun Micro.

SparcCenter Solaris Shared

Memory

Sun Micro.

DEC 7000 OSF/1 PVM DEC

RS 6000 AIX PVM IBM

Paragon OSF/1 PVM Intel

CM5 SunOS CMAML TMC

AP 1000 y

z z F ujitsu

Cenju-3 y

Mach MPI NEC

SR 2001 y

HI-UX Express Hitachi

y

p orting

z

AP 1000 has a priv ate OS and a communication path.

typ es of KLIC has no reference count, the garbage col-

lection requests may o ccur more frequently than PIM’s,

but its is more signi�cant to decrease the num b er of lo ck

op erations.

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

5.3.2 Lo cal and Shared Heap Areas

Memory is divided into lo cal heap areas and a shared

heap area (Fig. 15). Each work er has a lo cal area whic h

it can read and write without co ordinating with other

work ers. A work er can also read and write to and from

the shared heap area, but it must co ordinate with other

work ers to do so since some of them may b e accessing

the data simultaneously .

Figure 15: Con�guration

A lo cal heap area consists of the maintenance data for

dynamic allo cation of lo cal goals and KL1 data. The

maintenance data includes the lo cal heap top p ointer,

77

the ro ot of the lo cal goal stack, etc. The shared heap

area consists of the main tenance data for work er in ter-

action and the shared heap for dynamic allo cation of

shared goals and KL1 data. The shared maintenance

data includes external goal p o ols (one for each work er),

interrupt ags (whic h of course include a lo cal heap limit)

for each w ork er, etc. A work er’s external goal p o ol holds

the goals giv en to the work er by other w ork ers for load

distribution. Goals are inserted by work ers other than

the o wner work er and remov ed by the owner work er for

execution. Interrupts ags are allo w ed to b e set by other

work ers.

Each lo cal heap area is divided into t w o spaces for

copying garbage collection. No lo ck op erations are re-

quired to collect garbages in lo cal heap areas.

The shared heap area is divided into three spaces

which are used in a circular manner. At any instant,

there is one old space, one new space, and one unused

space. Active data can b e in the old or new space, or ex-

tend across b oth of them, but there must b e no p ointers

from the new space to the old space.

The unused space is used for the asynchronous garbage

collection as describ ed b elow.

5.3.3 Goal Distribution

When a goal mov es, the data directly and indirectly ref-

erenced by it is copied to the shared heap area.

F or example, in the follo wing co de,

p(X) :- ... | ...,

q(X,foo(Y))@node(4), ... .

the goal q(X,foo(Y))@node(4) is allo cated in the shared

heap area. It inv olv es cop ying the data structure p ointed

to by the v ariable X from the lo cal to the shared heap

area, and allo cation of the comp ound term foo(Y) in

the shared heap area. Y is a new shared v ariable. If X is

an uninstantiated v ariable, a shared v ariable is allo cated

in the shared heap area and the lo cal v ariable will b e

conv erted to a reference to the shared v ariable. After

the goal has b een copied to the shared heap area, the

p ointer to it is inserted into the external goal p o ol of the

target w ork er, the interrupt ag for the target work er

is set so that the new goal can b e scheduled right after

the current reduction. Otherwise, the target work er is

not interrupted. A work er chec ks its external goal p o ol

whenever it mov es to a lo w er priority level.

Note that these shared v ariables are implemented with

generator and consumer ob jects.

5.3.4 Async hronous Garbage Collection of

Shared Heap Area

In our exp erience, synchronous garbage collection of the

shared heap area (i.e.when all work ers stops normal execution and garbage collection is started at the same time)

makes the shared bus a b ottleneck, there is little lo cality

in garbage collection.

T o remov e this b ottleneck, an asynchronous garbage

collection scheme is designed for the shared-memory

garbage collection while others are executing normal

co de.

The asynchronous garbage collection requires three

spaces: old space, new space, and unused space. Each

work er has one \current" space (either the old or the

new) for allo cation of shared data. Each space has a list

of the work ers curren tly using the space.

When some work er detects memory shortage in the

old space, it copies data it references to the new space,

while other w ork ers may b e still executing normal KL1

co de. The new space b ecomes the current space for the

work er.

Supp ose that the new space has run out. If the old

space is still used by some work ers, they are interrupted

to b e forced to do garbage collection. They copy the

active data in the old space to the unused space. At this

p oint, the spaces are rotated: the old space b ecomes the

unused space, the new space b ecomes the old space, and

the unused space b ecomes the new space.

5.3.5 Performance

W e compared a shared memory implementation with a

sequential core of KLIC using the 12-queen program and

ev aluated the p erformance this implementation. The re-

sults are shown in T able 5. All measurements are on

SparcCenter 2000, with 40MHz Sup er-Sparc pro cessor

with 1 M Byte of external cache and 16 Kbyte of inter-

nal cache.

T able 5: Comparison of execution times

The typ e of KLIC W all Clo ck

Sequential version 22,390

Shared Memory version (1 work er) 22,400

Shared Memory version (12 work ers) 2,340

Timing data are in milliseconds.

The result shows this implemen tation do es not degrade

the p erformance of the sequential core and 9.5 fold sp eed-

up is achiev ed with 12 w ork ers.

5.3.6 Portabilit y

This implemen tation is fairly p ortable and has b een

p orted to several machines (T able 6).

Machine dep endent routines are as follows:

shared memory segmen ts: This implemen-

tation uses the mmap function for getting shared

memory segments.

78

T able 6: Portabilit y of the shared implemen tation

Mo del OS Man ufacturer

SparcCenter Solaris Sun Micro.

DEC 7000 OSF/1 DEC

lo ck: The lo ck op eration has to b e implemented sepa-

rately for each machine.

store ordering: F or example, the store barrier op era-

tion is needed for the implementation on SparcCen-

ter and DEC 7000.

5.4 A T uning T o ol

W e p orted a runtime monitor, one of the PIMOS real-

time visual tuning to ols[1]. This to ol displays that each

column represents load a v erages of all work ers in v arious

colors (a gray scale is used in this pap er). As shown in

Fig 5.4, this to ol displays a load av erage of a work er at

sp eci�ed interv al on an element of each column. Each

column app ears at the interv al, is display ed from left to

right on the screen.

Figure 16: Runtime Monitor

In PIM, the load av erage of each work er is measured

by the �rm w are. W e adopted the following probabilis-

tic metho d similar to \pr of " command of Unix to av oid

recompiling KL1 programs.

1. Each work er sends signals to itself by an interv al

timer (an in terv al is ab out 10 ms, which do es not

a�ect the p erformance m uc h). These signals are

counted, and another counter is incremented if it

is idle when the work er receiv es this signal (this

counter is called the \idle coun ter" in this pap er).

An active message from the pro�ling w ork er to a

target work er can b e also used, to o.

2. The pro�ling work er collects v alues of all counters

from all work ers on some interv al (which we usually

use ab out tw o seconds). The pro�ling work er sends ratios of idle counts and signal counts to the display

work er. F or example, supp ose a work er has 100 sig-

nal counts and 50 idle coun ts, this means 50% load.

This probabilistic metho d can b e applied to collect

other pro�le information.

6 Concluding Remarks

The preceding sections gav e an ov erview of KLIC. These

parallel implementations are based on the non strict ar-

gument passing feature of the programming language

KL1 and can b e made p ortable.

V arious e�orts are on-going to make the system more

useful in parallel softw are research, including the follow-

ing:

� Implementation of more language features

� Providing b etter softw are developmen t to ols, such

as tuning to ols

� F urther optimization through static analyses

� V arious automatic load balancing libraries

7 Ac kno wledgmen ts

Hiroshi Y ashiro contributed in early design phases of the

system. Daigo Sekita contributed to the runtime library

of the sequential core. Masao Morita and Nobuyuki

Ichiy oshi con tributed to the shared memory implemen-

tation.

Discussions with Kazunori Ueda, Hiroshi Nak ashima

and other memb ers of KLIC T ask Group help ed the de-

sign.

Finally

, the authors would like to express their grati-

tude to the users of KLIC, who gav e helpful commen ts.

References

[1] Aik a w a, S, Kamik o, M. et al.: \P araGraph: A

Graphical T uning T o ol for Multipro cessor Systems",

Pr o c e e dings of FGCS’92, pp.286-293, 1992.

[2] Carlsson, M., Wid� en, J. et al.: SICStus Prolog

User’s Manual, 1993.

[3] Chik a y ama, T., Kimura, Y.: Multiple Reference

Management in Flat-GHC, Pr o c e e dings of ICLP’87,

pp.276-293, 1987.

[4] Chik a y ama, T., Sato, H., Miyazaki.T.: Overview of

the parallel inference machine op erating system (PI-

MOS), Pr o c e e dings of FGCS’88, pp.230-251, 1988.

79

[5] Chik a y ama, T., F ujise, T. et al.: A Portable and

E�cient Implementation of KL1, Pr o c e e dings of

PRILP’94, Lecture Notes in Computer Science,

#884, Springer-V erlag, 1994.

[6] Chik a y ama, T.: Parallel Basic Softw are, Pr o c e e dings

of FGCS’94, 1994.

[7] Dongarra, J. J., Hemp el, R. et al.: A prop osal for a

userlevel, message passing interface in a distributed

memory environmen t, T ec hnical Rep ort TM-12231,

Oak Ridge National Lab oratory

, 1993.

[8] Geist, A., Beguelin, A. et al.: PVM 3 USER’S

GUIDE AND REFERENCE MANUAL, T ec hnical

Rep ort TM-12187, Oak Ridge National Lab oratory ,

1994.

[9] Gudeman, D. et al.: \jc: an e�cient and p ortable

sequential implemen tation of janus", Pr o c e e dings of

JICSLP, The MIT Press, 1992.

[10] Haygo o d, R.C.: Aquarius Prolog User Manual,

1993.

[11] Hirata, K., Y amamoto, R.: P arallel and Distributed

Implementation of Concurrent Logic Programming

Language KL1, Pr o c e e dings of FGCS’92, pp.436-

459, 1992.

[12] Ichiy oshi, N., Morita, M. et al.: A Shared-Memory

Parallel Extension of KLIC and Its Garbage Col-

lection, Pr o c e e dings of Workshop on Par al lel L o gic

Pr o gr amming attache d to FGCS’94, 1994.

[13] Ishik a w a, M., T o y a, T. et al.: Parallel Application

Systems in Genetic Information Pro cessing, Pr o-

c e e dings of FGCS’94, 1994.

[14] Janson, S., Mon telius, J. et al.: A

GENTS user man-

ual, SICS technical rep ort, SICS, 1994.

[15] Murao, H., F ujise, T.: Mo dular Algorithm

for Sparse Multiv ariate P olynomial Interp olation

and its Parallel Implementation, Pr o c e e dings of

P ASCO’94, pp.304-315, 1994.

[16] Nak a jima, K., Inamura, Y. et al.: Distributed Im-

plementation of KL1 on the Multi-PSI/V2, Pr o c e e d-

ings of ICLP’89, pp.436-451, 1989.

[17] Rokusaw a, K., Nak ase, A. et al.: Reference Lo ops

Management in a Distributed KLIC Implementa-

tion, Pr o c e e dings of Workshop on Par al lel L o gic

Pr o gr amming attache d to FGCS’94, 1994.

[18] Saraswat, V.A., Kahn, K. et al.: \Janus: A step

tow ards distributed constraint programming", Pr o-

c e e dings of NACLP, The MIT Press, 1990.

[19] Ueda, K., Chik a y ama, T.: Design of the Kernel Lan-

guage for the Parallel Inference Machine, The Com-

puter Journal, V ol.33, No.6, pp.494-500 (1990).

[20] W arren, D. H. D.: An abstarct Prolog instruction

set, T ec hnical Note 309. SRI In ternational, 1983.