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Abstract

Exhaustive scarch programs running on MIMD com-
puters shew impressive speedups, almost linear with
the number of processars, But since it is generally ac-
knowledged that exhaustive search programs lead to
counbinatorial explosions, they cannot be fitted to real
applications, so their fast performance measurements
are pol very vsclu! o the field of Al

In a.'[mi_ng to extend the use of parallel computers
towards real applications, we study pruned search, in
domaine dealing with bulky data !, guch as machine
learning, New difficulties also appear in task parti-
tioning between processors, load balancing and data
sp:aading. These prol:llr:l::s are analyzed, the main pa-
rameters are studied and finally, solulions are unple-
mented on the Multi-P31

We show that linear soeedups cannot be obtained
m pruned search runming on an MIMD machine, un-
less the communication costs belween processors are
neglected. Performance measurements issued from the
field of machine learning illustrate our study.

1 Introduction

Most of the texibooks on parallel programming [3, 5,
10}, begin by describing hardware architectures, then
show paralls] implementations of programs such as fast
Fourier transform, matrix operations, numerizal op-
erations, praph algorithms and combinatorial search.
These programs cover & large range of applications. As
soon as regularities, either in data or control structures,
may be extricated, parallelism proves to be efficient,
provided that the target machine has the accurate ar-
chitecture for the pranularity of the problem

In practice however, one has to deal with different
constraints typically stated as fullows:
Given a parallel machine and a field ol research, find
the best parallel implementations,

The hypothesss of Lhis study are as [ollows:

1'This notion is Jdefined in section 5.2

+ The parallel environment is a Multi-PSI [9] sys-
tom, & loosely-coupled multiprocessor running the
cancurrent logic programming language KL1 [4].
Up to 64 processors arc connected in an 8 = 8
mesh network.

o The goal of the research is to implement efficient
search methoeds, that work with heavy data in a
large search space. As an example of such al-
gorithins, we developed a parallel version of a
Michalski-like [8] machine learning algorithm.

The context of thie work leads to the following two
remarks:

o Most of the imp]ementalinns of Al algm'it.hms
shown in the references have been implemented
on massive parallel SIMD machines, or tightly-
coupled MIMD machines. Loosely-coupled archi-
tectures present a new challengs,

o The search algorithms described in the reference
books are mainly exhaustive searches, branch and
bound or alpha-beta.  These programs regular
structures and arc well suited for parallel imple-
mentation, especially if their data size is small.
Unlorlunately, such regularity is seldom seen in AT
problems, which require more sophisticated prun-
ing techniques and have to deal with bulky data
in huge search spaces,

In the following sections Lhe generic problems, the
task partitioping, load balancing and data spreading
are discussed in detail. Before that, in section 2, we
give some more information and the performance mea-
gures of the Multi-PSI, so that the reader may have
a better understanding of the subsequent implemen
tation choices. Section 3 deseribes these notions in
the case of exhaustive search. In section 4 the proned
scarch is studied and additional requirements, needed
for efficiency are mentioned. Inductive learning is out-
lined in section 5 and examples of program run are
commented en section 6. Section 7 concludes the pa-
per and draws some hints for future research.



2 The Multi-PSI/V2 and gran-
ularity

The target machine of this study is a Multi-PSI/V2,
with up to 64 processors connected by an Bx 8 network.
Each processor has an B0 Megabyte memory, Hunning
our programs on experimental measurements, gave, on
average, the following performances:

+ One processcr performs 30000 reductions per see-
Dnd.

» The transmission petwork transmits 2000 atomic
objects or pointers per second between two pro-
cesaors, whatever their location,

The ratio [Lidudhent  — 15 sote gome limits for the
granularity; in other words, if it takes less than about
30 reductions to generate one byie of data, it is faster

to generate this data locally than to transmit it.

According to these measurements, the transmission
time of the data between processors cannot be ne-
glected, especially in our problem carrying bulky data.
Coarse-grain parallelism minirmizing the communica-
tion flow in the machine will be the guideline of this
watk.

3 Exhaustive search

Exhaunstive search is quite an easy and well-known
problem. In this section we deseribe its most straight-
forward implementation using an Or-paralielism and
static Joad balancing. The task partitioning between
processors is given, then the load balancing and the
data spreading are detailed, with some considerations
on granularity, size of the dats and number of procas-
sors.

3.1 Task partitioning

Exhaustive search in an OR-tree can be split to be
performed by several processors in parallel. If the tree
shows a regular structure it is easy to split it into same-
sized subtress, and balance the work to be performed
amangst the processors.

4.2 Load balancing

3.2.1 Static

Sinece exhaustive search problems allow prediction of
the amount of work to be done by each of the proces-
sors, i is possible to use static load balancing to allo-
cate all the tasks before starting the job, This method
is simple and efficient, well adapted to performing load
balancing even when dealing with bulky data.

3.2.2 Dynamic

Dynamic load balancing performs, in theory, a8 more
accurate job, by allocating tasks to idling processors.
Mevertheless, dynamic load balancing greatly increases
the number of communications in the machine, and
thus loses efficiency when used with bulky data.

3.2.3 TImplementation

Because we work with bulky data on a loosely-coupled
architecture, static load balancing turns out to be the
best solution.

3.3 Data spreading

For a simple OR-parallelism scheme, there are two
common ways to spread the data towards the proces-
sors: the more simple one is list spreading, the more
sophisticated form is tree spreading,.

3.3.1 List spreading

The task is spread on a list of processors, and the re-
sults are returned to the processory, see Figure 1. The
time of data broadcast is proportional to the pumber
of processors, Overhead besides sheer transfer is low,

This solution is simple and efficient, as long as the final
gathering of the data on processory, represented as a
black dot, can be neglected, and the number of proces-
gors 1s small.

P(Pnk-1)
—0 Py —
F2 T
2|

Figure 1: List spreading

3.3.2 Tree spreading

The task is spread on a binary tree of processors. The
data diffusion time grows as logs(Pnb 4 1}, Pnb be-
ing the number of processors. Data gathering is done
locally, with three results — its own and the two chil-
dren’s — and takes advantage of the parallelism, see
Figure 2. Congequently the size of dataoutput is re-
duced ag soon as possible, gaining in transfer time. The
overhead of tree spreading is higher than that of list
spreading.

Tree spreading permits to perform the heavy operation
of dala gathering (again represented by the black dots)
in parallel. As a side effect, it reduces the amount of
data to be transmitted .



F L

S

Figure 2: Tree spreading

3.3.3 Implementation

Both solutions, list and tree spreading are implemented
in the FLIB library [2], and have been compared. As
long as the merging of processors output is a short
operation, list spreading may be used. However, tree
spreading is superior when dealing with a high number
of processors and bulky data, thanks to the faster data-
diffusion through the machine.

4 Pruned search

Exhaustive search shows quite interesting performance,
almost linear speedup, unfortunately it's operating do-
main is restricted to toy problems. In other cases, one
has to add some constraints to prume the search as
early as possible, controlling the combinatorial exple-
sion. As a consequence, the algorithm loses some of its
properties, namely the regular structure well suited to
OH-parallelism. We have Lo examine the repercussions
to determine whether the algorithmic implementation
still holds.

4.1 Stepwise pruned search

One class of search algorithms is to find some best
path, or cost in the search space, where best means
the minimum of a function. If this funclion proves to
be locally consistent, linear and increasing, a local cost
may be caleulated at each step of the algorithm. Since
cost; = min (cost; + path(s, 7))

the searches are cut stepwise, by propagating only the
set of local best costs. As this operation is done easily
in dynarmic programming, it requires, in a more general
case, sorting in order to detect all equivalent elements
and keep the “best” ones only. A schematic represen-
tation of stepwise pruning is drawn in Figure 3. The
more steps in the search, the higher the gains of the
pruned search, compared Lo the exhaustive one.

4.2 Task partitioning

Task partitioning of a pruned algorithm introduces two
antagenistic phenomena:

« Becanse our load distribution is an OR-tree, each
of the processors sorts its data locally to find the
local set of best cost. The intersection of these
sets is pot empty, 8o redundant searches are led
by several processors.

e

- A A

exhaustive pruned

Figure 3: Stepwise pruning in sequential search

+ The complexity of pruned search iz always higher
than linear complexity, so splitting the tasks
brings hope for super-linear speedup.

Eoth phenomena are illustrated in Figure 4, where
the search is performed independently on twe proces-
sors. The additional work resulting from local prun-
ing rather than global pruning, is represented by the
striped area, we observe that the search space is grow-
ing on each step. Conversely, local sorting requires less
than half of the wark on each processor, thanks to its
complexity in nlog{n) for the most efficient sorting al-
gorithrns.

preey procy
stepy
s N
exhaustive pruned

Figure 4: // pruning and task partitioning

4.3 Load balancing

The pruning principle relies on content of the data, and
breaks the nice regular structure of exhaustive search.
The naive static load balancing no longer guarantees
good load balancing, it sets just some limits for the
worst case. The perversion of this method, by pruning
is shown in Figure 5 where procy has much more work
to perform than proe;.

procy proca proc procy
stepy \
stepg \\
exfaustive pruned

Figure 5: // pruning and load balaneing
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4.4 Can efficiency he achieved 7

Pruned search in a large search space, with bulky data
is a difficult problem especially running on a loosely-
coupled parallel computer. Even if hopes for super
linear speedups are allowed, two major dimcullie:_s will
deom them:

# Independent search on the processors implies re-
dundant searches. Communications overcoms this
problem, but the machine is slowed down by com-
mupications,

» Load balancing becomes eritical.

The first point is related to the algorithm and the data,
and 'iS U]L&'\-’Uj.diib]l‘.‘. T]Il‘_" W}.IUI!: PEH}J] EITL COImes ':EUII] tlJE
balance between the price of the communications and
the overwork to be done otherwise, An experimental
approach is the only solution if no complexity calcu-
lations are available. Tor the second point, the load
balancing described in Figure § is far from being ideal,
however the use of dynamic load halancing [6] seems
tedious if used with bulky data. Severe slowdown may
result. In the next paragraph we propose an improved
version of static load balancing, beiter suited to deal
with bulky data.

4.5 Improved load balancing

The basic OR-tree load balancing consists in cutting
the first step into Prb equal subsets, and process lo-
cally on each processor the product between elements.
Each processor performs:

PE =580 w5y % -0 ®Eg
FEy =8y Xay %~ X 85g
PEy =503 %8 % -+ % 8g
PEs=5p3 w5 ® - ¥ 8y

See Figure 6. This technigque leads to unbalanced trees
if gome of the spaces are hollow, furthermore, if stepy
iz constituted by a few elements only, and Frb is big,
the criginal balance between processors is dillicult 1o
ohtain, as a consequence of the granularity at this level.

& & & E
L l}ll:IJ ﬂll DZI ﬂﬂ-r

slepy
step, o o i
stepy L id J

Figure 6: Naive load balaneing

An improved load balaneing is obtained by aplitting
the search spaces at ecach step. It favors a better bal-
ance, since the algorithm does not rely on & unique step
homogeneity, The decomposition of the search space is
performed by decomposing Pnb, and the size of each
step, inte products of prime numbers. The ideal de-
composition of the search space iz given by matching

Prl's decompeositions with the step ones. If ideal de-
composibion does oot exist, the program searches the
suboptimal decompesition, minimizing the differences
between procesaora.

PEy =89y X 519 % --- X 84
PEs = sm ¥ 81y X -« X &g
FEy=sg % 5pp %+« % 84
PEy =581 % 81y ® % 8g

Figure T shows the same example as previously. This
time, the two first steps are split.

& &
stepg L0 , S
&in 8
step S 1
&
stepy L 4 J

Figure 7: Improved load balancing

5 A case study: Inductive
learning
5.1 Description

Inductive learning 1s an important tool in machine
learning. It faces severe restrictions due to its high
computational complexity. Inductive learning may be
defined as follows:

Suppose we have aset O = {0}, 0g, ..., 07} of objects,
each represented by a vector of j = 1,...,n attributes
in & domain Dy of values, oy = {my,aa,...,8,). Fora
given number k, we try to find an optimal partition of
the whole set O into & classes of objects. Here, these
clagzes are described by a single conjunctive concept
and each class has a logical description which is dis-
jCIi.I:I.L from other classes. ClpLi.ma.[J'L}' is defined I;ty a
sparseness criterion.

A rough sketch of the clustering algorithm is shown
in Takle 1. The algorithm begins by choosing k ele-
ments at random in O, In step 4, it generates the par-
titions of D; containing ay;. To do so, the algorithm
exhaustively develops the partitions of D; by applying
the P function, then it applies the F function, filtering
cach element of the partition set, keeping only the ones
containing a;;. In the step 5 the direct product of these
sets yields the collection of complexes comp;, which are
generalizations of the elements o; i = 1... k fram step
1. The direet sum 13 then performed in step 6, betwesn
the collections of complexes to get the k-complex col-
lection. Finally, the best of the k-complexes is chosen
as the partition of O, having the lowest sparsensss, The
algorithm then chooses & new set of k elements, one in
each partition and jumps to 2. The work is stopped
when the sparseness of the best k-complex converges



towards a stable result.

1 choose k elements= o, & (J

2 for each oy = (a1,8i2,.--,Gin),i=1...k&
3 for each aj;, j=1...n

E comp; = xj_ pari(i, j)

6 keomp = U:-:l Oy

T best k-compler choice

8 choose & new elements goto 2

Table 1: Outline of the algorithm

An optimal sequential and a paralle! version have
been implemented, the detail of them are deseribed
in Il] Inductive ]ea.rn'lng 15 perfurms:d h}r two pruued
searches, the first is to find the complexes comp; in
steps 2 3 4 5, the second to calculate the k-complexes
Ecomap and Lo choose the best one, in sleps 6§ 7. ‘Uhe
parallel implementation performs these searches in an
OR-parallelism. Tt is important to notice the size of
the data generated by sach step of this program.

5.2 The bulky data

The complexity, as well az the size of the data gener-
ated by the program are not yet modeled, let us give
some orders of magnitude. Admit the first step deals
with data of k bytes, then the worst case analysis gives
the following data-sizes in the steps:

1 data-size=k bytes
5 data-sie=k 2(20= 1231-1) pryeg
6 data-size=2 s E;ﬂm’-l_]} bytes
7 data-size=k bytes

Thus, to run this algorithm on a parallel machiue,
we have to transmit bulky deta between processors,
to merge their results. The first pruned gearch,
steps 2 3 4 5 gets very small data, item 1 but gener-
ates bulky one, item 5, to he transmitted to the second
search in step 6 7. The output of this step is again of
small size, ttem T.

Let us illustrate our words by the examples later
used for the pecformance measures. The results from
the step b takes respectively for ex!, ex® and ez, 49,
393 and 24 Kilo-Bytes. Other examples transmit sev-
eral Mega-Bytes. Data transmission cannot longer be
neglected.

Last but not least, notice that the pesk memory
consumption is done in item 7. As this operation is
done in Ol-paralielism, the algorithm fully uses the
& Giga-Bytes memary of the 64 processors Multi-PSI.
As 8 consequence, our parallel algorithm can handle

much larger problems than the sequential algorithm.
We do not take advantage of this in the [ollowing, since
our point is to compare sequential and parallel pruned
gearch algerithms,

5.3 Expected speedup

Sinee our algorithm prunes its searches, ite behavior
will be slightly changed in the parallel implementa-
tion. This pruning is then done locally on each pro-
cessor {data communication would cost too much). As
a consequence, the processors will carry out some re-
dundant work. It is impertant to establish rmeasures
of this phenomenon to set some limitations to the ex-
pected spesdup.
An experimental study permitted us to characlerize
the behavior of the local pruning in Figure 8. It shows
that the amount of processing done by one processor
measured with the number of reductions r and rep-
resented by Lthe Frperimenial curve — increases as:

F= =205 4 4795 — 445

with s the size of the vector sfepy to be processed.
Te obtain a 10 times speedup; that is to divide r by
10, requires that we reduce the size of the inpul vector
from 7% elements to § elements. This in turn imposcs
the usze of 15 proceasors.

Heductians
J4000 1=y
2200
24000 4 F..M
TE000
14000 4
LT o
WO00
4000
1= i Empaimani]
=100 T T T T ]
0 18 30 a5 g0 yr  Fae of fesl vecior

Figure & Pruning in parallel

5.4 Explanation

Inductive learning is performed in parallel; neverthe-
less, result merging is done sequentially or with a lower-
level parallelistn, To undersiand this algorithm in
deeper way, we have to separate the parallel comput-
ing [ror the sequentiol result merging. Figure 9 gives
& measure of the parallel work work, and the sequen-
tial data merging merging gathering the previous re-
sults. The values are given in Kilo-reductions, for the
sum of the processors. Super-linear speedup could be
expected, since the number of reductions to be per-
formed for work decreases dramatically. In contrast,
merging increases slightly since it has to merge more
and more results, because the local pruning is less effi-
cient than global pruning. The merging is very heavy



in inductive learning, and turns out to be the bottle-
neck in speedup; with 6 or more processors, merging
becomes preponderant to werk It is hard to overem-
phasize the importance of data merging in such kind
of algorithms. We studied two implementations, the
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Figure 9: Total number of reduections

first one is the list spreading (ef. 3.3.1) which per-
forms the merging sequentially. The second one, tree
spreading (in 3.3.2) performs this operation in paral-
lel on a binary tree. The theoretical speedup of both
solutions is drawn in Figure 10. List spreading gets
a peak speedup of 3.16 whereas tree-spreading reaches
12.9 . Notice that this function evolves stepwise, ac-
cording to the depth of the tree of processors merging
the data, Compared to Figure §, the latter estimations
show better specdups, becanse they consider an opti-
mal load balancing between all the processors, as well
as an ideal synchronization, in eontrast, Figure 8 relies
on real measures, with uneven load balancing, despite
our efforts.

All this goes to show that an experimental approach
is needed to write such kinds of programs, in order to
discover the bottlenecks and to choose the most efli-
clent implementation.
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Figure 10: Estimated speedups

6 Results

The following results relate to executions of the sequen-
tial and the parallel program. Both versions run on the
Multi-PSI/V?2 the sequential version run locally on one
processor. We evaluate the speedup factor by using up
to 15 processors in paraliel.

Sequential wversus parallel imple-
mentation

6.1

The optimized sequential version of the algorithm runs
Michalski's train example [7] in 164 seconds. It consists
i classifying into 0wo clagses the 10 objects issued from
a 2%%% large search space. The algorithm takes full
advantage of the pruning we introduced,

As shown in Table 2, the parallel algorithm running
on one processor has performance very close te that
of sequential implementation. The overhead due to
spreading, merging and transmitting the data iz small
eomnpared to the calenlation time.

time [s] || sequential [ parallel|l processor|
exl 740 T3l
exl 255 BB
exd 242 247

Table 2: Raw speed

6.2 Performance in parallel

Figure 11 shows the speedup of the same examples, run
in the paralle] covirenment. The spesdup has been cal-
culated by referring the results (o the performance of
the Ecquential version. Frl did a Very gc:nd j:}br at-
taining a tenfold speedup with 15 precessees. The tws
other examples exhibit inferior speedups, only a factor
of T and §.2. "T'he speedup curve marks some steps.

The different speedups mav be explamned by the
sparseneas of the search space. In ezf, the sparseness
of the solutions in the research space is higher than
in the other examples, furthermore, the distribution
of the solutions seems Lo be homogeneous. These are
the best conditions, according to our load distribution.
By observing the activity of the processors, we noticed
an equal activity for the processors working in ezl
wliereas in ex® ezd, the load balance turns out to be

approximate, thus the lower speedup rates.

7 Conclusion

In this paper we h.i,g,hli\ght some difficulties when pro-
grammung pruncd researches on a loosely-coupled par-
allel computer. We show the sgevere hmitations in
speedup facing this family of algorithms: first the prob-
lems of local pruning bring either, overwork to be per-
formed or supplementary communications, second an
additive data merging operation turns out to be very

— 25 —
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heavy, and third it increases the difficulty of load bal-
anzing. A single but striking example of pruned re-
search, induclive learning, was implemmented in both
sequential and parallel versions, The execution on &
Multi-PSI/ V2 showed the efficiency of the parallel ver-
sizn, the top spesdup ratio cbtained was 10, with 13
proceseors. As emphasized, the speedup can hardly be
higher. Hunning this program on the 64 proceasor ma-
chine would certainly require a better load balancing.
Dynarie load balancing seems to he an attraetive so-
lutior ., unfortunately it intreduces additional comimu-
mications which doom the performances of the Multi
PS5l 2. Communieations are the bottleneck of the
Multi-FPSI/VE, it urges to improve them,
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pricStack.pp  Sat Apr 21 I2:36:18 1590 wp. 001

¥ prioStack{Rs,StackV,Tep) : HiE0 B EE+TS

% Re : BEOHMLAAOERR Y —5 ; push pop FEHMHE

% Stacky  ERELT, F—EtgofEo) 2 oS

% Top : REEAERE T A s (Sl E e PR R )

prioStack(,_,_):= trueltrue.

W ARRRe A

pricStack( [pash(¥,5t) [S2],5tackV, Tap):- Top < N |

%o St WA IEEE

FA B L
sat_vector_elemant(StackV, N,Stack, [5t]|Stack]  NewStacky),
prioStack(Ss, NewStackV, Top) .

pricStack( [push(¥,5t) | 551, Stacky , Top) - Top >= ¥ |
Bet_vector_slement (StackV,N,Stack, [St]5tack] , NewStackV),
pricStack(Ss,KewStackV,¥).

% ARRROCE DL

prioStack{ [popi(St)|Ss]  StackV, Top):= vector_element(StackV, Tep, )]

BovEst : D HE AR
pricstack([pep(St) 1551, StackV, " (Topt1d).

prieStack( [pop{st]) [55] ,StackV,Top) :~ vector_slement(StackV,Top, _I_3 )1
set_vector_elesant{StackV,Top, [St|NewStack] ,NewStack, NewStacky),
pricStack(Ss,NewStackV, Top) .

otherwise.

pricStack( {pop(St) 58], 5tackV, Top) := true |
5t = [,pricStack(Ss,StackV,Top).

StackVI A EEM <~ #)
e
- oo - I
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| | ¥ 4 # 4 —
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|[——1 | k& 1 | #HE | | ARAE |
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ANDOR-II o BB ANDER : ORBEICHEEI AL, AFRY - P ioicERE A,
BEHES— FRTERINL. 1 20BRBL oW I oMBET EC kil vn, K LEF4
T—ad LT REEECEEENF T

BT KL TR —¥#S— A% Goal @ Where :E#ET I L CX HBIEETE S,
XL Where 0F = # KL FOEITRE,

Where ::= Direction | FrcEmbr

Direction ::= Direct | ¢ Direct, Direction )
Direct ::=zxt | 1t | up | dn

PreNmbr ::= integer

HEOHFRETO 2 00BEASLENNAE 7o +FHSTRAC. 7o+ VYETOWE
BEEEECHEETERINIC LAk 4, BNt o+ » ¥ FBECIIFEELREA LD
E L. BCiEorw e ORBEY —A kEl—DF oY TEFTEARI GO F L,

(1) S—AfETTEF oL $OBELTIRE. ‘i 07 ey 42 HET LIRSS
(L, Foes vOBETHRETIEESR AW,

(2) 7oty $MRICEFFATHETRERL HHHE Lv,

Goal' @ Where OFEMEL ' B —A¥H/T LT oy i Where FUBR LA o€y
HTFOT—AFETFEL  EA i TR L, Direct THREATAY oK
Foort (H) - It (Z) . np (E) . dn (F) HE~0ERE i, £ PrcNmbr 2 LT &
NEDORO MG (MEEH-1) FCOCRFECELE, Yoy YOMBURRIC S » =2 ROB
b, frREFASTRORECES (BT S bbT. Ml Lokd,/ LToRSEREATHE—
ShDLAhd, HelRESEHRE (LaFafhEstdhl) Bar—atRml Yot 40
HETTEWDET S
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n—¥27 (DFGs) XU+ ccHBEF I 4RBOoMEERMT 22772 (PL)
FEET L, & HCERIET S-based & C-based dovnFhoFiEro Al 343503 HEL
TEREHhDODFGs K2WT 2. PL HERE /SO E + - LT 2EROMETHD, D
HitraroBbF2Tor ol hd, BIFL PL KBREAABESE-TH A bR,
FrrHE I hABER T2 e M 005 2,

FTRWTHPL CHWE AR RS BB LT DFGs ¥ KL 1M o= FICE#RT E, ¥ —2
FeXFacild iR A0l 2 E oL TALC ELTEBIE R, ¢ AT LME
OEbMPOEEE L b SY2r b - FERMERE, FEE OR ABaXFeram
ETAEHAFZ 22 v F o7 aficl o  SFRMER » LrETI g,

Edy (o r iFs)
[#—2FerFa (ANDOR-IT ) ]

:= or_relatien pickap/2. % DR-declaration
pickap([X|L],¥} := ¥=I. % OR-clause
pickup(l_IL]1,Y) :- picknp(lL,kY}. ¥ ODRk=clanze

[FF Y2 b e Fodysa (KL1) ]

picknp_Core(X,Y,w(C),EP,PL) :- true |
BP=[BPO|BPe], % getting the ID of branching point
EPs={BP1,BP2}, % dividing branching point stream
andor:set_Color(C,{cil,BP0),C1), ¥ refinement of the coler
% for the first clause

picknp_Core_1(X,Y1,w(C1),BP1,PR} % computation of the

A first claop=e
andor:set _Colex(C,{c2,BP0),C2), ¥ refinement of the coler
A for the second ¢lanse

pickap_Core_2(X,Y2,w(C2),BP2,PR),) computation of the

) sacond clause.



andor :merge(Y1,Y2,Y).

L £ pickup.Core @5 [BICH b &b 205 IWCL, EoWEA. 27> % 2+ 1 -4,
BOHEHGEOIFIRANE 2 TwE, A9 22 =244 OR BEBCEE+ 2 IEMEMAA S
ACBRHoFELHISTEREDOWOTH Y, OR BB EE FECFLTREEOES T~
TORBCHMERZ. COR ) —LRFRA-A Yy CohM-TED, HAETOBREN
OEFTHIAELARSC~AFr b hbO AKX KREORESE YL 5,

TG (=)
o—A add(Inl,In2,0ut) D~ ¥ AMKCEHFT B¢ =
[F7Yxr - Fedsa (KL1) ]

add_FShell 2_1([v(X,Cx)[Xs],Y,Z,w(CO},PR) :-

true |
andor:consistent_Colox([Cx,C0],RD,
{ R=success(C) =-»
add_WShell_ 2_2(X,Y,Z1,w(C),PR) ;
BE=fail -» Z1=[] J,
add_FShell_2_1(Xs,Y, 22, w(C0), PR},
andor:merge(Z1,22,1).
add_NShell_2_1((],_,Z,_,PR) := true | 2=[].

add_¥5hell_2_2(X, [v(Y,Cy) |Ys],Z,w(CO),PR) :-
troa |
andor:consistent_Celex([Cy,C0l,R),

( B=success(C) -»

¥ input data X with a csler Cx
CO is a color of

»E

%  the curremt world

¥ check of coler coneistemcy

% merging solutions

¥ check of color consistamcy

add_Core(X,Y,20,w{C),PR), % call of core process
Z=[v(Z0,C)]; ¥ solutiomn Z0 im

% agsociated with its color C

R=fail -> 2=[] ),

add_¥Shell_2_2(X, Y=, 22,w{CO),PR),

andor :merge(21,22,2).
add_NShell 2 _2(_,[1,Z,_,PR) :- true | Z=[].

5 #MF{EIZo0T

% merging solutions

HF~ v EiCEH 3EBERCSAN, 7 V=2 o— FOlFHE L 2 >~ 4 2 580 HEFIHE
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T ELv, KT, A7 R0 ELTFCROERE:Y 2 7F T ICTLAL
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| R = 5 ]
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1.1 AFLAREEFOTALITI R L

FHACRERE R KoEFEAESRECLZ b oTE sk, ChEEL, 2 7w R EE L
ARAFICH T IEAMEFELCES . AFvARTR —FEHI AL AR EAEHIAE
BEREE WA EEL EFHA N RS ERORTHCAOBCBRT & BEBOR, KofEiithh
B EBHATLS LFHEALSEECE hiThhd, RN LTlifz T2 7 L4420, #if s 2K
ok L ETRoZF » SR NET

* Zig D&
p(z)(z D) FAOHD FHE LH, = CERLTRT (0 1-(a)).

o Zig-zig O#E

s HEEOFACp(z) v EOTHS, Ttz G0 FTp(z) v E0 THALH, p(z) CEEL,
= Tl 3 (& 1-(b)).
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s« Zig-zag DS
r HEDFET plz) BEOFES, £ 2 BEOFHTplz) HEOFHRELE, = TEEL,
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A B B C
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ERBETE. cht mor LR E, BEECH T, 0l mar, Bof 0Tk null tE 0T,
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HiCt3XToSE: LTE TRiXVPEnTob~TolEEsE: LRI XVAY-ToT
“TOEEEVESC, T E Ty ohk>0RCHNT38ETd:. ITF EREL BRE0 T
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Abstract -

The FLIB library is a set of modules which is provided to help people programming in KL1 on
FD35 and on the Multi-PSI system. This manual describes in details the predicates found in these
medules and give guidelines on such issues as synchronization, parallel programming, ete. Our point
has been both to relieve the user from the tedium of rewriting trivial functions, and to underline
some problems commonly encountered. While we do not display any magic solution for the problem
of distributing an algorithm over a loosely coupled network of processors, we present some simple
examples which, we hope it at the least, set out the typical tradeoffs to operate during and after
design of the program, and demonstrate that in the current environment, performance analysis is
99% experiment-driven.
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Forewords

FLIB j1] is a sct of utility libraries, written in the KL1 language. It aims at improving various aspects of program
development under PDSS and Multi-P5SI, such as portability, synchronization of paralle]l programs, ete. It is by no
mean o comprebensive library of functions, such as the ones commonly found in LISP systems, nor an interface to
{he environment, such as the UNIX Lbrarics. Rather, we point here some specific problems with which we have been
confronted during our development experiments. Therclore, some obviously useful functions were not intreduced. On
the other hand, we took care to program demonstralively, and to test both functionality and performance of these

functions.
Ve dare think that the saurce code of these libraries can be usefully consulted by novice programmers. 1t gives useful

clues as to practical realization of simple, low-level functiona, and as to management of multi-processing. Of course,
anly the point of view of the authors is engaged here.

1 Introduction

This document describes in the large each library, and provides a list of the functions which can be found therein. So
far, 7 modules have been developed:

fiel This medule forms a “stable” layer around system-related predicates and a few built-in predicates whose usage or
precise syntax varies from PDSS to Multi-PSI. Its usage greatly relieves programmers from peortability problems.

list This module shelters some predicates to manage or convert data organized into lists,

matrix This module introduces a format for matrices and provide some basic predicate ta make computations on
integer matrices, or convert them.

par This moedule holds predicates which can be uveed for synchronization or to spread computation over several
processors, while taking care of duplicating data or setling up communication strcams.

string This module holds predicates to manage, recognize and convert character strings.
util This module contains various utilities, to monitor aclivity, copy data, send messages on the console, efe.
vect Last of all, this module tontains some predicates to manage or convert data organized into vectors.

Befors the list of modules and the description of predicates they contala, the sequel of this section bolds some comments
on the library and its usage. After module description, the whole section 9 is dedicated to the detailed presentalion
of two programming examples.

2 DModule fel

The predicates in this section have been ereated to improve portability of KL1 programs between I'DSS and Multi-P51
gystemns. Some of them are already obsolete, as both systeins alowly but hopefully converge. They are kept for the
sake of compatibility with previous versions,

Predicates have been arranged according to the following topies:

virtual device open: open_window, spen_fils, timer

strings: appendstring, sub_string, setsubstring, char_to_ascii
comparison: mini, maxd

atom: etom_te_hame, Dame_to_atem, atom_to_number

code: get_code

shoen: shoen_execute, sheen_raisa

version: version
T his work a8 been sponsored by TNRLIA, Hocquencaurt, France through a grant and exchange program with [00T, Takyd, Japen.
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3 Module list

This madule contains predicates to help management of data organized as lists. Curiously, whereas this data structure
is bighly suited to the representation of graphs, tree structures and dynamic data struetures, little support is found
for it in KL1. Besides, in the current implementation of KL1 on the Multi-PSI, the transfer of lists is done element
by element, which makes it very unsuited to exchange of large chunks of data, for which vectors, or even strings are
< be preferred. I'm sorry to say thet nothing indicates that this would be about to change soon. In the following,
predicates are arranged according to the following topics:

basic list operations: length, sync_length, append, sync_append, Toverse, Toc_Te¥erse, SyNnC_Tec_Teverse,
pubst, sync_subst, rec_subst, gyne _rec_subst, Temove, EYRC_TENOVE, Tec_Temove, SYRC_Tec _Temove,

mazber, syne _menbar
sublists operations: sublist, sync_sublist, setsublist, sync_setsublist, split, sync_gplit
set operations: union, sync_unien, inter, sync_inter

sorting: simple_comparator, comparator, sort_a, sert_d, esync_sort_a, sync_sort_d, quicksort_a,
quicksert_d, sync_guicksort_a, eyne_gquicksort_d, nedeub, syne_nsdoub

arithmetic: mini, sync_mini, maxi, syne_maxi, sum, sync_sum, product, sync_product, andl, sync_andl, orl,
sync_orl

data conversion: list_to_string, list_to_wvector, rec_list_to_vector sync_rec_list_to_vector

version: versien

4 Matrix module

A B-dimensional matrix of infegers is represented as a vector of vector. Each element in the first vector corresponds
with a colume. First element in 2 column or a row is denoted by 0.
Predicates of this module are arranged according o the following lopics :

type checking and creation: matriz, new_matrix

access to elements: patrix_elemoat, et _matrix_element, matrix_cel, sot_matrir_col, matriz_line,
sat_matrixz line

hasic matrix operations: add, sub, wult, transpese, trace
dats conversion: matrixz_te_vecter

vErsion: version

5 Module par

The nune of this module is derived from the word “parallel”, as some of the predicates therein may help achieving
the high deed of using several processors on the Multi-PSL

The specification of somne of these predicates is a little bit hairy, and we would advice our puszled reader to have a
lock an the examples or into the sctual code. We shall improve the text according to requests...

The following predicales are organized according to the following topics ;

parallel processing: ereate_list_of_p, sync_create.list_of_p, apply_list_of_p, create_2_tres_of_p,
gync_create_2_tree_of_p, apply_Z trae_of_p

synchronization: sync_wait_list_of_p, sync_rec_wait_list_of_p, sync_walt_2_tres_of_p,
sync_rec_wait_2_ tree_of_p

versiom: version



6 Module string

The following predicates are an attempt at pattern matching, for the main part. We also provide some operations
usually found for lists. Predicates are arranged according to the following topics:

basic string prumitives: reverss find_substz_ba, findsobatr, sub_string, setsubstring, split
sorting: somparator
dats conversion: string to_vecter, string_to_list, sync_string te list

version: version

7 Module util

This module is the historical startpoint of the FLIB library, as you could gress from its *vagus” name. [t conlains
various predieates which can neither fit in another module nor contribute alone to a new module, Some predicates
were moved to other modules in the previous versiom, but we left here, for the sake of compatibility, Lhe original
predicates, which are in fact calling the code in the newer modules.

Predicates are gathered according to the following topics:

integer to string and vice-versa: dec_int_to_name, hez_int_to_name, baz_int_to_name, dec_name_to_int,
hex_name_to_int, bas_name_to_int

generic copy & compaction: copy, sync_copy, flash_copy, object_to_string, string_to_object
synchronization: sync_wait, syoc_Tec_wait

console output: p_congcls, sync_p_console, flash p_consola

enhaneod timer & statistics: timer, tart_stats

random pumber generator: random, randem beound

version: version

8 DModule vect

This module cffers predicates of similar shape to the ones as in the module 1ise, bul is suited ta evaluation over
vectors. Predicates are arranged according to the following topics:

basic vector primitives: append, Ievarse, TeC_TAVACEe, BYNC_TeC revercs, subst, rec_subst,
s¥ne_Trec_subst, remove, rec _TIemove, SFOC_Tec Iemove, mambar

subvectors: findsubvect, subvect, setsubvect, split

set operations: union, inter

sorting: cemparater, sert_a, mert_d, quicksort_a, guicksort_d, nodoub, sync_nedouk
get arithmetic: mini, mari sum, product, andv, sync_andv, oTv, SyRC_oTV

vector arithmetic: vactor_add, vector_sub, vector_scal_product

data conversion: vector_to_list, sync_vector_te_list, rec_vector_to_list sync_rec_veectar_to_list,
vecter_ to_string, vector _to_col_matrix, vactor_to_lins_matrix

version: version

He aware when you use vectors that multiple references to vectors cause indirections when modified elements are
further accessed. This implies increased acces time.



9 Examples

Two toy problems are presented: searching oceurrences of a subvector in a vector and sorting a list. We intreduce
first the sequential version of these programs, then the parallel version, It shows the use of FLIB's parallel facilities
and highlights difficultics related to parallel programming. Time measuremnents follow, in order Lo give some advice
to the next programmers about the nature of the technical choices to do.

9.1 Search of a subvector in a vector

‘The basic algorithm used to perform the search is from Knuth-Morris-Pratt. We begin with the sequential implemen-
tation, sequentiof the vect:findsubvect of FLID, then we make a naive parallel version naive, splitting the task on
the Multi-PS1 processers. Finally we develop a more sophisticated version named finel, including data‘compression,
synchronization and time measurements. These versions have been run on the multi-P51 and the results are com-
mented.

2.1.1 Performance measurements

Thres examples have been run. We search for a subvector of 15 elements in & 5000 elements vector, Thess vectors
have been randomly generaled, taking elements of a given vocabuolary. The vocabularies for the three examples are:

exl {ab.cd]}
ex?  {[a[be]],[1.2,34) [apply,add,ab e d] melt,[1,2.3 415 &)
ex3  {[a[bed e 10105456 a0 8 bed g b i) [m[1ab,e]2,].4.5.6] )

J':I?'ﬂ',p seguential | 2 prucessors | & processora | 10 processors | 15 processors 1

naive final naive | fitial ||=|.'wr.l_@1rl_.| naive I final

ex]l  Kred 20 54 | 108 TH| 176 112 288 150 406
¥ [ 0.5 1.3 23 2.1 3.2 3.7 5.1 3.4 7.2

ex?  Hred 20 135 | 477 2 | 919 301 | 1660 Td2 | 2410
E 0.5 B0 99| 244 | ITE| 483 | 315 | Tas5 | 453

exd  HKred 20 166 | 654 J44 | 863 fag | 2877 937 | 3308
] 0.5 136 | 135 204 25| HEB | 444 BIZ 638

Table 1. Time and reduction mensures of kmp

As 2 first comment of Table 1, let's note that the sequential version runs in constant time, whalever the vocabulary is.
It is always faster than the parallel version. This is explained by Figure 1. First of all, to speed-up the transmission,

timea in s
oo -
W compression
b E  dualmmprond
60 m decompresaion + wark

16
procassors
Figure I: search of & subvector in exd
we compress the data. This takes approximatively § seconds. Then, this data is spread over the processors, This takes

between 5 to 55 seconds, according o the number of processors. The data 13 then decompressed, in about 3§ scconds,
and finally the kmp algorithm 15 performed in less than 0.5 seconds.

— 54 —



Because of the high sumplicity of kmp search, the sequential version is several degree of magnitude faster than parallel
implementations on Multi-PS1/V. The ratic between data transminsion and the work to be carried out is too high.
Time measures and the related listings show that the additional work to be done by the parallel version is not reazonable
(with 15 processors, we have to make 165 .4 times mare reductions than the sequential version).

Another interesting point concerns the speed of the naive parallel version which is faster than the final version of
kmp in example 1. In fact, in the case of a simple vocabulary, the data compression used in the final version does
not change the transmission performances, but introduces some compression overhead. The more the data becomes
hairy, the more the compression is efficient. The two last examples show it. We can note that the final version of kmp
has a much higher reduction-rate = figugtiens  This illustrates the vital role of synchrenization and mnter processor
communication. For a discussion of evaluation criteria, ome can refer the paper of K. Taki [2).

9.2 Sorting and removing doubles

We implemented a sorl to remeve all the double elements in a list. For the sake of clarity, this program has been
designed for integers only. The sorting algorithm we use in the sequential version is the quick-sort [3]. Subsequently,
a simple loop removes consecutive doubles,

We took this algorithm and put it in the parallel environment. The tree-spreading function of FLIB provides an efficient
data spreading structure lo do that, The fiest parallel version ver/ spreads the whole data set to the processors. Each
of them performs u sort on its data and then merges the results with those issued by the child-processors. The sseond
parallel version ver® differs by the data transmitted to processors. Each of them takes ils own parl of the work and
chares the data to be sorted between the children. Performance measurements give an idea about the gained efficiency.

9,21 Performance measuraments

This program was run o sorl 3 lists, from 100, 500 and 5000 stomic elements, The results are shown in Table 2.

soTl sequential | 2 processors 5 processors | 10 processors | 15 processors
verl ] ver? | verl | wer2 | wverl ver? | werl | wverl

100 Kred 36| 10| 88| 17 16| 2% 8] 42 39 |
B 0,16 | 0627 | 0.35 0.8 | 0.36 | 0.3% 044 | 041 0.46

500 Kred Bl | 46| 34| 41| 32| &3 42| 69 53 |
8 06| 051| 06| 041 046| 05| 047|051} 05
5000 Kred 104 | 2650 | 1677 | 1197 | &41 | 764 552 | 6RO 520
! 634 | 165 ] 157 38 381 23 28] 2.1 2.1

Table 2: Time and redusctions measures with sort

By dealing with 100 elements, the parallel implementation looses, compared to the sequential one. With 500 elements,
the best pecformance is abtained with 3 processors using the first pacallel version. To sort 5000 elements, the first
paralle] implementation using 15 processors turns out to be faster. The parallel performance inerease is super-linear.
One can ohserve the evelution of the sumber of reductions performed by the program. It simply means that the
sequential version is far from optimality (the number of reductions gives obvious information). Figure 2 represents
in detail, the work done to sort 5000 elements. Houghly, the data compression time is constant, the data spreading
increases slightly, the sorting time decreases dramatically. This pesult is due to the eomplexity of the sorting algorithm,
Although related to quicksort, which is in O{n log(n)), its complexity tends to n?) when data are not well distributed
in the initial list to sort. ‘This figure of complexity becomes in parallel, considering the cost of the merge operation,
o (1%]!) + O(nlogn). When sort involves 5000 elements, the detailed analysis predicts a slowdown for mare than
15 processars, since the transmission time increases more than the decrease of the processing time. The tree-data
structure used in this algorithm allows fast data transmissions and merging of the partial results in parallel.

8.3 Conclusion

The two examples we showed above lead o some hints in parallel programming on the Multi-P5SL
o The search of a subvector in a vector by the kmp algorithm is a brilliant counter-example of the usefulness of
parallelism. In the worst case, the parallel implementation with 15 protessors takes 166 times longer (naive

version), or makes 165 more reductions {final version) that the sequential version. These awlul resuits are due
to the simplicity of the kmp algorithm, compared to the size of the data ta be transferred.



time in s
18 =

- B compression
14 B2 dale-spread
E B decompression + work

5 1d i5
processars

Figure 2: Serting of 5000 elements

# The sorting algorithm showed in contrast g super-linear speed-up, when dealing with big examples, In fact, the
principle used by the parallel implementation transformed the sorting, breaking the complexity of the ariginal
algorithm. The parallel algorithm shows however a speedup limit, with & certain number of processors, Dy using
more processors, timne is wasted in communications, ete,

Conception of efficient parallel programs remains an art, More work has 1o be done towards a better knowledge of the
multi-PSI,
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<Y=7> 11z "leaf(" "{* c<F—> ¥ % <F—F> U} {0 " <k=3 " ¢ <F g5 npn ) ou)e
<% —>» ::= INTEGER

THOF—5BE

TAREicEToARSCE@LALDL LT, ZEATHS AVL KoL LTEES A, AVL
RraRen, /- FrllEor - ARELHL, V<7 v anlof-soBliMed o baTs
SLELTWE, Foall AT IHAT a0 ECERLAAS, B ARLALESESGL, /- FE
e R LEET e2fol v rifobol, <rAT0ERLEST 2B Bo ) v r 2Bk
Lo A BIE LA

(1) V—77—F 7oz T#H
Vo= FE7rea b L THOF— S E e LTRY. st TeealfT
.

cFoE AT s o0l w3 | w0 e FoeaBFTAS 0 <cHEMHES o,
HFoxaf T4 »0 v BN v BAE v TS m e my e )
<BIEfHE> ::= "leftdown" | "balanced” | “"rightdown"
F— s Trea> = " CEET—SENTO LR 1
Rk NN g = VP N N a0 o F gy R} R
CEHF—FRFTR A s M BT AT oER> V" BT SEE S av s> 0}
< —» 1:= INTEGER

f2) Uzt —F - RET*
V=7 /= FESFAELATAOF— S+ RE LT R, chisl <7 8MTHE
L

<t FERETA o= o 03 | o ks SET A 00 <K L

<E~F FRETAD v ot pl> vt <BAND U <F=# 03 k2 v} R
<HiEMHE> 11 “lefedown" | "balanced" | “rightdown®
<F—FD by ccm n{n n{n g o eF gy v {00 MY gF = 0 gF=Fn N3} RN
<% —>» ::= INTEGER

332 #EE
AlHEHTLIWRE L LT, B /B AR Do iR R Lk
s MTRE 4 - LR LEAEHST - 2 eS0T
o AL %= R F— R 0T RRCE LTENT 2 0E
» AR A - RS LR RS GART LR
s FERE SIRECHETIA— L7 PECEHD TR
MEETC MR I ok, BHEERcHT ZAECS . NTe o BEE 5,

s V=7 FEFor A TRREATWEL
V=t - Vlleaggd s TR ERLEAERRY -7/ — FRlo2clsT
BAHL o b oMERE TR RRERE LTET. BHRToBERE, SMECk E DML
10k BARMKAES VB tco R —7/ — PhoBAl okl E, BAALS L
J— FHTEAE AL D E ook d
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HF| BEREEIE I AT L PAX DHEE

foiE o3
SEES () R FIRE
4T PR 5-1-1
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B
VR, MEIELE, A SERIRTO WL

fro, &F, PAX o 7o« yMEFTHP I
W EEFN, 30 Fhan PAX EORBL .
+ Flmk, 1 FF a4 PAX olEHRLE AR

FERALL T2 Dy FiHR o v = — ARG (IC0T) &g nomsir 5. KEERTEDZ S CRGL

o4 S A R EER AT - 2 7 4 PAX (Parallel Anal-
izer for syntaX and semantiCS) oFRETLIbATN
Ba

rhioo PAX offfwc., BTl dET
7 n e tEoAERANELS VRS, BROT T
T h, MEZEHEE IEELENWE WS T LHEHE
FHTWE, FOT, &, PAX @7 v EilfEdil
w#¢a&ﬂ&ﬁtﬂkmf.aﬂﬁiﬂﬁmmﬁi%ﬂ
HT 2.

PAX @7 025 ap, SERSRPTICECLD
LB LML s E v I ERER o TwnE, wAF PEl
troBlEoBE, R oT, EERL § eMPL.
B oy T REE 3 (SRORERS L bik. ¥

b, SEoN AN, ERMoHRBERIONNT Y 27 L 5AX

bl TE L.

Ay, coOMANLOTLOTA{FTIL, ICOT DM
R rocERIALLOTHD, EHHFT [FHD L.
Feaofhh e FIL .

1 @l&ic

OREFEAEEESAAREREAEE L. LEEED
BEHFHEEhTWwET ey Sanl0Thi, £ORS,
JifE., BTSN, SHCHBMNT AT XLERTYLT
g ERSEMOET OBt ERILL TR D, T
2w ¥ a— & iERREEM (ICOT) T b 7 BMAERR
s = 7 4 PAX (Parallel Analizer for syntaX and
semantiCS) OEREHETEDATWE,

PAX H. EXEEOREISMIIARGT & 27 L SAX (Se-

quential Analizer for syntaX and semantiC3) [B 86]
OHFPETHD. SAX OFIMITT A=) XL, BF
EEaTwa KR TREL, AP Py 7 RUEVER
FHwhnRD, ERHES bciSHcnicE 3.
Ll Ci¥To PAX offfc. WCMTo0E
OEETY o SROEFREAHBCE AL, Tuxd
EEEED o 2 b iE A F PSI @ X 5 SRS ERE
K ol AR ot vty LEEEALE
BRELAWE WS Z LABSTATWE (1 89,

EarlERLART. CoRBHROT Y Fra PAX ~
ORSHEL S TEHT 5. TL R, SEIEEL
# PAX # n{ohaHECInTAF Fil _EcllE
LnT, +ORERUELTY Y44 PAX LOLETES
+h, th. H@#E LT, MEATHECHIGTD PAY @
FoFSATERELTIG

2 #FU¥FFil PAX
2.1 #YF+i PAX TOMRIRGE

PAY B, BXEOEMRIERIMT - 27 4 SAX
DS TH L. SAN OTAT ) XL, BRI
ERRE L TR, HBE L ok FENREE (T
B, AT R) SEmEEAL 2, FREEICLT. LUK
FAMITAEMEL LS 2T 34, TOR, 0 (H)#
BERRYAROBERL T IFL-MIRALESR S LT 3.
—¥ b, coFESRSTEUOSTERE L THOXE
eI By, toXHRllrERE 4L T 5. T OL
5 %R oETo 2 FHLEOTRL. Bl (F) &
BEEABLAS e, HOSh ., T2 AR
LYED b T dg

ol s onEy (W) RANEWCRRT AL
. TEESAlose, HFol skt EhoBREF
+MBFERT 5.

{1y & — mp,idl, vp. (2} mp — a, idz, m.
{3) =p - prp, idd. &.

{4) =p — ap, id4, conj, idS, zp.

(53 wp = v, id6, a. () wp — v, id7, av.
{t) wp — ¥, 1d8,mp. (8) a - [failingl.
{9) a = [hazd]. (10} av — [hard].
{11} = = [students]. {12y v -+ [locked].

{12) conj— [and]. (14) prp— [failingl.

idl b ide ETHERNTCR Y. THEMAoRREO
I%ﬁLfna.Hiﬁ,M1u{nmxﬁﬁwﬂnpt
ook EEEL TS, PAX H., MFE
L RLEE R 8 I IS T KL oF e
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ErLCH, FMEFLA ORI oraAflo "SRl Toere LEEOE D &
Enk EERFRE-oRCH I iEELw CCTR IPETHE LAY, 7o+ AAENN S0
Hfrokal, <2 FEEHEFEEEZ 08600, PIM o2 280l 285, ~ 7 S XA &
ELZETHEENS. THE D' A EOBBTH [Lehman B5] OEERREF AR ADICHE Aok, 1
—fAETEA LD KL LENERENTCEEORWAEETHE F FELTWE.

1 FEH

FF— s <~ AFE 27 LOBKERE LT, v=ha DEMS COMBOXAL L L, B8
B, o — FIE, BIrcowTHMiES B C b v PS| Lo r Aok, AXEL, MiEr
e —na DBMS AoERE S —# <~ XBECRE L, XH A=) 222 7 22 ORFEAIC L
TR LTRHE LTS

FERROMETE LN AS.

« MfEly
o — A DEMS oo 4 i FlEER 2 VFEL, L4 PIMo s S sookiyo, £

BRI AEREr EEFH ORIk ok

* Lo PR
=< FEHALA L Fibid, 0itlE rABEETE L CEEO W BRHTAR, b1
YOEFIfLc LT Fhbi, 2 b v FLEENORENLETRD b w ERNCk,

« RE[AH
EFEAIC - A RS E O E R ook, KL, CAEE-BRET- A BS0ERTS

h,—REEL s 9 hRBNTRE.

Tofh, CoTRF—Ar LTHI Sk, KLIOREL IPETESLTY, FSPoRELA
Kappa-ll tFISLFOREEFHHFTES L LD ha k.

Fef—2FH 2T LE PIM/PIMOS T2 Cdk-TH» FICADE S hDH, La— i
VECHlBdniC o 2 T » FYIUERERCR 2. 200 FXREEHE T RICE T — f ~— = TEY
EEHBCELLH, A MYy PRBo7 y—AT=T{EsEEnE. BLAH, 2 Y v ro@oE
i~ T # + 2 (subsatring,copy string_elements,move_string.elements) #, = b9 > FEOEEEE
(search.character), 2 b ¥ » # @ H# (less_than,not Jess than ¥ Ak compare siring) 2 £Th 5.

Th ittt okt A TARTEMAL bk ERF— -2l 27 LEYD
SRR A F LT P P S s e F A OB PO AS C L 2L B &, PIM/PIMOS
TELSREOMEARET SFREXS -, ThicH L XAAHIEE PIM/PIMOS 2554w, £h
¥ PIM/PIMOS Lo 27 Al Y EETHIZE EH T EEDME WS D LA EETRE,

EH R

[Lehman 86] Tebin J. Lehman and Michael J. Caray, A Study of Index Structures
for Main Memory Database Management Systems, Twelfth international
conference oo very large data bases, 204-303(1088).
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Wik (DCG) :

§ - 0p . ¥p np X vp -> 8 np -» (vp > =
vp ——r vib, 1 = vt X np -2 vp = vt =» (np ->vp
np —> JutmT Hﬂ%&: John -» np | BT E~ | John - np

np --> [Mary LTHH Mary  -> np | O Mary==> np

vt --> [laves ] loves =»> vt | (AU —4t} | loves - vt

sgr-s -

::u—.
R
“a+A i S I
vp > 8 fin 7=
= Hiks
Bakw
Huwa,
L sopof i oinp->vp.
i [=bESiH}':
it i
John loves

CPAXRLAP—FAERY —L( ﬁEMExhu-Amhn%gﬁfﬁmLtam}Eﬁm
;E'Eéﬁ_gﬁgﬂm lovesd: Mary Oiio= b U —aid (| SEIE T ok ik

[ (np _-_?-_'-'_Ph [{vp => s)& [(s=>#->8)x [1 1] ]

chic, #BEMoRR( B B) 2HEFNCANTEEROLIIENS,

[ loves :(np->vp)* [John: (vp->s}% [ {} ?(s-)#-}#l* 11711

loves & Mary ORI A b ) —A W] OMEE, loves TRHIERIONT BN
t—ta VEBTLTWS, —Hh, A M) —LoBEER., —2RlloREE €oANORIME
WELTHLEBROEMTEHZERIICHT ERERRLTVS, (HAR, loves  ({TRE
LTWB A F ) —Lohiz John OBXERE) £, LA¥—Fab)—4aid, FRIIOEY
hrtiBaohiBo)z—ryvE ¥ EVSHNOIBEMELAVTHATE BN %
HEXETVE. 'Y LVHERERDLINLOTH S,

(emtl,....en t{T1->,.,->Ti))* (el ... em :(Ti->Ti+l.. ..=2Ti) )
= el eml emtl...en :(T1->...=»Ti-1 -» Titl=>...=>Ti)

CoTRAARELRET L, ComMERo &S HERRAICLS

115... o1 TioTitl,... DT
T1>... STi-1> Titl O... 2T
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freeze_term{Goals,VarlDl VarlID2)},
put_goals(Goals, [J,GoalQuene),
pes{Clauses,Goals,GoalQueue,VarlD2, [] ,Reports).

pes(_,Geoals,[], ,BindTBL,Heports) :- true |
eval _term(Goals,EGoals BindTBL),
Reports= [exit(EGoals)].
pex(t.‘la.ns.es.Goalﬂ,Gaalﬂueue,‘u’arID,EindTEI.,I-‘Leports} = true |
get_goal (GoalQueue ,GoalQueuwel ,BindTEL,Goall,
exec_bodjr{i}ual,RGoalﬂ,\farID.H'arIDi,BindTBL,BindTBLi,ClaHEGS,Rasult},
eval_term(GealQueue,EGoalQueus ,BindTBL),
eval_term(Goal,EGoal ,BindTBL),
eval term(AGoals ,ERGoals,BindTBL1),
Reports = [goal_queue(EGoalQueue),{Result,EGoal,EAGoals} | Reportsi],
put_geals (RGoals,GoalQueunsal,GoalQueuneal),
pesl(Result,Clauses,Goals,GoalQuene2,VarID1,BindTBL1 Reportsi).

pesi(fail, ,_,_,_,_,Reports) :- true |

Reports = [].
cthervise,
Pesii_,Clauﬂes,Goals,GualDuﬂue.?arID,BindTEL,Repurtﬂ} i~ true |

pes (Clauses,Goals,GoalQuene,VarID BindTBL, Reports).

WERE mi(Clauses,Goals Reports) [, AF A ¥ Z 7V 2D b F <A —ATH D, Clauses
lC7'a 274, Goals KBS~ A% 54 THFHF &, @52 Y — L4 Reports IC F L— 2t
HEYET COr2Ff i 7)) FoRSETOEED, B freeze_term(X, VarID, NewVarID)
LIhZl—XEhikBTlbhd IRV -XFZANEHTHY, freeze tern/3H X KCE
THIRERFHETIC< 2 2 $var(ID) ¥ 2=7 74 F5. 3%, 7 ) —XMBRETH 3 ¢,
NewVarIDIC ID ¥ Wi L el =2=7 74+ 5. 1D REHENES VarID 0 E 3BHTH
h, ZHEBIC2=—2 2ZREHT . BEEni/3 T, 70 ¥ 7 4 Clauses, FUFER = —
Goals ¥ freeze_term/3IC L O 7 UV — X LT w 5. ¥ % b §f put_goals(Goal,GoalQueue,
NewGoalQueue) tl, @ —A-F a2 — GoalQueune K- = — A Goal WL, E A ,AO T —AF a2 —%F
NewGoalQuene L2 =F 7 A 75 B ni/3 ATH, Fa—0diCER T —A Goals ¥R L T
i,

JEEE pes(Clauses,Goals,GoalQueue,VarID,BindTBL,Reports) i, EEIIC ¥ — A OFHE%
T 5 k55T H L. Clauses,Goals H freeze tem/I KL -T7 ) —Zxhie7u¥ 74 i
By —ATH D, GoalQueue = —A-F 2 — VarlD REHBAFS, BindTBL R EWOFHEE,
Reports RIS = L) —4TH 3,

pes/6 kL GoalQueue 72 ) & biCA S $CT—A-DOFHER R D KT . £, get_goal(GoalQuene,
GoalQueuel,BindTBL,Goal) KX D+ < —rdo—AFa—X 0 I SERDHEL, 8 Goal
lK==77 A% 3. GoalQueuel Ik Goal bt T —AFa—fa=—Fr43h3 b
55 exec_body(Goal ,RGoals ,VarID,VarID1,BindTBL ,BindTBL1, Clauses, Result) {1, =—a
Goal @ ¥ # 2 m » % GHC OFEFTHE Kt THAL bbb, IT—AGoal FiviraFaz
TAT—a VAREAED T v T 4 Clauses MK H A 6 H, CAEPHES RINT 58-S 2
HbHEETOEIKa Iy bL, EOFEFAWEVH 7 v o vORBRERS R FIT—a & LTER
RGoals IC, = £ o FEETHETT T F L suce P Resnlt 2 =7 v 4 + &, COEY RGoals
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VarIDi,BindTBL1,Reportsl).
pesi(fail,_,_,_._,_ v—s_.Raparts) := true [
Reports = [].
othervise.
pesl(_,ProcIl, Num0fProc,Clauses ,Goals,GoalQuene,
VarID,BindTEL, Reports} :- true |
pes( " (ProclID + 1),Num0OfProc,Clauses,Goals,GoalQueue,

VarlD,BindTBL,Reports).

i 88 pes/8 1, ik > 3R EE mi 2~ b pes (NumOfProc ,NumOfProc,Clauses,Goals, GoalQueue,
VarID,BindTBL,Reports) & » S BTFEIFA L. L LT NunlfProc g7 ut » 4 ¥0Hh & F
HEif:EHikl GoalQueve BB TR A O T 2HFAOEZ = i v FEh, s—A*a—0fH, +
EbhtERT—ADAFN eval_tern/3I TERO L, HE 2 F Y —4 Reports )2 L5,
CololE, F oty FEETF 0 Fh b NumDfProc- 1l HE CHEKESF I AL . T 2D £ 3
ety HERHT ProclD #8500 a v DU H 7 va v EE Ik b, ProclD¥ 1 4 > 2
JAV L, XD ProclD /o7 nt o HOTAES I F 2 v a v LTERERLLOTHS.
ProclDifd »Z W A v 2R THE @70 FWEEL{ Ao bif, T—A%2—Df
AREREA ) AL, B 7o o BT OFEL VX2 09 v 58245

BRO 224 v 2 7V R bR CHAEZOR, S—A %2 —ThL COT—AS o —THEL—
o= —Ale, 227 L LT vty H8BRITHED fTH b Twv 5. 788 get_goal(ProciD,GoalQueue,
GoalQueuel,BindTBL,G) I get_goal/4 IC5f LU, M ProcID TR I L7 7 a4 » $ 20 F &
FILER TR YO v —ADLiE+TISETIRTCWE Tk b -—2ifSoll s
WTHEDT Rty FTDI X2 g v THEhEmThedd BIEHICE 2L LT ProclD #
ML Tw5,

3 NT7F—TUREZVICL IEERRET

AT Ay AX = F BT DEEEEEREHE, Multi-PST FEP LT ESP B35 Hw T
HLEEVDTHD. LOHEFTRE, 2544w 27) 200 NE A SENEEEY —EoB TR
L, &7 e 77 ARTRICEN 3, 7oty yEFERRORMGSEE T RENcERT 2 L ¥
BEELTwE CTTAFA v 27 ) AREFLELTR2TWEOR, T—A % = —~HICHFET
SI—AETHES.

EEORTR, €7 0ty YO AMRRAFRCERT 0 BE -6 - oty
YO=SRILY 77Tl 7, B SbE L ERYBI B, SRhTaovEa—% « 77
74 v A [Sato 84] A THF L. BEHEEEROHEATHRL, EUT S Lo AR
L. 20, ERORRE L w7 ot s KRB LARTERS hk, BE - AFMEE, 7o
o -EHOE WY 7 7 RRETMES L.

3.1 =RxFrHEE

ZRRERTHR EFRAF 7oty 0 LLTED) AFORLVAT S5 100% KEH
TR AFRELTWS. S/, 757 LOBMA, 7ot Hoi—DT I Edi= ekl
0L L, 2TO7 oLy HKAHHEE( AL ETEELTWE.
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DTN ¢, TERINERICEARERESRA & & CHRSED L AFREEROAEA L
) —alcfid o icE-T, 7otAMOBERERDEETVS.

BRI 2 T O & EHIC HIR R L RS & T, FRIFESOL0RY
ot wO A EoT, MEROBENSRL 2 Put anAhRohrHEHTHS. BER
%mmbt:amhp_F#?&LTMHiETEﬁ&ﬂE?utxmﬂuLaPuLamﬂﬂ
A A,

3. 2. LaPuta & e

LaPutaTil HESEIZRBESORSIEE. B85 IFXERAIRRD L5 R
HEn s,

AR FEEE. (D6 TE|L L  KEEE - (AM) )
% (HEIR - &M (6 THEE  EREA > FESRE (59 .)
wiE . (EEA - X (e THLE X o> BEA &8 )

coRdnkT, [ 0E2ER GERLERIECTS.

3. 3. WO ERME

LaPutaMXBFOEANIEL, K& <A DE, XEMUOTROLHOMELFHRE
EEIRMRINEROLED 2 OB EN SMRENTNS.
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EPHFIETE 4 b & v TREN L ERARLB oL LERLE . Thi2, 54 2 { ¥
270 2 CH, BTETEEF (BTOT—AFa—pHETHERE) 7 » Foy 2 &H (BTo
T AR AL F L TwERB) 2 1Y 7 va vEBIEERY E - THET 52 40ELDH 506
THS. W4 KEQRES A YERT

PEOD

FE1

PEZ | Pk ety

PE3

i=i=§

4. {7 b O FILE
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AFEHMAE ASL<AFeXtich ARiH BELEF V0 FL=taF oy Ak
EELEdER Y FF V22 LT oI LOEFOEHEEITL S A FMMERLECHS.

EEmMAE Af LAY oS FLRG TV AT e Y AOEFORT AL ORECER
TEELTRELE .

PIATEAE AF LAl e FLRF V=2 L L=ATo? 7 LoRTRICEL AMAHE R
L, AAREIE L ARS R ETA L {ThEbEk v

1.1.2  FEMMEE

WE As7urs7ivr@fEd#HAT AR, TATHPHRCRER: A -Tw3d FGHC k£, %
S DS BAUSEES S, CHEERTIAHCHALEOSERCBETEHS.
HEZLTo L7 57y 7F¥Hwchg+ st

execute(Goal, Control, Result, Tag)
cor, AR BRHTFoL A boTRE
Goal: fRoPTRTTAET -0
Control: ¥RHNOETEHET MO a9y FEEROARILERSIR Y -4,
Result: #RANOEFTOBRPCIE T AWNEY, ERNABCESETSAHOA Y —4,
Tag: HRHGFA A FLTwI8E, Thot@MAT v 7,
&+ o [ BoMECSWTRERT 5.

AEOESF LROBECEEL ATRAO=— A8, FEN:ERTLAREREET. Thbh 5,
HEATORRGEEACHCALOTRD, HEAOT— A EIRACT S LA Tk, 88
HOT—A0EHFORTREFEROA ) —Ailiin bt (fit). Sk Sl 27T 208
EELAATHELAVDOTHLILELTRY,

IamoBE b 5P LERES, [ CTRIETSE L TES.
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s ' {X | Xlsubj=NP, X=VP }

= OHTE, s EVSEEONN, HéoStoRRTRINALEORS &) THLHL B
oFEL-BTeL, CONEEHLTHORENR:DERRIBRST .

(2) HemAA

BAMNLOCHT RRNOEAEREELTHY, T TERTS. MizFEPCEsllvE
EEFaisshid
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[ ete T = Tlet 1
cOESHAIE, BT EAPYERAOT I AN EERNET S,
@ BEEER

S
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C OERMAE, DEERRNe &V EBICE - TRREND I LR ERAET 3,
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cONRER L, DICERENSS L EZCERVMLHHIEIILEHBLTVA.
@ HirBE s
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SOHSME, SR s ZEENARTMMOEREELTYVD.
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' e:s

cofBHARNE, Brbol LTLRESShTVALLE, BEbol LTHR-TEWEWD
ClAFETILOTHEEN, IO LHERAANNEERE LTRDE bEEITRaE,
BaEoBsTE, SR AECNIRFECE, TV,
CORRBAOFEEICLE-T, bOLYLORALFHRICTS,
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BLFIRTE G b b o TRBN ESRHESBOHRE LRBELL - ThiZ, 5454 v
27V ETH, EARTEE (BTOT—A %2 — 2B THERAE) ©F 2 Vo s R (BT
S H ALY FLTWERAE) & 1) &7 i a vBICEIE & > THEFTILENDHI NG
ThHa H4 LTl EL ;- YRR
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PED g

FE1L
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FE3
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—
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Bl 4. (SRS i oo [E FLE

4.2 8T d—v s AEZH DGR

HRT g v AR AL AREREOHBY AT Bl Y7 r~EEIEBTTI EOIC

B, -2 EREEMTE JEENAETH I

o, b -2 HEoSHEER <71 vy 2T =S TRR LA RS T—A
$a2—DORE, HOVE, TOREORANIREI L E o0 Bl Aok VX 7L a v ERTLL
FEMETE. 2oC, BEERE A AL v A7) F bl NE e b L —AEEEREE 5 C
XY, 79 r RN B RTTAS L5 AEAEOIEEEL T 3,

5 F&&

KLl 779 a0 TR A FLLEwT, 77 /X ~REXBTEMNELTRRELE, A ¥
AvEF) s %FBELAAZ s — v AEZEHN L BRELED AL vET I D
EEEER, TENEREWBAL0THY, co, EFEEOE X EHELAENAFf w57
V¥ A HFMRRTH L. SER, T - XL REEEO Y v 2 B XY, T et o Hf
OERE R TEESOMTEY BT

BE 30

[Tanaka 88] Hh, (946 : ZREHY + 5 GHC DETHEH, ICOT Technical Report:TR-374,
1888

[Tanaka 87) IR, A, 4985, #E : GHC I X BEE/ — ¥V =T OREL Y 717 HERKEC
DT, BERY 7 b = THELSE {AALRIIE, B-5-3, 1987

[Sato 84] VeiFaci - KB 7740 2 2, TAF—LNUE, 198



3. WRirFR

LaPutad®iLSEsATTalORrEgs LTS%ETS. LaPut a ORXER
FEpElE, BAMCHPAX [BAE 86 ] 2b:RICOTOMEIR L TRIICERSh ((EE
], RAFERRLALOTHS. PAXEORWE, Fotria b —LoMENREL
TWASET, PAXS, 2 M) —L0oBETERTEEZZALTVWEORHELT, I THEY
FARR S 0t A0 FREETERFMERERTILOTH S,

3. 1. LaPuta&PAXD#EE

coARE, PAXOES CERTELESTOERAMNE Y e e AMOBER ) —&HT
DTN, TERIHFEBEIRSCERAN AL ZCERIRD L AFREEEOAEA L
Y- niifit it T, Yot AMOBERLMLETETV L.

B AR 2 T o & ER BRI LA RS R & T, RS o2 R
iSO RELAEOT, BEROBEN,SIEL aPut aohRoArElTHS. #@IER
ML ED L= P s LTRBEARCEREW S ot20MiELaPut a 0G4
RN

a4, 2. LaPutanHR - vk

LaPutaTi REFES:FLECSOXIIEED, #8ELUCERIIRROLS S
daEh s,

Al (KESE, (DCG TH/E WERE -- (AR D)

p o (EEE o LA (D6 THCE  LRE - GEER (39 .)
dHaE : (ERY o X) (e T#WE X - &RA. tE )
coiRdtET, T OEERR, AERLERIERTS.

3. 3. WISORITOXEEEE

LaPutaﬂxﬂﬁmE*ﬁ#ﬂ.x§<ﬂﬂat.i&ﬂﬂmﬁﬂmtﬁﬁmﬁtﬁﬂﬂ
EEﬁHﬁEHtﬁQMEmzﬂmﬁﬁméﬁmanfha.
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VarIDi,BindTBL1 ,Reportsl),
pesi{fail,_, _,_,_,_,_._,Reports) :- true
Reports = [].
otherwise.
pesl(_,ProcID,NumlfProc,Clauses,Goals ,GoalQuens,
VarID,BindTBL,Reports) :- true |
pes{"(ProcID + 1),NumOfProc,Clauses,Geals,GoalQueue,
VarID,BindTBL,Reports).

UREE pes/8 KL, Bl @ b 3% mi #» & pes(NumOfProc ,NumOfProc,Clauses,Goals, GoalQueue,
VarlD,BindTBL ,Reports) &\ S ETHFHR LS. € 0T NundfProc BE7 ok » HHTH S F
HRAERRE GoalQuene HECRAWOT2ZEBEOEM = » b &h, ™—AF o — Db & T
EhbERT—A0AF LK eval_tern/3 THRB LR, @EA ) — 4 Reports WD ET L E.
c oWNot, 7o+ o YElEIF 0 F b NunliProc 1 HFECTHMAKETELS. Tbb, H5
Fat oy HEEEF ProcId 2807 ot v d DU K 7 va v 2E LT b, ProclD® 1 4 v 2
YA L, T@O ProclD # o7 vy ¥ 0TSV X723yt LTEFERAIOTED.
ProcID#A v 2 ) A v b ERTHWEY @7 oo WES L 2T bH, T—AFa—D
AFIEFERER L) —LAKHL, B ot 98UFOFLD VX202 v dBH 3.

B AZ A w27V 2 L RECREDBOR, T—AFa—THE. LODT—AFa—THRFa—
Pos—a, FPELTT ot o $EANFHEIRD T &R T 5. B3E get_goal(ProcIn,GoalQusue,
GoalQueuel,BindTBL,G) tl get_goal/4 O3 LT, % ProcID TRE Hude 7 o » HEERIF &
FLRMFOZ XD —A DR ETLS5EFERTwE. b L—2 oK
WTLED TRy HTOVF 7 ravThdIheTmd i WHHEICSF L LT ProclD &
LT 3.

3 HN7F—2rRE=H L EEEERETR

A7 =y AE= A BY DEWENEETIER, Muti-PS] FEP ET ESP 88% Bw»TH
RLHOTHD. COFTHR, 224257 40 0HNENIBEERE—FEOBILER
L, A&7 02 AEFRICED D, 7 e o VHERAEOBMOEBST HENICERT LR
HME LTWwE. L TAFA w7 ) 0BT E LTH-TwWEOH, A% 2 —FICHEET
ET—ATHE.

EWERBORTH, € 7 0 v v YOARRR EFRCERT 5 b, B - 8% - 7ty
FOZWTY 77 CFR L. 3k, BNKCSHO Y HFTRBILDE, SR TavEa—4 - 73
747 2 [Sato 84] Rl CHAL . BEHEF EEORETHAL EFET 3T L ETMEL
Lic. 2hic, EFRORMHE ity ot » HiCEE LARRET S o, B - AFEE, 7o
o d -fAFOE RIS T 7 ETRETEEE L.

3.1  =RRoTFHtaE

=Tl TR EEESME e # 0L LTEDY AFOBRLAF-EE 10%KED
ETARY —AFEEL T $7, 77 7 ORI, 70 o 4 5i—0TH b Lot il
FO0FL, 2TO7 oty YA EACAZETEELCWD.



TEAMY—LTHS.

BE -3
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BEEE-> (EREH-X)

f

fe ozt

Aofrud A %

COERBEETI, AP —adENSHIF -4 2 HTOT, XERAOEROERCHT
+E2ERELECRICY oA RERL, FOEMOEZR LS L TRIRMBEIATHL X
31, HREERELL TV,

LaL, dERErEOoRREscEENTREY, LLRA0 A7 LTERBFEEZRAVS
LA P —AOROEEF s REMSEIRhI I LEABE VI HITORVWTHS.
Linl, BABETH, BEeHEEQ L) UXHORETRET IEPORERICEL MRS
b, thiAoERILENEECRAFTHRT 20T, TBRFEOSFVRRITH S ML
f.

(2) ERMEBSABEINLLEDNH

L5 D Eo0BER, CEBENONAOER, FEHEESIMREIN-LZ20NETHS. &
foo BEICADThARNES /EREZSB AL TLERNII AL FAROLELETS. 0
L&, To0RBHHITE - TRET S,

—oi, BREShEFRERE (F-@RERES) 2RENE2T>-TwWE s tADANA
P =Ll LTHAOR P —LilfiidT & TH L.

LA30DEDE, TOELEEE (FALKREEE) EHLAULTHEXHEETIEAL,
FORBONEET, B () ORBLAURART oA EETEILTHE. —RIEX
moRE BN SEh P, DdoKoRTEEThTVWEH, Thizd L TORIERIN
cvotREEEL ADA M —LbA—0A L) —22hbD7eEADANA LT —4A
L K-F
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freeze term{Goals,VarIDi,VarID2),
put_goals(Geals, [0 ,GoalQueue),
pes(Clauses,Goals ,GoalQueue,VarIDz, [J ,Reports).

pes(_,Goals,[] ,_,BindTBL ,Reports) :- true |
eval_term(Goals,EGoales ,BindTBL),
Reports=[exit(EGeals)].
pes(Clauses,Goals,GoalQueue,VarlD,BindTBL,Reports) :- true |
get_goal (GoalQueue ,GoalQueuel,BindTBL,Goal},
exec_body(Goal ,RGoals,VarID,VarID1 ,BindTBL,BindTEL1,Clauses, Result),
eval_term(GoalQueune,EGoalQueue,BindTBL),
eval_term({Geal,EGoal ,BindTBL),
eval_term(RGoals ERGoals,BindTBL1),
Reports = [goal_quene(EGoalQueune) ,{Result,EGoal,ERGoals} | Reportsi],
put_goals(RGoals,GoalQuenel, GoallQuene2),
pesl(Result,Clauses,Goals,GoalQueue?,VarID1,BindTELL  Report s1).

pesi{fail,_,_,_,_,_,Reports) i- true |
Reperts = [].

othervise,

pesi(_,Clauses,Goals ,GoalQueune,VarID ,BindTBL ,Reports) :- true |
pes(Clanses, Goals, GoalQuene ,VarID ,BindTBL ,Reports) .

JREE mi(Clauses,Goals,Reports) i, A2 4 ¥ 2TV ED by T ADT—ATH D, Clauses
7 n 5 A, Goals KB — A% 54 TFEEHT L, HEA F ) — L4 Reports i€ L —X1{§
WEET. COAFA 47 ) 3 CRETOERR, BF5 freeze_term(X, VarID, NewVarID)
KX 7 —XE2hiBrRbAE. IR ) —XFTE2ANATHY, freeze_tern/3 R X ICH
ThORFEATRES T2 F $var(ID) k2= 7 7475, 7, 7 ) -~ XAOFXET 75 &,
NewVarID IC ID # WH Licf A 3= 77 A T 3. ID HEHMAIFS VarlD 2 bl t WU TD
D, EHEC 2 =— 7 AEEENTCH 5. BEmi/3 TR, 7 v Y7 4 Clauses, RUEE~—A
Goals % freeze_term/3 K X D 2 V— X LT \» 5. ¥ 7 38 &% put_goals(Goal,GoalQuene,
NewGoalQueue) k, = —A ¥ 2 — GoalQueue {C='— A Goal £ ML, ME LD —A-F 2 —%
NewGoalQueue K2=7 7 4 T 5. iR mi/3 NTH, ¥2—OFKCERT— A Goals ¥HMLT
W,

ThER pas(Clans&s,Guals,Gualﬂueua,'ﬂ'a.rID.Hind.TBL.REPDrtE} H, FE T —AOIHEx
FASEECHL. Clauses,Goals H freeze_term/3ICE o T7 I —ZX &7 a7 L &
Bjr—ATH D, GoalQueue L T —A-% 2 —, VarID B ZHERHIFES, BindTBL HEHOFRE,
Reports #l&E= bV —LTHE.

pes/6 H GoalQueue HZEY A P A D FTT—AOFHlTERD EF. %1, get_goal(GoalQueune,
GoalQueuel,BindTBL,Goal) K X D FHlid <o —A %o —A%a— L0 1 DEDHL, EH Goal
It2=774+%. GoalQueuel ICt Goal Zi W BT —AFa—pa=TrfEhd. ab
2% axec_body(Goal ,RGoals,VarID,VarID1,BindTBL,BindTBL1, Clauses, Result) {, ¥—
Goal @ U & 7 i a ¥ % GHC OEFTHBEIICHE - THAS. TAbS, I—AGoal LAy vaFaz
Y4 — s VEREREIHF T 0 X7 A Clauses AICH B bH, ChEMAy BT 2HHEDH D
EoHEOMICT Sy FL, FORF (e ) F2 v a vOR_FBERS W FI—A L LTER
RGoals It, = 3 » FAETIE T 7 b4 suce $EH Result lK2=7 7 4 F 5. L @F# RGoals
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wiE (0C6)
§ ==» np . ¥p np X ¥p -» S np =» (vp -> &)
vp —=» vt , n = vt X np -> vp = vt > (np ->vp)
1 > Juhni‘ BEEE L | John -5 np | ARBRRETEA | John -> np
np --» [Mary L TR Mary => np | OEMR Mary==> np
vt —> [loves ] loves =>vt | (HYU—4k) | loves -> vt
T -
=T -] | PR
*-(=end) -
e *x oo
P¥p -» 8 % fin 7o+
\Baf-oic
Huwg,
IR ; = inp > vp —ed
H {:hegln}l 1 e e e e s
T iy
John laves Mary
| .
PﬂXHb##—F;bU—A{ ﬁﬁﬁ&z+u—¢mﬂh BT L @) R
‘Fk\éﬁﬂf_ﬁ%ﬂﬂj loves & Mary AR =4t ﬁﬂ-ﬂmx$ff"ﬁt‘ o kS fiﬁiﬁ
clE 2T,

[(np ->vp)% [(vp -> )% [(s>k>H* {1177

chiz, ZREBoET(ER: B) UMM RTSEEOEI LN,

[ loves :I::_tp—}\rp}t [John: (vp=>s)x [ {} :(s>#->0* [111]

loves & Mary @M@ A b ) —4a0®) OBKEEL, loves TERDIRFNOXFTZED Y
T YEBRELTWS, ~H, A ) —LolER, —oRMORKER TOoAMOREREIC
HELTWEEEROERNTELIRENEHT IEERFTLTWS, ( FlAE, loves {THl
LTwaza b ) —aofiz John 0FHMRNE) 4, LA¥—FALFY -4l ZRFIOEY]
hotirGaohaNO ) xz— v v "¢ ENSHEOAEENEZAVWTHATE 2822
HEXETWS, ¥ LVWIHIMBEROLILLOTEHS.

(emtl,....en :(T1->, ., >Ti))* (el ... em :(Ti->Ti+l,...=>TJ) )
=gl ... eml emtl,..en :(T1->...->Ti-1 ->» Titl->...->Ti)

ToTHAGBERRT 2L, COBBERO L) UHRANIILS

T12... DTi TioTitl,...2T)
T1=, .. 2Ti-12 Ti+l 2. 2Ti
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o bk THBA NN D,

(3) ZERBOFHINE

WEOEEETE, FHOBBUEENET+ — &5 a2 REABEFH 272 LT
FELTI5, ENROREOZPMEBUEFL, 07 0€tADT I EROLBORA T — L%
LTiTa.

FEL, cOFOEREBROLDBOAL ) —LbEoTHT, BRHOT T AEIT S
e pEELAVE X, BER M) —AREIYEGH AT 2 tABEREBEOERKCE
L THEYT, SECEHLAGRERBRESOF -7 LBRT 5. Ltdi-T, #RTHA
b —aDElB 3T e A0 T — YA RERE A GTERT A WAL, 2. —BER

T3 & BO0RFCRES BT 20T, LEEMSRBRETERTIILETWN

ey s F—FATad R

g b1 — A TH&EALA Y —4&

[ES—

| e D

FEDEE, RCE-TEEVDETHEE, BLUADA M) —LhoFiu7y—4 2R
AAAFEIEH L e vaF Yo REBL, CORLWoeANT—Yy 2L THL
EHeBET A LIt TRALTWS, JOhER, BELLTHET 0TI, R
OREJODHEFRICERT I ELU TS,

r8 r8 8
jics: - fiads BHS
— T8 8 i
r———'——-?—ﬁ?— T— - TF§+—r:
i@ — ] i}
MR
{ﬂ]
(4) MBOWE

FREERET)F 2 —AashraBiE, TRLAFRBESOS va s v2 L LTEOREN
BoTHWANEONTER, RETOFRRERLZIM- A7 0 AT, XELOBERBEET
SraicpEah, SaTALaidroRBE—YEhudhdToeuy,

:mtmu,#ﬁﬁﬁ%%m&fatmc#éhtmﬁm.$ﬁﬁﬁ%aabmﬁﬁ¥-ﬂt
Lfﬁéhé.:@té.%HHE%%%#E%futKTm,%HﬂvtﬁﬁﬂﬂﬁﬁmﬁL
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SEELTH, AFERELN TS FERET v A0 RS ES, 7oAt LAcRoEr K
Ead, BEEREMoORESENEEA W, COOH IPE THE LASN, 7o+ ARMERN L
WaokH L, <2 SRS AE 0 B30T, PIM 02 S5 0EBTHIES, <2 FENRH L
EEEFMERL, THE BT #EORBETH [Lehman 86] OSRIEE AT ATICHAbAhadk. K
LA EEA LD KL LAEREN T CEROBWHEFRE TS5 L FELT WS,

4 FEH

BHF— 4= 28R A7 L0BAERELT, o—Ha DBMS OB TEALE L, BEE
VE, Lo— FEldE, BSIE o THET P L AVvwWs A+ PSl FCHAEE P LAk, AKL, HiET
te=ha DBMS AoEily - <—8iclEL, i)t or 225 vERshd b
THRE: LTEHE LTS,

FEEROMBET T L e o),

o HohliE
u— A DBMS € OMEC L EFIER I E DFIEL, Lt PIM@ 2 3 2 coRTT, Thi
b o bRE LRIk .

o Lo Pl
“rFEFRALAC—VhoR, Tttt alEr: LeBEov (lRAETEH, 2 1Y
#FEFEALLL - Fhbi, 2 1Y » PREgED 0@ sEBCHE 2 s RS T,

« F5
SFAE AR RO SRR ook, AR L, CAREB-8BYFoABESOERTS
0, —8AKFLidohy s RERTH S,

O, CETRF—F LT EEdhokd, KLLCRREL IPE T¥FLTL, ESPTHREL A
Kappa-Tl &£ F&EL FOBEARFTES C SRk,

F—F—AEH 2T LY PIM/PIMOS MESER A -sTR>ERDES RO, Lo— T
FETHIbhiC ok A b ) » XYEEMENTEE. L) o XRAEARTINMEF - F - A THEE
KHETELLY, A 1 v rXfloryy—-LvzTESSETAE. BLE, 2 Y »XoRSH
#~~DT ¥+ 2 (aubstring,copy string elements, move string elements) #, 2 11 » YROoEREE
{search_character), & } U v @ o8 (less than not Jess.than € % 1} comparestring) & X 0RE.

Th TiktriohhahoTtdEriMA kol BHAIF—Sf<—aFH-aFLEFD
OEERE O AT LT P E Y v e F SO oA S T 2 EEL D &, PIM/PIMOS
TELRREo M AR S REER S T, A L YA REEE PIM/PIMOS Tk w, £h
¥ PIM/PIMOS Lo AF Ll FEdTHIZE I HTEZOR LS L WAECRE.

E5 0

[Lehman BE) Tobin J. Lehman and Michael J. Caray, A Study of Index Structures
for Main Memory Database Mapagement Systems, Twelfth intermational
conference on very large data bases, 284-303(1586).
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e
V. BRATRELE. ¥ BASRRRTORRIL

FEERE LT 0. HiE D v - — 2 IFEEAREMm (IC0T)

-4 BRI EEM AT = 7 4 PAX (Paralled Anal-
izer for syniaX and semantiC5) oFHEHAFT AL T
'Ern

riiTo PAN off T, ST onsofiEe
FoetHEoBERIAFFCSVRD, B0 et
Awvrh., LEEESHEIEELEwEWS L EAEE
ERTWE, Frr, 4E. PAY o v e+EEFTM
EF U EEEP TR AOT, BEFKREUREEREH
=

PAYX ey af, dERAMPTEICEELD
EFEE L LT L v EH T o TS, wAF PSL
rToMECRR. ABKLoT, AFER D €L,
B—7 o4 brRERIEROBEEN EAbN. §

Fo. SO ME, ERROBRSEMINHT 27 4 SAX

L WETES,

A, roMEHEOTroTAFTR, ICOT DR
EX-rEEIAELOTHY ., WEHEH [IFTL.
oS AT L e

1 @i

arEfoEpsan L OB L, LEEED
Rt hTwi 7o 5omloTEL, TOkb,
T, BAEELE. SN TAS ) TLART LT
wi RS ERIOET oS AEAERE LT b, FHiER
3 v ¥ a— 2 HHTEISEEE (ICO0T) T b ENELASHR
Wit = F 4 PAX (Parallel Analizer for syntaX and
semantiCS) OFELATERAT VS,

PAX H. EXROBBSEMIMITS 27 L SAX (Se
quential Analiver for syntaX and semantiC5) [H 8]
OEFEETEHES. SAN ORCRTT A=) X akt, BF
et EioTwa R THE L, <& V5o 2 RUBKEA]
FHwEWED, ERHIREC b EECAETY 5,

LisL. cHEoo PAX offec, @3MroRE
OEBTF o EOEEREERCS WD, Toxy
ElED T X e aF PSL ok b hER S SR
WS Lol BRo e eAnTd, BEEEEEE
DB ELAWEWS C EHEEERT WS (#2889,

sz, &, PAX o/ a++HEETRb 23
MEEFTw. ) Fao PAX LOoBEL .

BRI, 1 Fda PAX ORICRE & AN
ST ST L, KK Eht ol dcdRL
Fe B ALR L AT, CoBBHROT Y FF A PAX ~
CEGFEC O WTERYT &, Lol SO3E L
# PAX #wi{ohoEBKonTwAF PS5l _ECRIE
LEOT, POERRNKSY JFa PAX EOHEET RS
5, k. LT, Bl THCHST S PARK @
ToXt LB LT,

2 AUFFAL PAX
2.1 F U+ PAX TORERE

FAX B, EXEOATHEBIRIFC 274 5AX
OEFHERTH D, SAN T AT LA, LM
EHmTRITETR N, BAT LYo HHRES(E
B, BRICE) SREEAD L, ThtREKCLT. IR
EAMT RS LLS T, TOR, To(FE
RSN TEROER LT AR L-BIFRTESL S 2% 5.
i b, coERRES LTI RMERL LTRoXHE
BRI BF, toxiEfRlr e ek s 43, tal
s AwEHAOE YO 2 BB OERR. Sl (#H)#E
BREBHELAD AU, ENSHE ., TEERTR~
EFED EFBRTw (.

rolshnlYy (R RENIRCERET LAY
., THEHlloED., BTl s cthFhoBFEF
FTEBFEHEE L.

l

np, idy, wp. (23

op — =, 1d2, o.

(1) =

(3) ap = prp, id3, no.

(4) mp — =np, id4, comj, id5, np.

() wp — v, id&, a. {(6) wvp — v, 1d7, av.
(1) wp — v, id8, mp. {(8) o - [failingl.
(9) a -+ [hazd]. {18} av — [hard].
{11y n — [students]. (12} v = [lesked].
(13} conj— [and]. (14) prp— [fadlingl.

idl b id8 TTHREIFCS Y., XEHARAOEDN
WiFELTWwE, Wi, idl & (1) o3XEERNo np %
ORI s D t ¥ EL T H. PAX T, MTE
A BT R LR EA AT KLl @Y r R
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e FARFEr A 2 M | S —F2 | V=T

4= Fr s o <k~ 0 S FIA R U
el =FWE b o= o[ <2 AREB+AS U0 <F—> M0 <=t FREB AT
{0 ck—3 mvoctF AR A } D"
<P =73 1z "leaf (™ "{" <F=> "0 <FF> P L 0 " <k vm <F— £y v} o)

< —3» s:= INTEGER

T HROF—5 RS

THRAZRHE oR@ECE LAY L LT, ZERTEE AVLRKoREL LrEEs L. AVL
KioBEei, - FEBllos — sMtEL, Vot rant a7 soBlitabLdc ol
LELTWE, Foph e 2BET A0 ERLALYS BYREMLEHNL, /—FE
ForRE LESRT e 2fo) v bfobak, Sr S THELENT e Aflo ) v r 2R T -
Lo R MPE L .

(1) 9 —2/—F FoxallTH
7/ —Fh7oeal LT ROoF—sREERBESLEL TrT. cheafe ToeaffT
A b

cFEEAMTHy o= " v | " <EFexIfETAS 0 <hjiiiEE. -
T or AR TR L0 v Bl L <R v T AT Ry ) )
<BTENKHE> ::= "leftdown” | "balanced” | “rightdown”
cF— H{HFF e Ry = " T EN SR "
B e P+ oo b L e A e e P+ o S S S
CHEAF-FEMT A 2 " EF-FEFI oA Y 5T AT eE R v
<¥—>» ;s INTEGER

(2) D—7—F 4 FRET &
H—2 /= Vg2 R LATROF- S ST LTHT. cne Sl <2 aHTHL
L ¥

ey ;mT;b_ sam ..{.. ..}.. J ..{.. ﬁl’E":"?ﬁT*-‘! u'u ':m:. u'u
<EAF FRETAS V0 oo <lebflr v, B M 520 R b NP iR

{mﬁmﬂ) 1:= "leftdown” | “"balanced® | "riﬁhtdm"
Y e S E N ST G TIPSy P I Y CIP Y SRR SR DO U SO
<% —>» ::= INTEGER
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AHTEMEE LT, Sl B0/ Al d DR s L A

« Mo & — P e LR CHIET & F - b A b D

« EIALER F—kF—EOATERCHLTERT &0

« FikRialE & — 4B L i o bR S ALE

« BEER  BIRECHFET L bF - ERCH D HTa

MBI AL SRS Lo, BEEFe s anETR D M nBEm Rt
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Lad4 (D1 {
np—umdl [} — [} ® and
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Di=p= & emd
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gud

end

M2 PAX K& I &3oMETH

o, ThEhofafbeTd 2ot D,

AT BEIE S b E o T PO ARTIED EIFT
el BELE, FotafT =2 (BT EAETFIC
FrithiiTtwaopi L bdd, ok PAX TR,
BRI AHTER A V-4t LURR
MicERT s c kT, ThTho (F) MRS cEsSd
7ot 2T EE LAY OEF RO TR, Col )
A D) — LERFEMcEBET I ALE. Lir—F -2
b — a0 [Okumurad?] EFFAL T,

2.3 AESEFS

PAX @T A=) HaCtl, 800 2 gl AR S E &
Fi bbb,

and EBF: Foar L FREEIES 4l DR H
BE,

or HF: 1 o OIFMRETE § depit S, WO TR
b LES, FALEEOTREREE R ERE
'5':'

ekt onEREREAERND S S AEFEE
e

and #F: cht. BEPcERT SEEFCHEYST IS0
tAYHFICETTFS o ERESET 3 ot #
Fipr A MR- B (WSol) T
n. B ORTHRAIES THS EELTE
"l'"'a

or H&: riuil, THARICERE XIRE, ThbT
BFCHFTHE o ECiES T 5. TEo T HFIER
Yreptall o @ cE R 524, and $FL DK
FnarEiTlv,

e, ToeyREFoNA ARG HEELTA
Zo PAX n7ex2RE {7 24E{, EOEBRbLD
T b Y=—nEEBRALT, GORBE~DR ) —LnF—FF
BLL-ORELT L. TOhD, ELGORERE T 0%
PTETFEIRTNIEFEE, SHELWHIRKAT O
+MEEAEE., PREFoSRsEAT ko TLE S,
#oT. Efeo and B9/ or #F FLHEM-CTH. 7
v HUEESS & D, BFETORRAMFTEEW,

[eaginf Feslimg® & stndsstol ¥ Leaad® & barls =

o - T
LF] Pl — i & 3T

[_.;._., ey T .{ —E.ufrn i
TR
prpfo= 34800 -H l:lllﬂ'!i:'::.—kpﬂ
Aoy
o AN ! by emd
E:url:-:;. I 3
[ | e e
i
lard
1

— Tk

[ I + awd

D ) i

B 3: BT » R ORI

feoT, FreHMERTOL AN TRTEISEL
G, Chib, BEEEEER I —LCToed il
b, BECERT I MBcHAT AT o 2T 0V
ok ZMEOZ =L 2EL oy ETIEET . T
LT, HFexad, Al —dhboF—2ERMIL
?Efﬁk\{ﬂlkﬁhhtmﬂﬁﬂbﬂkfutxm
R 2 AR Cbe, coAERENSTR, FLATY -
adkBEhFoxeafl ooyl iov, FH1
o7ecHEEFELAE Y v, L. COENSRTL
TH, Fofnfthl Ko R2 ¥y 7o e oHEEgT 2
rrich AN, FAERIE o ABERO s & FolE
Ibh1=oo7Foeanddnr—FeRalrinRae., ©
oEEOGN AR HEALT EELE,

cOBWOMALYEAT A ANCS {7 2 0K
B Faogsemd 4.

node ([PEITn], fut) :- imteges(PE} |
node{Te, Dut)@processar{FED.

¥k, B~ AFTERIRT 2850, UTolLs
R EDT 5.

7= Zailing([0,begiz], X)€processer (o,
merge(X, Xi)opracessor{il,
students([11X1], ¥ieprocessezlill,
merge(Y, Yi)@processar(l),
looked{[2111], Z}eprocesseri2),
mergelZ, Il)@processexid),
hard{[3121], 5)9precessor(d),
merge(5, S1)eprecessor(dl,
fin([4151] J9psocesseri{d).

(e

(g}

EOfYOMT, EY ot AMNY 07 0 ey THT
2L abRLAOMN, BITHE, 7o B0BICT
LAKSER, ErahivoedEmLTWE,

3 AR PAX
M AOEE

ok sred) Sram PAX TR, Vet AT
EESS AL N EME ST T, FeEAH
oEER(F— 2 R) ML IUAALEI R L.
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Lo Foo Rid ol 0 FRESLRE, chiMS My HNsSFoRER, BMEESFFIR
LickeEE o S a0 (Union, Intersection, Difference) K L DEHBEHE, o= F
DRk e ARSI TFCENERTE Ld HES S SR 2 2 BSHB LN, COTHLo— P2
SR 4 T Fid (M) OA b b SIS OMEICIRR L AR I C o k.

311 F—FERE

B LbALREE BhrUoEsbhABoREAC k- THEL, ThThar L Tl
FERLZLSAMBELA.

<Sat® ;:= "[" <Partiticm> { "," <Partitiemn> } "]"

<Partition® ::= "{" <Quantity> "," "[" <Rid> { "," <Rid»> } "] "}
<fmantity> ::= INTEGER

<Rid» ::- IFTEGER | “{" <FremRid> *," <ToRids "}"

<FromRkid> ::= INTEGER

«TeRid> ::= INTEGER
AL, BOFRES S

« Had RO bARAE T
+ Partition £ AT Rid oEMBERMICENDLH TV

11,2 WE
Union, Intersection, Difference DREEY, v— ¢ Tas Il L@ -CRO L,

2.1.3 M & ERE

o ATEE T, Partition BIcE SR L { Partition QXS OEFSEAEHE. CON
HHEFA =T HESLTW30T, MCEET & & Patition R=2¥ PSIOEL Yo+ >+ EcH
DT LRI LS F— 7 RACE L Ol A&

INFHOMSEELESTRS K5 LoRSHEE (Union) £ 64 SR PSICHEIL B8
Be# 1 Cmd. MSEENE PESRELTHELARE, —20 PE € 7,000 206 8,000 N ESEE
LE DTN LESESREMEREr btk A SEEEPESNESLWLE Lok
S BaiE y, PE SO BEFETE# L WETFRRohE . 4, REOLEEED, EREL
THEIT IMEoEHRNE L I MEST HEOREICEE T L.

Ehbis, EEoSGORTCRSL - FERE 7000 T8 X0 PE XA TR
b, SWiEE, BRAAIRdOH LR BT WERNICERNT 2 PEORO 2 Cbwvethil
HwrilgThk s,

# 1 BEWROEHENE

PE D F 2 4 ] 16 32 fid
WEMSEE | 197 | 386 | T.61 | 14.30 | 24.46 | 37.93
ELRoRS - | 190 | 392 | 7.63 | 1480 | 273

3.2 La—FEfE

FIEEECEL AL~ PORBEE~s 0 L e AN, FEL P Aok, L, La— FIMF
REWLETS 0, MFRAREREC U v — FEREERE 2 5 RS - o — FREDFET ZOT,
vo—- FEECE T RS SFER TR T C R KB LA TR W Lo — FESICoWTH, KL
TIET S C EOMEARSC L A, MRS YN 5,

FETR, SHIREF 5 <A LoFRpoTRisEeL - FoR P v VAR, T
Fef A 2 OFRHOTHIS A HEOROT 2 € AR L FLELE L=~ FORBENE
ERERL, U7 — FEFOSARE (SR B2/ Bk /BN KoeTwad PSIC L EOPEKH



X failing Y studepis L logked ] hard [begin]
alY) o
[Z) == a n{ L} 3 a(ThL}
nrpmﬁ ' reDLbr v = (D)
Ed av 4
D1} -J \'P(DL)J
a
np{Z) = PP =
(D1 n-'!-"'—'
do I

B 5 i BLEE PAXY i ) & ool

LERTC D conj(Y) ® (h) OF 2 M ko TEIHE
T onporon] ¥FEFH L. FRAE Y Sb@ERTOS op ¥
(i) DEPOMEE L > T2 T, FLv np 2HEHEL
TWiHETHREINT WL, OB, FRY . conj i
IO, WM T Hup eI i@Eh, BN T AFL-
np SANGIHELTEER TS, JERRIDE A A NG
HEBLTWECR, TSR e e e
NABK, ELwANF—23fltAanTsL,

3.3 MEE PAX TOREERH

“Failing students looked hard." &w 5 34830 T
FTEaATFEY. O TR S, BTolksas—
A PETEHF .

(1} 7= fini{EL), merge(X, X1},
failing(¥1, X), mergel¥, Y1)
ztudlntu{ZI, T}, nﬂ:Ech, 11],
lecked(SL, I}, merge(S, K 51},

bard{ [begin], 5).

BEEMCESEWLOR, XThbbs TRISG,
FHF ST 2o, SibhievolBtETtEwTs

X faillingl Y studeatsz T 'Ian'kﬂ'l."l- % hardd [angn]
LTh g
- n{ [}
np(Z) g (Z) 'P[Dl o a(D1)
*BH T T p{m T
13 ;—- | W
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fBt
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FELhATRED,
PEETEROHORETH D, LOMTHEST S0,
fin # g[begin]) ¥2H 1 50, hoEOBHCHL,
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EwiEi, For 20ER (FEOTFHHL) KHEL.
#-xE, (F) MRESoEECHET 3, 4, X
Y,Z2, 5 1, HERCEr L AFREERT. £7 0 A0
THfET I AN, AL —AELTELRLTWE,

BrAfFo PAY &, 21 ¥Fam PAX :EEC= b
V=L b RREMCERALTERLFAO Y o+ AHEEETT
5

34 AEIMFES

SRR O F A A, A Y YA ADRE D
HAEMLCT 5. 20, EEMNTSELEAZ ) —A Y
cediH bAE, BECERT SEBcEST 3 o
AR FEOF o ZOEOA ) —LEEIL T o+ 4 T
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(1) @ fin & 5 RERH., £ O s{[begin])
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FRAALSETEIE, FO L LB {IH Gk
o R R I ARTE L.

oSSR AT R AN R LT o
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{m) i~ integer{PE} |

inter_nade{[PE|In], Cut)
inter_node(In, Out)dprocesssr(PE).

* A, ACEAF LR 2RE0, HTFals
e & BRELERT 5.

(n} ?- fin([CiX1] )eprocessor{ol,
merge(X, Xil@proceasexr(0),
failingt[il'flf, I)dprocesseril),
IHIEGET. leﬂqunesuur{ll.

students{[2]Z21],

merge(Z, Zi)€processoxil),
locked([3151], Z)éprocesscr{3),
merge(S, Si)@processox(d),

hard({[begin], S)dprocesser(4).

Yitprocessor{Z),
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HAMARERALT w3, EPo (') 1. coREZK

1149

Fi P—ToeyTolS s v B

x () (i) (1)
F (1) (i) (i) | (iv) | = | = | =
2 @) | iy | v |
1 L a68 59 6TE 618 | 1.7z | 248 | 252 |
2 1451 A10 572 458 | 179 | 284 | 37 0
) 7a88 | 3,877 | 9,919 | 2,600 | 207 | 253 | 284 |
1 4405 | 2,408 1,738 1,603 | 183 | 284 | 278
5 U547 | 4885 | 4048 | 3784 | 1.97 | 220 | 282
1] 15,307 7,516 i, L3& 5,-’!’|:||. 2.04 2.%0 2.78
7 97,340 | 18,740 | 16,682 | 14,538 | 283 | 284 | 326
B 16 455 8,709 6810 &,112 i.83 T.42 2.7
7 17398 | ©,106 | 7.58 | 678 | 191 | 222 | 258
[ 10 [ 1845000 88,455 | 611674 | s12706 | 2.8¢ | 318 | 3.80 |
i1 2844 476 15 8813 AZ5 L& TAG 25 3 J A5 J.BE
5 Hi— 7 w4 T OSTER (msec)
4 6] (i} (i}
|: (i) (i) | (i) | (iv) | — | = | =
% @) | () | Giv)
1. Tl 61 4 53 L.16 .11 L34
7 T [T 52 52 |13 [ a3 )1
31 183 | 118 9g | 88 | 142 | 1Bl | 1A%
q 117 87 83 7Ll 194 | 141 | 188 |
5 202 1% 113 103 | 170 | 179 | 198
Fl 302 160 148 1AL | 180 | 204 | 2.
7 811 a4 [T 270 | 238 | 267 | 300
8 207 173 142 K50 | 174 | 206 | 208
] 132 190 187 LSO | L.T% | L@@ | T.71
16 || zeocs | 10,522 | 9,63 | B34 | 278 | 210 | 337
L 43,004 | 1apon | 12,764 | 11855 | 308 | 338 | 261
=6 Y oY ooETERE (msec)
FEem] @[ O @] @il ov]
1 33104 | 43,104 | 14,000 | 12,764 | 11,985
BE 110,130 | 46,996 | 21,420 | 20,306 | 21,003
4 TOOTE | 34,120 | 16,507 | 16,088 | 15922
8 61,521 | 27,646 | 12,226 | 12,749 | 12,650
16 72,576 | 21,131 | B94T | B2IT | 6513
az 69,251 | 13,167 | 6,386 | 6151 | 8,133 |
[ & ] wez| 327] 218] 208 [ 147 |




i

FERCML THELHE £ W 2ICOT #2
MRZEOAUEE: =FEROEREEKRS
FUEALBROEMMERIECERT L.

$E UM

[1) Goto, A. et al.: Toward a High performance
Parallel Inference Machine -The
intermediate State Plan of PIM -, Technical
Report TR-201, ICOT (1986).

[2] Taki, K. The Parallel Software Research and
Development Tool: Multi-Psi System,
Technical Report TR-237, ICOT (1986),

[BRRIE:PIMOS @ ¥ A7 BEHR -5 2 7 8
TEORDEN-, SIcOREATELLE NS
EROCHE 3D-4, pp.293-294(1988).

(4) @ {D: PIMOS OB R EEE, #37TE S
e s o E RS %5P-3, pp.251-252
(1988).

[5] Chikayama,T. et al.: Overview of the Paral-
lel Inference Machine Operating System
(PIMOS), Proc.of FGCS'88, Yel.l, pp.230-
2HL(1988).

[6]1{EMEib: PIMOS @ HiNEREAR, INELEE 4
% CAE Vol.3D No.12, pp.1646-1655 (1989).

—F1 —



t_stndents(In, Outd, Tree) :- true |
p_0{In, Outd, n_0{Tres)l.

t_lecked(In, OutD, Tree) := truas |
v 0{In, Ovtd, v _O(Treal).

t_srd(In, Ontd, Treed := true |
comj 0(In, Ontd, comj _0{Tree}].

s _0((begin(inl,Treel)|In], Tutd, Tres} :- tzme |
Outd = [end(Ini,(Treel,Trec))|tuti],
5.0(Ia, Ontl, Tree).

s _0{[PE|Ia], DutD, Tree) := tzue |
s__I:I(In . Oued, Trnn}ﬁprnt&!snr(?ﬂ] .

s 00[], Outl, Tree)} :~ true | Outd = [F.

ctherwise.

s 0([_|Inl, Cutd, Tzee) :- true |
s_0(In, Datd, Tresl).

ap_0{In, Outd, Tres)} :- true |
Out: = [{0,In,Tree} {1, In, Tres}],
ap_0_zz(In, Out2, Treel,
Gutd = {0uti,0utl}.

ap. 0, zz([{2,I01,Treel}|In], Outd, Tree) :- true |
ap 0CIni, Ofatl, zp 0C((Tzeel, Treal)l,
Outd = {0utl,Dutz},
ap 0 _zz(In, Dutz, Treel).

pp_O_zx([{7,Inl, Treei}|Ia], Oot0, Tree) := trae |
vp_0L{Ial, Tutl, vp_0((Treal Trea))l,
Detd = {0utl,Outz},
np_0_zz{In, Outz, Tres).

np 0 _rr{[PE|In], Outd, Tree) :- integer(PE} |
ap_0_zz{In, Outd, Tres}@processor(PE).

ap 0_zz{[, Caotd, Trea)d := trus | Qutd = [],

otherwise.

pp 0_zz{[_lIn], Out0, Tree) :- true |
np_0_zz{ln, Outd, Trea).

vp 0C{{¢,In1, Treel}|In], Outd, Trea) :- trme |
s_0(Inl, Oatl, s_0((Treal,TTeall),
Outo = {0atl,Outz),
vp.0(In, Outz, Tres).
vp 0([FE[In], Out®, Tree) :=- integar(FE) |
vp_0(In, Dutd, Tree)@processer(FE}.
vp.0([], Outd, Tree) := trua | Outo = [].
otherwise.
vp 0([_1Ial, Outo, Tree) :- true |
vp.O(In, Out0, Tree).

conj_0C[{1,Ini, Treei}|In], Outd, Tree) :- true |
Outi = [{2,Ini,(Treei, Treel}],
Datd = {0uti, Outz},
cani_0{In, Outz, Tree}.

conj 0([PEITn]l, Outd, Tree) :- imteger{PE) |
conj_0(In, Outd, Tree)@procassar(PE).

comj _0([), Out0, Tree) := trus | Dutd = (],
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otherwise.
comj_0([_|Tn], Onto, Tree) :- trae |
conj_0(In, Outd, Tree).

a_0(In, Outd, Tres) :- trus |
fatl = [{3,In,Treel],
a_0_zz(In, Ont?, Tree},
Outt = {0atl,Dut2}.

2 0_zz([{5,Inl,Treel} | In], OutDd, Tree} := true |
vp.0(Inl, Outi, vp.0{{Treet Treel}),
Outd = {Dwti, Outz},
a0 zz{In, Jutz, Tree).
a_0_zz{[PE|In], Outd, Trea) :- integer(FE)} |
a_0_zx(In, Dutd, Treeldprocessori{PE}.
a 0 zz([J, Outd, Tree) :- true | Cutd = [].
ctherwise.
e 0_zz{[_lIn], Out0, Tree) :- true |
a_0_zr(In, Dutd, Tree).

n_0([{3,Ini, Treet}|Iz], Outd, Tree) := true |
ap.3{Inl, Oatl, np_0({Treel Tresel)},
futd = {0uti,Ootzl,

o #(In, Outz, Trew).
n_0C[{4,In1 . Treal} | In), Outd, Tree) :- true |
np 0(Ini, Outl, op O({Treel Tres)l).

Outd = {Duti,Outz},
n 0{In, Cutz, Tres).
o 0{[PE|In], Dut0, Tree) :- integer(PE) |
n_0(In, OutD, Tres)dprocesacc{PE).
o _0([), Dutd, Tree) := trome | Outd = [].
othervwise .
o O([_1In), Outd, Tree) :- truoe |
n_0(In, Outd, Tree).

prp.0(In, Ootd, Tree) := true |
Outd = [{4,In,Tres}].

v_0(In, Outd, Tres) := true |
mto = [{5,In,Tree},{6,In,Tree},{7.In, Treel].

av_0([{6,Inl,Treel}(In], OutDd, Tree) :- trus |
vp_0(Inl, Dutl, vp_O0{(Treel, Tresl)},
Outd = {Outl,Outz},
av_0(In, Outz, Treel.
av_O0([PE|Inj, Cutd, Tree) :- integerz(FE) |
av_0(In, Outd, Treel@processcr{PE).
av. 0([), Outd, Tree) := true | Out0 = [].
othervise,
ar ([ |Ia], Cut0, Tree) :- true |
wr_0(In, Cut0, Tree).

MAR PAX oY »7A - 7075 4

1= meduls test.
1= public callf3.

enll{failing, In, Out) :- true |



t_failing(ln, Out, failing). Cut! = [np_0{lnl,np. 0((Tree, Traei}})|ouea],

eall{hard, In, Out} :- true | wp_0{Ial, Out?, np_0((Tree, Treel)l),
t bard(In, Dat, Bard), Ontd = {0uti,Dutz},
callistudents, In, Dut) :- truoe | a_0{In, Outz, Tree).
t_students(In, Dut, students). a_0{[PE|Tn], Outd, Tree) ;- integer{PE} |
call{looked, Im, Out) := true | a_0(Ia, Oued, Tree}@processer(PE).
t_looked(In, Dut, loaked). a 0001, Outd, Tree) :- true | Duto = [J.
call{end, Tn, Out) :- true | othervise .,
t.and(In, Out, and). e 0([_1In], Dutd, Tree} :- trus |

&_0(In, Outl, Tree),
tfailing(In, Outd, Tree) :- true |

a_0{In, Qutl, a_0{Treel), pre.0([n 0{Inl , Treel}(Ia], Outd, Tree) :- true I
prp.0(In, Dut2, prp_0{Tsee)), fati = [mp 0(Int,np 0((Tree,Treei))}|ourz],
Dutd = [a_0(In,a_0CTreel)|{0utl,Out2}]. ap.0{Ial, Out?, np_0((Tree,Treci)}),
Outd = {Outi, Omez),
t hard(In, Dutd, Tres) :- true | prp.0{In, Oury, Tres).
Out0 = [a_0{Iz,a_0{Trea}), prp 0C[FEIIn], Dut®, Tresd :- integer{PE} |
av 0(In,av_0(Tres)) |Out1], Prp.0(In, ODuld, Tree)oprocesser(FE).
a_0(In, Dutl, a_0(Tree)). prp 00, Oute, Treed :- true | OutD = [J.
otherwise.
t_students(In, OutD, Tree} := true | prp 0. 1In], Outd, Tree) :- true |
Mnt0 = [n_0(Iz,n_0(Tzeell]. prp.0{lzs, OutD, Treel.
t_leoked(In, Out0, Tree) :- trus | 9. 0([a 0(Int, Tree1)|In], Outd, Tree) :=- true |
v 0(In, Outld, v_0{Trme}). Outl = [vp_0(Inl,vp_0({Tree,Treeil}}],
Dutd = {Duti, Outz},
t_and({In, Outl, Tree) := trme | v_0{Izn, Dutz, Tree).
Out0 = [conj_0{(In,conj_0(Treel)]. v.00[av_0(In1,Trew1}{Tn], Duto, Tree) :~ true |
Dutl = [¥p.0(Inl,sp_0((Tree, Trael}))],
op.0{[vp_0(Ini,Treel}|Inl, Cuto, Tree) :- trus | fatd = {Dutl,Dutz},
Uutl = [s_0(Ini,s 0((Tree,Treel}])], v_0(In, Outz, Tree).
Outd = {0utl,Dutz}, v 0([ap 0{Inl,Treel)|In], Dutd, Tree) :- true |
mp_0{In, Outz, Tree). Outl = [wp.0(Inl, wp_0{{Tree,Treail))],
np_0([conj_0(Inl,Treel}|In], Outd, Tree) :- trme | Out0 = {Qutil,Onte},
np.0..0(Inl, Outl, (Tree,Treel}), v_0(In, Dutz, Tree).
Datl = {dutl,Outz), v.0{[FE|Ia], Out0, Tree} :- integer(PE) |
op_O(In, Outs, Tree). ¥_0(In, Out0, Tree)@pracessor(PE).
op.0{[FEiIn], Outd, Tree) :- integer(PE) | v_0(0), Dutt, Tree) :- true | Outd = [],
np 0(In, Outd, Troesleprecessor(PE). sthervise.
op.0C[). Out0, Tree) := trus | Cuto = [], v.0([_1In), Outd, Tree) := true |
otherwise. ¥.0(In, Outd, Tree).

op_0C[_IIn], Qutd, Tres) :- true |
ap_0{In, Outd, Tree).

ap_0__0{[(np.0{Ini,Treel)IIz], Outd, Tree) :- true |
Outl = [ap 0(Ini,np_0f(Tree,Tresi))) iout],
np 0(Inl, (mt2, ap 0{{Trea,Tras1))),
Outd = {0utl,0utz},
wp 0, 0(In, Outz, Tree).
2p.0__0([PElIal, Dutd, Tree) :- integer(FE) |
Bp. 0. 0{In, Outd, Tres)@pzocessor{PE}.
pp0__0([), Outo, Tree) i~ true | Cuto = [I.
othergise. .
ap 0__0([[In]l, Out0, Trea} :- trus |
np_0__0(In, OutG, Tree).

a 0([x 0(Iul,Treel}|In], Oued, Tree) :- trme [
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(1) § — NP, VP
(2) S — §, PP

(3) NF - NP, FF.
(4) NP — det, noun.
(§) NP — pron.

{6) VP v, NP,
(1) PP p, NP.

1 BB EIEO N

l

l

det noun prem v P § |NP PP VP 8§
i} sl sh | 4 3
1 sh5 ‘
2 res red res ;
3 shE ace 7
4 sh& shé 10 L
5 red red red
6 | shi sh2 11
T re Teld
& | shl sh2 12
9 rel rel
10 red red red
11 re7 shi/reT reT 10
12 shé/refi  r1ef | 10

E2: LR ~— 2 H&

AHAE-AFPSIERTEITL, *oBsdosHBREAET i, HA 123
OXREBHXEZEWT, T2 7ot 0S5 cdToRABROoOEBREAIEL 2.
TR BRELLT, 2fEEOBHDENBoh:. COIIENLOHE (B 89)
TEFCTNE, MORBERLLTRRSUETHEAEZTAS.

SEERBLE-ATSROFER, — 807 oyt c—E L ez 2RIFI 0L
, TOT ot 2DETHERTTLLE, 070wt RBEMLUCHLE, CORARSE
HETLIEESND S,

2 KL1iC& 285 —{E LR t—+aidit

AZmMTE, AP LR A—~HDO KLl 5B EFRT, CHERETIAPCHBLERED
CPGXiEE, Thdr ol ohd3 IR —XREZE L, EHacmrd, H20po¥Fd 11,12 04T
KR x7 02 FPHEELTVWS, COLIRT Y P EF¥ T b bFa—=23x7 07}
LWL, AV T e AR 0y b YREHRTEIE, ZoigbhTERENOR
HrEiTid 3.

R —Ax{E LR =YD KLl 2 2ERotER, LR —XHEDBz v Y Eit—
YT A0RACEERL, TOTRAS 2 ERETIAKED, A~V T Tk
AREETFTos>207oxahslEkahs,
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Stream

Tnput Stack T T N
(0] L pm’r;} {\‘_v#} A w kj‘_} ) Resuit of Parsing
Sentence: I gaw him
Eafivoszlzb)—4
i 1=}

ANThoBANECHLTENT 27022, CcoFeeafflica b V— 4%
N, #Fcic27.2%0t. Efi7oea2 A2 bl —Lic2 S22 2—2FIT L
e, bt T reatUrHLTEFDOZ 7 7% 0BT 2, ToBRB o=
gy EBCHNR P =Lt ESh, FhIROB T o200 A NEND (FAS
By, i7ve 2 d XEHAGOEEORERICE ( preterminal ) 123 L THLT 5.

LIV R T eeR
IR — A HZOBEz Y DRSS OREEEFTE o2, O 0k A,
HT ot AhohBEAZONFTV &, 292 ORHOVEES cL-TEDHON
A,z bV e acdlT—2F 2278 BERD,

. reduce 7o R .
ZF o ? B PEUE T reducedT 3 7o+ 2, reduce AMBEILR 7 v & O3d A

BEiki oot hfhogirdf L THAD reduce BIEERITT 5.

4, condition 7 =2+ 2
HAHFDCCXETESL N TV AHS, reduce BIEOBRLIOBEREET T2 7
m R, FiEEORT et LTt =Yy ST olE BT EHET S,

5. mergestack 7 o 4 2
MBOR 7 7 ORMOBERBFLVEE, T0BLEHEL T2 OKRWE(LR
TP EERT AT o2, UToABE{ELA2 s 7 08 ERT,

[ 6,p, [12,np,B,v,4,np,0], [3,s,0] ]

e 7Tz oidEF
Flaid, asTypicdddaflizoexit,

pt [0, _, Out ):- true |
out = [].

pl [Stack|Stream], Cat, Out ):- true |
p_( Stack, Cat, Outl ),
p( Stream, Cat, Out2 },
merge_stack( Outl, Out2, Out ).
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CEMTS, JOT,PRIVFINTOELITHED, Bx v b lHLTHTFOL S
B e

o L7 b bl @I
I, AFA2EMnoun @ x » F Ysh 5’ i,

noun_{ [fl|5tack], Cat, Out J:- true |
Out = [ [ 5,Cat,1 | Stack ] J.

Licdv 5.

e LF a3 )OI RE
WEE 2, HBAEMV DT > F Ve s d,

v_{ [2,T115tack], Cat, Out ):- true |
cond{ 5, Stack, [T], Result ),
v{Result, Cat, Out ).

LaddiT 5,

s Y7 b bFa—RI TV rOELZx ) OIREE
WE L, £FESpD= b Ysh 6fre 7' i,

p-C [11,TiStack], Cat, Out ):- true |
reduce( 7, 1, Stack, [T], Result ),
p( Result, Cat, Dutl ),

merge_stack( [ [6,Cat,11,T|Stack] ], Outl, Out ).

ST D, reduce YO L A RE T MIESAON BN 2w s O EEEH, 7
L, ## % condition Vo € 2 - # 4.

s N —F DR
FIAE, ANXOEREONF T Y pron, v, nC, NI FT 2 W8 Proa,
U.Hmﬁ.mﬂiﬁEﬁfﬂtz@ﬂ%ﬁﬂ:tmiﬁfﬂ~f%ﬁﬂfa_

7= pron{ [ [0] 1, Pron, Streami ),
v( Streaml, V, Stream2 ),
n{ Stream?, N, Streami ),
$C Stream3, [], Result ).

BYDOT— Apronic—202%5 42 (0] 2513,
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K ADH || 70 €y T OFH | Reduction 5 | W HTEFIH (ms) |

1 30 1 7550 671
2 7776 522

4 8306 483

[ 83158 416

2 56 1 14605 1521
i 2 15140 1196
4 15213 1018

B 16739 938

10 17543 854

12 17535 913

3 1592 1 881791 TTES
2 92504 6302

4 92409 6241

& 102335 5457

1o 111435 5223

12 113222 5960
4| 200 1 142567 11352
2 13520k 6005

4 175675 T102

8 199789 7832

o 12 203661 7007

5 | 186 1 16972 1388
2 16981 1331

4 20492 1250

8 23169 1230

| 12 24445 943

[ 16 24508 885 !

F 1 BERMOER

1. Diagram analyzes all of the basic kinds of phrases and sentences.

2. This paper presents an explanatory overview of a large and complex grammar that is used
in a sentence.

3. The annotations provide important information for other parts of the system that interpret
the expression in the context of a dialogue.

4. For every expression it analyzes, diagram provides an annotated description of the strue-
tural relations holding among its constituents.

(=21

Procedures can also assign scores to an analysis, rating some applications of a rule as
probable or as unlikely.

F LB & reduction B % T 1.

5 &EhYIC

SEHORBTHER T EREOSHDR CLINFHROR EEMIIENTEL, #
HoofEE (HE )28 cThT, COMRNEOERLLTEYETHELEDNE,
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%% Satechmo a la natural deduction

macro_bank mg has
(& => C) =» false (5
where eval (A, 8),
not [eval (C, 5)),
unsatisfy (C, 5 5}, |:
unsatisfy ({C1:C2), X, 8) == unsatisfy (CI, X, 5).
unsatisfy (C2, X, 5) :
unsatisfy ((C1,C2), X, 8] =» unfatisfy(C2, [C1!X].8):
unsatisfy (false, X, §) => true;
unsatisfy (C, X, 8) =» false([CIX]), 1:

eval ((X. Y),8) => eval (X, 5}, eval (Y, 5) ;
eval ((X:Y).8) ==>{eval (¥, 8):eval (Y,S)):
eval (: X, 5) = X:

eval (true, 5] => true:

eval (false 8) => fail:

eval (X, 5) => true (X 5):

:= insertaf{l, {

true (X, [X18]}):

true (X, [YI8]) :-true (X 8))):
i- insertale, (:do(C, R):-false({]))):
end,

inciude ("ma. esp”)
class mg with_macro mg has
local

true=> [pla):q(b)):
qiXi=> s{f(X)):
r{x)=> s(x);
piX)=> {g(X):r(x)):
alX), s (¥)=> false:
p{¥),s(X)=> false:

end.
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- moduie myg_sl.
t- public do/i.

k¥ problem 51
do (M} i -N=0lfalse [{].T).NIl:=N-1.do(N1). otherwise. dol ).

false(F, T) :~truelcl1V(F.F, T}, e21{F,F. T}). 31 (F. F, T),
cdl (F,F, T}, cBV(F. F. T), cG1IF. F. T).
uH true=> (pla) rqib));
el [FI1,F, ¢}, altermatively,
el (FL,F, Thi-true! [F1=]]  -3e12(F.F 7] :
Fiz[p{a) |F2] -»>true :
otherwise: Fl=[ZIF2] =>¢11(F2, F, T)).
el2(FI.F. t). alternatively.
ClZ2(FI.F, T) i=true! (F1=] ->c13(F. T} :
Fi=lag(b) IF2] ->true :

otharwise: Fl=[Z!F2] =>c12(F2,F, T) ).

cl13(F, T} c-truelfalse(|o(a) |F]. T1), false {[a(b) !F]. T2},
Both (T1, T2, T).

both {T1, T2, T} :-Ti=t, T2=1 1IT=t.

otherwise. both(T1, T2, T) :-true! Tzabart,

L plkl == (gq(X);r(x));:

c21 (FI,F, t]. alternatively.

e21 (F1.F. T)i-true! (FI=]] ->true :
Fl=[p(X) |F2] =»c22(X. F.F, T),e21(F2, F. T) :

otherwise: Fl={71F2| -»c2i (F2,F, T] ).

c22 (M FlL.F. t). alternatively.

c22 (X, F1,F. T) :-true! (F1= [} -»e23 (X, F, F, Th:
Fl=[q (X} IF2] =>true :

ctherwise; Fi=[Z!F2] ->c22(X.F2,.F, T}).

c23 (X, FI1,F, t). alternatively.

C23 (G FI P, T) i-true!l (F1=[] =»e24 (X, F. T) :
Fi={r (X} IF2] -ztrue :

otherwise: Fi=[Z!F2] -*¢23 (M. F2,F, T)).

C24(X. F.T) :-truelfalse(la(X) |F]. T1}, false ([r(X) !F], T2).
bath (T1, T2, T).

Bk ql¥l== s{f(x));

c3t{FI.F, th. alternatively.

c3 [FL,F, T):i-true] [FI=]] =>true :
Fi=[a(X) IF2] ->c32(X.F,F. T).c31(F2.F, T):

otherwise: Fl=[ZIF2] -»c31(F2,F, T}

c3Z (X FI,F t). alternatively.

c32 (M FILF. T)i-true! (F1=[] ->c33 (X F, T} :
Fi=[s (f{X}) IF2] ->true :

otherwise: Fls[Z!F2] =»c32(%, F2,F, T))
¢33 F.T) :-true ifalse ([e (f (X)) !F].T).
5% (¥ == s (X);

cdl (FI.F, t). alternatively.
cdl (FI.F. T) :=true! (F1=[] =»trye :
Fl={r (X} IF2] =-»c4z (X, F,F. T),cq41 (F2.F. T) :
otherwise: F1=[ZIF?] ->c41(F2,F, T))
cdZ (X, FI.F. t). altermatively.
cd2(X, F1, F. T) :=true! (F1=[] ->c43(X. F, T) :
Fl=ls (X) IF2] =»>true

otherwise: Fl=|Z!F2] —::JEIH:FE.F.T}}-
cd3 (X, F, T)  :-truelfalse([s(X}!'F].T)
% alXl,s(Y)=>» false:

eSTIFI,F. t). alternatively.
eS1(FI.F. T):-true! (FI={] ->true :
F1=[q(X] |F2] ->c52(F,F, T}, c51 (F2.F. T) :
otherwise; Fi=]Z!F2| -*cB51(F2, F, T}}
cB2(FI.F, t). alternatively.
c52(F1.F, T) :~true! (F1=]] <>true :
Fi={s(Y) !F2] =>7=t:
otherwise: Fl=[2!'F2)] ->¢c52(F2.F. T)).
5% piX), s{X)=> false:
c6l (F1,F, t). alternatively
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cBI(FI.F, T):=true! (F1={] =>true
Fi=lo (X} IF2] ->cB2(X.F, F.T).cBl (F2, F. T) :
otherwise; Fl=[Z!F2] -»chl (F2, F, T} ).
cE2 (X, F1.F. t). alternatively.
cB2 (X, F1,F. T} :—true! (Fi=([] ->true :
Fl=[s (X) IF2] =~>T=t:
otherwise: Fl=[Z!F2] ->cB2 (X, F2,F, T)).
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Y% problem =3 possiblely or paralle!
X% with complement splittig

K

£33 dom(a) :dom (B} ;dom (g} ;dom(d) :

Kk nla hl=> false:

b glc, dl == talse:

%% gX Y. p(¥,. 2} == p(X 2);:

L't gld ¥), gy, 2 == q(X. 2);

e qlX, ¥ == aly, x):

X% sdom (K], dom{Y) == (p(X. ¥):alX. ¥)):
A%

r-madule mg_s3.

t=public do/l.

do (N) :=N>Q{false{[], [, T}.N1:=N-1, dol (T, N1}. etherwise. dol_).
dol (t. N} :-trueldo(N). otherwise. dol(_, ).
£ dom (a) :dom (B) :dom (e) :deam (d) -

dom (D) :=true D= [a. b, ¢, d].

both (T1, T2, T):-Tl=t, T2=t!T=t.

otherwise. both(T1, 72 7):-true!T=ahart

false (G F.T):-truelecli (G.F, F,T),c21 (G F, F, T), c31 (G, F.F.T).
cd41 (G P, F, T}, cS1 (G F.F. 7)., c&(G F. T},

Bk pla, b)l=> false:
cl1 {3, F1LF t).  alternatively
UG FILF, T)i=true!l [F1=s]] ==true:
Fi=|p(a, b) IF2] ->T=t:
otherwise: Fi=[Z!F2] -»el1 (G, F2, F, T)).
%% qlc, dl==» false;
c2i{G FILF, t). alternatively.

c21 (G F1,F, T} i~true! [F1=]] =»>true:
Fi=[alc. d) {F2] ->T=t:

otherwise; Fl=[ZIF2] -»c21 (G, F2.F. T)).

L q{X, ¥) == qlY, X}

c31 (G FI,F, t)]. alternatively.

31 (G FILLF. T i=true (F1=[] =->true:
Fi=lq (X, ¥) IF2] ->c32 (X, Y. G, F. F. T}, e31 (G, F2, F. T) :

otherwise: Fl={ZiF2 =»c31 (G, F2,F, T))

c32( Y, G, FI1,F, t). alternatively.

cIZ Y. G FILF, T):-truel (FI={] ->c33 (X, ¥.G, G F. T) :
Fi=[alY,X) 'F2] ->true;

otherwise: Fi=lzlF2] -2e32 (X, ¥, G, F2, F,. T))
c33( Y. G FI,F. t). alternatively.
c33 (X Y, GG F.T) i-true! (G1=]] ->false (G, [alY. X} 'F]. T):
Gl=[al¥, X 1G2] ->T=t.
otherwise: Gl=[Flaz) =>c33 (X Y, 02, G.F.T)).
% QX Yl.aiy.Z) == qx 2Z):
cdl (G, FI,F, ¢}, alternatively.
cdl (G, F1,F. T) :=true! (F1=] ->trya:’
Fil={g (X ¥Y) IF2] ->c42 (X, Y, G F,F, T),cd4l (G F2,F. T):
otherwise: Fi=[E}F2] -»cd1 (G, F2.F, T} ).

cd2 (X, ¥Y.G.FI.F. t). alternatively.

cd2 (X, Y. G FILF, T) :=true! (FI=]] ->true:
Fi=lalY.Z) |F2] ->cd3(X. Z.G.F.F.T),c42(X. Y. G F2.F. T} :

otherwise: Fi=[E|F2| -2cd2(K Y. G F2, F. T))

cd3 (X, Z,G, FI,F, t). alternatively.

cd3 (M. Z G FILF, T):-true! (Fi=[] -»>cd44 (X Z.G. G.F. T) :
Fi=[qX. 7} IF2] ->true:

otherwise: Fi=[E!F2] -»cd3 (X, Z,G F2,F. T ).

cdd (X, L, G1,G. F. t). alternatively.

cdd (X, 2, G, G, F, Th:-true! (Gi=[] ->false (G. [a(X. Z)!F}.T):
Gi=[q(X, 2) lG2] -»T=t:

otherwise: Gl=[E!GZ) ->cdd (X, Z, G2, G.F, T)).
NX plX Y, p(Y, 2) == p(X 2);

cS1 (G FI,F t). alternatively

51 (G, FI,F, T):-true! (Fi={] ->truye:

Fi=[p(X, ¥) IF2] ->cS2(X. Y. G F,F,T).e51(G F2,F. T):
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otherwise: Fi=|E!F2] =»=51 (G, F2, F, T)).
ce2 (X, Y. G. F1.F, t). alternatively.
e52 (K, ¥, G, F1,F. T) :=true) (F1=[] =>true;

Fi=[p(y.Z) |F2] =>c83 (X, Z.G. F, F.T),c52({X. Y. G F2ZF.T):

otherwise: Fi=[E|F2] -»c52 (X Y, G FZ, F.T)).
e53 (¥ 7,6, F1.F. t}. alternatively.
eB53(X, Z, 6. FI.F, T):=true! (Fi=|] ->c54 (X, Z.G, G, F. T) :
Fi=[p(X 2) !F2] ->true:
otherwise: Fi1=[E!F2l -»ch3 (X, 2.6, FAF. T)).
cS54 (X, Z.G1. G, F, t}. alternatively.
cB4 (X 2. G616 F.T) i =true! (GI=[] ->false (G, [p(X.Z) IF], T):
Gl=[p{X 2) G2} ~-»T=t;
otherwise: Gi=[E!G2] ->c64 (X, Z,G62,G. F, T)).
xX sdom (X)), rdom (Y)=> (p (X ¥):a(X Y])):
eB (G, F, T) :=trueldom(L), BV [G L, L, F, T).
cBl (G LI, L. F. t). alternatively.
cB1 (G, LI, L, F, T):-true! (Li=]] -»true;
Lis[xiL2] ->cB2 (XK G, L, L, F, T),cB1{G L2 L, F, T)).
ch2 (X, G, LI,L.F.t)]. alternatively.
cB2 (X, G, L1, L, F, T):~true! (L1=]] ->true;
Li=[¥iL2] -»eB3(X, Y. G F.F.T).cB62(X G L2, L, F.T}).
cBI( Y G FI,F, t). alternatively.
cB3 (X, Y, G Fi,F, T):=true! (F1= [| ->cB4 (X, Y. G F.F. T):
Fi=|p(X, ¥} IF2} ~->true;
otherwise: Fi=|EIF2] ->cB3I (X, Y, G, F2, F.T)).
cB4 (X ¥, G FI,F, t}). alternatively.
cEa (X, ¥, G F1,F, T) i —truel [FI=[] ->cB5 (X, ¥, 6. G F. T) ;
Fi=[q (¥, ¥) IF2] ->true:
otherwise: Fi=[E}F2] ->c64 (X. Y. G F2. F. T)}.
cB5 (X Y, GI1, G, F, t). alternatively.
cB5{X. Y, G1, G, F. T) :-true!(Gli=[]->false(la(X Y)1G]. [p(X,Y) IF].T1),
cBBE (Y, TI,G, G F, T):
Gl=[pX ¥} 1G2] ->cB6 (X, Y. t.G, G, F, T);
otherwise: Gi=[ElGZ] -»cB5 (X, Y. G2, G F. T)).
cBE(X Y. TI.GI.G.F, t). alternatively.
cBB(X Y. T1,GL G F. T) :=true! (G1={) ->false (G. lq (X ¥} IF], T2),
both (T1, T2, T) ;
Gl=[g (X ¥) !G2] =>both (T1, t, T):
otherwise: Gl=[E!GZ] ->cB6 (X, Y. T1,G2, G, F, T) ).
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r-module arp
=public dol/1, do2/1. solve/2.

K&5NY prolos interpreterfor_parallel and and_parallel
solve [FG, Sols) :-true!merge {{Solsl. Bals?), Sols),
melt (FG, G),
explore ([G], []. Trail. FG. G. Sols!, T, Abort).
solutien (T, G, Sals2).
solution(t, G, Sols) i-truelSols= [G].
solution(f, G, Sals) :=truelSals=|].
explore(_, TrQ, Trail, _, _., Sols, T, abort) :-true|
T=f, Sals=[], Tro=Trail.
alternatively
explare {fail, Tr@, Trail, FG, G, Sols, T, Abort) :=true!
Sela=[], T=f, Abart=abort, Tr0=Trail.
explore ([}, Tro. Trail, FG, G, Sols, T, Abort) :—true
Sols=[}).Trail=7rQ, T=t.
explore ([AlAs], TrO, Trail. FG, G, Sols. T, Abort) :-wait (G) |
Sols={Solsl, Sols2), both (T, T2, T).
clauses (A, Cs)
explorel (Cs, A, TrQ, Traill, FG. G, Sels1, TI, Abort),
explore (As, Traill, Trail, FG G, Sels2, T2, Abort).
¥explorel (L. _. Trl, Trail. _, _.50ls, T, abort) : -true!
% T=f, Sols=]], Tr0=Trail.
Yalternatively
explorel ([], A TrO, Trail, FG. G, Sols, T, Abort) :—true!
Sols=|]. T=f, Abert=abort, TrO=Trail.
explorel ([CiCs], A TrO, Trail, FG. G. Sols, T. Abort) - =true!
Sols={Solsl, Sols?),
clause (C, A Bs/[] ),
explore (Bs, ICITr0], Trail, FG, G, Sols!, T, Abort).
explore_rest [(Cs, Tro, FG, Sals?).
explore_rest ([]. Trail, FG. Sols) :-truelSols=]].
explore_rest ([C]Cs], Trail.FG, Sols) :=true!Sols={Sols!, Sols?},
melt (FG, G).
reverse {Trail, [C], Path},
trace (Path, [G], [C!Trail], FG, G, Solzl)
explore_rest (Cs. Trail, FG, Scls2).
trace ([C!ICs|, [AlAs]. Trail,FG, G, Sols) :~wait (G} !
clause (C, A, Bs/As),
trace (Cs, Bs, Trail. FG, G. Sols)
trace ([}, As, Trail, FG, G, Sols) :-wait (G) !
explore (As, Trail, Trl, FG, G, Sols!, T, Abort),
salution(T, G, Sols2), Sols={Solsl, Sols2].
reverse [ [X|Xs], ¥s, Zs) :-true!reverse (Xs, [X!¥Ys], Zs).
reverse([],¥s, Zs) :-true!Zs=Ys.
Boath{t, t, T} :=true!T=t.
both{f, _, T} :=true!T=1
both{_, f, T} :-true! T=f

Kikxx

dol (N) :-N=0]solve (perm([a b, c, d, e, f]. ¥s), Sols), Nl :=N-1, dol (N1).
otherwise. dal [_].

do2 (N} : -N>0!solve (append (X, Y. |

1.2,3, 4.5, 6,7.8,9, 10,

11,12, 13, 14, 15, 16, 17, 18, 19, 20,

21, 22, 23, 24, 25, 26, 27, 2B, 29, 30

1), Sals), NI :=N-1, do? (NI}

agtherwise. do2(_).

LE LR test programs

clauses (perm | {}._).Cs):~true!Cs=[2].
clauses (perm{[_1_], ).Cs) :-truelCs=[1]
clauses (selecti_, [_!

;._‘a.csl i-true!Cs= (3, 4].

clauses (select [_, 1 ). Cs) i-truelCs= ]
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clauses (append (_. _. il

Gs) :-true}Cs=[9].

1.
clauvses (append (_, _. [_1_]).Cs) :-truelCs= [, 5].

alternatively.

clauses (append( (], _. _).Cs):-truelCs=[5].
clauses (append [ [_1_]._, _).Cs) :=trueCs= [B].

clause {1, A, Bs]

clause (2, A, Bs) :

clause (3, A Bs) :

clause (4, A, Bs)
clause (5. A, Bs)

clause (B, A, Bs)

c=truels=permiXs, [YiYs]]).

Bs=[select (Y, Xs, Xs1), perm(Xs1, Ys) | As| /As.
=truelA=pera([], []]).

Bs=As/As.
~truelA=select (X, [XiXs]. Xs).

Bs=As/As.
c—truelAzselect (X, [X1!Xs], [X1)Ys]),

Bs=[select (X, Xs, Ys) JAs] /As,
r=truelA=append([], Z, 2},

Bs=As/As.
i=truelazappend ([UIV], Y, [UIW]),

Bs= [append (V. Y. W) [As] /As,

otherwise. clause(_, A, Bs) :-truelBs=fail/As.

melt (permiL. _)
melt (append (_,

. MG) :-true !MG=perm (L, _}.
L) ME) :-1ist (L) IMG=append (. _. L).

melt (append (_. _. []). MG) : ~true !MG=append (_. _. {}).

alternatively.

melt (append (X Y. ), MG} : - true |MG=append (X, Y. _).
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&ﬁﬁﬁwﬂ%&hm@Ct&ﬁTnmmmmﬁdwﬂﬁﬁﬁﬂnf&#¢ﬁgﬁ
ﬁﬁﬂfhhﬁ\%ﬂbﬁ?ﬂfM#¢K%Ehfh&HﬂH&E&hJbhﬁﬁm
TH e SATCHMO 0REBH A (BEX) #11 Ic 5.
CCT, KOPEEELTRES,
fi] 55 S1:
(Cc1) p(X), s(X) ---» false.
(c2) q(X), s(Y) ---> false.
(c3) q(X) -=-> s(g(X)).
(caq) r(X) ---> g(X).
{C5) p(X) ===> q(X) ; r(X).
(ce) true ---> p(a) ; q(b).
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(1) & 7 A-{ 46 0 L2 1K
(a) true &5
true — Fy 3 Fp o0 FlL.
b, SOEFAGERICF LEIN(ELH) 3 5.
(Fy, Fp, =, FoB 7 7~ F)
(b} & 3 i
Ay, Ay, - A = Cy;Cy 5 Che
j CREPWTHLERADD LIC, S0OEFABHEH A, Ay, , Am
E DETEEHR, O, C, - ChnovFTh bFEEHTHRA,
] C; 4 ox7 A EE BN (HR) 3.
| (2) = 7 At o RSh (HIRA 12 7 R 7168)
: 4T D
Ay, Ay, A = Cy 5 Ca - O,
KEWTHELRADD 2L, SO0E7FLEHH A, A2, -, An
DETEEHI. C,C, -, CnDnFhizg i T,
§ FhRcofRS0—20TFATH L,
(3) &= F A LR @ KL
# 2 false 5
Ay, Ag, o A — false
KEWwThofLAod tic, SoeFLBEH A, Az, -, Am
DETHEL L ¥, FTRNRCOHBRESOEFTALTHE W,
(4) % 7 A~ 8l BELTT (backtrack)
1) TEFAhRIC KB L2,

OHFhbEFARERORE#ATRE L ET,

(5) EF AR oLLl(HRESEERRLE
WeFR,F, - F,./ C,C, - C, O2TOET ALK
DEFME)OEFTAEROSKR YN LY, COfRTIC
EFARE W,

Vo F /Ci# BRI D Fy, Fisa,  Fa/ Ciar, Ciga, o, Ca

1 SATCHMO ORI A=

C1 # & C6 ¥ T4 T range-restricted AT H 3, A bHE, C1,C2,C6 TiEH

KEHEEHEAZ WL, C3CLC TS KELIERIRBIFCLERTY 5,

BllifgEsat, tF¥C6kiosTpla) ETFABRCNA LR S, KiC C5ikc k=

Tqla) ZEMEN B, 2 bicC3ickoTs(g(a)) ABMEAS, LHLC2ICEST
roEFAER(p(a),q(a),s(g@)) ) HABTHEC LAxbHE S, TLTCTr(a)
FROEMS. 20k koTsla) BMENSH, ClEkoTE&FHDEFTAR

fili {p(a) ,r(a),s(a)} b TR L C LB DI D,
¥z CCOICE->Tqb) #BUMET. 752 C3kkoTa(gh)) iBMEH 3,

Ll ¥ALTH C2IKko TEFAEH (q(b),s(gb))} HEMTEHE L L2bD
2, C5C6 COBIRRLTEL, Lk, TFLERBETEB LT tiICk 3, H

L, BESIRFEEFBETHIC bbb,
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EUF, KMo WiR Y, BREFA LS9 Bo0n, SHEAROR L 271
FEHoC :dHErcricd i,

J.EKL1A 7 U X vF—sr g >

SATCHMO 2 ¥4k L X 5 &34 3 &, Mo-—ooafiidsiEL bR S,

(1) EFAEEKBEWT, EFACMAST FAOEMHIEES 285 #HH1L
(ORMEF) T F 2. CoBE, =7 A+ EROERTT (backtrack) 23 27T
a2,

(2) MO ERPPFLGAFy TLECT, HBOT tahbhofigedd s
Fxw 2% FFIE(AND 7)) T % 2,

Ll MEokb Rl OFRHT A ) X6 BEICKLl 23 —F4 » 7
TARACLERELBE,

3.1 M s

WEFEE M S EHT S d T T s LTCH, SATCHMO # KLI T4 » 7 U
AVRPLES 2T L REANBICET S S (C OMER. Prolog$ GHC®» 2 2 4
¥ 27U 2, Knuth-Bendix OS2 ffi{b FHEE A X3 CHC R KLITA » 70 A v kL
el 2OMBLLALTS D), Hib, MECERLLZEROR VTP 3,

Prolog T4 » 70 2w v 42 F %iC 1. BN EH % Prolos EHCHS L
CEBATOCENTERe FCCH. varififE, MARARD =74 F— 5 v
FEFIATE ke MEKR VAR COX S AAERAZ X7 V27 F OB *BIIC
TEHELHbNAEPLLARA WY, Tu5oniill, Bl A VEFARE
A E vy

Ll KLITRCOFREMALAW, S4B L. FENCRTETCH 5, &
SO, varBFEOL S KEROFHBAHTET S L RHFIEFF o EEr £ &
&ML1ﬂymeﬁbnan:74#—#gquUMﬂﬁﬁ%ﬂﬁmL&h—ﬁ
[ (BE)CHEE L, FF4lCciibhiacrsbr—vs vREREBTERAE n
bLTH b,

3.2 FRRM

LROMBEACELT, Z40h Wb RcE @055,

(1) MACHEA I EHR KLl o XEETEET 2,
(2) MEACELSEFRE T 0t T KLIZEH AT T 5.

MEAZ2Tar7 I 7YOFEEIS Lhkvn, LhL, 2274 4%5—Sav, 7
AT4Ta—vay, 13- v ¥ lvaltBRCE>bibhbwsBEdy S THa
C7e 78358 lEBE, TOT a7 A0HM HRIRAf v TATY X4
DRE, WHTICHATEECE AL DL A D, YR, Tt iCRA—F—% 8
MbHILE S L3 F— Ny YORDEEFCRBELAORA AV, ChEPRET 3
—OOFERTSGFEATIA 4, BehrteBEntc A2 KLl kpweHER
A O EXERIN T wA wWAD, AR 773 L0—0THhLHSEHEH
LHRDBEFLFAMOF— A~y FEENEHBTE V.

R)RE(1) &M, 2= r—var, $FRF4Fa—vav, VE—3v
Eno BRI EOLIMER A IS T uysadFic, A7) A v b EFEOM
BRCFARDO T LIS LS5 T Fu—90H 5, e L. KL1TH Prolog D B4
DESKRSEL vhhknwoTTRAES,
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t- modile satchma_problem.
:= pablic medelf1, nc/l, cf4.

model (M} - troe | M=[].

nc(NC) :- true | NC=6,

e{l,p(X). [0, R} :- true | R=cont.

e{1,s{X),[p(X}],R) :- true | R=false. % (c1) p(xd, s(X) ---> false.
E(E.qill.fﬁ. R) := true | K=cont.

c(2,s(Y),[q{X)}],R} :- true | R=false, %oo(€2) q(X), (Y} -—-> false.
c(3,q(X},[]. R} = true | R=[s{g(X})]. noo(C3)  q(X) ==-> s(glx)).
o(g,c(x), [0, R} ;- tzue | R=[s(X}]. %o (C4) (X} ---> s(X}.
e(5,p(X).[]. Ry = trua | R=[gq(X),r(X}]. ¥ (CB) p(X) --=> q(X) ; z(X).
cl6,true, [T, Ry :- true | R=[pla),q(b}]. ¥ {(CB) trume --—-> p{a} ; qib).
othervise.

cl_,_,_,R) = true | R=fail.

H2 KLl CEHRINAS-MESL

SATCHMO @&, ekt sra=744v—va v BEBEE v, itk b
W, i 7 A 0203bbe THEHLZHETIE, FHE—HofioiicH, b
HoErFrfiliicitBRliividbTH S (range-restricted A i S bERILEEF
ARFEIT I FT LD LRD), Hib, EROREBRBGEHCITDRE S
by, COBERKLIO~y Faz=74%—vavTRETEZC LGNS, B3R
i, —0oOWMoOBELT F ACHETIEAOEH~OAC{ERO GILETH B H,
—HEBOGHAFAET ARV RLEHEIEET L (Fr7 P Thd)c b ELSDE
BE,. TRV ELIOD A~y Faz 7 45— LaveERTIZC LALLM 0THB,

HEMEF T TFRTHAL 9, B2, £oMESI 3 KLl ofiEicaEimL
bTH D, c(NP,GS,R)DONRHMEOSOFES, PRAERDT b 4, GS HAHED
TPIDVERBERIT FAOH, RECOMOFUEH LA L AHSICEE L
Thé, 2T, ClEZRKOKLIMitERIATWLE A LEREL L 5. 1EHD
BT, CLOBTIOT rAap(X) #EFATOBER(X7 v F7  A) LB EBR
Zo COBERKITAHE, WIEF (SATCHMO 4 » 4 7V 2) g #iEd 2 p(X) @ 4
YAEvAFRFLTEFE, Z0o0HOT tas(X)0BEScED, ok i, HUETF
HpX) DA ¥R F v 2ARP2T|E8 KL LCco2EHOMEF L LicRD, 2T
s oidfopXloXtRMLEYY2C Itk 2,

334470 %

H3kK KLl 2—F 4 » 3 n7AS5ATCHMO A4 & 70 & % 753, de(r) 1. FEE
I EI N ET AN Cfalse 7o+ 2 2 EML. KRAZH S,

false(M,A) tt., satisfy _clauses ¥ EEILT. M@ LTELbhANCAOM %
TFAMDTTHREZHLIC L 2HE, TOBRLACEL L, ADEIR2:ED T,
RS A ERTRABSHRERLA—DnEFrksat(M) OB TEL, EEFEED
BERE~AETOEFADOY 2 k% unsat(Ms) DETES.

satisfy_clauses(Cn,NC,M,A2,A) it, FRHOKI1FLroHCEDETCOHOER
AREHE AR IHICH <, 2O EFACET, CnHBEEESTWIEHOFE T, A2 T
HERiOEORRTE 5. £[i200REE I cl_sat, sat(M1), unsat(Ms) 234D
b3,

cl_sat B, BEPLTwEnffinMTHEEE R AL LERL, TOBTCRERD
b h 3, BEF<AT-ZCnffii? b sat(M1) #=unsat(Ms) pE S e & ¥ H,
Pl W5+ 20BRY satisfy_clawses 2O R L LTAIKE Y.
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:= module satchmo,
= public dof1, false/2.

do(A) := true | satchmo_problem:model{M), false(M,A).

false(M A) :- trus |
satchme_problem:nc(NC),
satisfy_clauses(0,HC, M,cl_sat A},

satisfy_clauses(Cn NC,M,42,4) :- Cn < NC |
Cnl := Cn + 1,
satisfy_ante(Cni, (], [true|M] M, 42, 81),
satisfy_clauses(Cnl , NC M, 41,4).

satisfy_clauses (NC,NC,_,sat(M1}, A) :— true | & = sat(Mi).
satisfy_clamses(NC NC M, cl_sat, AY := true | & = sat{M}.
satisfy_clauses{NC,NC,H,unsat{Ms} &) := true | & = unsatiMs).

satisfy_ante(Cn,GS,[PiM2] ,M,cl_sat, A) - true |
satchmo_problem;c{Cn,F,G5,R),
zatinfy_antel(Ca,R P G5 M2 M, 4).

satisfy_ante(Cn,_,[],_,cl_sat, &) := true | A=cl_sat.

otherwise,

satisfy_ante(_,_,_,_,A1,&) :- true | A=A1i.

gatisfy_antel(Cn,fail,P, G5 K2, M. 4) - true |
satiafy_ante(Cn,05,M2,M,cl_sat, A).
satisfy_antel(Cn,cont,P, G5 M2 M. 4) - true |
matisfy_ante{Cn,[P|GS] ,M,M,cl_sat, A1),
satisfy_ante(Cn, 0%, H2 M, A1,4).
satisfy_antel(Cn,false,P,G5,M2,M,4) - true | A=unsat(M).
eatisfy_antei(Cn R,P,G5 M2,M,4) :- B=[_1_1 |
satisfy_cnsq(R,K.M. A1),
satisfy_ante(Cn,GS,M2,M,41,4).

satisfy_cnsg([Fact |R2],R,H,A) - true | check_cnsq(Fact B2, R, K M, 4).
satisfy_cnsq([],R,M,A) :~ true | extend_model(R,M,A).

check_cnsq(Fact k2R, [Fact |H2] ,M,A} :- true | A=cl_sat.

check_cnsq(Fact ,R2,R,[],M,4) :- true | satisfy_cnaq(R2,R,K,A}.
otherviza,

check_ensq(Fact, R2,R, [_IM2] M, 4} :- true | check_cnsq(Fact,R2,R,M2,K,4).

extend_model([Fact |RZ] K, A) := trus |
false([Fact|M] A1),
axtend_model (R2,M,AZ),
both(Al,AZ,A).

extend_model([],M,A) :- true | A=umsat{[]).

both{unsat(M1),unsat{M2) ,4) :- true | A=umsat([M1|M2]).
both(Al, _,AY :- Al=sat(_} | A=A1i.
both{_,A2,k}) - A2=aat{_) | A=AZ.

E3 KLI1IZX3SATCHMO A » 47U %

1 HFESRLNCFELETOLTCOMPcl sat B L 2SS, MFoGRSANTE

EFE> b b DT, sat(M) #iE T,

Coffiid~b sat(Mi) HiEZH20H, TOMPBEFANOTFTTERIALTWE ST,
TOEFTANLAELALERIELTCEOA AR Z— 2D EF AL EOWTHIREDE
EARER Do BT M KA LTEMEA AR TEOS S false 7 B+ 2 A sat (M1)

Efﬁijhﬂif%]“Cib B

unsat(Ms) 2B h 5 DR 20 - T, Cnfliizd falseffiC. RIKEHMNTER LA
eBa (Me=M), PLUCGEAfalsefiiTh{, TFANKCARAZELKLTEL
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WL TOEFAMS LD WTHHREORRTNEN b Ao BG (MsiCH LTEET
nieBRFEoE false 7 ok A plunsat (Mi) ¥ ETEG) TH 5,
sﬂﬁﬂjmﬂhj&WMﬂmJZﬂﬂ\ﬁﬁﬂﬂ%*ﬁ&ﬁ?%?%h&ﬁb
b~ T~ CnEioXBTREHOHERETAKET. s BRMETE
EMOWThHoBRLBECEBLAT FAD Y2 P THE, satisfy_ante TH,
ALY S LELTWET FALETAMLOBEETHIAD, V—F v 7 (BETD)
=FA) AR [PIM2] b REOERP FIWIMBL, Co, PFXUGKMEET 3 KLI
WcaAMUMT., coOFFHLAIOP P XU KRERISELEWE g, ¥
. EOEEcoEENMCE I ERCH L TEBNICHERSER IR D,
M iC satisfy_ante1(Cn,R,P,05,M2,M,A) th, c O LORKRTH 5 RO{EIC
IGCTLETolEE ##5 5,

(1) R=fail OBS (WMEOT LSO EF A ERP THETRE): satisfy_ante
rEmpCEBLTEIoET Ao M2 LEETR A 5.

(2) R=cont DB BEDPT +t LEXFAERP LOBMAC X > TELLEEBR
A L EOMSCERI 4D, GGIKSDETFABERP RENML T,
Ao ko T L LCHT D satisfy_ante ¥ EBIT 3. Th L AR, L=
hoxFaM2ics LTk satisfy_ante ¥ EEIT 2.

(3) Refalse DES (MHOBEOT + L2450 E 7 A HEP THRRBFRE): un-
sat (M) #iE 7T,

(4) R=[_1 N8 %ETT a0 ) 2 })0BE (AIHECREDT FARSDET
AFHRP THBFBE): satisfy_cnsq ¥ RBI L CERBEOAEEETR <5 L H
Fric, B DEFAMN2ICH L THK A satisfy_ante ¥ EBVF 5.

satisfy_cnsq tt., ¥ false TH Wi T satisfy_ante THIHHEM D FoRxE2
LD wT, HTEREXERZRINTWE R Y 5 3% check_cnsq iC F=aTHEH~
Bo KEXHTWASBSH, *OHESEINTERIATVIOTRIRcl sat 238
+. # 5 Th VS, extend model KXo THHWMOBS KRN GET P alcx
LTEDT rad—oKdMIEMLEZEF A+ %Y, iR thTho=T A
KonT false D ER T v 2 2EET 5. 21 b o false 7 0¥ ZOKRH both
CYoTlHEntHofalse 70t AOERYBET 3. Hlb, I TLE
hoEFAOFT, FHO false 70+ ADKBRALTHREFEELT b, BD false
'@ 4 A unsat (Ms) #iE 3. o, HEEhABZEFADOTT, THD false 7
o AOETENTRAMEE b, Bo false 7 o+ A it sat(M1) BT,

4. M REEF (&
#1 K PTTP, SATCHMO (Prolog i), SATCHMO (KLI i) O HEREHEEE R T

S1~S3wnFHbHHERER S MECH o0, TABILCOWTHRPTTP CIE~T
SATCHMO (Prolog i) 22 & M ICEETH L t2bh 3 (HESICDWTH PTTP
CHINGEEBLTIMIEOAE LIS )e —FH SATCHMO o KL1 A i Prolog
B H~T3~4BMECHEL LHbrd. k7L, BES2ICD v TH Prolog il
OF 2 BEHE v, Chik, Prologfit W TREIKRLAR PAT y TRET A
ERFHEICIMAT, false T—AhbWEFICHERETI CLLIoTRBEEETA
Eﬁt@ﬁ?%b?fﬁﬁwﬂﬁﬁﬁﬁﬁﬁﬁﬁiﬂfkﬂxC@ﬁﬁﬁﬁhfhé
EBTHEES EELDLbNL,
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1 HERETFE

I BEE I 51 So* S3*
PTTPY Bfmsec 24sec ?(=30min)
SATCHMO i Prologt 16msec 68msc 6.3sec
| SATCHMO in KL1 5.4msec 10Tmsec 1.5sec
| (V¥ va v H) (390) (8,495) (118,237)

t (Sicstus Prolog V0.6 on SUN3/260)
I (pseudo-Multi-PSI single-PE on PSI-1I)

* RS, Sl RftEEEM

Lo THRLAEKLIFSATCHMO it 4 » 2 70 2 AE Kk 2 b0 THo s, HE
OEME L2 OWELKLL e X F A~ v ¥ o v 4 a3 54 [Fuchi 90] $
ABECH 2, BxDA 27V 2 AR ChEEMLASS. PR YoEHt—
Ny FEEE-TWwWEE b dibhoke A ¥2 7V 3 HALDF—rN~yw FELTH
EinthiwvwiortBi1aix fFdtdbarto—niREHCRLTH S,
Froff vt BCBEOHE* KLIffitER L Ttwic 2 EL18bdhiE, Y
REFTEDILVALS, T, COBFOF— A~y FOHhEBSIHREELH
HT 2o ritrosTHEN Y Far AL AaBLIc i+ 24EE28 2 r & aafiETs
55,

5. BEEm

PITP#, v/ Ila—vaviE#E-d{ 77— 2+ F—oFEBEHTH =74
KRAA—F 2o iffEa=osr—va vHLETH L,

FhA—Fzv 2 E 2= 5—a v KLl a3 at+3tE, BESHO
EHRFF L Evar(X) o XA A EBEYHWCET, ¥, 2274 h—va vy T—n
unify(X,Y,8) RX2Y%2a2=77 A/ LA#KEYSKEFT ISR b0 T2, SOffild
22774 ICERLEBERfall T, BRI LABEGREHOFEFHOY X +TH 5,
EOLHIKLTEWE wmify(X,Y,5) 0RFTHEE KL 0l 2 Ala=7 45—t a
YAV DOBED 10 ~200BIEE Thokse COLEHKA—riny FRATFWELR
PEMACRWABA 2 Wb T 2B L v, ffsT, HAEDOKL 0#fic PTTP +
LY Va—ia vy AL Db SATCHMO 0 A ERABERHAMHE IR THILED
o

3@ SATCHMO 4 » 2 7Y S ¥ AR LT, #O0h0HEWEEL LK B,
(1) OR #7

IV, RFrEFCLOMCI-oTHEI LI EF AR FBICIET 2 OR i 540
HEFELDCLPTED. COBE, REEIHEvHAETHEC L, DPHOBEIEK
FnEISRHETHEALILEBEHAEAWHRINIC L AYEERLC. RERCRS
SEBFOREFIEEL., thbléi AND P BEE % 7 5 (restricted-OR) & & il &
ORERBES S LB AL THS 5,
(2) 2a—RA4 »Foo 0y
MEOERAXREL  AZCO>h, HiORRICETZ a2 AT 3. @Ik
LAd w270 20, falsed B0t 2XEMIRLIFICw2 3 NCEOME
MEPEA~IH, TFL32 LR LAGFOBE > oo a2 s viELA
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. cOBER 70 e ATEAR L~ EYMoWERICLHATED, COLH R EEIE B
T I S W CHMMESIH 5 £ 2#TH b, ¥7. Prolog € KLILERT
ﬁﬂfwﬁlﬁﬁﬁn—i4Vf¢%VF%E%%EﬂHTQEu
(3) FFAHIRA Ty TOER
Fh, LOTFACHLTERIRTELOTFEFAORREET 6 HHEHDIE

%1%ﬂ%f@ﬂﬁ@ﬁ&%hﬁ%!3??7TﬁﬁféttKID\1??7&%
EhLrtaELLRLE, FIAHE, KROoMEEE L X 5.

{C0) true ---> pla).

(c1) plX) --=> r1(X).

{(cn)  p(X) ---» rn(X).
(Cx)  r1(X), r2(X), ..., rolX) ---> false.

cofGcRloFEr* ¥ EHAT AL, nt22 57y 7ET S, LAL, COTET
wipla)) BERE Nt ClrbCniTHEF AREROBEMLE EoTw I LN
bhihhe 0Ty ila) brn(a) T TR —EIKEFAKMADZCLHETET, TD
Ba3aFe 7 TORTTE. COLSCLT, —20TFALROKMPHIEKC DS
L TRERED D Do

Linl. —HICHEEsSoh0T to0RETHErb, TFALBEO—2DE
HRrrhFhoffio#EIThb—oFo2RBAELOELD, cOEAGhEO LD
HROMAB ATy THOGRCESDECBAREVWEGVH IR 5.
(4) EFAOEE

M. SATCHMO 0= F A8 ATy TR BT, BHEREH TR +— v 8
., KR M3 EFABRERTATOEFALEETCHIBEEGHD L. COBE, X
MicEETEsEFA BN, BErEECI ofic o TR O ET AL
REOEBICE S DL v, 5 LTHREMHWTECEHTARETS e
(5) MEWMBETOR

T hic, v T=—igz iS22l I B S ICHS3T 3
HEMEEEBAL CHEORE RO T C L AFELbN . OB, &5 iR
LEaenFRABAER DN, Cﬂﬁiﬁ‘l'ﬁmﬁmmﬁllﬁﬁﬁf%ﬁﬁxk'5:Ju|'f.tl':ﬂﬁttj_t
E G LT wD, EEMATA— A~ Chbo0BBE <7 A2 EEhid T s
CELTEML, CALDAT I A0BRRRER 2 - YORTHROLREZINLS Y
DrELBCECADTHES, (BEAT A Fofllic=a—nity POFECE
S BB BRATLEVHHR[Ertel 90) 5D o

6. ¥

SATCHMO #ia =74 o—vavi+dh—Fxzv 7)2BBEE LAV ERKLLT
A v YAy b T HOCEBOTHRES TS o MBOPOEH XKL EHTHEE
L. *+OHEMREKLI O~y Fa=74%—vav (H{bBE) CHICLHETELDDL
ChD, Fis BiOaE~ (BEBIEHA v 22 v 2AEEST L) LXRICHET SHE
ﬁﬁ@iﬁﬁﬁﬁJﬂ~Mdmﬂ@ﬁﬁLﬂﬂmKIﬂTEﬂmEﬁbﬂauE@ﬂ
ﬁ%ﬁmfakhmﬂﬁ%mm%ﬂm&Kmﬂﬁﬂ%miﬁfaﬁﬁﬁéaﬁ\t
DTHREBEL TRENKC A ORBICITAZOTHHBEICLREL RV,

SATCHMO H. HRERKCSWTREDTHRO L wHH 27 L THY, TZT
BRELAKLLZ o9 3 v 7 HER, F—4~—2, TMSSOARERER S &
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RIGHOERIEH L cHEHTH L, —F, BEEARC 2 wT R dom LB +E A L
THMF LIRS, Chld2oEECcledlorar- 73— 2WEERETH
Ly, H2WObLa— 1 AF v 2 A AN TEFRER*BTFCNs A wERD, b %
LEASDANEROLPCHEFELHBLE(LTLEW, VR ELIE TR
HELEV, —200BRRE LT/ ¥ 77 FOEFARE Y oL, LYY a—
e YIEKBEH LI T T i YICHSTAHEEREBLEBEAT L L2 BERA T
h%&t&'ﬂ&au

S8, v Va—vavEE aFxr s rERFEOWT B ESTHLTE
Thap, T THLRVEAMNE LA RBEACHEAL I ZE R Wb F— L i
AThAHH, flb, BEATCEIFH Y 27 A0 EE O SATCHMO D L 5ic 7
ALZTAT—ardbLlElRBIA BIviidEolwrsra=zg 45—
g YIHRELl 09— F 4 » Y TEHI N\ I Lo TwL BRI, LAaL. &
LELIMBRMTcEEEER I A LER S UEOBoBFE DL w70 =
FA—va vHEBHEARAREWL2Z=F 4 V74 ELTHF— rE2hhid, rOME
i—EICHR T I KB WA W,

i

AT, PTTP & & (F it SATCHMO @ Prolog iC #H DR R ICH 48 LT w5,
MBI ALD Y A FLOMMALKLIEA 2 70 2 hiinBet 54 TH
FL.BAREDTERY . HRRCHREFR 0N b 0BT A B FTHW
Feo HEE, CZTHELAKLIFSATCHMO 4 » £ 7V & o Vet itk i, BFE®
PAFE X 1.7 SATCHMO i3 L URBEH ESP R KLL1 P ¥ L~ v Fa v a
FTEHECLRIF®E v, 7, BHESRCHBOEEIMAEL o BEBHSIC
BT 2HBERABRBET /o, BRECHEN, BHRE-2LEOH~CHELEL

¥ 4.
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4+$%: SATCHMO(KL1 ki) (= & 5 MBEC (S2, S3)

A 52 : Shubert's Steamrcller problem

1~ modnle satchmo_problem. ;- public meodel/1, ne/1, of4.
model(M) := true | M =
[likes{z,i(=2)),likes{c, hic)}) likes(b, ), ¥ likes(s,i(s)).
% likes(c,h{cl}).
¥ likesz(b,c).
smaller(f,w),smaller(b,f),smaller(s,b),smaller{c,b), % smaller(f,v}.
% emaller(b,f).
¥ smaller(s,b).
Y% smalleric,b).
plant{g),plant(i(s)),plant(h(c)], % plant{g).
% plant{i(s)).
L plant(hic)).

animal(w),animal(f),animal(b),animal{s) ,animal{c}]. % animal(w).
% animal(f).
% animal(b).
% animal(s).
% animalfe).
ne(NC) :- true | NC=6.
e{i,likes(w,?),[J,R) - true | R=false. % likes{w,f} -——> false.
cf{2,tikeslw,g), [1,R) i~ true | R=false. % likes(w,g) ——-> false.
¢{3,likes(b,s),[J.R) := true | R=falee. % likes(b,s) ---> false.
c{4,animal (X}, [1,R) :- trues | R=cont. ¥ animal(X),
c(4,aninal (Y}, [animal{X)],R} := true | R=cont, % animal(Y),
e(4, likes(X,¥), [animal(Y),animal(X)]. R} :- true | R=cont. % 1likes{X,Y},
c(4,likes{¥,g),[1ikea(X,¥) ,animal(¥},animal (X)] R} :- % likes(Y,g)
trus | RE=false. ¥ ===3 false.
c{S,animal{X}, ,R} :- true | EK=cont, Y animal(X},
e(&,animal (¥}, [animal(X)],R} :- true | R=conmt. % animal(Y),
c(B,smaller(¥,X), [animal(Y),animal(X)] R} :- true | R=cent. % smaller{Y,X)
c( &, plant{W), [smaller(Y,X),animal{¥),animal(X}],R) - % plant{W),
trues | R=cont.
c(E,likes(Y ¥}, [plant{¥),smaller(Y,X),animal(Y),animal(X}].R)} :-
true | R=cont. % likes(Y,W),
c(5,plant(Z), [likes(Y,W),plant(¥),smaller(¥,X},animal(¥) ,animal{X}] ,R) :-
true | R=[likea{X,¥),likes(X,Z)]. % plantiZ)
% =——> likes(X,¥) ; likes(X,Z}.
otherwize.
el_s_s.,R) := trua | R=fail.
h 53 : Pelletier & Rudnicki's problem
:- module satchmo_problem. :- public model/1, me/l. c/4.
model{M} ;- true | ¥ = [dom{a),dem(b),dom{c) dem(d])]. ¥  dom(al).
% dom(b)}.
%  demfc).
4%  dem(d).

nc(NC) :- trua | NC = 6.
c{i,p(a,b),[J,R) :- true | R=false.
e{2,q(c,d}, 0 ,R} :- true | R=false.

pla,b) -==> falsa.
q{c,d} === falsa.

c{3,p(X,¥),[0,R) :- true | R=cont. plX,Y),
e(3,p(¥.2), [p(X,7)],R) :- true | R=[p(X,Z)]. p(T,2) --—> p(1,2).
c(4.,q(Xx,¥),J,R} :- true | R=cont, q{X, ¥},

q(Y¥,2) -—> q(X.,Z).

c(4,q(Y,2),[q(X,¥)],R} :- true | |;=|:f}(1,z:|]. xn (Y. 1)
) p(x,¥) ——=> p(¥,X).

c(6,p(X,Y}, [0,R} :- true | R=[p(¥, X}

MmN EEeE

c{6,dom(X}, [1,R)} :- true | R=cont, dom(X),

c(8,don(Y), [dom(X)],R) :- true | dom(Y)
R=[p{X.¥Y),.q(X.Y)]. ---» p(K,¥) : qf{L,Y).

astharvise.

c(_,_,_,R) :- true | R=fail.
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2 AT LEER

B2 CRMAPEE A FLA0BEETT. YAFLARAE ST CHER - BRER
e 27 2—2HNI ONEYs—AhbME IR,
BIF, & a—AE2nTifTE,

1. Bl
PR e =27 A2 EkoBETRHET I Ya—ATED, XE(20OWMEFLTRH
e 12K, RREREO 3 So—@iEr S r—rs YRUEHARSTHET L
TECLD, 2ETAS) X LEPHEFTTICLTHE, AAKRTEO 4 D09 T
Va—aARErBHTILTEY, $EOBOALONRRSTHEBECTADATH
5, B OH IoMER. £ ¥ 7 z—ARORET AL LAHNEETE L,
chick-tT, BEfloAN -2 EERoOE D - a—FEonERSTFES C 2HC
-

2. MEWEHERSTR
BMERELRROZEICR-ONE IR L—1 s » BEUEEHEF R
bALVFES—ABTHL, truncation £ a—A « phsorption 2 — A e
intra-constroction ¥ a— A F R FRAEF L —tra ¥ FEGFT IV TE o —
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ATED, FEERX Vo —ARBBSHOTIREMER ADKHALR L ¥ =
Fa—aThid,

A E T2
{Avkse—zlin, "Ly FSEEYa—alrr{ANEHsY . D100
FIEVa-—AhbREENEG, FHFEFa-nREarf v ¥y, 77 {08
REEEThICHTIAMABEETAES .

4v5T1=28 AV

TAYFETEA
T a—-n | .
L] -
Trirgn ]
Eia=an

T

/

\

Tr4A
truncation absorption
EYa—n td¥a—=N
intra-
consiruction E';.E'H
tva-n TFa=n
L AR

B 2-1 WA E o 2 7 L O
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3 ¥ETLALTVXL

3.1 HEFA~L—ialr

rrop, YA T ANZEORCHATwE 3 2o—@Ertr—ra v truncation, ab-
sorption, intra-construction Ko W THHEKERHET 2.

3.1.1 truncation

truncation . B—i Cy, Oy, .On i b b &, FhoSTERET 3B
CHEBEF<L—TarThi, EEKCE B—@C R, "2yl D Eh—{EC
roTksbnd, truncation DFEEHTETF .

¢y = member(blue, [blue]).

Cg = member(eye, [eye, nose, throat]).
I

& = member{ A, |A]|B]).

3.1.2 absorption

2 oD Cy, O H b C XBHIND LSRR F v YEFWT, TF0OL L OFF
b, Chbhb Cy ¥#lTEF~v—yirm v % absorption &P, R L. [ 7 s
Fof, O ARomces, cod-Sr—a ¥l BEROBHO AR ERBEFEROK
Wi %5 5 % #., inverse resolution &P 35, absorption W ELITIRT,

7y = member{A, [A]B]).
€ = member( A, [B, A|C]).
i
Oy = member(A, [BIC]) :- member(A,C).

3.1.3 intra-construction

intra-construction t. ¥MEoH B, By, ..., B, 5L bR L ¥, B LR e A
LTihbhe—RET 24t —tavThs, &k, LOTAL=ta¥ absorption
EEE R OEE & AR TS )., inverse resclution 2FFEIHRD L oTHL, intra-
construction DM E L TFTT .

B, = arch(([], beam, [])).

B; = arch{([block]|, beam, [block]}).

B; = arch(([brick], beam, [brick]}).

B, = arch{{[block, brick], beam, [block, brick]}).
4

A = arch((X, beam, X)) :- p110(X)-

Gy = p110([]).

¢y = pl10{[block]).

Cy = p110([brick]).
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Cy = p116{[block, brick]).

FliCEnT, BB pLOHL 2P AXFACERLALE s,

3.2 HPFALIIZL

Wic, FET A=) XLEDWTRAE, —fIC, BE0EEMNE R e RS
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HITE LS TEHMLTWE,

4 TFE@E - it

CCTH. RS 288 x5 Akt 2500 - BH 2774 5. R, Eeay
4R Multi-PST Er@@Lce b, T8 [Muggleton 88| KFEhTw 3 CIGOL ofE
member, arch EH LR T T ATy ALBERCEET A0 B LAE. L,
HFerdRorolBEsiBIntng,

o PRANEREICA S L IERD ISR A S,
Lk, BEOEET A ) XAnHAMch), SBENEEIEL LEFAoTnk
PLIRRET . tOAKKL TR, PRSRICHET 3NN CINERS DB §
ThodEesa,

o AFDNOBESFHLER LN,
RER, SHACHT SNBYE Yo s 4 KH 12 ) 2 2 EB OB TwE, L
Ly 7 FBERCLEOK S T FOMFED b, MEEES EH LA noRTL©
ba,twﬁmﬂhfﬁﬁ#EfnfﬁamEMLfﬁ&h‘M¢Mtﬁﬂﬁﬁf&
R 30 EmMh s LB bhE,

5 EhUZ
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#Fit., KLI ol NoRIc I s afiiE v, 22, BHARBEKCD T,
HLRFLAAEBSCMET S L FBE LA, BBA: LT, AEIENICTS LBE
wEAAMICE AL CHEORMNSMNESETRAEREFOR EFRohEnT
PEAKRIATRE, SRONN: L/, chboMBEAK>wToRRCNAT. &
TSI or $HTHST# 5 ANDOR-II kroXB oM EfTh o Tw {FE
ThI.

BE W

[Muggleton 88] 5. Muggleton and W. Buntine, Maehine Mnvention of First-order
Predicates by Inverting Resolution, Proc. of Machine Learning B8, 1-
14(1988).

[Takeuchi 88] A.Takeuchi, K. Takahashi and H.Shimizu, 4 Paralle! Problem Solving
Language for Concurrent Systems, ICOT TR-418(1588).

[Takeuchi 89] A.Takeuchi and K. Takahashi, An Operational Semantics of And- Or-
Parailel Logic Programming Language, ANDOR-IT, ICOT TR (to ap-

pear).
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0)
3)
6)
9)
12)
15)
18}
21)
24)

IELE}TLbdF
- s
IDLE LooP

51
P13-X

P16-~—MUX(select) —X{input}
P21=Y1==MUX (input) —Y{input)

| ZCPL|

—Yz¥Fh

@) AR R 5 ESS

P11=X1—MUi(input )=X{input) P12=MUX{input)—X{input)
Pl4=-MUX{select) —X(input) Pla=v —=A—X(clock)

P24=MUX{select) —Y{input) p25=v —A—Y(clock)
P2T=n—=v—=nr—=Y(clock) 53

P31=COMP{=) P31=COMP{<)
P41=(X—)5UB P42={Y—)SUR
P51=2CPL P52=0U

PGl=idle—n PG2=1oap

PIT=n =y = —X{clock) 52
P22=MUX(input}—=Y{input) P2i=Y

P26= A —MUX(select) —Y{input)
P31=COMP(>)

34

35

6

PE3=RST ———A~

) BikHr—UzrbOEME Sty — P8 P EERM)

S1452+53+54+55+56 > Area

P63+P14 > Time

P21 > Time

PE1+P25 > Time
PILItPILHPIGE » Time
PG2tPIT > Time
P13+P414P12 > Time
PI3+P33+P2T > Time
P134P414P51+PE2 > Time

1} P11 » Time

4) PGI4P15 > Time

T) PE14P24 » Time

10) PE3I+P25 » Time

13} P13#P21+P17 » Time

16) P23+P314P16 > Time

19) P23+P424P12 > Time

22) P23+P334P26 > Time

25) P23+P424P514P22 > Time
) FZ+WFNJ

63 EBRAT—7
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2) P614P14 > Time
5) PE34PL5 > Time
8) P634P24 > Time
11) PL34P52 > Time
14) P624P16 > Time
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20) P13+P33+4P26 > Time
23) P23+P33+P27 > Time
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FA FB FC

\

r2: if FCthen C

ri:if FA then A

/

R1:if Athen D r3 : if FB then
\ if C then E

R2 : if D and E then Goal
[ 1: ¥ oA

rokhic, A-rcilEwhbiEhia—aofbic, HEF L LTSFAbR DA
n, —MEBEETA—A, HRERHECE TSR A — Ak EdET. —HE
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{ (X% n, B4GRn, fEin}, EEME)
THEN
B Y [ = [ A—ADER

Draic, Ay PRV ORERE &b CIET 5.
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ﬁﬁﬁ%@%tfﬁ—ﬂiﬂﬁﬁfﬁﬂﬁém.{ﬂaﬁﬂﬁﬂmﬁ&héﬁﬂ&Téa
C@ﬁﬁﬁ,EmM]t[ﬂﬁ&ﬂ]ﬂt%h[ﬁ%l&hﬁﬁﬁ@Tmﬁﬁfiﬁﬁﬂ
?Eﬂyz}Tbéthﬁﬂﬂ&Emﬁ]&[ﬁEJHk%E[ﬁﬁ%J&hﬁﬁﬁmT
WﬁﬁT$5&WEﬂﬁkEMEJ&EE¢]&£%E[§ﬁhJ@Tﬁﬁﬁ(ikﬂ4
wzﬁvi)ﬁ$5khﬁﬂﬁﬁhhﬁ.{ﬁﬂ,mﬁ,ME}tt{ﬂﬁﬁﬂ,ﬁﬂ

E¢}&ﬁmﬁtﬂaﬂﬁm%&%m%&ar,tﬁﬁﬁ%&fa&ﬁﬁ&&wmf,m
EOHLE RT3,

w&?M%ﬁﬁaﬁmﬂ,Améﬂﬁmﬁmﬁ%$wbﬁ‘5%»—#mﬁﬁtxo
t&%mﬁﬂm&m&ﬁﬁﬁbh,bamubmﬁén&ﬁfmiﬁmﬂﬁ—wEQﬁT
L& ERRERTRICES,
2.3 FIROE

Flof & LT, ikt 79 &

[mE SRS LT LSS s Cit, ERHER, BECH LT, FHK
£0 1000 BAOBBEHBETHLTNER B % W]

KT 2HIRELEACH D [$BEOREATH] OHEENE, SHRSHONr-T
@%ct,ﬁﬁtﬁt&mmwm%ﬁﬁﬁbata,mzﬂfaéctﬁﬂﬂﬂﬁﬂLf
vid,
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rr CHEBEREOHFERESTREV, MOFE EE-TWwEILbBEL, HE
SN EEFEL A - TwEhd LithnwhbTh i, -7, F{OBFAHNMEIES
H, TRFRICHFEAAA—L L LTRLBLNTW S,

LIFosEgn, SHERILEEREHERERc, SBERTOSRICHBGSTTSEML,
0k, BEORDPCHSESAROFCRENMACEHFEORMTITC S L LTERICS -
TS S [ BEFHEE] 39106 OEE] o

WYTH, THLOFE»Y 5 hpiSbhik. T0RAO1DELT, #E (HEE
HESEE) 1, (1) R R EREToT REEFERARO RS (BE) THZw, (2)
AL OFT~BECiTF rolENSSRELTWwEA Y, oEHTERTENE LD
WL, B (UERo®EE B, (1) EREBoMEFEOER L o T w0 TER
ﬂ%&f%%,{ﬂﬁﬁﬁ%&ﬁ@?%%ﬁﬁmﬁ%$¥?d—yﬁﬁﬂE@Tﬂﬁﬂﬁ
BaShbofkbakhdd, ERLE

%, COBEOBRREAAEEOTHRS v FERBEO LR 2T T,

Wi, REEFHRUEROEEORE () CchwI LEEAK, RBETITwe
L s i, MFosfli—rTtERTES (L—2A0BB0LRT) .

IF { {heHiBgER 1, 3%, (LUHEEE) , 20} A
{ {ERMEE{, ERE BER), 20} A
{not {REDEER 11, Sk, (REREEE) . 100}

THEN |[make(BE#M )]

FiLick L, A, REoEEEBTHoNE Th 0T, ZHHCEHTH-
Frd LD BT SETCENTE D,

IF { (GEABEER 1, fE%E, (LEK), 100} A
[ {ERME 1, ERAE #SESH), 100} A
{ {BER{, =B &EEEE), 1000 A
{ {(WFER{l, B|EH BEELY, 100} A
{ {[BE41, 55, S®IHE!, 100} A
{ {GHESIHE §1, w4, UEE}, 100} A
{ {SPRFERMT §1, W%, (RERENSE} , 100}
THEN [make (BIE5HEER)]

rrTH L wHHE D TEA D, CH, BELSHOHAHE T » 7 0 EETT
P 2 EPEAHEROBAES LACHAMC S -7 b0 TH 5. HPEOHKROHMES L
HEASMKEERTWAWE TS &, HREECEWTE DL 2l EThirT
FHIF D

rOEEF TRy FCIHGLA L2 b 00 —FEE 3ICTRT .
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L, INHBEHCE-TchIncWHOEE (BHThv vs THEFHONSE) OBfL— A
THPRGICGER AL, APESECLFICERIE T2 C 2 SRR T,

2.4 MSHER

FILRMEREEACY, CORFA— AL ERT Lo THRAZEENBLA
S0 FRIA—LDBRCLIFHAEF— 208K, 1 20RBOERE VELLRLD.
HELRFAL -2 OFAK L > TR ESHHERI NI 2, EERBOSCEALRE
KR HbhioTiRAl, B R ol oME: LTEEx AL TRAL
L\

3 FERER AT L
3.1 F—47n—+57

—RIC R~ AHERRL, BARBRAERREL RELALTRALA WAL, iy
FEIDIFRICAR B C LM TRENRS, 20T, CoCREFIMIEIC X 5 HRRE OEE
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A ak-<7e X 50, ERIC T LR o7 e X 7 g vo—a Br—LT
HEND 7a¥ s rava—nOEBRHBRETER y b AYOF—47u0—¥37C
BTt vHEEAER ST LMbh T, SFlA-—ADESELRETE L5
NF-—E7a-YI7LBRETICFHTES (H4) , cOF—27a—¥s7200%
DRETEF» FERTIDBLEUTOETH S,

o IDHIDET|EEHMRALC EUBE ./ — PEFoh Y hoFz v 70 3ETR L,

e RETE# FOBSKRETOEUIFBEE L — 7 vollSeiHhEh 2
DL, CTOFXIF7TR—BOoREXRBEEIZR VW=7 vyOoflAiSbeETy,
& LML Fo¥aiEasiulB i 5.

LoF—27o—r7 7 R HPIRBHEEKL | CRAT 2. Chil, BAL—r0RE
WhEorSfalLT, KL17a42% )~ FiCHiizEd, 20—kl v s icHins
EhF—8 7SI 78T BT LICEBo 1~ /= FOT B EADb, FLH
HOBEF-FE b—2r v LTl L, SHHSOEFMEHFEHTE D,
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A=A DETHA I ACA> T M, ESICRTISIER L) —LApr—T vk
TWT, P2 YEHKHAN T3 X5 IcHL 54 BEDA » 7 ) Ay FTREMES
D7 e—ZEWMEREEO? = —ZHEBEZHTWwE,

FHETO7 z =X TR, EOANA V) —Lhbiy b7 —2 Of~ b —2 v 5ifih
Twnde F—7VHEEMHENEDS L ToBREENIX L) —4%iH->T PE0 Kol
BELTROLN, RERHD 7 = —X k5, BEWMMOT = — X0, BEWE A bSH
LEWT ] DDOAL—APEEN, EOA— A ORFEOIIRIC Lt T, Hich b—2 >
BEANA M) - LCHU, S#BED 7 = —X 2k 5,

COXSKFME L 57, A b )~ LORIKF -2 ORTEHIbE 2 end BB 1432
HTwdo ANRA D) —LOHRT end % BRT2LE7 021 DO¥ AL 2 AOKT
MY, B b end ¥HAR b ) —AiCHAT 5, BOBNETTS Yot X it end 24X |
J-amicEh s i Tidle REEICH 0, BH#D end ¥ BET D &, RHBED T = — Xpikk
TL72ZT %Mo, active ZRRBIC A 5,
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