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A b s t r a c t 

In c o m b i n a t o r i c a l problems from a set of 
great s i ze elements w i t h s p e c i f i e d p r o 
p e r t i e s must be s e l e c t e d . Such problems 
a r i s e i n e l e c t r i c a l and mechanical e n g i 
n e e r i n g . I n t h i s paper the c h a r a c t e r 
i s t i c s o f such problems are o u t l i n e d . 
Then the problems are fo rmu la ted in the 
s ta te -space approach of problem s o l v i n g . 
For the s o l u t i o n of these problems we 
a p p l i c a t e methods o f a r t i f i c i a l i n t e l 
l i g e n c e . The main steps of the a l g o 
r i t hms , which we got as a r e s u l t of our 
i n v e s t i g a t i o n s from the p o i n t of viow of 
problem s o l v i n g , are d e s c r i b e d . The a l -

?or i thms are based on h e u r i s t i c r u l es 
o r choosing e f f e c t i v e ope ra to rs du r ing 

the s o l u t i o n p rocess . Resu l t s o f a p p l i 
c a t i o n are g i v e n . 

I n t r o d u c t i o n 

T h i s paper dea l s w i t h the r a t i o n a l i 
z a t i o n o f d e s i gn p r o c e s s e s by means o f 
p rob lem s o l v i n g m e t h o d s . We f o r m u l a t e 
g e n e r a l f e a t u r e s o f t he c l a s s o f c o m b i 
n a t o r i c a l p r o b l e m s , w h i c h w e found i n 
v a r i o u s phases o f d e s i g n p r o c e s s e s . One 
example o f t h i s c l a s s i s p l a c i n g the 
components o f a n e l e c t r o n i c c i r c u i t o n t o 
p r i n t e d c i r c u i t boards o r s u b s t r a t e s s o 
as to m i n i m i z e the number o f c o n n e c t i o n s 
between b o a r d s . For t he s o l u t i o n o f 
these prob lems we a p p l i c a t e methods of 
a r t i f i c i a l i n t e l l i g e n c e - The a l g o r i t h m s , 
wh i ch we go t as a r e s u l t o f our i n v e s t i -
g e t i o n e , a r e d e s c r i b e d . I n i t i a l t r i a l s 
o f a p p l i c a t i o n o f these a l g o r i t h m s i n d i 
c a t e t h a t t hey have s i g n i f i c a n t power 
f o r e f f e c t i v e l y s o l v i n g the d e s c r i b e d 
p r o b l e m s . 

Problem F o r m u l a t i o n 

In a paper (5 ) we have shown t h a t com
b i n a t o r i c a l p rob lems a r i s e i n e l e c t r i c a l 
and m e c h a n i c a l e n g i n e e r i n g . The e f f e c 
t i v e s o l u t i o n o f these p rob lems i s one 
way i n r a t i o n a l i z i n g the d e s i g n p r o c e s s . 
The main p r o p e r t i e s o f t hese p rob lems 

a r e the f o l l o w i n g : 
1 . The e l emen ts x o f the se t X o f p o t e n 

t i a l s o l u t i o n o b j e c t s a r e composed o f 
e lemen ts a , b , . . o f s e t s A ,B, . . . . . An 
e lement x c o u l d be a subset of A, a 
subse t o f AxB, a pa r t i t i o n o f A, and 
so o n . 

2. The e lemen ts x of t h e set X of a d m i s 
s i b l e s o l u t i o n o b j e c t s a r e c h a r a c 
t e r i z e d by a set P" of p r e d i c a t e 
P ( x ) . W i t h P ( x ) we d e s c r i b e t h e p r o -
p e r t i e s d e t e r m i n i n g the a d m i s s i b i l i t y 
o f e lemen ts x . 

3 . The e l e m e n t s x o f t he se t X e o f o p t i -
e 

mal s o l u t i o n o b j e c t s are d e s c r i b e d by 
means of a s e t P of p r e d i c a t e w x t h 
p = p*U (P ( x ) ) . P e ( x ) i s f o r m u l a t e d 
on the b a s i s o f t h e c o s t g ( x ) : 

In p a r t i c u l a r tasks spec i f i ca t i ons of 
these points are g iven . Choosing the 
state-space approach of problem so lv ing 
the set of states of the state-space is 
the set X of possib le so lu t ion ob jects 
and the set of goal s ta tes X is charac
te r i zed by P* or P. For chan9ging s ta te 
x i n t o state x' we must def ine operators 
o. The problem is to generate states 

from states means of 
the operators o of a set 0. To i l l u s t r a 
te these ideas we give some examples for 
such combinetor ical problems. 

Decomposit ion problems 

Decomposit ion problems a r i s e in the 
f i e l d o f e l e c t r i c a l c i r c u i t des ign , i n 
the f i e l d o f o r g a n i z a t i o n of work , and 
in system a n a l y s i s . The s o l u t i o n ob j ec t 
x of a decomposi t ion problem is a p a r t i 
t i o n of a set A in n subsets A1. We set 
f o r decomposi t ion problems x - (A1 
A ). A r e l a t i o n F over A is d e f i n e d 
tRrough these subsets A , . R e l a t i o n F x 

holds between the elements a i and a j of 
set A i f these elements are in the same 
subset A , . 

For the l ayou t s o f e l e c t r i c a l c i r c u i t 
design the f o l l o w i n g decomposi t ion p r o 
blem w i t h r e s t r i c t i o n s must be s o l v e d : 
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I n the f i e l d o f problem s o l v i n g i n f o rma 
t i o n has been gathered about e f f i c i e n t 
search techniques and about k inds of r e 
p r e s e n t a t i o n of problems ( 1 ) . We have 
on ly found few cases of a p p l i c a t i o n of 
these problem s o l v i n g methods in com
p u t e r - a i d e d design ( 2 , 3 , 4 ) . F i e l d s o f 
a p p l i c a t i o n o f these r e s u l t s are ma in ly 
the o r g a n i z a t i o n of search processes f o r 
robots and f o r ques t i on answering 
systems. 



An operator o ( i ,n ;m) of the set O2 j o i n s 
together an element ai of the subset A 

and the subset Am (see f i gu re 1 ) . For a 
p a r t i t i o n x the number of operators in 
set 02 is equal to kn m u l t i p l i e d by 
( n - 1 ) . An operator o(N,n;m) of the set 
03 j o i ns together a subset N of An and 
subset A (see f i gu re 1 ) . An operator 

operator w i th size of 
N equai to 1. For a p a r t i t i o n x the num
ber of operators in set 03 is equal to 
the number of possible subsets N in 
A m u l t i p l i e d by ( n - 1 ) . 

I i ( A 1 ) is the mean value of the binding 
strengths c ( i , j ) between the element 

and a l l other elements e.c A , , 
t h i s one between the element 

and a l l elements a , t A . We have J m 

spec ia l d e f i n i t i o n s fo r cases wi th s ize 
of subset Am equal to 0 and wi th s ize of m ^ 
subset A, equal to 1. We must f i nd a 
p a r t i t i o n w i th maximal g ( x ) . To solve 
t h i s problem we invest iga ted so lu t ion 
processes on the basis of sets 04 and 05 

of operators . An operator o ( i , l ; m ) of set 
04 un i t s the element a. of the subset A^ 
and the subset A . This is analogous to 
operator p a r t i t i o n x there 
are k ( n - l ) operators of th i s set . An ope
ra tor o( l ,m) of the set 05 jo ins together 
the subsets A, and p a r t i t i o n x 
we have o , 5 ( n - l ) n operators of t h i s se t . 
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A decomposi t ion problem w i t h o u t r e s t r i c 
t i o n s i s o f impor tance f o r f i n d i n g the 
c o n s t i t u e n t s of systems or f o r a decom
p o s i t i o n o f task g raphs . In re fe rence to 
the f i r s t problem we g i ve on ly the d i f 
f e r e n c e s : The c o e f f i c i e n t c ( i , j ) cha rac 
t e r i z e s the b i nd ing s t r e n g t h between the 
elements a and a . The set K is not g i 
ven . Vie must f i nd^a p a r t i t i o n x so t h a t 
elements from the same subset A., have a 
great b ind ing s t r e n g t h , but e l e m e n t s o f 
d i f f e r e n t subsets have a low b ind ing 
s t r e n g t h . On the baois of these goa l we 
de f i ned the cost g (x ) f o r a p a r t i t i o n x 
O ) : 



The power of a lgor i thms for the so lu t ion 
of such problems is determined by the 
time fo r generating ob jects x and by the 
cost g ( x ) . In the f i e l d o f a r t i f i c i a l 
i n t e l l i gence search techniques are deve
loped fo r generating goai states in the 
state-space approach of problem solv ing-
We adapted and developed these t echn i 
ques to get e f f i c i e n t a lgor i thms. The 
algor i thms do not generate opt imal so l u 
t i on objects w i th p r o b a b i l i t y 1. The ob
j ec t s x are the states in the problem 
space, the operators of the sets 0. 
( i = 1 , . . , 5 ) rea l i ze the t r a n s i t i o n s be t 
ween s ta tes , we are going to describe 
b r i e f l y the general so lu t ion a lgor i thm 
for the decomposition problems. The 
e f f i c i ency of the search process is 
determined by the fo l low ing steps (6) : 

- Choice of a s t a r t object x . 
- Select ion of a set of operators , 
- Select ion of a subset of app l i cab le 

operators from the chosen se t . 
- Select ion of an operator from t h i s 

subset. The app l i ca t i on of t h i s ope
ra tor produces the next ob jec t . We 
repeat these steps u n t i l a break-of f 
point is reached. 

- Determination of a break-of f p o i n t . 
The se lec t ion process is based on h e u r i 
s t i c rules fo r operators oxx ->x ' . A ru le 
is def ined by means of the weight fo r 
an operator o. We got these weights as a 
resu l t of the analys is of the costs g(x) 
and g ( x ' ) . so these weights are depen
dent from the object x and/or from the 
object x'. Through the kind of computa
t i on of these weights we are sure that 
they are only computed fo r app l icab le 
operators . 
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length vwith weights (i,n;m) and 

(i ,n;m) as elements. On the basis of 

each of these sequences we determine a 
sequence of operators o(i ,n;m). The 
application of each operator sequence 
results in a single v-eubset N. Each of 
these subsets generated by an operator 
sequence is a subset N of on operator 
o(N,n;m), The weights (N,n;m) are then 

determined and the operator with the 
maximal weight is selected. 

In an analogous wey the algorithm for the 
solution of the decomposition problem 
without restrict ions is generated on the 
basis of operators of the sets 0. and 05 . 

For the selection of an operator from the 
set 04 we choose as weight 5( i ,1;m) the 

component h.(A,) of the cost g(x). we 

select the operator with the minimal 
weight. After reaching the subgoal 
hi (A1)^ 0 for i=1(1)k we applicate ope
rators of the set 05. The selection pro
cess of these operators is controlled by 
the weight 

A, is determined by the element a. in 

this computation. The operator with the 
maximal weight is applicated. The search 
process stops after reaching a threshold 
value for (m ,1). 

Applications 

The presented algorithms are based 
heavily on experimental evidence, a l 
though there are quite plausible reasons 
for performing the particula r operations 
(5,7). In the following we characterize 
some applications. 

We examined the behaviour of the a l 
gorithm for the decomposition problem 
without restrictions if the matrix of 
coefficients c ( i , j ) is a matrix with 
known clusters. So the algorithm always 
finds in a set A the part i t ion x* with 
the following properties if this par t i -

the maximal possible coe f f i c i en t in the 
matr ix of c o e f f i c i e n t s . .Vith the s ta r t 
object x the 
a lgor i thm stops a f t e r reaching the p a r t i 
t i on x*. This a lgor i thm is app l icated fo r 
the c lus te r i ng of experimental data, 
which are the resu l ts of an experiment 
for the i d e n t i f i c a t i o n of inner s t ruc
tures in human problem so lv ing . Baseo on 
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With the kind of computation of the 
weights it is provided that only appl i 
cable operators are selected. With the 
help of this algorithm we found out that 
the cost g(x) is hardly to increase by 
the application of operators from the 
set 01 after the generation of the f i r s t 

aduissible object by means of oe 0~. 

A better solution object at the expense 
of the search time is attainable through 
the application of operators o(N,n;m) 
instead of operators o( i fn;m). With 
these operators we select subsets NcA

n 
with a predetermined number Vof elemen^ts 
and join together N and A . In our a l 
gorithm we consider not a l l possible 
V -subsets N of A . Instead we compute 

subsets N element by element by means of 
operators from the set 0 2 : 

vVe generate a l l possible sequences of 

In a l l ce&es the best opera to r of the 
set o f a p p l i c a b l e ope ra to rs i s t h i s one 
w i t h the maximal w e i g h t . D i s t i n c t v a r i 
ants of search a l g o r i t h m s based on these 
opera to rs and we igh ts are implemented. 
On the bas is of the e f f i c i e n c y of the 
va r i ous a l g o r i t h m s a v a r i a n t w i t h the 
f o l l o w i n g c h a r a c t e r i s t i c s i s f i r s t l y 
choosed: 
- Select the f i r s t element a of the sub

set A from A n= A. There are seve ra l 
p o s s i b i l i t i e s fo r t h i s s e l e c t i o n which 
here we do not d i s c u s s . 



such groupings we cou ld g i ve s tatements 
about p r o p e r t i e s of i nne r s t r u c t u r e s by 
means o f s c a l i n g methods ( 8 ) . Th is a l 
gor i thm helps a l so the p r o j e c t a n t s o f 
systems in the a n a l y s i s of the system 
s t r u c t u r e end t h e i r decompos i t ion . An 
example show t h i s : For decomposing the 
o r g e n i z a t l o n e l s t r u c t u r e of a p roduc t i on 
department the f low of I n f o r m a t i o n b e t 
ween u n i t s was determined by expe r t s * 
Th is f low is set equal to the b ind ing 
s t r e n g t h c ( i , j ) - The a l g o r i t h m generated 
a p a r t i t i o n x w i t h cost g ( x ) = 1 ,3 , 
The maximal poss ib l e va lue f o r g (x ) was 
5. The a n a l y s i s of these r e s u l t s show 
t ha t the cos ts h i ( A i ) f o r each element 
a. are g rea te r than 0. Th is means, t ha t 
the f low of i n f o r m a t i o n between each e le
ment a. e A, to the subset A, is g rea te r 
than tho f low of i n f o r m a t i o n between the 
element a. c A, to each o the r subset A . l l m 
The a l g o r i t h m f o r the decomposi t ion p r o 
blem w i t hou t r e s t r i c t i o n s is a l so a pa r t 
of a program f o r the r e a l i z a t i o n of the 
s t r u c t u r e of a t e c h n i c a l system. Wi th 
t h i s a l g o r i t h m we determine the con
s t i t u e n t s o f the system s t r u c t u r e ( 5 ) . 

We tes ted the a l g o r i t h m f o r the decompo
s i t i o n problem w i t h r e s t r i c t i o n s on a 
v a r i e t y o f p r a c t i c a l prob lems. T o i l l u 
s t r a t e the power of the a l g o r i t h m we 
g ive some s t a t i s t i c a l r e s u l t s : 
1. Three d i f f e r e n t se ts A of s i ze 72 

were p a r t i t i o n e d . For each set A we 
computed w i t h the a l g o r i t h m four d i f 
f e ren t p a r t i t i o n s x c h a r a c t e r i z e d by 
the f o l l o w i n g sets K: ( 3 , 2 4 , 2 4 , 2 4 ) , 
( 3 , 3 0 , 2 4 , 1 8 ) , ( 3 ,30 ,30 .12 ) and 
( 3 , 3 6 , 1 8 , 1 8 ) . For each set K we a l s o 
generated 10 random p a r t i t i o n s over A 
The main r e s u l t i s the f o l l o w i n g : In 
the mean w i t h our a l g o r i t h m we gene
ra te p a r t i t i o n s w i t h cost g ( x ) 10 % 
l e s s than the cost o f random p a r t i 
t i o n s . The v a r i a b i l i t y c o e f f i c i e n t 
of the d i s t r i b u t i o n of the random 
p a r t i t i o n s i s 3,5 ^ . 

2. A p r a c t i c a l example w i t h set A of 
s i ze 24 is a l so computed, We generate 
p a r t i t i o n s w i t h K * ( 3 , 1 0 , 8 , 6 ) and 
K = ( 3 , 9 , 9 , 6 ) . For t h i s problem we 
a l so generate analogous to p o i n t 1 a 
set of 10 random p a r t i t i o n s . In the 
mean our a l g o r i t h m generates p a r t i 
t i o n s w i t h cost g (x ) 18 % l e ss than 
the cost of random p a r t i t i o n s . The 
v a r i a b i l i t y c o e f f i c i e n t o f the d i 
s t r i b u t i o n o f random p a r t i t i o n s i s 
3 %. 

Fur the r r e s u l t s of t h i s k ind must be 
computed. 
Th is a l g o r i t h m is a l so a pa r t of a p r o 
gram f o r the placement o f l o g i c a l e l e 
ments on double s ided p r i n t e d c i r c u i t 
boards. On f i g u r e 2 the s t r u c t u r e of 
t h i s program i s g i v e n : 

On the bas is of placements which we com
puted w i t h t h i s program the r o u t i n g o f 
a l l connect ions between p o s i t i o n s on the 
board is poss i b l e w i t h a r o u t i n g program 
w i t h 96 - 98 % 

Conc lus ions 
The r e s u l t s show tha t the a p p l i c a t i o n of 
problem s o l v i n g methods is one way in 
r a t i o n a l i z a t i o n of design processes. The 
p r a c t i c a l a p p l i c a t i o n s a re encouraging . 
In the f u t u r e we are i n t e r e s t e d to f i n d 
es t imates o f the p r o b a b i l i t y f o r r each 
ing ex t rema l va lues o f the cost g ( x ) f o r 
such prob lems. In the past we r e s t r i c t e d 
our i n v e s t i g a t i o n s on problems w i t h on l y 
s t r u c t u r a l r e l a t i o n s h i p s between e l e 
ments a e A such as the number of connec
t i o n s , the f low of i n f o r m a t i o n and so o n . 
From the p o i n t of view of e l e c t r i c a l and 
mechanical eng ineer ing the f u n c t i o n a l 
f e a t u r e s of the elements a < A can not be 
neg lec ted in the f u t u r e . So we hope to 
go one step in the d i r e c t i o n of automa
t i c a l l y so l v i ng syn thes i s problems as 
p a r t s of des ign processes by means of 
problem s o l v i n g methods. 
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