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ABSTRACT 

A method for learn ing by p r a c t i c e , based on 
the t ransference of knowledge between domains, 
16 discussed and i l l u s t r a t e d in the context of a 
probLem solver func t ion ing in a domain of 
elementary phys ics. As an example of the 
app l i ca t i on of t h i s approach, i t is shown how 
knowledge belonging to the domein of "symmetry 
of f i g u r e s " cen be successfu l ly used to soLve 
problems in the f i r s t domein. This con t ro l l ed 
t ransference of knowledge is accomplished in 
four s teps: a) mapping ce r ta in components of 
the physics problem in to the domain of f i g u r e s , 
b] apply ing the ava i lab le knowledge for that 
domain, c) mapping the resu l t s back in to the 
o r i g i n a l domain, and d) t e s t i n g the v a l i d i t y of 
the t renBference. 

INTRODUCTION 

An " i n t e l l i g e n t " system should have two 
main components: a problem solver end a 
learn ing agent. The problem solver has the 
c a p a b i l i t y of so lv ing problems in a p a r t i c u l a r 
domein; the learn ing agent is in charge of 
superv is ing the behavior and modify ing the 
s t ruc tu re of the problem so l ve r . In the case of 
leern ing by p rac t i ce , the learning agent 
analyzes the so lu t ions given by the problem 
solver to a sequence of problems, end determines 
appropr ia te mod i f i ca t ions to be made to the 
problem so lve r . 

Severe I mechanisms have been proposed to 
perform t h i s type of Learning, some of which 
heve been explored 1n the context of elementary 
physics (Novak and Araya, 1980). Here, a 
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Learning method based on the t ransference of 
know Ledge between domains, is presented. This 
process cen be viewed es an approach to the 
discovery of h e u r i s t i c s , in the sense the t 
methods the t work for one domein are found to be 
also appropr iate for another domain, provided 
the t the problems sa t i s f y ce r ta i n cond i t i ons . 
The p o s s i b i l i t y of d iscover ing these h e u r i s t i c s 
is p a r t i c u l a r l y important when they lead to 
s i m p l i f i e d s o l u t i o n s . 

MAPS: BRIDGES BETWEEN DOMAINS 

In so lv ing a new probLem it is of ten usefu l 
to t r y to apply knowledge thet ha6 been 
successfu l ly employed in the so lu t i on of s i m i l a r 
problems in the pest . More s p e c i f i c a l l y , in 
probLem 6oLving by ananlogy e probLem to be 
solved is compered to previously solved 
problems. When a high degree of s i m i l a r i t y is 
found, i t is reasonable to expect the t knowledge 
used in the so lu t i on of the o ld problem (or even 
the solut ion i t s e l f ) cen be appl ied to solve the 
new probLem. In general some adjustments w i l l 
have to be made in the o ld so l u t i on due to 
d i f fe rences between the problems. An important 
c h a r a c t e r i s t i c o f t h i s ana log ica l approach i s 
the high degree of s i m i l a r i t y tha t must ex i s t 
between o ld end new problems in order fo r the 
process to be ca r r i ed o u t . Such use of analogy 
in Learning and probLem so lv ing he6 been 
discussed by Car bone 11,1981, Anderson,1981, 
Win8ton,1980, end Winston, 1982. 

An a l t e r n a t i v e approach is to make 
app l i cab le to the s o l u t i o n of a probLem in e 
given domein, knowledge belonging to another 
domein. In whet fo l lows we show how t h i s can be 
accomplished by means of mappings between 
concepts pe r t i nen t to the respect ive domains. 
This allows one to view e problem in the 
o r i g i n a l domain 1n terms of concepts def ined in 
the new ( "ex te rna l " ) domain. Since the mappings 
between the o r i g i n a l and ex te rna l domain are 
g iven, t h i s approach does not Invo lve any search 
for analogous problems as 1n the ana log ica l 
methode mentioned above. Although the f e c t the t 
there is a map Impl ies t ha t some kind of 
" s i m i l a r i t y " between the two domains e x i s t s , 
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t h i s s i m i l a r i t y i s only i m p l i c i t , and the 
t ransference process is not d i r e c t l y concerned 
w i th i t . This he6 two important consequences. 
On the one hand, it meke6 it necessary to 
determine whether the epp l i ce t i on of e 
p a r t i c u l a r piece knowledge from the ex terne l 
domain y ie lds v a l i d resu l t s in the o r i g i n a l 
domain. On the other hand, the proposed method 
has the advantage of b r ing ing more diverse 
knowledge to beer on the problem under 
cons idera t ion . 

The not ion of learn ing by t ransference of 
knowledge has been analyzed by Winston, 1978. 
Korf,1980 has s tud ied the problem of 
t ransforming representat ions to obta in those 
tha t y i e l d s i m p l i f i e d s o l u t i o n s . McDermott e t 
a l ,1978 discuss d i f f e r e n t representat ions used 
by experts in so lv ing physics problems. 
McCarthy et al ,1981 have proposed e no t ion of 
mapping to be used for represent ing concepts in 
terms of deformation of p ro to types. 

AN EXAMPLE 

We have developed e problem solver that 
deals w i t h a domain of elementary physics in 
which forces ere appl ied to l i near r i g i d bodies. 
The system knows, for ins tance, tha t " i f forces 
s a t i s f y ce r t a i n cond i t i ons , then the r i g i d body 
is 1n equ i l i b r i um ( in e s t a t i c s sense) . " At some 
po in t in the process of so l v ing a given problem, 
the problem solver produces a diagram, tha t i s , 
a f i g u r e represent ing forces and ob jec ts as 
l i n e s . (McDermott e t a l ,1978 consider tha t t h i s 
is t y p i c a l of humans when so lv ing problems in 
elementary phys i cs ) . Let us assume tha t the 
system has knowledge about symmetry of f igures 
1n the p lane. For ins tance, the system couLd 
know that " i f a f i g u r e is symmetric w i th reBpect 
to some a x i s , then the f i g u r e 1s in equ i l i b r i um 
( in e geometric sense) . " Thus, i f the f i g u r e 
obtained from the problem s a t i s f i e s ce r t a i n 
symmetry cond i t i ons , t h i s knowledge becomes 
app l icab le and may ac tua l l y produce a s o l u t i o n 
to the problem. The learn ing agent may react to 
t h i s s i t u a t i o n by i n i t i a t i n g a learn ing episode 
as a r e s u l t of which the system learns t ha t "1 f 
forces are symmetric w i th respect to some a x i s , 
and s a t i s f y some a d d i t i o n a l cond i t i ons , then the 
r i g i d body is in e q u i l i b r i u m . " Let us consider 
the f o l l o w i n g problem to i l l u s t r a t e the e f f ec t s 
of using knowledge of symmetry: 

"Several forces ere appl ied to e lever . 
Forces F1 , F2, F3 end t h e i r loca t ions 
are known. Suppose tha t the loca t ion of 
fo rce F4 is a lso known. I f the lever is 
In e q u i l i b r i u m , f i n d the magnitude and 
angle o f F4 . " 

Solution 1 

In order to compute fo rce F4 the problem 
solver applies a method based on elementary 
knowledge of phys ics. It makes use of the 
not ions of equ i l i b r i um of forces end equ i l i b r i um 
of moments. The system obta ins the in format ion 
needed to w r i t e the corresponding equat ions, 
wr i tes them, end solves the equat ions. 

In parenthes is , near the Lines, appear the 
names of the components of the physics problem 
tha t are represented by them. In the o r i g i n a l 
problem, the quest ion was to compute the 
magnitude and angle of fo rce F4, assuming the 
lever to be 1n e q u i l i b r i u m . When the problem is 
mapped In to the f i g u r e , the quest ion becomes 
tha t of f i n d i n g the s ize and angle of DLINE4 so 
tha t the f i g u r e Is in equ i l i b r i um ( i n a 
geometric sense). Let us assume tha t the 
locat ions of the forces are such tha t there is 
an ax i s , passing through the center of the l i ne 
represent ing the Lever, w i th respect to which 
d i rec ted l i nes DLINE2 and DLINE3 are symmetric. 
Furthermore, we assume tha t the Locations ( I . e . , 
the coordinates o f the respect ive t a i l s ) o f 
DLINE1 and DLINE4 are also symmetric w i th 
respect to that a x i s . By apply ing knowledge 
about symmetry, the system can determine the 
angle and s ize of DLINE4 so tha t It is symmetric 
to 0LINE1. Finally, e f t e r mapping back DLINE4 
In to force F4 we obta in a so l u t i on to the 
physics problem. 

THIS s o l u t i o n , however, may not be c o r r e c t . 
Even 1f the f i g u r e is symmetric w i th respect to 
a given a x i s , the lever may not be 1n 
e q u i l i b r i u m . In f a c t , 1n the example the 
cond i t i on o f equ i l i b r i um o f forces in the 
v e r t i c a l d i r e c t i o n may be v i o l a t e d by the 
s o l u t i o n . Th is is determined dur ing the 
v a l i d a t i o n s tage. In consequence, the h e u r i s t i c 
of symmetry works co r rec t l y when the problem 
s a t i s f i e s the cond i t i on o f equ i l i b r i um o f forces 
1n the vertical d i r e c t i o n . Other examples given 
below w i l l f u r t he r c l a r i f y t h i s i ssue . 
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4. THE TRANSFER PROCESS 

The example shows how knowledge from one 
domain can be appl ied to another domain. The 
t rans fe r proce66 tha t makes t h i s poss ib le may be 
d iv ided in the fo l l ow ing stages: 

To tes t the f e a s i b i l i t y of t h i s approach we 
are cur ren t l y developing an experimental system, 
and exp la in below how the d i f f e r e n t steges of 
the process are to be ca r r i ed ou t . 

4.1 Mapping a_ problem from the orginal domain 
to the. ex terna l domain 

In a problem so lv ing mode, the system uses 
physics knowledge to solve a problem. In a 
learn ing mode the system t r i e s to explore other 
kinds of knowledge that could be appl ied to 
solve a p a r t i c u l a r problem. This is 
accomplished by using a mapping mechanism to 
p ro jec t a problem Into some externa l domain. In 
a f u l l f ledged system conta in ing knowledge about 
several problem domains and wi th a large number 
of mappings between them, the system should have 
a way of determining, 1n a given s i t u a t i o n , 
which of the mappings should be explored. This 
would help cut down a p o t e n t i a l l y combinator ia l 
explosion of the number of maps tha t could be 
appl ied a t d i f f e r e n t problem so lv ing s teps. In 
our experimental system, however, we are 
p r ima r i l y concerned w i th understanding more 
basic issues, such as the u t i l i z a t i o n of the 
maps themselves and how the app l i ca t i on of 
ex te rna l knowledge can be v e i l dated. 

Let us suppose tha t in the domain of 
f igures there ere several pieces of know Ledge. 
For Instance, knowledge about symmetry, as 
Ind ica ted above; knowledge about s i m p l i f y i n g a 
f i g u r e by p ro jec t i ng i t In some d i r e c t i o n 
(Figure 2a); or knowledge about s i m p l i f y i n g a 
f i g u r e by e l im ina t ing par ts o f i t (Figure 2b) . 
These become app l icab le once the probLem has 
been appropr iate ly mepped to the domain to which 
they belong. 

In the case of the problem discussed above, 
several maps are necessary: to map l inear r i g i d 
bodies In to Line segments, forces i n t o d i rec ted 
Lines, end questions i n to quest ions. A map has 
the f o l l ow ing general form: 

This map s ta tes t ha t an Instance of c l ass1 , 
belonging to the o r i g i n a l domain, can be mapped 
In to an instance of c lass2, belonging to the 
ex terna l domain. The " i den t i ce l p rops " component 
of the map contains a l i s t of pairs of 
p roper t ies of the des t ina t ion and source 
instances tha t have the same value. The 
" t rans fo rmat ions" component of the map conta ins 
e l i s t of pa i r s , composed of p roper t ies of the 
des t ina t ion instance and procedures tha t may be 
used to compute t h e i r values (possibly using 
p roper t ies of the source) . Let us i l l u s t r a t e 
the not ion of e map wi th an example: 

The map ind i ca tes how a FORCE can be mapped 
i n t o a DLINE. For Instance, the LENGTH of the 
DLINE is equal to the MAGNITUDE of the fo rce , 
and the "X" of the DLINE ( i . e . , the ho r i zon ta l 
component of He t a i l ) can be found by 
a c t i v a t i n g a procedure whose descr ip t ion appears 
above. The s p e c i f i c form that the mapping 
process takes depends on how knowledge is 
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represented, and how problems are descr ibed. In 
the h i e r a r c h i c a l , schema-based representa t ion 
tha t we have used to Implement the problem 
so lve r , the process cons is ts of performing the 
mappings of Instances in a car ta in order , end 
propagat ing t h e i r e f f ec t s along the way. 

4.2 Apply ing Externa l Knowledge 

Up to t h i s p o i n t , ex te rna l knowledge has 
been useless to the system. I t Is present , but 
since it is formulated in terms of concepts 
d i f f e r e n t from those in which the problem 1s 
represented, it cannot be U6ed in eny wey. Once 
the mappings are app l i ed , however, p r o j e c t i o n of 
the problem In to the ex terna l domain becomes 
a v a i l a b l e , and the ex te rna l knowledge cen now be 
u t i l i z e d . 

4.3 Mapping back to the. Original Domain 

To cont inue w i th the example given above, 
l e t us assume tha t knowledge about symmetry is 
app l i ed . A f t e r t h a t , i t is necessary to map the 
resu l t s obtained to the o r i g i n a l domain. This 
is ca r r i ed out in a manner s i m i l a r to the f i r s t 
stage. In the example DLINE4 has to be mapped 
back to F4. 

4 .4 V a l i d a t i n g the Transference o f External 
Knowledge 

A f te r the f i r s t three stages have been 
completed, the problem so lv ing process continues 
in the o r i g i n a l domain. I f the problem has not 
been completely so lved, physics knowledge 
ava i l ab l e there is app l i ed , and a s o l u t i o n is 
eventual ly ob ta ined. The system, however, 
cennot teke fo r granted the correctness of t h i s 
s o l u t i o n . Whet it cen do is assume tha t If a 
problem s a t i s f i e s c e r t a i n cond i t i ons , the use of 
ex terna l knowledge w i l l produce cor rec t r e s u l t s . 
In t h i s case the learn ing agent I n i t i a t e s a 
process to discover those cond i t i ons . 

Let us consider now the cond i t ions fo r the 
cor rec t app l i ca t i on of the three pieces of 
ex te rna l knowledge mentioned 1n 4 . 1 . For 
symmetry knowledge, the cond i t i on is the 
e q u i l i b r i u m of forces 1n the v e r t i c a l d i r e c t i o n . 
(Since the f i g u r e was found to be symmetric w i th 
respect to e v e r t i c a l a x i s , symmetry knowledge 
Is not enough to es tab l i sh equ i l i b r i um in the 
v e r t i c a l d i r e c t i o n ) . The h e u r i s t i c o f 
" p r o j e c t i n g a l ine in a h o r i z o n t a l d i r e c t i o n " 
w i l l work c o r r e c t l y i f a l l the forces app l ied t o 
the lever are v e r t i c a l . ( I f there were ob l ique 
o r h o r i z o n t a l fo rces , t h e i r h o r i z o n t a l 
components would produce moments 1n the i n c l i n e d 
lever but not 1n I t s ho r i zon ta l p r o j e c t i o n , 
producing i nco r rec t r e s u l t s ) . For the h e u r i s t i c 
o f e l i m i n a t i n g p a r t s o f a f i g u r e , the cond i t i on 
is t ha t the lever have no weight (because i f the 
lever had weight , a f t e r removing par t of 1 t , 
t ha t weight would change, Leading to Inco r rec t 
r e e u l t a ) . 

We ere cu r ren t l y developing a component of 
the system tha t determines those cond i t i ons . 
The basic idea is t ha t the so l u t i on obtained by 
apply ing only physics knowledge be compared to 
the solution produced when using knowledge from 
the ex te rna l domain. I f the so l u t i on is 
co r rec t , the problem being solved is an Instance 
of a "problem type" charac ter ized by the f ac t 
tha t a p a r t i c u l a r piece of ex terna l knowledge 
can be co r rec t l y appl ied to I t s problem 
instances. Then, using appropr ia te h e u r i s t i c s , 
the system explores the problem domain in an 
attempt to a r r i v e at a desc r ip t i on of tha t 
problem type . This desc r i p t i on is p rec ise ly the 
cond i t i on o f a p p l i c a b i l i t y o f the s p e c i f i c piece 
of knowledge used in the so lu t i on of the 
problem, and must be added to the cond i t ions it 
already had. 

5. DISCUSSION AND CONCLUSIONS 

We have examined a Learning mechanism based 
on the t ransference of knowledge between 
domains. The system learns tha t knowledge of an 
ex te rna l domain can be appl ied to solve problems 
in the o r i g i n a l domain. I t also learns tha t in 
order fo r t h i s a p p l i c a t i o n to be success fu l , the 
problems have to s a t i s f y c e r t a i n cond i t i ons . We 
th ink tha t the proposed method has wide 
a p p l i c a b i l i t y , and have found tha t several 
pieces of knowledge in the domain of " f i g u r e s " 
can be t r ans fe r red to the physics domain. For 
ins tance, knowledge about how to " s imp l i f y a 
f i g u r e by p r o j e c t i n g i t in some d i r e c t i o n " , or 
how to " s i m p l i f y a f i g u r e by ignor ing par ts of 
i t " , e tc , cen be successfu l ly used in the 
physics domain. 

To t es t the f e a s i b i l i t y of t h i s approach, 
we are developing an experimental system. The 
problem solver works in the domain of elementary 
s t a t i c s , handl ing problems of equi Libr ium of 
r i g i d -bod ies subject to ex te rne l fo rces . The 
implementation of the f i r s t three stages of the 
t rans fe r process has been completed, and the 
Implementation of the v a l i d a t i o n stage is under 
wey. A f t e r t h i s Last stege 1s completed, we 
Intend to cerry out experiments using mors 
knowledge about the domain of f i g u r e s , and then 
apply the method to other external domains. 

The process we heve presented presupposes 
the existence o f the maps. I t seems ne tu ra l to 
assume tha t a physics problem solver should know 
how to produce a diagram corresponding to a 
physics problem. An Important problem, however, 
is to determine the o r i g i n of these maps. This 
Leeds to the no t ion of a "map generat ing 
process" , In which, concepts 1n d i f f e r e n t 
domains are exemined fo r t h e i r degree of 
" s i m i l a r i t y " , to determine p o t e n t i a l l y usefu l 
maps. The ana lys is of t h i s "map generat ing 
process" i s a s i g n i f i c a n t t op i c fo r f u tu re 
raaearch. 
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