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A b s t r a c t 

T h i s p a p e r d i s c u s s e s t h e p r o b l e m s o f mak ing 
a l g o r i t h m s ' t r a n s p a r e n t ' . The app roach t a k e n has 
been t o d e f i n e a Forma l Language f o r t h e p r o b l e m 
doma in w h i c h d e s c r i b e s t h e m a i n s t e p s i n t h e 
a l g o r i t h m under d i s c u s s i o n . T h i s Forma l Language 
has been used i n a sys tem w h i c h a l l o w s t h e s t u d e n t 
t o e n q u i r e a b o u t s e l e c t e d p a r t s o f t h e a l g o r i t h m 
and i n a f a c i l i t y w h i c h comments o n t h e s t u d e n t ' s 
e x p l a n a t i o n s o f c e r t a i n p a r t s o f t h e a l g o r i t h m . 
Some i n d i c a t i o n i s g i v e n a s t o how t h e s y s t e m ' s 
f a c i l i t i e s can b e e x t e n d e d t o answer a f u r t h e r 
r ange o f q u e s t i o n s , b u t i t i s c o n c l u d e d t h a t i n 
o r d e r t o make s u b s t a n t i a l p r o g r e s s i n t h i s p u r s u i t 
a s i n g l e r e p r e s e n t a t i o n f o r a l g o r i t h m s i s r e q u i r e d 
w h i c h can be b o t h e x e c u t e d and used as a b a s i s f o r 
e x p l a n a t i o n s . 

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

T h e r e a r e c l e a r l y two m a j o r d r i v i n g f o r c e s i n 
t h e f i e l d o f g e n e r a t i v e CAI (Computer A s s i s t e d 
I n s t r u c t i o n ) ; n a m e l y , t h e p r a c t i c a l one o f i m p l e 
m e n t i n g sys tems w h i c h a r e c a p a b l e o f p r o d u c i n g 
t e a c h i n g m a t e r i a l , and s e c o n d l y t h e i n t e r e s t o f 
t h e A I ( A r t i f i c i a l I n t e l l i g e n c e ) p r a c t i t i o n e r s who 
seek t o r e p l i c a t e v a r i o u s f a c e t s o f i n t e l l i g e n t 
b e h a v i o u r ( t e a c h i n g c l e a r l y b e i n g one such a c t i v i t y ) , 
G e n e r a t i v e CAI sys tems have used e s s e n t i a l l y two 
t y p e s o f know ledge b a s e s : Semant i c Ne t s and A l g o 
r i t h m s . I n t h i s paper w e s h a l l b e c o n c e r n e d o n l y 
w i t h t h e l a t t e r t y p e and w e s h a l l see t h a t , g i v e n 
a n a l g o r i t h m w h i c h i s a b l e t o s o l v e p r o b l e m s i n a 
p a r t i c u l a r d o m a i n , i t e n a b l e s t h e sys tem t o o f f e r 
a r ange o f t e a c h i n g modes. These c a p a b i l i t i e s can 
b e d i v i d e d i n t o t h r e e l e v e l s o f s o p h i s t i c a t i o n 
w h i c h a r e r e p r e s e n t e d b y t h e a b i l i t y t o : 

( i ) T e l l t h e s t u d e n t whe the r o r n o t h i s 
s o l u t i o n i s c o r r e c t . 

( i i ) Show t h e s t u d e n t how t h e a l g o r i t h m 
w o u l d s o l v e t h e same p r o b l e m ( t h i s 
i s e s s e n t i a l l y showing t h e s t u d e n t 
t h e t r a c e o f t h e a l g o r i t h m ) . 

( i i i ) Debug t h e s t u d e n t ' s e x p l a n a t i o n o f 
how t h e a l g o r i t h m , o r p a r t o f t h e 
a l g o r i t h m w o r k s . 

* T h i s i s a r e v i s e d v e r s i o n o f a paper g i v e n a t 
t h e SSRC "Compute rs i n E d u c a t i o n " Seminar h e l d 
a t t h e U n i v e r s i t y o f W a r w i c k , UK, J u l y 1976. 

The ma in p r o b l e m w i t h l e v e l one sys tems i s 
d e c i d i n g w h e t h e r o r n o t t h e answer g i v e n b y t h e 
s t u d e n t i s e q u i v a l e n t t o t h a t g e n e r a t e d b y t h e 
a l g o r i t h m . I n g e n e r a l , t h i s i s a n o n - t r i v i a l 
t a s k : b u t s o f a r a r e a s have been chosen where t h e 
answer r e q u i r e d i s a number o r a s i m p l e l i t e r a l and 
hence t h i s d i f f i c u l t y has been a v o i d e d (see f o r 
i n s t a n c e U h r [ 1 ] ) . P e p l i n s k i l 2 ] has imp lemen ted a 
second l e v e l sys tem w h i c h g i v e s s t u d e n t s l i n e a r 
e q u a t i o n s t o s o l v e and r e q u i r e s them t o r e s p o n d 
w i t h t h e v a l u e f o r t h e unknown. A f t e r a number o f 
u n s u c c e s s f u l a t t e m p t s , t h e p rog ram p r e s e n t s t h e 
s t u d e n t w i t h a l l t h e s t e p s w h i c h t h e a l g o r i t h m p e r 
f o rms i n s o l v i n g t h e p r o b l e m . I n t h i s pape r w e 
s h a l l d i s c u s s a sys tem w h i c h p r e s e n t s t h e s t u d e n t 
w i t h t h e t r a c e o f t h e a l g o r i t h m and t h e n a l l o w s h im 
t o d i s c u s s c e r t a i n a s p e c t s o f t h i s i n f o r m a t i o n . 
F u r t h e r , w e w i s h t o c o n s i d e r t h e t h i r d and m o r e 
c h a l l e n g i n g p r o b l e m o f d e s i g n i n g a sys tem t o comment 
o n (debug) t h e s t u d e n t ' s e x p l a n a t i o n s . 

The sys tem we have i m p l e m e n t e d assumes t h a t 
t h e s t u d e n t s a r e f a m i l i a r w i t h t h e a l g o r i t h m b u t 
may need some a s s i s t a n c e i n e x t r a c t i n g t h e e s s e n t i a l 
i n f o r m a t i o n f r o m t h a t p r e s e n t e d f o r a p a r t i c u l a r 
p r o b l e m , and t h a t t h e s t u d e n t s may need some h e l p 
i n Processing t h i s i n f o rma t i on . Suppose t ha t the 
given a lgor i thm conta ins *N' sequent ia l processes, 
P1 to Pn: suppose t h a t the essen t i a l fea tu re of 
the f i r s t N-1 processes is t h a t each ca l cu la tes the 
value of a v a r i a b l e , say V1 to V n - 1 , and f u r t h e r 
suppose t h a t the essen t i a l fea tu re of the Nth p ro 
cess is to c a l c u l a t e the value of a f u r t h e r va r iab le , 
Vn using the values of the va r i ab les V1 to V n - 1 . 
I f the student requests help about t h i s a l go r i t hm , 
it seems reasonable to present him w i t h a TRACE 
which cons is ts of N-l f ac t s ( va r iab le values) and 
a s ing le DEDUCTION, the value of the Nth v a r i a b l e . 
(This in fo rmat ion is r e f e r r e d to as the S y s t e m ' s 
TRACE and t h i s f a c i l i t y as the HELP mode.) C l e a r l y , 
the form of the TRACE w i l l depend upon the a lgor i thm 
being discussed and w i l l usua l l y be a ser ies of 
in terspersed FACTS and DEDUCTIONS. On the other 
hand, whatever the form of the TRACE i t is poss ib le 
t h a t the HELP provided would not be at a s u f f i c i e n t 
l e v e l of d e t a i l and so the student would want to ask 
some subs id ia ry quest ions about the var ious s t a t e 
ments. This can be viewed as the student asking 
f o r more d e t a i l e d in fo rmat ion about one of the p ro 
cesses. I d e a l l y , the student would be able to 
f u r t h e r query t h i s second- level i n fo rmat ion and so 
on u n t i l a l l h i s quer ies are answered. 
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E s s e n t i a l l y , t h i s f a c i l i t y has been designed 
to he lp the student determine the short-comings in 
h i s understanding o f the a lgor i thm ( i . e . t o he lp 
him 'debug' h i s a l g o r i t h m ) . However, we can a t 
tempt to do t h i s more d i r e c t l y by g e t t i n g him to 
o u t l i n e the essen t i a l fea tures o f the a lgo r i t hm (or 
sec t ion of the a lgor i thm) and f o r the system to 
comment on the s tuden t ' s exp lana t ion . There are a 
number of r e s u l t s which i nd i ca te t h a t t h i s is a 
powerfu l teaching approach ( fo r instance see Pask 
[ 3 ] ) . Fur ther , designing such a system is a c h a l 
leng ing problem from the p o i n t o f view o f A I / 
Computer Science. Looking again at the problem of 
Fo l lowing the Student 's Reasoning from the p e r 
spect ive in t roduced when d iscuss ing the HELP mode, 
we could say t h a t the ob j ec t i ve is to i n f e r from 
the s tuden t ' s response a ser ies of FACTs and DEDUC
TIONS and to compare these w i t h the TRACE of the 
a lgo r i t hm when i t at tempts to solve t h e same 
problem. 

Although we are t a l k i n g about the d iscuss ion 
of a lgor i thms in genera l , we w i l l take examples 
from a system which helps students i n t e r p r e t NMR 
(Nuclear Magnetic Resonance) spec t ra . The student 
is presented w i t h a spectrum and a molecular formula, 
and he has to pos tu la te a maolecular s t r u c t u r e which 
exp la ins the spectrum given the cons t ra i n t s of the 
molecular formula and the var ious ru l es which apply 
i n t h i s phys ica l domain. I t i s usual t o consider 
the i n t e r p r e t a t i o n of NMR spectra as P sub-problems, 
namely the s p e c i f i c a t i o n of P groups which c o n 
s t i t u t e the molecule. A d i s t i n c t i v e fea ture o f 
the i n t e r p r e t a t i o n procedure i s t h a t i t i s not 
always poss ib le to spec i fy a unique s o l u t i o n f o r a 
p a r t i c u l a r sub-problem. In these cases one could 
se lec t a ' s o l u t i o n ' to a sub-problem, and proceed 
u n t i l the problem is solved or one r e a l i z e s t ha t a 
basic c o n s t r a i n t has been v i o l a t e d : a f t e r a v i o 
l a t i o n , one backtracks and se lec ts an a l t e r n a t i v e 
s o l u t i o n to a sub-problem. E s s e n t i a l l y , we a r e 
suggest ing t h a t a d e p t h - f i r s t search is a ' n a t u r a l ' 
way to solve these tasks [ 4 ] . 

I n order to d iscover the d i f f i c u l t i e s w h i c h 
students experience when they f i r s t encounter t h i s 
t a s k , we asked a dozen or so such students to work 
a ser ies o f problems record ing a l l the stages of 
t h e i r s o l u t i o n s . On analys ing these p ro toco ls we 
noted t h a t the students were o f t e n unaware t h a t a 
s o l u t i o n to a sub-problem v i o l a t e d a c o n s t r a i n t and 
so they cont inued so l v i ng the problem a f t e r they 
had g iven an.unacceptable s o l u t i o n to a sub-problem. 
Secondly, i t was noted t h a t many students were un
able to handle the backt rack ing inherent i n t h e 
search and t h a t they f requen t l y omi t ted to r e t u rn 
the ' resources ' used in the steps through which 
they had backtracked. As a r e s u l t of t h i s ana lys is 
we implemented a system which cons t ra ins the student 
to f o l l o w a cons is ten t s t ra tegy (namely d e p t h - f i r s t 
search) , which t e l l s him whether h i s s o l u t i o n to a 
sub-problem is acceptable and provides him w i t h a 
number of SOCRATIC f a c i l i t i e s . (We r e f e r to t h e 
s tuden t ' s s o l u t i o n to a sub-problem as an assert ion.) 
The SOCRATIC f a c i l i t i e s inc ludes the HELP f a c i l i t y , 
which as i nd i ca ted above provides the student w i t h 
a h i n t as to how to proceed in so l v ing the next 
sub-problem. The EXPLAIN f a c i l i t y , which is on ly 

a v a i l a b l e a f t e r an i n c o r r e c t a s s e r t i o n , po in ts ou t 
why the l a s t asse r t i on i s unacceptable. T h i s 
exp lanat ion may merely invo lve p o i n t i n g out the r u l e 
which has been v i o l a t e d or i t may be necessary to 
demonstrate t h a t g iven the l a s t asser t i on i t i s not 
poss ib le to f i n d a s o l u t i o n which is cons is ten t w i t h 
the data and which does not v i o l a t e a phys ica l r u l e . 
(To reach t h i s conc lus ion i t i s necessary to produce 
a l l poss ib le so lu t i ons to the problem and hence t h i s 
f a c i l i t y needs access to the a l go r i t hm , BUILD, which 
can perform an exhaust ive search of the problem 
space.) The reader is r e f e r r e d to [4] fo r f u r t h e r 
d iscuss ion of these f a c i l i t i e s and f o r an extensive 
system's p r o t o c o l . 

2. The Extended HELP F a c i l i t y 

In order to implement both the extended HELP 
and the FSR f a c i l i t i e s we def ined a FL ( F o r m a l 
Language) which descr ibes the major steps in the 
a lgo r i thm ( i nc lud ing the t o p i c s which we wish the 
student to d i scuss ) . Thus in t h i s f o rmu la t i on , 
g i v i n g the student HELP cons is ts of execut ing the 
a l g o r i t h m , BUILD, in a spec ia l mode which creates 
a TRACE: the TRACE is then re turned to the HELP 
process which in t u r n c a l l s a f u r t h e r a lgor i thm 
t h a t converts the FL statements i n t o reasonable NL 
(Natural Language). The FL to NL conversion 
a lgo r i thm is discussed by Hend ley [5 ] . Figure 1 
g ives a p ro toco l f o r the HELP f a c i l i t y showing the 
basic HELP and the subs id ia ry quer ies which can be 
answered by the system: Figure 2 shows the FL 
statements which correspond to these var ious TRACEs. 
In t h i s system the FL statements have been embedded 
in the a lgor i thm and these statements, together w i t h 
appropr ia te values are appended to the TRACE when 
c e r t a i n cond i t i ons are s a t i s f i e d . (Essen t i a l l y a 
parameter i nd i ca tes wh ich , i f any, of the TRACEs is 
to be created. ) 

If we now i n t e r p r e t Figures 1 and 2 in terms 
of the more general schema g iven in Sect ion 1, we 
see t h a t here we have th ree processes. P1 cor 
responds to a process which determines the group 's 
va lency, P2 determines the group 's i n t e r a c t i o n and 
P3 determines the s e l e c t i o n of the group. Thus 
Dialogue (a) of F igure 1 corresponds to the ' r e s u l t ' 
of P I , the ' r e s u l t ' of P2 and the consequent decision 
made by P3. Dialogue (b) shows in more d e t a i l how 
P1 ca lcu la tes i t s r e s u l t : s i m i l a r l y , Dialogue (c) 
g ives a more d e t a i l e d exp lanat ion f o r the r e s u l t of 
P2. F i n a l l y , Dialogue (d) provides more d e t a i l s 
about how P3 reached i t s r e s u l t ( t h i s process makes 
use of the r e s u l t s from P1 and P2 and ' g l o b a l l y ' 
a v a i l a b l e i n f o r m a t i o n ) . These dialogues a lso b r i n g 
out two f u r t h e r po in t s which were not mentioned in 
our i n i t i a l d iscuss ion i n Sect ion 1 . F i r s t l y , the 
dia logues show how the system is able to cope w i t h 
dec is ion making, i . e . how i t handles c o n d i t i o n a l 
statements. We see in these pro toco ls t h a t the 
c o n d i t i o n a l statement is presented as a FACT, the 
re levan t v a r i a b l e values are given as a se r ies of 
FACTs fo l lowed by the DEDUCTION. (For example, 
see Dialogues (b) and (c) of Figure 1.) Secondly, 
these same dia logues show t h a t we are dea l i ng w i t h 
two types of FACTs, namely equations and p a r t i c u l a r 
values of v a r i a b l e s . So f a r we have on ly a l lowed 
the student to i n i t i a t e more d e t a i l e d d iscuss ion 
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*HELP PLEASE 
PARSES TO:(HELP) 

THE VALENCY OF THIS GROUP IS 1 OR 2 
AND THE INTERACTION OF THIS GROUP IS 2. 
SO THE L IST OF POSSIBLE GROUPS IS (C H 2) . 

b) 
INPUT YOUR OPTION .-VALENCY 

IF THE LENGTH OF THE CHAIN IS 0 
THEN THE VALENCY OF THIS GROUP IS 1 

OTHERWISE THE VALENCY OF THIS GROUP IS 1 OR 2. 
THE MOLECULE SO FAR IS ( (C H 3) ) . 
SO THE LENGTH OF THE CHAIN IS NOT 0. 
SO THE VALENCY OF THIS GROUP IS 1 OR 2. 

c) 
INPUT YOUR OPTION:INTERACTION 

IF THE INTERACTION OF THE LAST GROUP IS 0 
THEN THE INTERACTION OF THIS GROUP IS UNKNOWN 
OTHERWISE THE INTERACTION OF THIS GROUP IS THE 
SPLITTING OF THE LAST GROUP - THE INTERACTION 
OF THE PREVIOUS GROUP. 

THE INTERACTION OF THE LAST GROUP IS NOT 0. 
AND THE SPLITTING OF THE LAST GROUP IS 2. 
AND THE INTERACTION OF THE PREVIOUS GROUP IS 0. 
SO THE INTERACTION OF THIS GROUP IS 2. 

d) 
INPUT YOUR OPTION:SELECTION 

THE REMAINING MOLECULAR FORMULA IS C 3 H 5 0. 
SO THE L IST OF POSSIBLE GROUPS IS (C H 3) (0 H) 
(C H 2) (C H 0) (C 0) (0) . 

THE L IST OF REMAINING SPECTRA IS (2 3) (3 0 ) . 
SO THE L IST OF POSSIBLE GROUPS IS (C H 3) (C H 2) 
(C 0) ( 0 ) . 

THE VALENCY OF THIS GROUP IS 1 OR 2. 
SO THE L IST OF POSSIBLE GROUPS IS (C H 3) (C H 2) 
(C 0) (0) . 
THE INTERACTION OF THIS GROUP IS 2. 
SO THE L IST OF POSSIBLE GROUPS IS (C H 2) . 

INPUT YOUR OPTION:CONTINUE 

F igure_1_ 

A sys tem p r o t o c o l showing 
t h e e x t e n d e d HELP f a c i l i t y . 

(The s t u d e n t ' s r e s p o n s e s a r e u n d e r l i n e d ) 

b) 

c) 

d) 

F V[TG] = 1 V 2 
F l [ T G ] = 2 
T PG = ( (C H 2 ) ) 

F IF LENGTH(MOD=0 THEN v [TG ] = 1 ELSE 
V[TG] 1 v 2 

F MOL = ( (C H 3 ) ) 
T LENGTH(MOL) # 0 
T V[TG] = 1 V 2 

F IF l [ L G ] = 0 THEN I [ T G ] =U ELSE 
l [ T G ] = S [ L G ] - l [ P G l 

F l [ L G ] # 0 
F SLLG] = 2 
F I [ P G ] = 0 
T l [ T G ] = 2 

F RMFR = (C 3 H 5 0) 
T PG = ((C H 3) (C H 2) (C 0) (0) (0 H) (C H 0) ) 

F RSPC = ( ( 2 3) (3 0 ) ) 
T PG = ( (C H 3) (C H 2) (C 0) ( 0 ) ) 

F V[TG] = 1 V 2 
T PG - ( (C H 3) (C H 2) (C 0) ( 0 ) ) 

F i t T G ] = 2 
T PG = ( (C H 2 ) ) 

F i g u r e _ 2 

Fo rma l Language s t a t e m e n t s , p r o d u c e d by 
t h e BUILD a l g o r i t h m i n r e s p o n s e t o t h e 
v a r i o u s r e q u e s t s f o r HELP i n F i g u r e 1 . 

a ) C o r r e s p o n d s to a r e q u e s t f o r b a s i c HELP 
b ) To a d i s c u s s i o n o f t h e g r o u p ' s v a l e n c y 
c ) T o a d i s c u s s i o n o f t h e g r o u p ' s i n t e r a c t i o n 

and 
d) To a s e l e c t i o n of a g r o u p . 

S p e c i a l i z e d S y s t e n s - 1 : 
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about DEDUCTIONS and v a r i a b l e values ( i . e . i t is 
not poss ib le f o r a student to ask fo r an explana
t i o n of an equa t ion ) . 

3. Fo l lowing the Student 's Reasoning 

So f a r three sect ions of the a lgo r i t hm have 
been considered in t h i s way: the s p l i t t i n g of a 
peak, the s e l e c t i o n of a group and the j u s t i 
f i c a t i o n of an asse r t i on ( i . e . a s o l u t i o n to a sub-
problem) . These three tasks were se lected because 
they were considered to be s u f f i c i e n t l y d i f f e r e n t 
from each o t h e r , but to have s i m i l a r i t i e s w i t h 
other tasks which e x i s t in the domain. However, 
on ly one of these t asks , the s p l i t t i n g of a peak, 
i s discussed here. 

(a) The s p l i t t i n g of t h i s group is greater or 
equal to the i n t e r a c t i o n o f the l a s t group. 
The i n t e r a c t i o n of the l a s t group equals 0 
the re fo re the s p l i t t i n g o f t h i s group i s 
greater than or equal to 0. 

(b) The s p l i t t i n g of t h i s group is greater or 
equal to 0 because the s p l i t t i n g o f t h i s 
group i s g reater o r equal t o the i n t e r 
ac t i on of the l a s t qroup and because the 
i n t e r a c t i o n o f the l a s t group is equal to 0 . 

(c) The s p l i t t i n g of t h i s group is g reater or 
equal to 0 because the i n t e r a c t i o n of the 
l a s t group equals 0. 

(d) The s p l i t t i n g of t h i s group is 0 because 
the s p l i t t i n g o f t h i s group i s equal t o 
the i n t e r a c t i o n of the l a s t group and the 
i n t e r a c t i o n o f the l a s t group is equal to 0 . 

Figure 3 
Gives p ro toco ls fo r a student reasoning 

about peak s p l i t t i n g 

3.1 FSR = SPL: Discussing the S p l i t t i n g of a Peak 

In Figure 3, we see p ro toco ls of s tudents ' 
reasoning about the s p l i t t i n g of a peak. These 
p ro toco ls were c o l l e c t e d by modi fy ing our o r i g i n a l 
system so t h a t the student was asked to type in an 
exp lanat ion f o r the value he had g iven f o r t h e 
s p l i t t i n g before the system t o l d him whether or not 
h i s asse r t i on was c o r r e c t . These responses were 
then analysed 'manual ly ' and we subsequently de
signed and implemented the FSR mode which comments 
on such exp lanat ions . In t h i s mode the a lgor i thm 
would r e t u r n the f o l l o w i n g TRACE: 

F S[TG] >= I [LG] 
F l [LG] = n 
T S[TG] >= n 

t h a t is the TRACE con ta ins : 

( i ) a basic equat ion which holds fo r the 
problem-domain, FACTl. 

( i i ) a value f o r a p a r t i c u l a r v a r i a b l e , FACT2. 
( i i i ) a deduct ion , D. 

I f we look again at the dialogues g iven in Figure 3 
we see t h a t : 

argument (a) is e s s e n t i a l l y FACTl, FACT2 and D. 
argument (b) is e s s e n t i a l l y D, FACTl and FACT2. 
argument (c) is D and FACT2 ( i . e . FACTl is 

om i t t ed ) . 
argument (d) is e s s e n t i a l l y an i n c o r r e c t form 

of FACTl, FACT2 and a cons i s ten t , and hence 
i n c o r r e c t deduc t ion , D ' . 

For the moment, we have implemented a compari
son a lgo r i thm fo r each of the tasks which can be 
considered by the FSR f a c i l i t y . The comparison 
a lgo r i thm f o r t h i s task should obv ious ly accept 
' i n v e r t e d ' arguments such as Dialogue (b) of F i g . 3 . 
( In our present system the ' s t a n d a r d i s a t i o n ' o f 
the order of the FL statements is performed by the 
NL to FL conversion a lgo r i t hm [ 5 ] ) . On the other 
hand, the comparison a lgo r i thm should po in t out the 
inaccurac ies of i n fo rmat ion g iven in arguments such 
as (d) and poss ib l y the incompleteness of arguments 
such as ( c ) . The comparison a lgor i thm fo r t h i s 
task makes the f o l l o w i n g ' t e s t s ' on the s tuden t ' s 
TRACE: 

FACTl ( i ) Checks t h a t t h i s argument inc ludes the 
s p l i t t i n g o f t h i s group, 

( i i ) I f necessary i n v e r t s the f a c t so t ha t 
st [TG] is the ' s u b j e c t ' 
eg. F l [LG] <= S [ T G ] is transformed to 

F StTG] >= ILLG]. 
( i i i ) I f I [ L G ] i s not mentioned i n the ( t r ans 

formed) FACTl, then the system checks 
whether the i tem which is mentioned can 
be transformed i n t o i t . (Note, g iven 
t h i s domain the Area of peak, the number 
of Hydrogens on a group and the I n t e r 
a c t i o n of a group are numer ica l ly equal . ) 

( iv ) Checks the r e l a t i o n s h i p is >= . 

FACT2 (This may be om i t t ed : whether the complete 
argument i s co r rec t o r i n c o r r e c t t h i s 
omission is po in ted out to the user. ) 

( i ) Checks to see whether l [ L G ] , or i t s 
equ iva len t , i s present , 

( i i ) Checks t h a t a numerical value is g iven , 
( i i i ) Checks the numerical value against t h a t 

g iven in the TRACE. 

DEDUCTION 
( i ) 

( i i ) 

( i i i ) 
( i v ) 

Checks t h a t the s p l i t t i n g o f t h i s group, 
StTG] is the ' s u b j e c t ' o f the conc lus ion . 
Checks the co r rec t r e l a t i o n s h i p , i n t h i s 
case >= is g i ven . 
Checks t h a t a numerical value is g i ven . 
Checks the numerical value against t h a t 
g iven in the TRACE. 

The p ro toco l g iven in Figure 4 i l l u s t r a t e s 
some of the fea tures of the comparison a lgo r i t hm 
discussed above. Dialogue (a) merely i l l u s t r a t e s 
the a b i l i t y of the NL to FL i n t e r f ace to cope w i t h 
arguments where the DEDUCTION precedes the FACTs. 
In Dialogue (b) the system transforms FACTl i n t o 
standard format and f u r t h e r checks t h a t the area 
o f the l a s t group i s r e l a t e d to the i n t e r a c t i o n o f 
the l a s t group: f i n a l l y the system po in ts out t h a t 
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the value deduced f o r the s p l i t t i n g i s i ncons i s ten t 
w i t h the va lue g iven e a r l i e r . Dialogue (c) i l l u s 
t r a t e s t h a t the comparison a lgo r i t hm r e j e c t s a rgu
ments which do not conta in the (basic) F A C T l . 
Having some simple c r i t e r i a f o r r e j e c t i n g completely 
i r r e l e v a n t arguments i s obv ious ly very h e l p f u l as i t 
saves a great deal of unnecessary a n a l y s i s . On the 
o ther hand, one might argue w i t h considerable j u s t i 
f i c a t i o n t h a t the comparison a lgo r i t hm should accept 
the argument FACT2 and DEDUCTION. We s h a l l d iscuss 
in Sect ion 4 how t h i s comparison a lgo r i t hm could be 
made more powerful and more general purpose. 

The reader w i l l have no t i ced in Figure 4 t h a t 
a f t e r the student has typed h i s arguments the 
system responds by t yp ing a 'paraphrase' and asks 
the user whether i t i s acceptab le . This ' pa ra 
phrase' is the NL equ iva len t of the FL statements 
which the system has ex t rac ted from the s tuden t ' s 
response. ( In f a c t , the FL to NL a lgo r i t hm used 
here is the same as t h a t used by the HELP f a c i l i t y . ) 
The reason f o r present ing the student w i t h the 
•paraphrase' i s t h a t in the case o f h i s i npu t being 
mishandled by the system, t h i s fea tu re a l lows the 
student to prevent the ana lys is of an erroneous 
argument. Secondly, i t was f e l t t h a t the ' pa ra 
phrase' might he lp the student r e s t a t e arguments 
which were mishandled by the system, and t h i r d l y 
i t was a very use fu l d iagnos t i c dur ing the debugging 
phase. 

3.2 Natura l Language to Formal Language Conversion 
A lgor i thm 

At an ea r l y s tage, we rea l i zed tha t i t was not 
f e a s i b l e f o r students to express t h e i r arguments in 
a FL as t h i s was l i k e l y to i n t e r f e r e appreciably 
w i t h t h e i r problem so lv ing and d i s t o r t t h e i r ex
p l ana t i ons . Hence it was decided tha t some form 
of NL i n t e r f a c e was necessary. It was c lear t ha t 
keyword matching techniques would be inadequate fo r 
ana lys ing s tudents ' arguments, but we were able to 
c l a s s i f y the t o p i c s encountered in these arguments 
as a ser ies of semantic e n t i t i e s . Essen t i a l l y 
t h i s s i t u a t i o n resembles tha t encountered in the 
SOPHIE System[6] , and so we also implemented a 
Fuzzy Semant ica l ly d r i ven parser . The grammar 
which our parser uses is the FL f o r the sec t ion of 
the a lgo r i t hm which we expect the student to d i s 
cuss. Never the less, the parser can accept sen
tences which are both i r r e l e v a n t and which con ta in 
inappropr ia te r e l a t i o n s h i p s / v a l u e s (eg. see Dia 
logue (c) o f F igure 4 ) . S i m i l a r l y , t h i s parser 
would accept the sentence: 

The i n t e r a c t i o n of the l a s t group is CH3. 

Comments on a s tuden t ' s arguments are made by 
rou t ines which have more spec ia l i sed knowledge of 
the domain, namely the comparison a lgor i thms. For 
example, g iven the above sentence t h i s comparison 
a lgor i thm would p o i n t out t h a t a numerical value 
is expected. (The NL-FL programs used in t h i s 
system are discussed in [5 ] and w i l l be discussed 
more f u l l y in a separate paper.) 

4. Possib le Enhancements to the Current System 

We s h a l l d iscuss three enhancements: the f i r s t 
app l ies to the extended HELP f a c i l i t y and the o thers 
to the FSR f a c i l i t y . F i r s t l y , there are s t i l l many 
quest ions which a student may wish to ask about the 
a lgo r i thm which the system is unable to answer. 
The system could f u r t h e r use the TRACES which are 
a l ready produced to answer quest ions such as: 

Why was the CH3 group e l iminated? 

The answer to t h i s quest ion could be based upon the 
FACT which occurred in the TRACE immediately before 
t h i s group was e l im ina ted from the l i s t o f poss ib le 
groups (see Figure 2 ( d ) ) . And so in t h i s case the 
system might respond: 

Because the i n t e r a c t i o n of the 
group being considered is 2. 

Fu r the r , using the FACTs in the TRACE it would be 
poss ib le to answer quest ions such as: 

What is the i n t e r a c t i o n of the CH2 group? 

Analagous quest ions about the l a s t or previous 
groups could be answered by accessing the re levan t 
TRACE. 

Secondly, the system could p r o f i t a b l y be 
enhanced to t e l l the user whether or not h i s a rgu
ment is cons is ten t w i t h an aspect of the asser t i on 
he has g iven . ( In the case of the FSR f a c i l i t y 
discussed in Sect ion 3 . 1 , the system would compare 
the values fo r the s p l i t t i n g of the peak given in 
the s tuden t ' s asse r t i on and in h i s subsequent 
exp lanat ion. ) There are f i v e cases fo r cons ider
a t i o n : 

( i ) Correct asse r t i on and co r rec t exp lana t ion , 
( i i ) Correct asse r t i on but i n co r rec t exp lana t ion , 

( i i i ) I nco r rec t asse r t i on and c o r r e c t , and hence 
incompat ib le , exp lana t ion , 

( i v ) I nco r rec t asse r t i on and compatible exp lana t ion , 
(v) I nco r rec t asse r t i on and a f u r t h e r i n c o r r e c t , 

but incompat ib le , exp lana t ion . 

The t h i r d enhancement concerns the-implemen
t a t i o n of a more general purpose comparison a lgor i thm. 
I t was po in ted out in Sect ion 3 t ha t these p a r t i c u l a r 
tasks had been chosen f o r d iscuss ion because it was 
f e l t t h a t they were f a i r l y d i f f e r e n t from each other 
and ye t rep resen ta t i ve of a number of o ther tasks 
which form pa r t of the o v e r a l l , BUILD a lgo r i t hm. 
In Sect ion 3.1 you w i l l see t h a t we ca tegor ize the 
three statements which form the TRACE fo r the task 
discussed as: 

( i ) The basic equat ion which holds fo r the 
problem domain, 

( i i ) The value fo r p a r t i c u l a r v a r i a b l e ( s ) . 
( i i i ) The deduct ion of a value of a v a r i a b l e 

using ( i ) and ( i i ) . 

The a lgor i thms fo r determining the valency and 
the i n t e r a c t i o n of a group are analogous to t h a t 
f o r determin ing the s p l i t t i n g of a peak as can be 
seen from the system p ro toco l in Figure 1 and from 
TRACEs given in Figures 2(b) and 2 ( c ) . Thus there 
is a s t rong i ncen t i ve to produce a more general 
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(a) PLEASE INPUT YOUR STMTS 
:THE SPLITTING OF THIS GROUP IS GREATER THAN OR EQUAL 
TO 0 BECAUSE THE SPLITTING OF THIS GROUP IS GREATER 
THAN OR EQUAL TO THE INTERACTION OF THE LAST GROUP 
AND BECAUSE THE INTERACTION OF THE LAST GROUP IS 0 

//THE 'MEANING'EXTRACTED FROM THE STUDENT'S ARGUMENT 
THE SPLITTING OF THIS GROUP IS GREATER THAN OR EQUAL 
TO THE INTERACTION OF THE LAST GROUP. 
AND THE INTERACTION OF THE LAST GROUP IS (0) . 
SO THE SPLITTING OF THIS GROUP IS GREATER THAN OR 
EQUAL TO ( 0 ) . 

IS THIS WHAT YOU INTENDED:YES 

WE ARE CONSIDERING: 
THE SPLITTING OF THIS GROUP IS GREATER THAN OR 
EQUAL TO THE INTERACTION OF THE LAST GROUP. 

THIS STAGE IS FINE 

WE ARE CONSIDERING: 
THE INTERACTION OF THE LAST GROUP IS 

THIS STAGE IS CORRECT 
( 0 ) . 

WE ARE NOW CONSIDERING: 
SO THE SPLITTING OF THIS GROUP IS GREATER THAN OR 
EQUAL TO ( 0 ) . 

GOOD YOUR ARG. IS ABSOLUTELY CORRECT 

(b) PLEASE INPUT YOUR STMTS 
:THE AREA OF THE LAST GROUP IS LESS THAN OR EQUAL TO 
THE SPLITTING OF THIS GROUP AND AS THE AREA OF THE 
LAST GROUP IS 0 THEN THE SPLITTING OF THIS GROUP IS 
GREATER THAN OR EQUAL TO 1 

//THE'MEANING'EXTRACTED FROM THE STUDENT'S ARGUMENT 
THE AREA OF THE LAST GROUP IS LESS THAN OR EQUAL TO 
THE SPLITTING OF THIS GROUP. 
AND THE AREA OF THE LAST GROUP IS (0) . 
SO THE SPLITTING OF THIS GROUP IS GREATER THAN OR 
EQUAL TO ( 1 ) . 

ISL THIS WHAT YOU INTENDED:YES 

WE ARE CONSIDERING: 
THE SPLITTING OF THIS GROUP IS GREATER THAN OR EQUAL 
TO THE AREA OF THE LAST GROUP 
UNEXPECTED TERM: YOU GAVE THE AREA OF THE LAST GROUP -
I EXPECTED THE INTERACTION OF THE LAST GROUP 
IHEREIS A TRANSFORMATION AND SO YOUR ARG. MAY BE 
ACCEPTABLE 

THIS STAGE IS FINE 

WE ARE NOW CONSIDERING: 
THE AREA OF THE LAST GROUP IS ( 0 ) . 

THIS STAGE IS CORRECT 

WE ARE NOW CONSIDERING: 
SO THE SPLITTING OF THIS GROUP IS GREATER THAN OR 
EQUAL TO (1) 

I EXPECTED A NUMERICAL VALUE IN THIS EXPRESSION 
CONSISTENT WITH YOUR EARLIER VALUE OF 0 

(c) PLEASE INPUT YOUR STMTS 
:THE VALENCY OF THIS GROUP IS 1 AND SO THE POSSIBLE 

system. Indeed, we propose implementing a sub
system to monitor the s tuden t ' s performance as he 
attempts to deduce the value of the v a r i a b l e . The 
system w i l l comment when i t t h i nks the student has 
in t roduced a c i r c u l a r argument or a t o t a l l y i r r e l e 
vant equat ion (or f a c t ) . On the o ther hand, when 
asked the system should be able to g ive advice 
about poss ib le paths which the student has not ex
p l o r e d . I t seems f a i r l y c lea r t h a t such a system 
w i l l be able to r e p l i c a t e the type of d ia logue shown 
in Figure 4. Indeed, such a system should be more 
powerfu l as i t has the p o t e n t i a l t o generate a l l 
poss ib le so lu t i on -pa ths as opposed to the TRACE-
based system which has access to the subset g iven 
in the TRACE(s). Fu r the r , we propose using t h i s 
sub-system as a component of the enhanced FSR mode. 

5. Some Thoughts About the Design 
of a Fur ther System 

A problem which mer i t s f u r t h e r a t t e n t i o n is 
t h a t o f producing a s i ng le data s t r u c t u r e f o r r ep 
resent ing a lgor i thms which can be both executed and 
used to g ive an exp lanat ion of the a l go r i t hm . The 
c o n d i t i o n a l statements in the FL are very analogous 
to c o n d i t i o n a l statements in some programming l a n 
guages ( i nc lud ing BCPL, see R icha rds [7 ] , the p r o 
gramming language used to implement t h e c u r r e n t 
system). Thus in response to the quest ion about 
the valency of the group the system produced the FL 
statements shown in Figure 2 ( b ) . An inspec t ion of 
the re levan t pa r t of the BCPL code which determines 
the valency of groups, shows t ha t t h i s a lgor i thm is 
indeed very analogous to these FL statements. I f 
such a u n i f i e d represen ta t ion were ava i l ab le f o r 
both execut ion and d iscuss ion then the student would 
be ab le , at l eas t in p r i n c i p l e , to ask the system 
fo r an explanat ion of any task which the a lgor i thm 
can perform and s i m i l a r l y , the system could also ask 
the student to discuss any p a r t of the a lgo r i t hm. 
(As opposed to the cu r ren t s i t u a t i o n when we must 
decide in advance t h a t c e r t a i n aspects of the a lgo 
r i t hm may be discussed and inc lude appropr ia te FL 
statements in the a lgo r i thm. ) 

For the moment, l e t us assume tha t the algori thm 
is represented in a u n i f i e d data s t r u c t u r e , v e r y 
probably a L ISP- l i ke s t r u c t u r e . Secondly, we argue 
tha t t h i s da ta - s t r uc tu re needs modi fy ing to inc lude 
relevancy tags in order to be usable w i t h the HELP 
and FSR modes: and t h i r d l y t h a t the system w i l l 
need an index to r e l a t e d iscussable top ics to p r o 
cesses. (Given t h i s extended da ta -s t ruc tu re i t i s 
c lear t h a t an i n t e r p r e t e r w i l l be needed in o r d e r 
to execute the a lgo r i thm. ) In d iscuss ing t h e 
extended HELP f a c i l i t y e a r l i e r , we noted t ha t the 

GROUPS ARE CH3 CH2 CHO OH 

//THE 'MEANING' EXTRACTED FROM THE STUDENT'S ARGUMENT 
THE VALENCY OF THIS GROUP IS ( 1 ) . 
SO THE L IST OF POSSIBLE GROUPS IS ( (C H 3) (C H 2) 
( C H O ) ( O H ) ) . 

IS THIS WHAT YOU INTENDED:YES 

BASIC FACT OMITTED-FORM OF FACT EXPECTED: 
THE SPLITTING OF THIS GROUP IS GREATER THAN OR EQUAL 
TO THE INTERACTION OF THE LAST GROUP. 
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F i g u r e _ 4 (See o p p . ) 

Shows two sys tems d i a l o g u e s w i t h t h e 
FSR-SPL mode. The s t u d e n t ' s r e s p o n s e s 

a r e a g a i n u n d e r l i n e d and t h e s y s t e m 
p r i n t s a ' p a r a p h r a s e ' o f what t h e 

s t u d e n t has t y p e d i n . 
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i n i t i a l HELP gave the student a summary of t h e 
three processes invo lved and t h a t as a r e s u l t of 
subs id ia ry quest ions the student was presented w i t h 
more d e t a i l s about the processes. T h i s can be 
conceptual ized as a p a r t i c u l a r data-element in a 
process having the h ighest relevance and t h a t fur ther 
d iscuss ion of a process reveals statements w i t h the 
next l e v e l of relevance and so on. S i m i l a r l y , when 
the FSR mode attempts to f o l l ow the s tuden t ' s a rgu
ment i t w i l l have access to a data-base of ' h i g h l y 
re levan t * equations and v a r i a b l e s . I f t h i s i n i t i a l 
search i s unsuccessfu l , then the s e a r c h w i l l be 
cont inued w i t h f u r t h e r equations and va r i ab les which 
are judged to be the next most re l evan t (hope fu l l y 
t h i s choice w i l l be guided by the type of mis-match 
recorded in the e a r l i e r search as we l l as by t h e 
relevance tags i n the d a t a - s t r u c t u r e ) . I d e a l l y , 
such a f a c i l i t y would be able t o : 

( i ) Comment on so lu t i ons which conta in i r r e l e v a n t 
and unnecessary steps (the comparison 
a lgo r i t hm proposed in Sect ion 4 w i l l 
be able to do t h i s to a l i m i t e d e x t e n t ) . 

( i i ) Cope w i t h arguments at var ious l eve l s of 
d e t a i l ( i . e . a ' p l a n ' a t the ' t o p ' l e v e l 
or a more d e t a i l e d ' p l a n ' or a mix ture 
of l eve ls ) . 

( i i i ) Cope w i t h changes of a t t e n t i o n . 
( i v ) Decide whether or not the student is d i s 

cussing the appropr ia te t o p i c . 

Fur ther , the cur ren t system is unable to answer 
quest ions such as: 

What is the valency of Carbon? 

desp i te the f a c t t h a t the system has t h i s knowledge. 
Consider ing these var ious po in ts i t would seem t h a t 
any f u t u re system should have the f o l l ow ing da ta 
bases : 

( i ) Global i n fo rmat ion (such as the valency of 
atoms and groups) . 

( i i ) The a lgor i thms ( to be represented in the 
• u n i f i e d ' f o rma t ) . 

( i i i ) Problem dependent in fo rmat ion i . e . TRACES 
which correspond to each stage of the 
problem's s o l u t i o n . 

6. Footnote 

Readers who are f a m i l i a r w i t h SRI 's Computer 
Based Consul tant p r o j e c t [8] w i l l have noted t h a t 
both p r o j e c t s have s i m i l a r o b j e c t i v e s . Namely, to 
prov ide a suppor t ive problem so lv ing environment: 
in p a r t i c u l a r to prov ide advice when the user is 
unable to solve the next stage of a problem and to 
analyse the u s e r ' s response in d e t a i l when he has 
made an e r r o r . The hear t of SRI 's Consultant is 
Sacerdo t i ' s p lan generator [9] which represents a 
p lan as a procedural ne t , and uses Semantic know
ledge about the u s e r ' s problem to expand the net as 
necessary. Despite the very d i f f e r e n t represen
t a t i o n s used fo r a lgor i thms in the two systems,they 
prov ide analogous f a c i l i t i e s in s i m i l a r ways. (For 
example, the p lan expansion of S R I ' s system is 
p a r a l l e l e d by the re levancy l e v e l s in the system 
o u t l i n e d above.) However, to date the SRI group 
has not repor ted work where t h e i r system comments 
d i r e c t l y on a s tuden t ' s exp lanat ion of an a c t i o n . 
But i f such a f a c i l i t y were to be at tempted, a pos
s i b l e approach would be the analogue of t h e one 

discussed in t h i s paper; namely the comparison of 
two procedura l ne t s , one produced by the system and 
the o ther ex t rac ted from the s tuden t ' s exp lana t ion . 
(A more d e t a i l e d comparison between the two systems 
w i l l be inc luded in a subsequent paper which repor ts 
progress on the system o u t l i n e d in the l a s t sec t i on . ) 

F i n a l l y , there are two c r u c i a l issues which have 
to be thoroughly i nves t i ga ted w i t h both these systems; 
namely the l e v e l of support which the systems prov ide 
to t h e i r users , and secondly the range of a lgor i thms 
which can be 'd iscussed ' using these systems. 
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