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ABSTRACT 
Un i fo rm is an AI programming language under 
development based upon augmented u n i f i c a t i o n . I t 
i s an a t t e m p t to combine, in a s imp le coherent-
f ramework , the most i m p o r t a n t f e a t u r e s o f L i s p , 
a c t o r languages such as Act 1 and S m a l l T a l k , and 
l o g i c programming languages such as P r o l o g . Among 
t h e unusual a b i l i t i e s o f the language i s i t s 
a b i l i t y to use the same program as a f u n c t i o n , an 
i n v e r s e f u n c t i o n , a p r e d i c a t e , a p a t t e r n , or a 
g e n e r a t o r . A l l o f these uses can be per formed upon 
c o n c r e t e , s y m b o l i c , and p a r t i a l l y i n s t a n t i a t e d 
d a t a . Un i fo rm f e a t u r e s au tomat i c i n h e r i t a n c e f rom 
m u l t i p l e 3uper c l a s s e s , f a c i l i t i e s f o r m a n i p u l a t i o n 
o f p rograms, a l i m i t e d a b i l i t y t o de te rmine program 
e q u i v a l e n c e , and a u n i f i c a t i o n - o r i e n t e d da tabase . 

I A LANGUAGE BASED UPON UNIFICATION 
Un i fo rm is based upon the idea o f an e x t e n s i b l e 

u n i f i c a t i o n p rocedu re . A l l programs are e x t e n s i o n s 
t o the u n i f i c a t i o n p rocess . U n i f i c a t i o n p l a y s the 
r o l e s o f p a t t e r n ma tch ing , e v a l u a t i o n , message 
p a s s i n g , i n h e r i t a n c e , and symbol ic e v a l u a t i o n . I n 
t h e p rocess o f u n i f y i n g the f a c t o r i a l o f 3 w i t h an 
i n t e g e r n , n i s u n i f i e d w i t h 6 . The c o n c a t e n a t i o n 
o f x and the l i s t ( c d ) u n i f i e s w i t h the l i s t (a b 
c d ) , r e s u l t i n g i n x b e i n g u n i f i e d w i t h the l i s t ( a 
b ) . U n i f y i n g the n th element o f the l i s t o f a l l 
p r ime numbers w i t h 5 r e s u l t s in n u n i f i e d w i t h 3 . 
U n i f y i n g the r e v e r s e of a l i s t o f v a r i a b l e s x and y 
w i t h a l i s t z , u n i f i e s z w i t h a l i s t o f y and 
x. U n i f y i n g a member of se t x w i t h a member of se t 
y y i e l d s a member of the i n t e r s e c t i o n of x and 
y . U n i f y i n g a d e s c r i p t i o n o f red c h a i r s w i t h a 
d e s c r i p t i o n o f b i g c h a i r s produces a d e s c r i p t i o n o f 
b i g red c h a i r s . And so on . 

A . U n i f i c a t i o n What i t i s 
U n i f i c a t i o n was i nven ted f o r use i n r e s o l u t i o n 
theorem p r o v e r s <1> and has s i nce been used in a 
few programming languages. Two we l l - known examples 
a r e P r o l o g which is a programming language based 
upon r e s o l u t i o n theorem p r o v i n g <2> and Q l i s p <3>. 
I n these languages u n i f i c a t i o n i s o n l y one f a c i l i t y 
among o t h e r s . I n Un i fo rm u n i f i c a t i o n i s augmented 
so t h a t no o t h e r mechanism such as r e s o l u t i o n , 
a u t o m a t i c - b a c k t r a c k i n g , o r e v a l u a t i o n i s needed. 

U n i f i c a t i o n i s the process o f g e n e r a t i n g t he 
most gene ra l common i n s t a n c e of a se t of 

*The resea rch r e p o r t e d h e r e i n was suppor ted by 
t he Swedish Board f o r Techn i ca l Development (STU). 

d e s c r i p t i o n s . I t i s implemented as a p rocess t h a t 
r e t u r n s a " u n i f i e r " wh ich i f a p p l i e d t o any o f the 
o r i g i n a l d e s c r i p t i o n s produces the sought a f t e r 
i n s t a n c e . In the most common case , t h e u n i f i e r i s 
s imp l y an env i ronment d e s c r i b i n g v a r i a b l e b i n d i n g s 
and i t i s a p p l i e d t o a d e s c r i p t i o n b y s u b s t i t u t i n g 
i t s va lues f o r the v a r i a b l e s i n the d e s c r i p t i o n . 
As an examp le , * 

( u n i f i e r - o f ( f o o x ' a r ) 
( f o o 'b y r ) ) 

p roduces " ( u n i f i e r ( x ' b ) ( y ' a ) ) " which i f 
s u b s t i t u t e d i n t o e i t h e r d e s c r i p t i o n produces the 
i n s t a n c e " ( f o o ' b ' a r ) " . U n i f i c a t i o n i s d e f i n e d 
to produce the most gene ra l i n s t a n c e which means 
t h a t t h e i n s t a n c e produced must u n i f y w i t h a l l 
o t h e r p o s s i b l e i n s t a n c e s . 

P a t t e r n m a t c h i n g , wh ich has p layed such a l a r g e 
r o l e i n most A I languages , i s a s p e c i a l case o f t he 
u n i f i c a t i o n o f two d e s c r i p t i o n s . The p a t t e r n i s a 
d e s c r i p t i o n c o n t a i n i n g v a r i a b l e s which i s matched 
a g a i n s t a d e s c r i p t i o n w i t h o u t any v a r i a b l e s . I f 
t h e match succeeds, the u n i f i e r produced i s a se t 
o f match b i n d i n g s which when s u b s t i t u t e d i n t o the 
p a t t e r n produces the o t h e r d e s c r i p t i o n . 

U n i f i c a t i o n has many advantages over p a t t e r n 
m a t c h i n g . There i s no d i s t i n c t i o n between p a t t e r n s 
wh ich b i nd v a r i a b l e s and p a t t e r n s which use the 
v a l u e o f v a r i a b l e s . T h i s a l l o w s the meaning o f a 
p a t t e r n t o b e de te rmined d y n a m i c a l l y and i s c r u c i a l 
i n u s i n g programs i n m u l t i p l e ways and d i r e c t i o n s . 

P a t t e r n s can be matched a g a i n s t p a t t e r n s . T h i s 
i s i m p o r t a n t f o r d e a l i n g w i t h p a r t i a l i n f o r m a t i o n . 
I t i s a l s o u s e f u l i n d e t e r m i n i n g i f one p a t t e r n i s 
a s p e c i a l case of a n o t h e r . Un i fo rm uses 
u n i f i c a t i o n t h i s way so t h a t by d e f a u l t more 
s p e c i f i c knowledge i s used f i r s t . 

The o rde r i n which sub-prob lems ( r e c u r s i v e c a l l s 
to u n i f y ) a re made does no t a f f e c t the outcome. 
T h i s g i ves the imp lemen ta t i on a freedom of 
o p t i m i z a t i o n no t p o s s i b l e i n most p a t t e r n matchers . 
P a r a l l e l imp lemen ta t i ons o f u n i f i c a t i o n which c o u l d 
t ake advantage o f the p a r a l l e l hardware o f the 
f u t u r e a re a l s o p o s s i b l e . 

•As i n L i s p , Un i fo rm f o l l o w s the c o n v e n t i o n t h a t 
c o n s t a n t s a re numbers or a re quoted and v a r i a b l e s 
a r e unquoted symbols . 
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B. How Un i f i ca t i on is Augmented In Uniform 
Un i f i ca t i on is a syntact ic process. I t s only 
concern is that forms have the same "head", t h e i r 
arguments un i f y , constants are equal and 
recurs ive ly that bindings un i f y . I t cannot un i fy 
the sum of x and 3 wi th 7 by un i f y ing x w i th 4. 
Uniform's augmented u n i f i c a t i o n leaves it up to the 
forms involved to un i fy as they see f i t where the 
t r a d i t i o n a l syntact ic u n i f i c a t i o n process is used 
only as a de fau l t . Except for a small set of 
p r i m i t i v e types t h i s augmentation is described in 
Uniform by the user. 

The only const ra in t upon augmentations to the 
u n i f i c a t i o n of two descr ipt ions is that the 
r e s u l t i n g u n i f i e r produce equivalent descr ipt ions 
when app l ied. For example, the u n i f i e r descr ib ing 
x as 4 produces 7 and the sum of 4 and 3 when 
appl ied to 7 and the sum of x and 3. Ei ther the 
sum of 4 and 3 is considered equivalent to 7 or 
else the augmentation that produced the u n i f i e r is 
i n v a l i d . 

A few of the p r im i t i ve forms s t re tch t h i s view 
of u n i f i c a t i o n . For example, the p r im i t i ve form 
" ( p r i n t ) " w i l l un i fy wi th anything and as a side 
e f f ec t the other form w i l l be p r i n ted . The 
p r i m i t i v e "(ground)" w i l l e i ther un i fy wi th any 
constant or w i l l eventual ly f a i l i f the other is a 
var iab le or contains var iables that are never 
bound. There are p r im i t i ves fo r dynamically 
c rea t ing u n i f i c a t i o n var iables and forms, 
p r im i t i ves for escaping to L i sp ' s Eval (a 
t h e o r e t i c a l l y unnecessary, yet very use fu l , 
p r i m i t i v e ) , for fo rc ing sequent ia l i t y ( c r i t i c a l i n 
s i t ua t ions invo lv ing input-output or other side 
e f f e c t s ) , fo r determining i f two things are the 
exact same object (L i sp ' s EQ, c r i t i c a l when deal ing 
w i th c i r c u l a r s t ructures and important for 
e f f i c i e n c y ) , and fo r the l og i ca l connectors "and", 
" o r " , and "no t " . Without t h i s small set of 
p r i m i t i v e s , u n i f i c a t i o n would not be adequate as 
the sole basis of a programming language. 

Uniform's augmented u n i f i c a t i o n not only has the 
unusual features of delegat ing to the forms 
involved but is based upon a new very p a r a l l e l 
a lgor i thm. Sub-uni f icat ions of corresponding 
arguments are computed independently and the 
r e s u l t i n g u n i f i e r s are u n i f i e d . A u n i f i e r is 
e i t he r a set of bindings or a set of possible 
u n i f i e r s whose members are computed only upon need. 
This mechanism replaces the automatic backtracking 
in Prolog and Ql isp . In add i t i on , when the 
descr ip t ions cannot be un i f i ed the algor i thm 
produces f a i l u r e descr ipt ions which are used 
i n t e r n a l l y and by the user fo r debugging. 
Un i f i ca t i on is also used to implement the occur 
check and the "ground" p r i m i t i v e . The algor i thm is 
described fu r ther in <4>. 

C. How Uniform uses Augmented Un i f i ca t i on 
The top leve l loop of Uniform i s , analogous to 
L isp , a "read un i fy p r i n t " loop. The user types a 
form which is un i f i ed wi th previous user 
asser t ions. I f the r e l a t i on i s e i ther " = " (are 
they un i f iab le?) or " un i f y " (what is the most 
general common instance?) then the u n i f i c a t i o n 
a lgor i thm is applied to the arguments. I f the 
u n i f i c a t i o n f a i l s , i t looks i n the user 's 

assert ions for possible paths between the two 
descr ip t ions and fo l lows such paths in a shor tes t -
f i r s t manner.* The steps of a path are t y p i c a l l y 
described using the " = " r e l a t i o n which declares 
that i t s arguments are u n i f i a b l e . I f an assert ion 
has const ra in ts (a body) they are checked. If the 
u n i f i c a t i o n is successful the u n i f i e r produced is 
appl ied to the user 's problem and the r e s u l t i n g 
instance is p r i n t ed . 

Here is a short sample session: 
User: (un i fy (foo x) ( foo 'a ) ) 
Uniform: ( foo 'a) 
User: (= (plus x 3) 7) 
Uniform: (= (plus 4 3) 7) 
User: (= ( foo 3) ( foo 4)) 
Uniform: 
(or ; the problem is one of the fo l l ow ing : 

( f a i l u r e 'arguments-do-not-unify (foo 3) ( foo 4>> 
( f a i l u r e 'constants-do-not-uni fy 3 4)) 

The other act ion a user can take is to extend 
u n i f i c a t i o n by presenting asser t ions. For example, 
the fo l low ing is how u n i f i c a t i o n can be extended to 
handle f a c t o r i a l : 

(assert (= ( f a c t o r i a l 0) 1)) 
(assert (= ( f a c t o r i a l n) 

(• n ( f a c t o r i a l (- n 1 ) ) ) ) ) 
The f i r s t assert ion extends u n i f i c a t i o n so that 

anything which un i f i es wi th f a c t o r i a l of 0 is 
u n i f i a b l e wi th anything which un i f i es wi th 1. The 
second clause states that anything that u n i f i e s 
wi th f a c t o r i a l of anything also un i f i es wi th 
anything which un i f i es with the product of that 
anything and f a c t o r i a l of one minus that anything. 
The " n " in the second clause is un iversa l l y 
q u a n t i f i e d . 

This d e f i n i t i o n of f a c t o r i a l can be used in many 
ways as i l l u s t r a t e d below. How th i s is real ized is 
described in <4>. An example of i t s use as a 
funct ion i s : 
User: (= ( f a c t o r i a l 3) ( in teger n)) 
Uniform: (= ( f a c t o r i a l 3) ( in teger 6)) 

I f we un i f i ed " ( f a c t o r i a l 3 ) " wi th " n " in the 
above example then " n " would have been un i f i ed wi th 
" ( f a c t o r i a l 3 ) " instead of 6. The use of " in teger " 
gives the user greater cont ro l of the u n i f i c a t i o n 
at the pr ice of having to type var iab les . To 
a l l e v i a t e t h i s the type " p r i m i t i v e " can be used 
which un i f i es only with p r im i t i ve types. Use of 
the " p r i m i t i v e " type corresponds to evaluat ion in 
L isp . 

Our descr ip t ion of f a c t o r i a l can be used as an 
inverse funct ion (or a pat tern which matches only 
integers which are f ac to r i a l s ) by un i f y i ng 
" ( f a c t o r i a l n ) " w i th ground forms. The value of 
" n " or a f a i l u r e descr ip t ion is computed reasonably 
e f f i c i e n t l y due to some cleverness in the general 
descr ip t ion of " • " . Fac tor ia l of a constant can be 
used as a pat tern without necessari ly being 
evaluated. In un i f y ing " ( f a c t o r i a l 1000000)" wi th 

• S h o r t e s t - f i r s t d i f f e r s from b read th - f i r s t in 
that the system maintains a data s t ructure so that 
i t knows the minimum length of a l l possible paths 
between two types of forms and t r i e s the shortest 
ones f i r s t . 
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17, a constra int that 1000000 be a d i v i so r of 17 is 
generated a f te r 2 steps and causes immediate 
f a i l u r e . 

D. What is i n te res t i ng about Un i f i ca t ion 
I am developing Uniform both to produce a simple 
yet powerful AI language and to explore 
u n i f i c a t i o n . Un i f i ca t ion is i n te res t ing not only 
as a basis for computation but as a source of 
ins igh t i n to questions about spec ia l i za t ion , 
genera l i za t ion , object merging, inheri tance and 
mu l t ip le super classes. 

T rad i t i ona l un i f i ca t i on is concerned with 
c rea t ing the most general syntact ic instance of a 
set of descr ip t ions . Class and instance is defined 
purely in terms of the form of the descr ip t ions. 
The more ins tant ia ted versions of a class are i t s 
instances. From an AI point of view, the semantic, 
not syn tac t i c , instances are what is i n te res t i ng . 
A descr ip t ion of a par t i cu la r equ i la te ra l t r i ang le 
is a semantic instance of the prototype equ i la te ra l 
t r i a n g l e , regular polygon, t r i ang le , closed f i gu re , 
l i ne drawing, geometrical f igure and so on. The 
semantic u n i f i c a t i o n of regular polygons and 
t r i ang les should produce equ i la te ra l t r i ang les . 
Un i f i ca t i on not only generates an instance of two 
descr ip t ions but produces a u n i f i e r , a descr ipt ion 
of a viewpoint under which the two descr ipt ions are 
the same. For syntact ic u n i f i c a t i o n , the viewpoint 
is an environment g iv ing bindings and constra ints 
to the var iables in the descr ip t ions. A view of 
polygons and t r iang les that makes them the same is 
a descr ip t ion of equal-sidedness and three-
sidedness. A viewpoint is not the same as the 
instance. An equ i la tera l t r iang le is more than 
equal-sided and three-s ided, it is also a closed 
geometrical f i gu re . A t ta in ing t h i s kind of 
semantic un i f i ca t i on is a d i rec t ion th i s research 
is headed. 

As another example consider the un i f i ca t i on of 
two t r i v i a l Lisp programs: (cons head t a i l ) wi th 
( l i s t f i r s t second). The instance of the two 
programs can be described in two ways, as (cons 
f i r s t ( l i s t second)) and as ( l i s t f i r s t (car 
t a i l ) ) . What is often of more in teres t than the 
instance is the viewpoint (or u n i f i e r ) which 
produced i t . In t h i s example, the viewpoint 
i d e n t i f i e s " f i r s t " wi th "head", " t a i l " wi th " ( l i s t 
second)", and "second" and "(car t a i l ) " . 

Un i f i ca t ion can be used to dynamically determine 
who is an instance of who. Suppose descr ipt ions x 
and y un i fy to produce a common instance z. If z 
equals x but not y, then x is an instance of y. 

Un i f i ca t i on is a process that provides some 
ins igh t i n to not only classes and instances but 
also equivalence. The u n i f i e r of two equivalent 
descr ip t ions is an empty environment. If the 
u n i f i e r of two descr ipt ions is an environment which 
only binds var iables to var iab les, then the two 
descr ip t ion are equivalent except for var iab le 
names. 

The augmentations of un i f i ca t i on in Uniform are 
almost always stated as equivalences between 
programs. For example, consider a d e f i n i t i o n of 
"Append" in Uniform, 

(assert (= (append () back) 
back)) 

(assert (= (append (cons f i r s t res t ) back) 
(cons f i r s t (append rest back)))) 

Occasionally an augmentation of u n i f i c a t i o n w i l l 
e x p l i c i t l y describe an instance. This is expressed 
as a second-order un i f i ca t i on as i l l u s t r a t e d in the 
fo l lowing example, 

(assert 
(= (un i fy (a -d i v i so r -o f n) (a -d i v i so r -o f m)) 

( a -d i v i so r -o f (greatest-common-divisor m n ) ) ) ) 
This example is computationally i n te res t i ng 

since can be used in appropriate cases to in tersect 
v i r t u a l sets very e f f i c i e n t l y . " ( a -d i v i so r -o f 6 ) " , 
for example, is l o g i c a l l y , but not computat ional ly, 
equivalent t o "(a-member-of (set 1 - 1 2 - 2 3 - 3 6 
- 6 ) ) " . 

The dual of the un i f i ca t i on process is 
genera l i za t ion . Un i f i ca t ion f inds the most general 
descr ip t ion which is a spec ia l iza t ion of some 
descr ip t ions , while general izat ion f inds the most 
spec i f i c descr ip t ion which has as specia l izat ions 
the descr ip t ions . Surpr is ingly general izat ion of 
two descr ipt ions can be implemented using the 
u n i f i e r of the descr ip t ions. When a u n i f i e r is 
jus t a set of bindings, it is used in a backwards 
fashion to subst i tu te constants for var iab les . 
General izat ion is more complicated when d i f f e ren t 
var iables are bound to the same constant or when 
the u n i f i c a t i o n f a i l s . This is described fu r ther 
in <4>. 

General izat ion is well-known to be a useful 
process. Winston's program which learned the 
concept of an arch by general iz ing s t ruc tu ra l 
descr ipt ions is a c lassic example. One of my goals 
is that a program such as Winston's would be 
s i g n i f i c a n t l y shorter and s impl ier , i f w r i t t en in 
Uniform. Much of the program would augment 
genera l izat ion beyond syntax in a s imi lar manner to 
how u n i f i c a t i o n is augmented current ly in Uniform. 

E. Un i f i ca t i on and C i r cu l a r i t y 
Another of Uniform's extensions of u n i f i c a t i o n is 
in the handling of c i r c u l a r i t y . T rad i t i ona l l y 
u n i f i c a t i o n is defined to perform an "occur check" 
on every var iab le binding. The check causes a 
f a i l u r e if a var iable is bound to something which 
contains that va r iab le , ever comes to contain that 
var iab le in the fu tu re , or recursively is bound to 
some s t ruc ture which contains var iables that f a i l 
the check. Because of the expense of making such a 
check most implementations of Prolog do not make 
the check. 

In Uniform's augmented u n i f i c a t i o n , the user can 
specify for each type of form whether the occur 
check should be performed. For example, "p lus" 
does not perform the check since there is nothing 
wrong wi th un i fy ing x wi th the sum of x, y and z 
provided the sum of y and z can uni fy wi th 0. 
Without the check the system needs to be able to 
un i fy c i r cu l a r s t ruc tures. In the fo l low ing 
example "cons" does not do the check. The var iab le 

935 



x is bound to "a " consed wi th i t s e l f while y is 
bound to " a " consed wi th a cons of "a " and i t s e l f . 
The two s t r u c t u r a l l y d i f f e ren t i n f i n i t e l i s t s of 
"a"s un i fy successfu l ly . 

(and (un i fy x (cons 'a x)) 
(un i f y y (cons 'a (cons 'a y ) ) ) 
(un i f y x y) ) 

What is d i f f i c u l t about un i f y ing "x " and "y" above 
is avoiding an i n f i n i t e recurs ion. By being 
ca re fu l about the order in which sub-forms are 
un i f i ed i t i s possible t o avoid t h i s . I n t u i t i v e l y , 
the algor i thm assumes that a u n i f i c a t i o n w i l l 
succeed before working on the sub-un i f i ca t ions so 
that i f the same problem appears again i t w i l l 
succeed immediately without causing fu r ther 
recursions <4>. 

Occur checks can also be used to prevent cer ta in 
types of inconsistencies. Consider the fo l lowing 
example from Peano a r i t hmet i c : 

;a successor of any x is greater than x 
(assert (> (successor x) x) ) 

; i s there a y greater than i t s successor? 
(> y (successor y) ) 

I f one considers binding n y" to "(successor 
(successor y ) ) " an inconsistency, then "successor" 
should perform the occur check to prevent i t . 
Another view is that " y " , as an i n f i n i t e number of 
app l ica t ions of "successor", is a representat ion of 
i n f i n i t y . I n f i n i t y is greater than (and also less 
than) i t s successor. 

II RELATIONSHIPS WITH OTHER LANGUAGES 
Uniform was designed and developed wi th the 

i n i t i a l goal of incorporat ing the most important 
features of L isp , Act 1, and Prolog i n t o a s ingle 
coherent framework. Future plans include the 
incorporat ion of the notions of descr ip t ions , 
frames, and experts as found in <5>, const ra in ts as 
in <6>, p a r t i a l evaluat ion as in <10>, and quasi -
pa ra l l e l i sm and graphics as found in Director <7>. 
My basic research strategy begins wi th the b e l i e f 
that many ex i s t i ng languages and systems contain 
very general and powerful f a c i l i t i e s , but each one 
has only a small subset of the union of these 
f a c i l i t i e s . Furthermore, a simple coherent union 
of these f a c i l i t i e s is both possible and des i rab le . 
Boley's research on the FIT language shares t h i s 
research strategy <8>. FIT, however, is based upon 
a generalized not ion of var iab les , assignment, 
pa t te rn matching and demons. 

A. Uniform and Lisp 
Uniform, having been b u i l t upon MacLisp, in a 
t r i v i a l sense incorporates a l l o f L i sp ' s a b i l i t i e s . 
There is a p r im i t i ve for i n te r f ac ing d i r e c t l y wi th 
L isp . Of course, using t h i s p r im i t i ve one loses 
the a b i l i t y to run programs symbol ical ly or 
backwards. 

The more important way in which Uniform 
incorporates Lisp is the a b i l i t y to w r i t e Uniform 
programs that look very much l i k e L isp . For 
example, one can wr i t e "Append" in Uniform as 
fo l l ows , 

(assert 
(r (append f ron t back) 

(cond ( ( n u l l f ron t ) back) 
((cons ( f i r s t f ron t ) 

(append ( res t f ron t ) back ) ) ) ) ) ) 
This program does not mean the same as the 

corresponding Lisp program. It states an 
equivalence not an evaluat ion step. Un i f i ca t ion 
does not have eva l ' s sense of d i rec t i on or not ion 
of s i m p l i f i c a t i o n . Instead of evaluat ion, a form 
is un i f i ed wi th a var iab le constrained to be of a 
pa r t i cu la r data type such as integer or 
s-expression or constrained to consist of only 
p r i m i t i v e data types. This corresponds c lose ly to 
lazy evaluat ion in L isp. Lacking the cont ro l 
information i m p l i c i t in L isp, Uniform's i n te rp re te r 
is in general slower. In return the append program 
above can be executed symbol ica l ly , used in pat tern 
matching, run backwards, append any kind of l i s t , 
and be used in judging program equivalence. 

The reason the "Append" program looks l i k e Lisp 
is that the p r im i t i ves " N u l l " , " F i r s t " , "Rest", and 
"Cond" can be wr i t t en in Uniform. The p r im i t i ves 
of Lisp that cur ren t ly are d i f f i c u l t to wr i te 
include those that perform s ide-e f fec ts such as 
"Setq" , "Rplaca" and array operat ions. I t is 
possible to implement them f a i r l y s t r a i g h t 
forwardly in Uniform, but the implementation is 
unacceptably i n e f f i c i e n t . Essent ia l ly a c e l l is 
represented as a l i s t of i t s previous values where 
the las t cons contains the current value and a 
var iab le for future bindings. Other p o s s i b i l i t i e s 
fo r implementing s ide-e f fec ts in Uniform are to use 
t a i l - r e c u r s i o n opt imizat ion or reference counts to 
know when it is safe to re-use the current 
s t ruc ture rather then copy. This shortcoming of 
Uniform is an act ive area of research. 

The most essent ia l property of L isp , the a b i l i t y 
to run large programs e f f i c i e n t l y is lack ing in 
Uniform. A compiler is planned and it is hoped 
that i t w i l l produce acceptable code. Compilers 
for SmallTalk <9>, Director <7>, and Prolog <2> 
contain relevant techniques as do compilers based 
upon p a r t i a l evaluat ion such as the one for the 
Lima pat tern matcher <10>. Another area of 
research that hopeful ly w i l l lead to an acceptable 
leve l of e f f i c iency is work w i th in logic 
programming languages for descr ib ing and using 
con t ro l or meta-level information <11>. 

B. Uniform and Actor Languages 
Computer languages based upon computational 
e n t i t i e s ca l led "actors" o f fe r modular i ty, 
pa ra l l e l i sm, f u l l e x t e n s i b i l i t y of both data and 
funct ions and a simple but powerful computational 
semantics. An early version of Uniform was 
attempted in Act 1 <12>, a language that takes the 
idea of actors to the extreme. Many of the 
f a c i l i t i e s of Act 1 would have been ava i lab le in 
Uniform, inc lud ing i t s excel lent p r im i t i ves for 
descr ib ing concurrent computation. Unfortunately 
the current implementation of Act 1 is too slow to 
bu i ld a p rac t i ca l in te rp re te r upon i t . 

Act 1 is a message passing language based upon 
the convention that actors be able to respond to 
"eva l " and "match" messages. Uniform can be viewed 
as a language in which forms pass " u n i f y " messages 
between themselves and the i r par ts . As we saw in 
the previous sect ion, u n i f i c a t i o n subsumes 
eva luat ion. Un i f i ca t ion c lea r l y subsumes the match 
messages in Act 1 since pat tern matching is Just 
the special case of u n i f i c a t i o n where one of the 
forms contains no var iab les . 
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One o f the i m p o r t a n t f e a t u r e s o f a c t o r languages 
i s the a b i l i t y t o d e s c r i b e a new data s t r u c t u r e and 
have o l d programs use i t w i t h o u t m o d i f i c a t i o n . 
T h i s i s a consequence o f the f a c t t h a t programs 
depend o n l y upon the behav io r o f da ta in response 
to messages. A l i s t i s any a c t o r which can answer 
" f i r s t " and " r e s t " messages. The analogous 
s ta temen t about Un i fo rm i s t h a t a l i s t i s any form 
t h a t can u n i f y w i t h " ( cons x y ) " . For example, 
suppose we want to d e f i n e a new k i n d of l i s t which 
i n t e r n a l l y i s r ep resen ted b y two l i s t s , one f o r the 
o r i g i n a l members and one f o r those d e l e t e d . The 
advantage o f these " d e l e t e l i s t s " i s t h a t d e l e t i o n 
becomes a ve ry cheap and pure o p e r a t i o n in r e t u r n 
f o r a l i t t l e overhead o n o t h e r o p e r a t i o n s . 

They can be d e f i n e d as f o l l o w s in U n i f o r m : 
( a s s e r t 

( = ( d e l e t e - l i s t d e l e t e d (cons f i r s t r e s t ) ) 
( r u l e s f i r s t 

((member d e l e t e d ) 
; i s a l r e a d y d e l e t e d s o s k i p i t 
( d e l e t e - l i s t d e l e t e d r e s t ) ) 

( ( ? ) ; o t h e r w i s e the f i r s t element i s o k 
(cons f i r s t 

( d e l e t e - l i s t d e l e t e d r e s t ) ) ) ) ) ) 
T h i s i s a l l t h a t i s needed t o run any program 

t h a t works on l i s t s s i nce i t p r o v i d e s a pa th f rom 
" d e l e t e - l i s t " t o " c o n s " . I f we d e s c r i b e how to 
d e l e t e i tems f o r " d e l e t e - l i s t " i t w i l l b e used 
b e f o r e the d e l e t e o p e r a t i o n d e f i n e d f o r " c o n s " . 
N o t i c e t h a t t h i s way o f imp lement ing l i s t s a s 
a n y t h i n g t h a t can u n i f y w i t h a " c o n s " o f two 
v a r i a b l e s subsumes the i n h e r i t a n c e mechanism in 
languages l i k e Sma l lTa lk and D i r e c t o r . Un i fo rm 
a lways t r i e s f i r s t the s h o r t e s t pa th between two 
s t r u c t u r e s . The path t o d e l e t e l i s t ' s d e l e t e 
o p e r a t i o n i s s h o r t e r than one th rough c o n s ' s d e l e t e 
s o i t i s f o l l o w e d f i r s t . O f course s u b - c l a s s e s are 
p o s s i b l e . I f x - l i s t s on l y u n i f y d i r e c t l y w i t h 
y - l i s t s wh ich u n i f y w i t h z - l i s t s , then d e f i n i t i o n s 
o f o p e r a t i o n s upon x - l i s t s w i l l b e used b e f o r e 
t hose f o r y - l i s t s which i n t u r n w i l l b e used b e f o r e 
z - l i s t ' s d e f i n i t i o n s . 

T h i s same mechanism works f o r m u l t i p l e super 
c l a s s e s . I f we d e f i n e how h o r i z o n t a l - d a s h e d - l i n e s 
u n i f y w i t h h o r i z o n t a l - l i n e s and w i t h d a s h e d - l i n e s 
then o p e r a t i o n s upon e i t h e r one can be a p p l i e d to 
h o r i z o n t a l - d a s h e d - l i n e s . Since Un i fo rm f o l l o w s 
s h o r t e s t pa ths f i r s t , t he m u l t i p l e super c l a s s e s 
a r e searched i n a b r e a d t h - f i r s t f a s h i o n . 

One ve r y i m p o r t a n t p a r t o f some of the a c t o r 
languages i s the user d e f i n a b l e c o n t r o l s t r u c t u r e s 
and a b i l i t y t o compute i n p a r a l l e l <13> <12>. T h i s 
i s a s e r i o u s d e f i c i e n c y o f Un i f o rm . The p l a n i s t o 
add such i n f o r m a t i o n as a d v i c e to the i n t e r p r e t e r 
as to how to go about d o i n g the u n i f i c a t i o n s . T h i s 
approach i s s i m i l a r t o one taken i n Me ta log <11>. 
The appea l o f s e p a r a t i n g l o g i c f rom c o n t r o l i s t h a t 
a user can deve lop and t e s t the l o g i c or competence 
o f a program b e f o r e add ing c o n t r o l i n f o r m a t i o n t o 
improve i t s per formance <14>. A lso d i f f e r e n t uses 
of the same program may be he lped by d i f f e r e n t 
c o n t r o l i n f o r m a t i o n . 

C. Un i fo rm and Log ic Programming 
In r e c e n t years a number o f l o g i c programming 
languages have appeared . Most n o t a b l e is P r o l o g , a 
programming language which resembles P lanner <2>. 

(One o f P r o l o g ' s major improvements over P lanner is 
i t s use o f u n i f i c a t i o n . ) Programs i n P r o l o g a re 
axioms i n the f i r s t - o r d e r p r e d i c a t e l o g i c 
r e s t r i c t e d to Horn c l a u s e s . Programs a re executed 
by a r e s o l u t i o n theorem p r o v e r . What is s p e c i a l 
about P r o l o g i s t h a t i t i s i n tended as a genera l 
purpose programming language meant to compete w i t h 
comp i led L i s p as w e l l as w i t h P l a n n e r - l i k e 
languages . The o b j e c t i o n to l o g i c as b e i n g an 
e x c e s s i v e l y c o n s t r a i n e d manner o f r e a s o n i n g i s 
i r r e l e v a n t to i t s wor th as a programming language. 
One would no t want to b u i l d AI programs upon an 
" i n f o r m a l " L i s p . The o b j e c t i o n t o l o g i c t h a t i t i s 
no t concerned w i t h c o n t r o l over the use o f 
knowledge is a s e r i o u s one. There a re many 
advantages however, to hav ing a programming 
language based upon l o g i c w i t h a separa te c o n t r o l 
component f o r i m p r o v i n g per formance such as 
I C - P r o l o g o r Me ta log <11>. 

When compared w i t h L i s p , P r o l o g has many 
advantages and a few very s e r i o u s d i s a d v a n t a g e s . 
P r o l o g shares w i t h Un i fo rm the a b i l i t y t o use the 
same program in many ways. For example, the P r o l o g 
d e f i n i t i o n o f "append" can be used not o n l y to 
compute the r e s u l t o f appending two l i s t s t o g e t h e r 
but can a l s o be used as a p r e d i c a t e to v e r i f y t h a t 
t h e r e s u l t o f appending two l i s t s i s a t h i r d l i s t , 
as a g e n e r a t o r o f p a i r s o f l i s t s t h a t append to a 
p a r t i c u l a r l i s t , as a way o f f i n d i n g the d i f f e r e n c e 
between two l i s t s , and as a genera to r o f t r i p l e s o f 
l i s t s such t h a t the f i r s t two append t o form the 
t h i r d . 

P r o l o g has a few o t h e r f e a t u r e s which L i s p 
l a c k s . Among them a re the a b i l i t y t o compute w i t h 
p a r t i a l l y i n s t a n t i a t e d s t r u c t u r e s , a conven ien t way 
t o hand le m u l t i p l e o u t p u t s , and the use o f p a t t e r n 
m a t c h i n g i n s t e a d o f e x p l i c i t l i s t c o n s t r u c t i o n and 
s e l e c t i o n . On the n e g a t i v e s i d e , P r o l o g 
i m p l e m e n t a t i o n s a re the r e s u l t o f a much s m a l l e r 
i m p l e m e n t a t i o n e f f o r t than the major L i s p d i a l e c t s 
and c o r r e s p o n d i n g l y lack good programming 
e n v i r o n m e n t s , i / o f a c i l i t i e s , adequate a r i t h m e t i c , 
and the l i k e . A t tempts t o embed P r o l o g i n L i s p 
( e . g . QLOG <11>) may a l l e v i a t e t h i s . Among 
P r o l o g ' s more fundamenta l problems are a dependence 
upon au toma t i c b a c k t r a c k i n g , a l a c k o f user c o n t r o l 
over s e a r c h , and a l a c k o f an e f f i c i e n t s u b s t i t u t e 
f o r impure o p e r a t i o n s . 

Un i f o rm was developed w i t h the goa l o f c a p t u r i n g 
and i m p r o v i n g these p o s i t i v e aspec ts o f P r o l o g . 
Un i f o rm s u p p o r t s a l l t he uses o f a d e f i n i t i o n t h a t 
P r o l o g does and an a d d i t i o n a l few For example, 
U n i f o r m ' s d e f i n i t i o n o f "append" i s e q u i v a l e n t t o 
P r o l o g ' s and can a l s o be used as an i mp l em en ta t i on 
o f segment p a t t e r n s . 1 I n a d d i t i o n , i t i s a l l the 
knowledge about "append" the system needs to answer 
q u e s t i o n s about program e q u i v a l e n c e . 

*For example, t he Un i fo rm d e s c r i p t i o n (append 
( l i s t x ) ( l i s t x ) y ' ( c e n t e r ) y ) ( o r e q u i v a l e n t l y 
u s i n g read macros (x x y ' c e n t e r ! y ) ) matches a 
l i s t whose f i r s t and second e lements a re the same 
and the r e s t o f the l i s t has the symbol " c e n t e r " i n 
t he m idd le surrounded by equal l i s t segments. 

937 



For example, work is under way ao that Uniform 
can successful ly un i fy the fo l low ing fo r a l l l i s t s 
x and y. 

(s (append (reverse x) y) 
(reverse (append (reverse y) x ) ) ) 

In Uniform one can augment the u n i f i c a t i o n of 
re la t i ons other than the "a " r e l a t i o n and so can 
w r i t e in Prolog 's r e l a t i o n a l , as opposed to a 
f unc t i ona l , s t y l e . The fo l low ing is a Uniform 
program for de f in ing the "grandparent" r e l a t i o n 
(which can be used as the "grandch i ld" r e l a t i o n 
t oo ) . 

(assert (grandparent-of grandchi ld grandparent) 
; the above is t rue i f the fo l l ow ing holds 
(parent -of a-parent grandparent) 
(parent -of grandchild a-parent)) 

The program says that two var iab les are in the 
grandparent r e l a t i o n i f a ch i l d o f the f i r s t 
var iab le un i f i es w i th a parent of the second. As 
in Prolog the var iables "grandparent" and 
"grandchi ld" are un iversa l ly quant i f i ed and 
"a-parent" is e x i s t e n t i a l (by v i r t u e of not being 
in the "head"). 

I l l A DETAILED EXAMPLE 
As a simple example that exempl i f ies many of 

Uniform's features l e t us consider an 
implementation o f associat ion l i s t s . I t i s a 
t y p i c a l example of how the same program can be used 
to construct a data s t ructure and to compute wi th 
the same data s t ruc tu re . Besides reducing the 
amount of programming i t makes i t impossible for 
the accessing programs to be based upon a mistaken 
not ion of how the s t ruc ture is constructed. 

The fo l low ing is an implementation of 
associat ion l i s t s : 

(assert assoc ia t i on is in the f ron t o f the l i s t 
(= (assoc ia t ion-of key 

(cons ( l i s t key value) r es t ) ) 
value)) 

(assert ;otherwise "cdr" down the l i s t 
(s (assoc ia t ion-of key (cons f i r s t r es t ) ) 

(assoc ia t ion-of key r e s t ) ) ) 
This program can best be understood by seeing 

how it can be used. F i r s t l e t us bu i l d a l i s t of 
associat ions between objects and co lo rs . We can 
associate sky w i th blue in a l i s t colors by 
un i f y i ng " (assoc ia t ion-o f 'sky co l o r s ) " w i th the 
symbol "b lue" . The var iable " co lo rs " is un i f i ed 
w i th (cons ( l i s t 'sky 'b lue) res t -1 ) or in an 
a l t e rna t i ve syntax " ( [ s k y 'blue] ! r e s t - 1 ] " . In 
other words, " co lo rs " is a l i s t whose f i r s t element 
is a l i s t of "sky" and "b lue" and the rest is an 
unbound va r iab le . If we next associate grass wi th 
green and ocean wi th b lue, the "co lo rs " l i s t w i l l 
be bound to " [ s k y 'blue! ( 'grass 'green] ['ocean 
'blue] ! res t -33" . Were we to add any of the 
associat ions already In colors i t would succeed 
without making any new bindings. 

•Extending Prolog to al low a func t iona l s t y le of 
programming would not be too d i f f i c u l t <11>. More 
d i f f i c u l t would be to support these funct iona l 
d e f i n i t i o n s i n u n i f i c a t i o n . 

The associat ion l i s t can be used in many ways. 
If we associate grass with the var iab le 
"grass-co lor " , it w i l l be bound to green. Or if we 
associate the var iab le "b lue - th ing " wi th b lue, 
b lue- th ing w i l l be bound to sky. I f that f a l l s 
l a t e r or other a l te rna t i ves are desi red, then 
b lue- th ing w i l l be un i f i ed wi th ocean. 

I f that a l t e rna t i ve f a i l s , a weakness of log ic 
programming is revealed. The problem of un i f y ing 
(assoc ia t ion-of b lue- th ing colors) w i th 'b lue is 
in terpre ted as " i s i t possible that b lue- th ing is 
associated wi th blue and if so how". If we re jec t 
an answer i t is in terpreted as " i s i t possible in 
some other way". If an associat ion l i s t "ends" 
wi th a va r iab le , then the answer is always yes. 
The f i r s t answer was "yes if b lue- th ing is sky", 
the second answer was "yes if b lue- th ing is ocean" 
and the next answer was "yes if co lors is []'sky 
'blue] ['grass ' green] [*ocean 'blue] [b lue- th ing 
'b lue ] f r e s t - 4 ] " . In other words, "yes, i f co lors 
is an associat ion l i s t w i th the var iab le b lue- th ing 
associated with b lue" . 

This problem was revealed when in answer to the 
question "what can be blue" Uniform r e p l i e d , "the 
sky, the ocean and any blue t h i n g " . It was the 
question that was at f a u l t , not the answer. It 
should have been "what is known to be b lue" . This 
cannot be expressed in logic programming languages 
(without f i nd ing and binding a l l the var iables in 
co lors to unique constants) . Uniform has a 
p r im i t i ve r e l a t i o n to d is t ingu ish the two 
i n te rp re ta t i ons . The p r im i t i ve "known" marks the 
incoming u n i f i e r so that a f a i l u r e resu l t s i f any 
of i t s unbound var iables are u n i f i e d . 

A strength of Uniform is that one can def ine and 
use an associat ion l i s t which has var iables in i t . 
Dealing wi th p a r t i a l knowledge is very important in 
A I . One can express, for example, that John's 
apple is e i ther red, green or yellow by associat ing 
John's apple wi th a var iable for the color of 
John's apple and un i f y ing that var iab le wi th the 
d i s junc t ion of red, green, and yel low. Later if we 
learn more about the color of John's apple we can 
speci fy it f u r the r , in the meanwhile we can use 
what is known about h is apple. 

IV CONCLUSIONS AND FUTURE RESEARCH 
A surp r i s ing resu l t of t h i s research is that 

u n i f i c a t i o n , a process of generating the most 
general instance of a set of descr ip t ions , can be 
such a powerful basis for a programming language. 
Un i f i ca t i on un i f i es the essence of L isp , Act 1, and 
Prolog i n to a simple coherent framework. 

Uniform is far from complete.* Some of the 

•At the time of t h i s w r i t i n g , the implementation 
does not run a l l the examples in t h i s paper. The 
u n i f i c a t i o n a lgor i thm and I t s p r i m i t i v e types, the 
path fo l l ow ing , and the top- leve l works and is 
capable of running examples such as "append", 
"assoc ia t ion -o f " , and "grandparent". F a c t o r i a l , 
the " r u l es " p r i m i t i v e , and the "known" p r im i t i ve do 
not work ye t . Examples invo lv ing them have been 
hand-simulated. 
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major avenues o f f u t u r e research f o l l o w . 

D e v e l o p i n g and i n c o r p o r a t i n g the dua l o f 
u n i f i c a t i o n , g e n e r a l i z a t i o n , i n t o the language. 
The d u a l i t y between u n i f i c a t i o n and g e n e r a l i z a t i o n 
i s s t r i k i n g and the a b i l i t y t o implement them bo th 
u s i n g the same mechanism is s u r p r i s i n g . 

A s h o r t c o m i n g o f Un i fo rm and P r o l o g i s t h e i r 
i n a b i l i t y t o use n e g a t i v e i n f o r m a t i o n . I n t he 
p r e v i o u s example o f a s s o c i a t i o n l i s t s we cannot 
p r e v e n t a key f rom hav ing more than one 
a s s o c i a t i o n . Un i fo rm w i l l be extended to be a b l e 
t o use the f o l l o w i n g : 

( a s s e r t 
( n o t ( = ( a s s o c i a t i o n - o f 

key 
(cons ( l i s t key va lue ) r e s t ) ) 

( n o t v a l u e ) ) ) ) 
T h i s would cause the u n i f i c a t i o n t o f a i l i f the key 
i s found bu t the va lues do not u n i f y . Negat ive 
i n f o r m a t i o n can be used in a d e f a u l t s t r a t e g y which 
c o n c u r r e n t l y t r i e s t o u n i f y two d e s c r i p t i o n s and t o 
show t h a t they a re not u n l f i a b l e . 

In the process o f u n i f i c a t i o n a v a r i a b l e may 
a c q u i r e m u l t i p l e c o n s t r a i n t s . As a d e f a u l t , 
U n i f o r m s imp l y c o n j o i n s them. I f l a t e r a n a t temp t 
i s made to g i v e the v a r i a b l e a v a l u e , then the 
c o n s t r a i n t s d i sappear i f the va lue s a t i s f i e s them, 
o t h e r w i s e i t f a i l s . I n c o n s i s t e n t c o n s t r a i n t s d o 
no t cause f a i l u r e un less t h e r e i s an a t tempt t o use 
them. I f t h e c o n s t r a i n t s have a un ique s o l u t i o n 
t h e n o n l y t h a t va l ue can u n i f y w i t h them, but the 
system does not compute t h a t v a l u e . The 
u n i f i c a t i o n o f c o n s t r a i n t s appears to be a n a t u r a l 
p l a c e to use some o f the c o n s t r a i n t s a t i s f a c t i o n 
t e c h n i q u e s found in S t e e l e and Sussman's c o n s t r a i n t 
system <6> and the XPRT system <5>. 

We have e x p l o r e d the u n i f i c a t i o n of d e s c r i p t i o n s 
o f p rograms. E x p l o r i n g the u n i f i c a t i o n o f o t h e r 
complex s t r u c t u r e s such as f rames, s c r i p t s , and 
u n i t s shou ld be e q u a l l y v a l u a b l e . Much of what 
systems such as FRL, XPRT, SAM and KRL do is match 
complex d e c l a r a t i v e s t r u c t u r e s w i t h o t h e r s . 
U n i f i c a t i o n , a more gene ra l and power fu l p rocess 
than p a t t e r n ma tch ing , promises to be very u s e f u l 
f o r d e a l i n g w i t h these s t r u c t u r e s . 

As has been p o i n t e d out e lsewhere (<14> among 
o t h e r s ) t h e r e is much to be gained by s e p a r a t i n g 
t h e c o n t r o l and l o g i c components o f an a l g o r i t h m . 
U n i f o r m programs have much l e s s c o n t r o l i n f o r m a t i o n 
in them than e q u i v a l e n t L i s p or Act 1 programs. A 
g e n e r a l search s t r a t e g y is used as a d e f a u l t so 
t h a t t he f a c t u a l o r competence component o f 
programs can be developed and t e s t e d w i t h o u t the 
added c o m p l e x i t y o f be i ng concerned w i t h 
e f f i c i e n c y . The e f f i c i e n c y can be pu t in l a t e r and 
kep t l e x i c a l l y separa te from the r e s t o f the 
p rog ram. A c o m p i l e r i s p lanned which w i l l be 
w r i t t e n i n Un i f o rm and produce L i s p code. 

I t i s ve ry d i f f i c u l t t o e v a l u a t e the wor th o f 
computer language based s o l e l y upon sma l l programs. 
P r o l o g , f o r example, becomes l e s s d e s i r a b l e as the 
s i z e o f the programs grow due to i t s impover ished 
n o t i o n o f e r r o r s and debugging and i t s r e l i a n c e 
upon a u t o m a t i c b a c k t r a c k i n g . Work has been done to 
a l l e v i a t e these p a r t i c u l a r f a i l i n g s i n U n i f o r m , but 

exper ience i n u s i n g Un i fo rm i s l a c k i n g . Concur ren t 
w i t h the resea rch suggested above, Un i fo rm needs to 
b e t e s t e d b y w r i t i n g l a r g e complex programs i n i t . 
I n t h i s r e s p e c t Un i fo rm i s way beh ind L i s p e t . a l . 
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