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Introduction 
Pattern matching is a very powerful and useful device in programming. In functional languages it 

emerged in SASL [Turn76] and Hope [BursS0], and has also found its way into SML [Miln84]. The 

pattern mathing described here is that of LML which is a lazy ([Frie76] and [Henri76]) variant of ML. 

The pattern matching in LML evolved independently of that in SML so they are not (yet) the same, 

although very similar. The compilation of pattern matching in SML has been addressed in [Card84]. 

The LML compiler project began as an attempt to produce efficient code for a typed functional 

language with lazy evaluation. Since we regard pattern matching as an important language feature it 

should also yield efficient code. 

Only pattern matching in case expressions is described here, since we regard this as the basic 

pattern matching facility in the language. All other types of pattern mathing used in LML can be easily 

translated into case expressions, see [Augu84] for details. 

The compilation (of pattern matching) proceeds in several steps: 

• transform all pattern matching to case expressions. 

• transform complex case expressions into expressions that are easy to generate code for. 

• generate G-code for the case expressions, and from that machine code for the target machine. 

T y p e  definitions 
In LML all types (except the function type) are considered to be built up in the same way. A 

type is defined by a type definition in which all the constructors of the type are given. These 

constructors are the only elements of the type. For convenience some types are predefined (int, bool, 

list, char...) and there are special syntactic constructions to make it easier to use them (like the i f  

expression), but they could equally well have been defined by the user. (There is one exception: the 

integer type is handled especially for efficiency reasons.) 

A new type in LML is introduced by a type definition: 
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l e t  t y p e  T(v 1,...) = C 1(t11,... ) + ... + Cn(tnl,...) 
i n  . . .  

Here T is the name of the new type, the v i are type variables (if the new type is polymorphic), 

and the O i are the (new) constructors of this type. The types of the arguments to the constructors are 

given by the type expressions tij (which may contain vi). 

Some examples: 

let type bool = false() + true() in ... 
let type rec list(*a) = nil() + cons(*a, list(*a)) in... 

Nullary constructors are normally written without parenthesis, e.g. 
f a l s e ,  but in this paper we will often use the parenthesis to avoid any 
confusion between variables and constructors. Here * a  is a 
polymorphic type variable, for details see [Miln78]. 

As soon as a new type has been introduced the constructors of this type can be used to form 

expressions. An expression with a constructor as its outermost part is in canonical form, i.e. it yields 

itself as value when evaluated. 

The only way to scrutinize a value of a type is with the c a s e  expression, which has the 

following syntax: 

case e in 

Pl : e l  

I I  P2 : e2 

I I  Pn : en 
end 

where the Pi are patterns and the e i are expressions. 

A pattern is built up from constructors (introduced by type definitions) and from variables. A 

pattern can be arbitrarily complex, i.e. the subparts of a constructor pattern may themselves be patterns. 

A special class of patterns are the simple patterns. A simple pattern is either a variable or a 

constructor where all the subpatterns are variables. The simple patterns are especially interesting since a 

case expression consisting of only simple patterns can be compiled easily into very efficient code 

(described later). 

E.g. 
l e t  

in 

last 1 = 
case 1 in 

cons(h, nil) : h 
II cons(h, t) : last t 
end 

For convenience two other types of patterns may occur. The first is a wildcard pattern (written 

'$3, which has the same meaning as a variable (i.e. it matches anything) except that it may not occur in 

the expression and it may be repeated in a pattern (which a ordinary variable may not be). The other 
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pattern is the ascons~uction,  w h i c h i s u s e ~ l w h e n b ~ h  the whCevalueandi tsubpartsareneeded.  

Examples: 

let hd (cons(a,$)) = a in ... 

let hd and whole (cons(a,$) as i) = (a, I) 

Both these construction can be viewed as purely "syntactical sugar" and we will not consider them 

in the rest of this paper. 

Case evaluation 
The value of a case expression is equal to the value of the expression part of the first matching 

pattern. The patterns are checked from top to bottom, and each pattern is checked from left to right. 

The discrimination expression (the one after c a a e )  is evaluated exactly as much as is needed to 

determine which pattern is the first to match. If no pattern matches the value of the case expression is 

undefined (it will cause a runtime error). 

The patterns are allowed to overlap, but an earlier pattern is not allowed to completely overlap a 

later one completely since then the later pattern could never match. 

The expression part of the pattern is evaluated with all the variables in the pattern bound to the 

corresponding parts of the discrimination expression. 

The explicit top-down ordering is necessary since patterns are allowed to overlap, if this was not 

the case the pattern order would be unimportant. 

The left-fight ordering is (unfortunately) needed when using lazy evaluation since it affects the 

termination properties of the program. A strict case construction would evaluate the discrimination 

expression completely, and if there were non-terminating parts it would not matter in which order the 

evaluation of the subparts would proceed since the result would not terminate anyway. When using 

lazy evaluation it is a little more complicated. The discrimination expression should only be evaluated 

enough to determine which pattern is the first to match, but when matching subparts of a pattern this 

must be done in some order. Ideally this order should not matter, but this would force parallel matching 

of the subparts. 

The patterns of a case expression should be exhaustive, if they are not the compiler issues an error 

message and inserts a default entry. If this default entry is ever evaluated it will produce an error 

message and terminate the program. 

An example 
Before giving the algorithm, we will illustrate the ideas by means of how the algorithm works on 

a particular example. 

The basic idea is to merge all patterns with the same outermost constructor and replace all the 

subpatterns with variables. These subpatterns must then be matched in new case expressions, which 

are treated in the same way. 

The LML expression (in the concrete LML syntax) 
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case e in 
[x;true] : x 

II [false] : true 
II z : false 
end 

corresponds to the fol~wing whenusing the abstract ~nmxfor thepa t te rns  
case e in 

cons(x, cons(true(), nil())) : x 
I I cons(false(), nil()) : true() 
It  z : false() 
end 

This is transformed by joining the two cons patterns into one and by introducing new variables 

(see below). These new variables are then examined by further c a s e  expressions. When the new 

e a s e  expressions are introduced they may be non-exhaustive. This is not an error (as it would be on 

the top level), but instead an indication that the pattern (or patterns) that is expanded into that particular 

case expression does not match. Since overlapping patterns are allowed there may be other patterns that 

can match. The only overlap that can occur, when the patterns are simple, is that a variable overlaps a 

constructor (since equal constructors have already been merged). This means that if  a failure to match 

occurs all the overlapping patterns should be checked. In the code this is indicated by the d e f a u l t  

expression. This is not an expression that is available to the user; it is only used during transformation. 

The value of  the d e f a u l t  expression is the same as that of  the nearest surrounding default pattern (a 

default pattern is a pattern consisting of a single variable). 

In the example  below the first d e f a u l t  expression indicates that the pattern 

' c o n  s ( f a  1 s e ( ) ,  n i 1 ( ) ) ' does not match, but since the ' f a  1 s e ( ) ' pan  is overlapped by the 

subpattern 'x' in ' c o n s  (x ,  c o n s  ( t r u e  ( ) ,  n i l  ( ) ) ) '  the expression may still match this. The 

value of  default is therefore the same as that for the ' v 3 '  pattern which tests for a match on 

' c o n s  ( t r u e  () , n i l  ( ) )  '. This may also fail (the second d e f a u l t ) ,  but the expression may still 

match since both pattern are overlapped by 'z'. The second default is therefore equivalent to the value 

of  that entry. 

The d e f a u l t  entries are easily compiled into jump instructions that just continue the execution 

at the appropriate default entry. 

case 

II 
end 

e in 

cons (x, v2) 
case x 

II v3 

in 
false () : 

case v2 in 
nil() : true() 

It $ : default 
end 

: case v2 in 
cons (true () ,nil ()) 

I I $ : default 
end 

end 
z : false() 

: X 
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The new case expressions introduced by this transformation are now treated in the same way. 

We then proceed in the same way with the new case expressions that are not simple and when all 

the complex patterns are removed it expands to 

case 

II 
end 

e in 

cons (x, v2) 
case x 

IE 

in 
false() : 

case v2 in 
nil() : true() 

11 $ : default 
end 

v3 : case v2 in 
cons (v4,v5) : 

case v4 in 
true () 

end 
: false() 

II $ : 
end 

il $ : 
end 
default 

case v5 in 
nil() : 

II $ : 

end 

default 

x 

default 

As can be seen from this example the transformed expression is often much larger than the 

original. This is not a serious problem in practice since most patterns used in real programs are simple 

or almost simple already. Also the transformed expressions will not be much larger when the patterns 

do not overlap, which is often the case. 

C o n d i t i o n a l  P a t t e r n s  

The patterns matching may extended further in that there may be a boolean expression associated 

with a pattern. In order for the pattern to match this expression must evaluate to true. This feature is 

present in KRC [Turn82] and is there called conditional equations. We will not here discuss how this 

can be compiled, but the algorithm presented here can be extended in a fairly simple way to allow such 

conditional patterns. The idea is that a pattern of the form 

p & c o n d  : e 

would match only if  the pattern p matches and the boolean expression cond evaluates to true (the 

condition can of  course contain the variables bound by the pattern p). It would be transformed into 

something like 

p : if cond then e else default 
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Conditional patterns would make it possible to compile a pattern with repeated occurences of a 

variable. This would then be equivalent to a pattern with distinct variables and a condition expressing 

that they should be equal. 

T r a n s f o r m a t i o n  a l g o r i t h m  

The transformation algorithm can now be presented more formally. 

The pattern expansion algorithm is called C, and is used in the following way 

<P11,P12,"'Pln1>:E1 
C (<e I ,e 2 .... en>, { <P21,P22,"'P2n2>:E2 }, d) 

<Pml,Pm2'-'Pmnm>:Em 
C takes as its first argument a sequence of expressions, and as its second argument a sequence 

of pairs. Each pair consists of a pattern sequences and an expression. The result of the transformation 

is an t Ht-expression which will give the value E k ff the pattern sequence <Pkl,Pk2,---Pkn > is the first 

sequence that matches the expression sequence <01 ,e 2 .... en>. E k will be evaluated with all the 

variables in the patterns bound to the corresponding parts of the expressions. A sequence of patterns 

matches a sequence of expressions if each pattern matches the conesponding expression. The matching 

is checked from left to right. The parameter d is the value that should be returned if none of the pattern 

sequences match the expression sequence (this parameter is usually d e f a u l t ) .  

The expression returned by C contains only simple patterns. 

The expressions in the expression sequence are always variables except on the top level of the 

transformation (as can be seen below). 

The arguments to C must have certain properties for it to work: 

• the expressions and the patterns must be well typed. 

the patterns must not be completely overlapping (as described above). 

the length of all pattern sequences and the expression sequence must be equal (these 

properties are, of course preserved in recursive calls of C ). 

To transform the case expression 
c a s e  O i n  

Pl : 01 

II P2 : 02 

II Pn : en 
e n d  

C is called with the arguments 

<Pl >:el 
C (<e>, { <p2>:e2 }, f a i l )  

. ° ,  

<Pn>:en 
which as a result would give an expression with the right meaning, since the one element 
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expression sequence is matched against the one element pattern sequences. The expression :fail is an 

error value indicating that the pattern matching failed (this cannot happen when the patterns are 

exhaustive exhaustive). 

C is elaborated by case analysis of the arguments. When recursive calls are made the arguments 

are always "simpler"; the decreasing measure used here is the maximum of the sums of the number of 

constructors and variables in each pattern sequence. This ensures the termination of C . 

Case 1: 

C (<>, {<>:e }, d) 
The expression sequence is empty. This implies that all the pattern sequences are also empty since 

they always have the same length. The sequence of pairs must be a singleton, otherwise the patterns 

would be completely overlapping and this is not allowed. Since an empty sequence of patterns matches 

an empty sequence of expressions the result is simply 

Case 2: 
<v 1 ,P12,...Pln>:E1 

C (<e 1 ,e 2 .... en>, { <v2,P22,...P2n>:E 2 }, d) 

<Vm,Pm2,...Pmn>:Ern 
A nonempty expression sequence, and the fu'st pattern in each sequence is a variable. 
Since a variable matches any expression this implies that v k should be bound to e 1 when 

evaluating E k. This is achieved by returning the expression 

case 01 in 

<P12,...Pln>:E1 [V/v 1] 
v: C (<e2,... en>, { <P22,_.P2n>:E2 IV/v2] }, d) 

<Pm2,...Pmn>:Ern [V/v m] 
end 

where v is a new unique variable. 

(This could also be written l e t  v = 01 i n  C ...) 

That is, v is bound to 01 when evaluating E k, but all (free) occurences of v k in E k have been 

replaced by v, which is equivalent to having v k bound to 01 in E k. 

Another solution would be to substitute 01 for the v k in the expressions and this would not 

normally be inefficient since the expression sequence normally consists of variables (as stated earlier). 

The recursive call is obviously simpler since a variable has been removed from each pattern 

sequence. 
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Case 3: 
< 01(q11-"qln1),P12,"'Pln>:E1 

C ( < e  1,e 2 .... en>,{ ... 

< Ck (qkl ,'"qknk),Pk2,'"Pkn>:Ek 
<Vk+l ,Pk+l,2,'--Pk+l,n>:Ek+l 

<Vm,Prn2,...Pmn>:E m 

}, d) 

A nonempty expression sequence, and the in'st pattern in each sequence is a constructor (called C k 

and with subpatterns qkl,"'qknk), or a variable (called vk). The first pattern sequences are constructor 

patterns and they may be followed by a a number of variable patterns. 

The pair sequence is first grouped by the constructor in the first pattern (Ci). The grouping 

consists of rearranging the pair sequence so that all those with the same leading constructor are put 

together and those with a leading variable form a separate group. Pattern order does not matter when 

the patterns are not overlapping, but since we have overlapping patterns the relative order of the 

sequences in the same group must not change. The relative order between different groups does not 

matter since they cannot overlap (because the leading constructors differ), except that the those with 

leading variables must come last. All this is easily achived by having an ordering on the consu'uctors 

and using the constructors as the key in a stable sort. 

After the grouping we would have something like: 

< C1(ql l , ' "q lnl) ,P12," 'Pln>:E1 

<" Cl(qkl,"-qknl),Pk2,'-Pkn>:Ek 

C (<e 1,e 2 .... en>, {... },d) 
< cN (qml,'"qrnnrn),Pm2,"-Pmn>:Em 

;" vj,Pj2,...Pjn>:E j 

where C 1 is the'first constructor and so on, C N the last. 

(The names of the subpatterns and variables are not the same as above for purely clerical 
reasons - it would be too messy with even more indicies.) 

The result of this is 
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case e 1 in 

C1(Vll .... Vln 1) 

II ... 

II CN(Vjl .... Vln j) 

v 

<q11,"'qlb,P12-..Pln>:E1 
C (< Vl l  .... Vlnl,e 2 .... en>, { <qkl ,'"qkjl ,Pk2,...Pkn>:Ek }, default) 

C (< Vjl .... Vjnj,e2,... en> .... 

C (<e 2 .... en>, {<Pj2,...Pjn>:Ej [V/vj] },d) 

end 
where all vii and v are new unique variables. 
If there are no pattern sequences with a leading variable the last case entry (the 
default entry) would be replaced by 

v : d  

This has all the needed properties: 

• the number of elements in the expression and pattern sequences in all recursive calls to C 

are the same since there is a new variable for each subpattern (for a particular constructor) 

and these are added to the expression sequence and the same number of patterns are added to 

the pattern sequences. (The number of subpatterns for a particular constructor must be the 

same in all instances since the expression is well typed). 

• the result only contains simple patterns since C only returns simple patterns and we have 

introduced only simple patterns. 

• the recursive call is made with simpler arguments (which guarantees termination). In each 

pattern sequence we have taken away a constructor pattern and replaced it by its subpatterns, 

which reduces the number of constructors. 

• the returned expression also has the required behaviour since the outermost part of first 

expression is what is matched first and the recursive call will then give an expression which 

will match all the subparts of this and after that the other expressions. If no constructor 

matches the default entry is used. If there were any variable patterns they are treate~ exactly 

as in case 2. If there are no variable patterns it means that if the expression doesn't match 

any of the constructors it cannot match at all. A failure to match at this level should return 

what is indicated by the d parameter (which in most of the cases is a d e f a u l t ,  indicating 

that the surrounding default entry should be used). 

Case 4: 

< 01(q l l  ,...qln1),P12,...Pln>:E1 
C (<e 1,e 2 .... en>,{... 

<vk,Pk2,...Pkn>:E k 

< Cm (qrnl,---qmnm),Pm2,'"Prnn>:Ern 

}, d) 
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A nonempty expression sequence, and the first pattern in each sequence is a constructor (called C k 

and with subpatterns qkl,"-qknk), or a variable (called vk). This case differs from the previous case, 

in that the constructor and variable patterns may appear in any order. 

This case cannot be handled as easily as case 3 since there are variable patterns in between the 

constructor patterns. This means that the pattern sequences cannot be grouped as described above since 

this could alter the order of overlapping patterns. (Consider for instance the two patterns 'C (x, 2 ) '  and 

'C ( ! ,  y ) '  which if processed as above would be reversed and the value 'C ( 1 ,2  ) '  would then match 

the wrong pattern.) 

Several approaches can be used to transform this: 

rearrange the pattern sequences so that case 3 can be used, but when two overlapping 

patterns sequences must change place a new pattern sequence is introduced - the one 

corresponding to the overlap between the patterns. This pattern is then placed before the two 

patterns changing that are places. 

divide the pair sequnce into subsequences by repeatedly taking the longest prefix of it for 

which case 3 can be used. We then get a number of "sets" for which case 3 applies. If the 

first of those sequences fail to match the second one should be tried and so on. This can be 

accomplished by giving the expression for the second set as the default parameter when 

transforming the first one and so on. 

We illustrate the second approach here. Let Pk be the subsequences of the pair sequence for 

which case 3 can be applied and say that there are rn such subsequences. The value returned would be 

C (<e 1,0 2 .... On>, P1, dr) 

where d I = C (<e 1 ,e 2 .... en>, P2, d2) 

where d 2 = C (<01 ,e 2 .... en>, P3, d3) 

where d k = d 

This transformation has the biggest code expansion of them aU,but it turns out that the kind of 

pattern that requires case 4 is rather rare in practice. 

Code generation 
As stated earlier the code generation proceeds in two steps, first G-code is generated, and from 

that machine code. 

The code generation for a e a s e  expression very much resembles code generation for the case 

statement in ordinary languages, such as Pascal. The constructor number of the discrimination 

expression is used to select the match code. This code must then bind the variables in the (simple) 

pattern to the corresponding parts of the expression. 
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I subexprl Sub xprn l 
Constructor node layout. The tag indicates that it is a constructor node, 
the number is the constructor number, and the pointer points to a vector 
containing pointers to all the subexpressions. 

The code generation for e a s e  expression with simple pattern can be defined in the same way as 

for the rest of the LML compiler, described in [John83] and [John84]. To simplify things the only 

code generation scheme that has to handle the e a s e  expression is the E scheme, which generates code 

to evaluate an expression. In the places where he e a s e  expression should not be evaluated (as a 

subexpression to a constructor for instance) it is eliminated by a transformation. The transformation 

makes a function out of the e a s e  expression; the arguments to this function are the free variables in the 

e a s e  expression. The function can then be moved to the top level (all functions have to be on the top 

level for this compilation technique) and the original expression is replaced by a call of this function. 

The code generated for evaluating a e a s e  expression (see below) first evaluates the 

discrimination expression, then performs a jump (CASE JUMP) to the code corresponding to the 

constructor number. This code first pushes all the subexpressions (SPLIT) of the discrimination 

expression and then evaluates the expression part of the case entry (E [e]). All the variables of the 

pattern are avaliable on the stack during this evaluation. After evaluating the new value, now on top of 

the stack, is moved to the right place (MOVE) and the discrimination expression and the subexpressions 

are popped (POP). 

The code for the pattern which is a variable simply evaluates the code part (the value of the default 

variable can be found on the top of the stack). 

The code for d e f a u l t  pops all the unneeded things and jumps to the code for the surrounding 

default entry. 

A few instructions are introduced to handle the pattern matching: 

CASEJUMP which assumes that the top element of the stack is a constructor (as described 

above). As arguments it has a list of number, label pairs and a default label. It 

takes the constructor number and jumps to the corresponding label if it is 

present in the list, or else jumps to the default label. The actual machine code 

for this can be different depending how "dense" the case is. Normal compiling 

techniques can be used to produce good machine code. 

SPLIT Assumes that the top element on the stack is a pointer to a constructor. It 

pushes all the elements of the vector part of the conslructor node. 
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The E scheme below is not exactly the same as in [John84], it has been extended with the 

parameters j and s, which are the label to which a jump should be made and the amount to pop if there 

is a default. 

E [ c a s e  e i n  0 1 ( V t l , . . . V l n 1 ) :  e 1 I I ... I t v :  e n e n d ]  r rn j s = 

E [e] r rn j s; CASEJOMP (C 1, 11 ) (C2, 12) ... In; 

LABEL I1; SPLIT n l ;  E [e l ]  ddl ]  (m+nl)  ln l tHOVE n1+1 ;POp n l + l ; # w ?  I 

LABELIn; E [ e n ] ~ V = n ] ( n + l ) j s ;  POP 1; #w? I 
LABEL I; 

where d 1 =[v11=n .... V ln l=n+nl-1]  .... 
C k is the ordinal number of C k. 

n k is the number of subexpressions C k. 

E [default]  r n j s : 

POP S; JMP j 

A simple example" 
case e in 

cons(a, b) : b 
It nil() : nil() 
end 

Assuming that o is on top of the stack, and the constructor numbers n i l = 0  and c o n s = l ,  the 

code for the previous example would be: 

PUSH 0; EVAL; CASEJUMP (0,LI)(I,L2)L3; 
LABEL LI; SPLIT 2; PUSH I; MOVE 3; POP 3; JMP L4; 
LABEL L2; SPLIT 0; MKNIL; MOVE i; POP i; JMP L4; 

LABEL L4 ; 

From the G-code machine code can be generated quite easily. The CASEJUMP instruction can be 

compiled into a jump table (or compare and jumps if it is not dense). The SPLIT instruction turns into 

move instructions, moving the contents of the cell to the stack. 
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sort 
group 
newvar 

subst 
take 

reduce 

Appendix A, LML code for the transformation 
-- sorts a list g iven a less than  relat ion 
-- groups a list into a l ist  o f  lists g iven  an  equal  relation 
-- returns a n e w  variable each t ime (not a real L M L  function) 
-- subst i tutes  an express ion  for a variable 
-- takes a predicate and  a list and  returns a pair: the longes t  prefix 
-- for which  the predicate holds and  the rest o f  the list  
-- l ist  reduction (also called fold or  itlist) 

choplist f [] = [] 
choplist f 1 = let (a,b)=f i in a . choplist f b 

type rec Expr = Ecase(Expr, list(Expr#expr)) + 
Econstr(int, list (Expr)) + 
Evar(id) + Edefault + Efail 

the s a m e  type  is u sed  for both patterns and  express ions .  

let 
let 
and 
and 
II 

in 
let 

in 

trans (Ecase(e,pes)) = 
partition p 1 = filter p i, filter (not o p) 
gsort it 1 = group (\x.\y.not (it x y) & not 
cfst (Econstr($,$) .$),$) = true 
cfst $ = false 

1 
(it y x)) o sort it 

splitup = choplist (\l.let (cs,rs) = take cfst 1 in 
let (ds,ns) = take (not o cfst) rs in 
(cs@ds, ns)) 

l e t  r e c  C [] [ ( [ ] ,  e ) ]  d e f  = e 
- -  Cases  2 and  3 are handled  as instances o f  case  4 here  
I [ C (e.es) pses def = reduce C1 def (splitup pses) 

where C1 pses d = 
let (cs, ds) = take cfst pses 
in let css = gsort itc cs 

where ite (Econstr(nl,$) .$,$) 
(Econstr (n2, $) . $, $) =nl<n2 

in Ecase(e, map fc css @ [fd ds]) 
where fd [] = newvar, d 
tl fd a = 

let v = newvar 
in (v, C es (map (\(p.ps,e). (ps, subst v p e)) a) d) 

and fc (Econstr(n,nps) .$,$).$ as a) = 

let vs = map (\x.newvar) nps 
in (Econstr(n,s), 

C (vs@es) (map (\(Econstr($,nps) .ps, e) . (nps@ps, e) a Edefault) 
in 

C [e] (map (\(p,e) . ([p],e)) pes) Efail 


