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Abstract

Parallel pattern-matching offers the maximum laziness for pro-
grams written in lazy functional languages. Function argu-
ments are evaluated concurrently and all arguments are given
equal precedence, so functions can return results whenever pos-
sible in the presence of errors or infinite computations. We de-
scribe the motivation for and the semantics of parallel pattern-
matching. We also describe the first available implementation
of Haskell with parallel pattern-matching. The implementa-
tion works via a source-to-source translation into Concurrent
Haskell, using the existing facilities of GHC to provide the
required concurrency. Various transformation techniques are
outlined which can help to reduce the degree and cost of the
concurrency required to satisfy the semantics.
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1 Introduction

One of the principal interesting features of
functional programming languages such as
Haskell[Peyton Jones et al, 1999] is the wuse of

pattern-matching to define functions. A definition
written using pattern-matching has different equa-
tions for different cases of the input values. A simple
example is the function length from the Haskell
Prelude.

length :: [a] —> Int

— — length xs returns the number of elements on xs
length [ ] =0

length (x : xs) =1 + length xs

length is defined by two equations. The first equation
applies when length is applied to the empty list, de-
noted by [ ]. The second equation applies when length
is applied to a non-empty list, binding the name x to
the first element on the argument and the name xs to
the list holding the rest of the elements on the argu-
ment. Repeated (recursive) application of the second
equation, followed by one application of the first equa-
tion as the base case, returns the number of elements
on any finite list.

Operationally, like most other functional lan-
guages, Haskell matches function definitions top-
down. This means that when length is applied to
a list, the system first tries to match the argument
to the pattern in the first equation. If this matching
process succeeds (i.e. if the argument is [ ]), 0 is re-
turned as the result of the application, otherwise the
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system tries to match the argument to the pattern
in the second equation. This process extends to defi-
nitions with more than two equations in the obvious
way. If all of the patterns in a definition fail to match,
the system returns an error.

Pattern-matching offers several advantages to the
programmer.

e It allows a function definition to be broken
into separate, independent parts, contributing to
problem decomposition.

o It allows complex, nested conditionals to be writ-
ten in a concise and easy-to-understand syntax.

o It allows the programmer to give names to the
components of arguments, avoiding the need to
use access functions like head and tail.

o It  facilitates equation-based  reasoning
[Bird and Wadler, 1988].
However, in a language with lazy

semantics[Bird and Wadler, 1988], pattern-matching
sometimes combines badly with the intuitive reading
of a definition. Consider the function ||, which
implements logical disjunction.

(I) :: Bool —> Bool —> Bool

— —x || y returns False iff both x and y are False
False || False = False

X |y = True

Syntactically, this definition is symmetrical in the two
arguments, and a naive reading would suggest that
|| is commutative, which accords with our intuition
about disjunction. However, the sequential and lazy
semantics of Haskell means that in reality || is not
commutative. Given an application e || €', Haskell
evaluates e first, and it evaluates e’ only if e returns
False. This is fine if e evaluates successfully, but if
the evaluation of e causes an error or an infinite com-
putation, then the application will fail without even
considering €’. Thus the truth-table generated by the
above definition is as shown in Table 1.

The problem here is with the application L || True.
The right argument is True, so we know that the first
equation can’t match: intuitively, the result should
be True, from the second equation. However, because
Haskell tests arguments from left-to-right, it evaluates
the L first, giving an error, and the actual result is
1

This confusion arises directly from the interaction
between the use of pattern-matching and the lazy,
sequential semantics of Haskell. We suggest an alter-
native semantics known as parallel pattern-matching:

every argument (or component of an argu-
ment) is (conceptually) matched simultane-
ously, and a failure to match any argument
(or component) means that an equation is
rejected.



Lx | ¥y [x]]y]
False | False || False
False | True True
True | False || True
True | True True
False 1L 1L

L False 1

True 1 True
1 True 1
1 1L 1L

Table 1: The truth-table for || using standard Haskell.
The value L (pronounced “bottom”) represents an
error in evaluating an argument.

This semantics gives the “maximum laziness” for any
function definition: all arguments are given equal
precedence and the function can return a result when-
ever possible. For example, in the case L || True from
above, the two arguments are matched concurrently
and the fact that the right argument fails to match
the first equation “overrides” the fact that the left ar-
gument gives an error. The first equation is rejected,
the result is True, and commutativity is restored.
Parallel pattern-matching has been discussed
previously (e.g. [Plotkin, 1977], [While, 1994],
[Longley, 1999]), but to our knowledge, no imple-
mentation has yet been constructed. We have
designed and built a simple implementation that
uses the process-based facilities provided in Con-
current Haskell[Peyton Jones et al, 1996] to evaluate
and match function arguments “simultaneously”. A
separate process is created to evaluate and match each
argument, and the set of processes is executed con-
currently. There are then four possibilities.

e All of the processes match: evaluation proceeds
with the body of the equation.

e One of the processes fails to match: all of the
other processes are killed and the system tries
the next equation.

e No process fails to match, and one of the pro-
cesses loops indefinitely: the system loops indef-
initely.

e No process fails to match or loops, and one of the
processes returns an error: the system returns an
error.

We have built a source-to-source translator that takes
a function definition f and returns a new definition f',
such that the semantics of f' in Concurrent Haskell is
the same as the semantics of f using parallel pattern-
matching. That is: f' runs in the Concurrent Haskell
extension of GHC[Marlow et al, 2001] with the se-
mantics that f would have under parallel pattern-
matching.

The remainder of the paper is organised as follows.
Section 2 gives a semantics for top-down pattern-
matching, parameterised so that we can discuss dif-
ferent evaluation orders. Section 3 contains fur-
ther motivation of and discussion on parallel pattern-
matching. Section 4 describes the features of Concur-
rent Haskell that we use in our scheme. Section 5 is
the crux of the paper: it describes how our parallel-
matched definitions execute in Concurrent Haskell,
using || as an example. Section 6 describes the gen-
eral translation algorithm that we use and Section 7

discusses how the algorithm applies to two more-
significant examples. Section 8 discusses some perfor-
mance aspects of the scheme and Section 9 concludes
the paper.

2 A Parameterised Semantics for Top-down
Pattern-matching

Consider a function f, defined by n equations.

fP, =E
fPy =E,
fP, = Ey,

The denotation of f under top-down pattern-matching
in the environment p is given by the expression

¢ is defined in Figure 1. We assume that a pattern
takes one of three forms.

e An argument name, which matches anything.

e A constructed value, which matches any value
built by the right constructor and whose argu-
ments match the patterns in the corresponding
arguments.

e A tuple, which matches any value whose fields
match the patterns in the corresponding fields.

Note that curried functions can be viewed as though
they are defined in uncurried fashion without loss of
generality.

E[fPi=E,1<i<n]pv
=¢(Ex I (Bind[[PrJvp), ifk>0
= error ifk=20

k=A1v(Aav (- (Apv0)---)

A;va=i, ifM[[Pi]]V:tt

=a, fM[P;]Jv=Hff
=1, fM[[P;Jv=1
MIx]v
= tt
MICPy...P, ]V
=M[ (P, ..,Pm)ﬂ(vll,....,vim),
if tag v = t¢
= ff, if tag v # tc
M[[(Pll le

)N v
=M[Pi(vi1)® --®@M[Py,] (vim)

Figure 1: The semantics of top-down pattern-
matching. Bind extends the environment with the
new bindings resulting from a successful match, tag
returns the numeric representation of a constructor,
and | is used to index tuples and constructed data.

The combination of matching-results across tuples
is specified by the ® operator. Varying the definition
of this operator varies the strictness and directional-
ity of the semantics. For example, the definition of
® for left-to-right pattern-matching (as in standard
Haskell) is shown in Table 2. The definition of ® for
strict pattern-matching (which restores commutativ-
ity at some cost in laziness) is shown in Table 3.

This parameterised semantics is closely related
to the semantics given in [Field et al, 1992] and
[While, 1994].



X[y [ X ®LtrY |

tt | tt tt
tt | ff ff
ff]tt ff
ff | ff ff
tt | L L
L ]tt L
ff| L ff
1| ff 1L
1L L

Table 2: The definition of ® for left-to-right pattern-
matching. y is needed only if x matches. Note that L
is returned in four cases.

|X|Y||X®strict}’|

t|tt tt
tt | ff ff
ff | tt ff
ff | ff ff
tt| L 1
1L ]tt L
ff] L L
L] ff L
1] L L

Table 3: The definition of ® for strict pattern-
matching. Both x and y are always needed. Note
that L is returned in five cases, corresponding to its
extra strictness.

3 The Case for Parallel Pattern-matching

Pattern-matching contributes greatly to the expres-
sive power of functional languages and the readabil-
ity of programs, as discussed in Section 1. However,
it also introduces some problems, particularly in two
areas: the use of abstract data types, and the order
of evaluation of function arguments.

3.1 Abstract data types

In order to construct functions which pattern-match
on values of a data type, a programmer must have
knowledge of and access to the constructors used to
build values of that type. Thus there is a tension
between the use of pattern-matching and the use
of abstract data types and information hiding.
We do not discuss this problem further here: the
reader is referred to [Thompson, 1986] [Wadler, 1987
[Burton and Cameron, 1993] [Gostanza et al, 1996
for further discussion.

3.2 Order of evaluation

Writing an equation which matches on more than
one argument (or component of an argument) does
not require the programmer to consider the order
in which those values are matched. However, a se-
quential semantics for a language must specify an
ordering on the evaluation of function arguments.
Haskell, like most languages, specifies that the argu-
ments to a function are matched from left-to-right, in

effect giving the ® operator the definition from Ta-
ble 2. This difference between the intuitive reading
of programs and their sequential implementation can
lead to the non-termination of programs in counter-
intuitive ways and to the invalidation of some types
of program transformations.

We have already seen in Section 1 the problems
caused even for simple binary logical operators like ||
and &&. More complex definitions, e.g. with nested
patterns over lists, can exhibit even more counter-
intuitive behaviour with respect to termination and
errors. Modifying such definitions, e.g. by changing
the order of the arguments or by combining argu-
ments together, can change their termination proper-
ties in subtle ways. Given that program transforma-
tion is promoted widely as a way to develop Haskell
programs and to improve their performance (e.g. in
[Bird and Wadler, 1988]), it seems that this is a prob-
lem for which a solution would be very welcome.

We note also that this is not solely a problem for
definitions with overlapping patterns. An example
of a function definition with disjoint patterns but no
symmetrical sequential implementation is the func-
tion awkward.

awkward :: [a] => [a] —> [a] => [a]
— — awkward has no symmetrical sequential impln

awkward (x : xs) [ ] zs =xs
awkward | | ys (z:2s) =2zs
awkward xs (y:ys)[] =ys

In fact, the use of overlapping patterns permits the
construction of function definitions which are poten-
tially “lazier” than their disjoint counterparts. One
example is the function || from Section 1: the use of
disjoint patterns to define || would mean that either
the definition must nominate which argument is eval-
uated first, or it must be strict in both arguments.

The solution which we propose to this problem is
to remove the implicit ordering from the semantics of
the language. This leads to so-called parallel pattern-
matching:

every argument (or component of an argu-
ment) is (conceptually) matched simultane-
ously, and a failure to match any argument
(or component) means that an equation is
rejected.

The definition of the ® operator for parallel pattern-
matching is shown in Table 4. This definition of ® is
bottom-avoiding: it promotes pattern-matching fail-
ure (of individual equations) whenever either argu-
ment fails to match.

X[y [X Oppm ¥ ]

tt | tt tt
tt | ff ff
ff | tt ff
ff | ff ff
tt| L L
1 ]tt L
ff| L ff
L1ff ff
1] L L

Table 4: The definition of ® for parallel pattern-
matching. Each argument is needed only if the other
matches. Note that L is returned in only three cases,
corresponding to its extra laziness.




This proposal is not new: it has been dis-
cussed several times previously (e.g. [Plotkin, 1977],
[While, 1994], [Longley, 1999]). However, to our
knowledge, there has never been a serious attempt to
implement parallel pattern-matching in a real com-
piler: it has always been dismissed as too expensive
in execution time, due to the requirement for concur-
rent evaluation. We hope that our implementation,
when mature, will help to answer this question.

Finally, we mnote that other authors have
opined that concurrent evaluation is essential to
allow the writing of pure functional programs
with complexity as good as their imperative
equivalents[Hughes, 1984]. Whilst not directly con-
nected to pattern-matching, this provides further mo-
tivation to investigate an evaluation model of this
sort.

4 Concurrent Haskell

Concurrent Haskell[Peyton Jones et al, 1996] is an
extension to Haskell that supports the scheduling
of multiple processes and communication between
them. It provides primitives for process creation
and termination, synchronisation of concurrently-
evaluating processes, and inter-process communica-
tion via atomically-mutable shared-state objects.

We describe here only the aspects of Concurrent
Haskell that are pertinent to our scheme for imple-
menting parallel pattern-matching.

4.1 The IO data type

Haskell is a pure functional language, so pro-
grams written in Haskell are said to be referen-
tially transparent|Bird and Wadler, 1988].  Specifi-
cally, they give the same result regardless of execution
order. One consequence of this is that most functions
are written without regard for the order of evaluation
of the parts of expressions. However, some program-
ming tasks require the programmer to have explicit
control over the order of their evaluation, in particu-
lar programs involving I/O and other operations that
involve side-effects.

To satisfy this requirement, Haskell provides the
I0 data type. A function with a return-type of the
form 10 t specifies a sequence of actions to be per-
formed that return a value of type t. The actions
are usually listed within the do construct, and they
are performed in exactly the order specified in this
construct. The return-type of the function is derived
from the type of the last action in the sequence. A
simple example of a function written in this way is
cp, which copies a file.

cp :: FilePath —> FilePath —> 10 ()
— —cp f f" makes a copy of f with the name f’
cp f f' = do cs <— readFile f

writeFile f' cs

This facility does not compromise referential trans-
parency because the system performs the actions
specified in a function only if that function is at the
“top-level” of the program.

Note that the return-type 10 () indicates a func-
tion that specifies a sequence of actions with no value
returned. The significance of such a function lies in
the side-effects performed by its component actions.

4.2 Processes

Concurrent Haskell provides the following primitive
for creating processes.

forklO :: 10 () —> 10 Threadld

forklO takes an argument x of type 10 () and creates
a new process to execute x. Any IO actions associated
with x are executed as part of the new process, and
are not sequenced with the 10 activity of the parent
process. The new process therefore executes concur-
rently with the parent process. forklO returns an 10
value (so the action of forking is sequenced with the
other 10 actions of the parent process) which encap-
sulates a value h of type Threadld. h is used as a
handle by which the parent process can refer to the
child process.

4.3 Expression-locking

The lazy semantics of Haskell means that an invoca-
tion of forklO may pass a reference to an unevaluated
expression to the newly-created process, while keep-
ing a live reference to that expression itself. The pos-
sibility then exists that two or more processes will try
to evaluate the same expression concurrently, which
could cause corruption of that expression and incor-
rect evaluation. To avoid these problems, Concurrent
Haskell implements an implicit locking mechanism
which causes a process to block when it attempts to
evaluate an expression already undergoing evaluation
by another process. The blocked process is resched-
uled once the evaluation of the shared expression is
complete.

4.4 Channels

We implement inter-process communication using the
Chan data type of Concurrent Haskell. A value of type
Chan a is a (usually shared) reference to a FIFO data-
stream (or channel) holding values of type a. The
state of a channel can be manipulated using several
pre-defined actions.

newChan :: 10 (Chan a)
writeChan :: Chana-—>a->10 ()
readChan :: Chana —> 10 a

newChan generates a new channel which can hold val-
ues of type a. It returns a handle that can be used
to refer to the new channel. writeChan takes a Chan
ch and a value x, and appends x to the end of the
channel referred to by ch. readChan takes a Chan ch
and reads the next value from the channel referred to
by ch, removing the value from the stream. If there
are no values in the channel when readChan ch is ex-
ecuted, the executing process blocks until a value is
written to ch by some other process, at which time
it is rescheduled. This “blocking read” is the mech-
anism that we use to force processes to wait for the
evaluation of function arguments.

4.5 Exceptions

When a run-time error occurs in a Haskell program,
an ezception is raised. This terminates the evalu-
tion of the current thread. It is also possible for one
thread to asynchronously raise an exception in an-
other thread using the action

throwTo :: Threadld —> Exception —> 10 ()

Ordinarily, this causes the recipient thread to termi-
nate immediately, but devices are provided by which
a thread may either

1. temporarily block asynchronous exceptions, or

2. install a function g as an exception-handler. g is
triggered to clean up after an exception is raised.



The function

bracket :: 10 a —> (a —> 10 b) -> (a —> 10 ¢)
—>10¢

uses both of these devices to enclose its primary ac-
tion between pre- and post-handling functions. In the
evaluation of the expression

bracket before after action

the value before is evaluated first, with its result
passed to both after and action. Next, the function
action is executed, and its result (or any exception it
raises) becomes the return value of bracket. Finally,
whether action raised an exception or not, the func-
tion after is executed. Asynchronous exceptions are
blocked during the execution of both before and after,
so their operations will always be performed. How-
ever, if an exception is raised while action is being
executed, it terminates, and control passes immedi-
ately to after.

4.6 unsafePerformlO

Because our pattern-matching mechanism performs
10 activities, it returns an 10 value encapsulating the
Boolean result of the match, i.e. a value of type
I0 Bool. Most functions, however, do not have an
IO return-type. Since we do not want to change
the type of any function, we need a way to ex-
tract the encapsulated Boolean value from the |0
value returned. GHC[Marlow et al, 2001] provides
the unsafePerformlQ function for this situation.

unsafePerformlO :: 10 a —> a

unsafePerformlO takes an argument of type 10 a and
returns the encapsulated value of type a, which is
exactly what we require. But unsafePerformlO must
be used with care, as its name suggests. Extracting an
encapsulated value in this way “hides” the 10 actions
that generated the value, so they cannot be sequenced
with other |0 actions in the program. There is no
way of controlling (or even predicting) the order in
which such disconnected streams of actions will be
interleaved.

So under what conditions is it “safe” to use
unsafePerformlO? When the actions hidden inside its
argument are entirely self-contained: there must be
no side-effects associated with the actions, e.g. with
respect to the file system. The actions performed by
our implementation of parallel pattern-matching are
restricted to the creation and termination of local pro-
cesses, communicating only locally via newly-created
channels (see Section 5). This means that we can use
unsafePerformlO with impunity to invoke our pattern-
matching mechanism anywhere in a program.

5 Parallel Pattern-matching in Concurrent
Haskell

To illustrate how applications of parallel-matched
functions are evaluated in our scheme, we first con-
sider the || example again. The definition that we
generate for || is shown in Figure 2.

The new definition is fairly straightforward. The
pattern-matching in the original definition is replaced
by the guard

ppm [not x, not y]

This guard should return True iff both of the expres-
sions on the argument to ppm are True, i.e. iff both
x and y are False. More importantly, it should return
False if either expression is False, even if the other
one causes an error or requires an infinite computa-
tion. The precise behaviour required from the func-
tion ppm is as follows.

(I) :: Bool => Bool —> Bool

— —x || y returns False iff both x and y are False
False || False = False

X |y = True

(1) :: Bool —=> Bool —> Bool
— —x || y returns False iff both x and y are False
x ||y | ppm [not x, not y] = False

| otherwise = True

Figure 2: The symmetrical definition of || from Sec-
tion 1, and the Concurrent Haskell definition, imple-
menting parallel pattern-matching.

e If any element on its argument list returns False,
ppm returns False; otherwise

e if any element goes into a loop, ppm goes into
a loop (because it can never be sure that there
isn’t a False coming); otherwise

e if any element causes an error, ppm propagates
the error; otherwise

e all of the elements must have returned True, so
ppm returns True.

The Concurrent Haskell definition of ppm is shown
in Figure 3. The argument to ppm is a list of Bools
bs. ppm simply calls the function ppm’ and “unwraps”
the result using unsafePerformlO. ppm’ performs the
following four actions, in the order listed. The process
structure is illustrated in Figure 4.

1. ppm’ creates a new channel ch.

2. The first argument to bracket calls forklO twice,
creating two processes p0 and pl to indepen-
dently evaluate the two elements on bs. Each
process pi has the form

report ch (bs !l i)

The function report forces the evaluation of its
second argument (using pattern-matching!), then
writes the result on ch.

The result of this step is a handle hs to the list
of processes created.

3. The third argument to bracket waits for one of
the processes to complete. The application of
foldr creates the expression

check ch (check ch (return True))

The outer application of check waits for a value
to be written on ch. If the value written is False,
the result is return False. If the value written
is True, the result is its second argument, i.e.
check ch (return True). This application of check
then waits again for a value to appear: on False,
the result again is return False, but on True, this
time the second argument is return True. Thus
a False from either process causes the result to
be False: True is returned only if both processes
write True to ch.

Note that the processes can return in either or-
der: check only looks for a value on ch, it does not



module PPM (ppm)
where

import Concurrent
import |OExts

ppm :: [Bool] —> Bool

— — ppm bs returns True iff all of the values on bs

— — are True; moreover, it returns False if any of the
— — values on bs is False, in bottom-avoiding fashion
ppm = unsafePerformlO . ppm’

ppm’ :: [Bool] —> 10 Bool
— — ppm’ bs creates a new channel ch;
— — creates a process to evaluate each expression
on bs and write the result to ch;
— — waits for either one False or all Trues
to be written to ch;
— — kills all remaining processes
ppm’ bs =
do ch <— newChan
bracket
(mapM (forklO . report ch) bs)
(mapM (‘throwTo' PatternMatchFail "die"))
(foldr (const (check ch)) (return True))

report :: Chan Bool —> Bool -> 10 ()

— — report ch b waits for b to be evaluated,
— — then writes its value on ch

report ch True = writeChan ch True
report ch False = writeChan ch False

check :: Chan Bool —> 10 Bool —> 10 Bool
— — check ch a waits for a value to appear on ch,
— — then returns either a or False as appropriate
check ch a = do h <—readChan ch
if h then a
else return False

Figure 3: The parallel pattern-matching module.

care which process writes the value to the chan-
nel. Note also that if either process has an er-
ror in its execution, and the other process writes
True on ch, the system eventually reaches a situ-
ation where ppm’ is waiting on ch, but no process
exists to write to it. The system is able to recog-
nise this deadlock situation automatically, and it
returns an error, as required by the semantics.

4. The second argument to bracket tells any remain-
ing processes to kill themselves. If one of the
processes returned False, the other process may
still be alive, but its result is no longer required.
This step is particularly important if one of the
processes invokes an infinite computation.

Note that the work done by any unfinished pro-
cesses is not necessarily wasted: any expres-
sions that were being evaluated by an unfinished
process will be partly-expanded in the program
graph. If such an expression must be evaluated
later in the program execution, the work done at
this stage will not have to be repeated.

If the process is interrupted by its parent whilst doing
Step 3, its result is no longer required and it should
kill itself. The effect of bracket is that the process
skips straight to Step 4: it tells its own children to kill

forklO ppm forklO
check
twice

throwTo | throwTo
ch
evalb; j L eval b,
\_ _/
report report

Figure 4: The process and communication structure
created for ppm’ [by, bz]. ch is the channel created by
ppm’.

themselves, then it terminates gracefully. This mech-
anism guarantees that all processes will be killed.

The final point is that if the program graph con-
tains multiple applications of ||, each one will create
its own invocation of ppm. These separate invocations
of ppm behave entirely independently. Each invoca-
tion creates its own channel to control its own set
of processes: there is no communication between the
processes created by one invocation and those cre-
ated by another. Interaction is possible only if two
processes from different invocations attempt to eval-
uate the same expression: this is dealt with automat-
ically by the Concurrent Haskell system, as described
in Section 4.3.

6 The General Translation Algorithm

We now give a description of the general translation
algorithm. We assume that the input is a function f
with k£ arguments, defined by n equations.

fP11---P1k:E1
ngl...ng:EQ
fP, ... P = E,

To simplify the exposition, we assume that the equa-
tions have no guards. This restriction can be lifted
fairly easily, at the cost of some complexity in the
algorithm. (Guards are dealt with by a mechanism
similar to that described for result functions in Sec-
tion 6.2.)

As in Section 2, we assume that a pattern takes
one of three forms.

e An argument name, which matches anything.

e A constructed value, which matches any value
built by the right constructor and whose argu-
ments match the patterns in the corresponding
arguments.

e A tuple, which matches any value whose fields
match the patterns in the corresponding fields.

The translated definition is composed of three classes
of functions.



The auxiliary functions perform  the  actual

pattern-matching.

The result functions ensure that the bindings
from the original equations do not need to be
changed.

The root function replaces the original definition.

We describe the derivation of each of these classes of
functions below.

6.1 The auxiliary functions

An auxiliary function is defined to test each of the
constructor patterns in the equations of f. The re-
cursive operator T builds an expression that tests
each type of pattern, introducing new definitions as
required.

Thylx
= True
TICPi ... Pm [ x
= gX
whereg(Cxl...xm):TE[(pll |:)>m)]]
g - —False "
TIP o Pr) ] (%10 - Xim)

= ppm [T [ P1 [ xu. ...,)%m[[ P T om]

Each function g that is generated must be given a
unique name. The overall form of the operator T is
similar to the form of the matching operator M from
the semantics in Figure 1.

Several transformation rules can be applied to sim-
plify the definitions generated.

ppm [] = True

ppm [x] = x

ppm [X, ..., x', True, y, ..., ¥']
= ppm[x, ..., X,y ..., Y]

ppm [X, ..., X, ppm [z, ..., Z]. v, ... Y]
=>ppm[x, ... %X,z .., 2,y ... Y]

Brevity can also be enhanced by using built-in func-
tions to test some of the built-in data types, e.g.
id and not for Bool (as in Figure 2), and null and
not . null for lists (as in Figures 5 and 6). For user-
defined data types, often many auxiliary functions are
identical, and this repetition can of course be elimi-
nated.

6.2 The result functions

The result functions duplicate the original equations:
the it" equation from f gives one result function f'i.
The result functions are invoked only when the re-
sult of the matching is already known, so there is no
possibility of a pattern-matching failure.

fl Pi1 ... Pix = E4
f'2 P21 . ng = E2
0P,y ...Py =E,

An explicit result function is required for an equation
only if that equation uses pattern-bound names on its
right-hand side. For example, no result functions are
required in Figure 2, because no names are used on
the right-hand sides of the original equations.

6.3 The root function

The root function replaces the original definition.
It invokes the auxiliary functions to perform the
pattern-matching, and it calls the appropriate result
function when the matching-result is known.

le...Xk|T[[(P11, . Plk)]] (Xl,...,Xk)
=f1xq...%
|T[[ P21, . ng)]] (Xl,..., Xk)
=f2x1...%
| ...
|T[[ Pnl: . Pnk)]](xl,..., Xk)
=fnxg ... X

7 Further Examples

We now describe two more-complex examples, show-
ing the general translation algorithm in action.

7.1 awkward

awkward’s nine patterns come in three forms.
A variable, e.g. xs

The empty list, ie. []

A non-empty list, e.g. x : xs

The first of these requires no matching: a variable
matches any value. The operator T generates an aux-
iliary function for each of the other six patterns, giv-
ing functions of two general forms.

isEmpty [ ] = ppm []
isEmpty _ = False

isNotEmpty (- : _) = ppm [True, True]
isNotEmpty _ = False

Using the transformation rules listed for ppm in Sec-
tion 6.1, the right-hand side of the first equation of
each definition can be reduced to True, giving defini-
tions of these forms.

isEmpty [ ] = True
isEmpty _ = False

isNotEmpty (_: _) = True
isNotEmpty _ = False

The two tests in each equation of awkward must be
performed “simultaneously”, so each application of
an auxiliary function appears on the argument to an
application of ppm in the root function.

The result functions and the root function for awk-
ward are trivial to derive. The final result of the
translation is shown in Figure 5. The execution of
the translated definition proceeds in the same way
as the execution described for || in Section 5. Note
that the separate invocations of ppm in awkward are
never active simultaneously: the equations are tested
top-down, so each equation is not tested until all pre-
ceding equations have failed to match.

7.2 Nested constructor applications

The function nested in Figure 6 is different to the
previous examples because its equations have nested
constructor applications in their patterns. This man-
ifests itself in the translated definition as auxiliary
functions that call other auxiliary functions. Given
a pattern like [ys] (= ys : []), obviously we cannot
test the second argument of the : until we have estab-
lished that there is a :. Furthermore, in a pattern like
[N (&=1]1:1]), the two arguments to the : both need
to be tested, so another invocation of ppm is required
in the corresponding auxiliary function.

The result is that the translated definition of
nested has calls to ppm at two levels.

e In the root function itself: these calls test the
two arguments to nested concurrently.



awkward :: [a] —> [a] —> [a] —> [a]
— — awkward has no symmetrical sequential impln

awkward (x : xs) [ ] zs =Xs
awkward [ ] ys (z:2zs) =1zs
awkward xs (y:ys)[] =ys

awkward :: [a] —> [a] —> [a] —> [a]
— — awkward has no symmetrical sequential impln
awkward xs ys zs | ppm [awk'11 xs, awk'12 ys]

= awkward’l xs ys zs

| ppm [awk'21 xs, awk’'23 zs]

= awkward’2 xs ys zs

| ppm [awk'32 ys, awk’33 zs]

= awkward’3 xs ys zs

awk'1l (_: _) = True
awk'll _ = False

awk'12 [ ] = True
awk'12 _ = False

awk'21 [ ] = True
awk'21 _ = False

awk'23 (_: _) = True
awk'23 _ = False

awk'32 (_: _) = True
awk'32 _ = False

awk'33 [ ] = True
awk’'33 _ = False

awkward'l (x : xs) [] zs =Xs
awkward'2 [ ] ys (z:2zs)=zs
awkward'3 xs (y:ys)[] =ys

awkward :: [a] —> [a] —> [a] —> [a]

— — awkward has no symmetrical sequential impln

awkward xs ys zs
| ppm [not (null xs), null ys] = tail xs
| ppm [null xs, not (null zs)] = tail zs
| ppm [not (null ys), null zs] = tail ys

nested :: [a] —> [[b]] —> Int

— — nested’s patterns have nested constructor appns
nested [ ] n =
nested (x : xs) [y : ys]

1
2
nested xs lys] 3

nested :: [a] => [[b]] —> Int

— — nested requires nested invocations of ppm

nested xs yss | ppm [n'11 xs, n"12 yss] = n'l xs yss
| ppm [n'21 xs, n'22 yss| = n'2 xs yss

| n'32 yss n'3 xs yss
n'll [] = True
n'll _ = False
n'12 (xs : xss) = ppm [n'121 xs, n'122 xss]
n'l2 _ = False
n'121 [ ] = True
n'121 _ = False
n'122 [ ] = True
n'122 _ = False
n'2l (-: _) = True
n'2l _ = False
n'22 (xs : xss) = ppm [n'221 xs, n'222 xss]
n'22 _ = False
n'221 (_: _) = True
n'221 _ = False
n'222 [ | = True
n'222 _ = False
n'32 (_: xss) = n'322 xss
n'32 _ = False
n'322 [ ] = True
n'322 _ = False
n'l[] ((n =1
n2(x:xs)ly:ys]=2
n'3 xs [ys] =3

nested :: [a] => [[b]] —> Int
— — nested requires nested invocations of ppm

Figure 5: The function awkward from Section 3,
and the Concurrent Haskell definition, implement-
ing parallel pattern-matching. The third definition
is the final version after post-processing, exploiting a
number of built-in list functions.

nested xs yss | ppm [ null xs, n'12 yss] =1
| ppm [not (null xs), n'22 yss] = 2
| n'32 yss =3

n'12 (xs : xss) = ppm [null xs, null xss]

n'12 _ = False

n'22 (xs : xss) = ppm [not (null xs), null xss]

n'22 _ = False

n'32 (_: xss) = null xss

n'32 _ = False

Figure 6: The function nested has nested constructor
applications in its patterns, so it requires nested in-
vocations of ppm in its Concurrent Haskell definition.
The third definition is the final version.




e In the auxiliary functions responsible for [[ ]] and
[y : ys]: these calls test the two arguments to the
: concurrently.

The final result of the translation of nested is shown in
Figure 6. Note that if the second argument to nested
is non-empty, then in the execution of this definition
the nested invocations of ppm may be active simul-
taneously. As noted previously in Section 5, this will
not cause any problem: the processes belonging to
each invocation are controlled by separate channels,
and thus the processes cannot interact in any way.

8 Performance Issues

Using parallel pattern-matching is likely to have a
major impact on the performance of a Haskell pro-
gram. The cost of concurrent evaluation will slow
down most programs, often by a significant amount.
The best way to limit the impact is by minimising the
need for concurrency. One good way to approach this
is through the use of program transformation.

Consider, for example, the function nested from
Figure 6. If we process the equations separately,
as described in Section 6, the first two equations of
nested both need the two arguments to be evaluated
concurrently. However, if we consider the definition
of nested as a whole, we can transform it into the
function nested’, shown in Figure 7.

nested :: [a] —=> [[b]] —> Int
— — nested needs concurrency if the equations
— — are processed separately

nested [ ] n =1
nested (x : xs) [y : ys] =2
nested xs [ysg =3

nested' :: [a] —> [[b]] —> Int
— — nested’ clearly does not need concurrency
nested' xs [ys] = g xs ys

g [a] => [b] —> Int
— — g clearly does not need concurrency
gll ys =glys
g(x:xs)ys=g2ys

gl :: [b] —> Int
— — gl clearly does not need concurrency
gl[] =1
gl(y:ys)=3

g2 :: [b] —> Int
— — g2 clearly does not need concurrency
g2 (y:ys) =2
g2 [] =3

Figure 7: An example transformation. nested and
nested’ give the same results for all arguments un-
der parallel pattern-matching, but nested’ clearly does
not need concurrency.

nested’ returns the same result as nested for all pos-
sible arguments, but nested’ has an obvious sequen-
tial implementation. The key is the third equation of
nested, which requires only the second argument to be
evaluated. Using program transformation techniques,
we can propagate this asymmetry up through the def-
inition, and we can evaluate the second argument be-

fore starting on the first, without compromising the
semantics.

(Note that this transformation is valid only for
Haskell with parallel pattern-matching. nested and
nested’ are not equivalent in standard Haskell.)

Figure 8 shows another sort of transformation.
The patterns of the function h are identical to those
of the function || from Figure 2, which we know
requires concurrency. However, if we also con-
sider the right-hand sides of the equations, there
is an important difference: the function not is
strict[Bird and Wadler, 1988], so the second equation
of h needs to know the value of the second argument
in order to return a result. Again, we can use this
information to derive an equivalent function h’ that
evaluates sequentially.

h :: Bool —> Bool —> Bool

— — h has the same patterns as ||,

— — and appears to need concurrency
h False False = False

h x y =noty

h' :: Bool —> Bool —> Bool

— — h’ clearly does not need concurrency
h' x False = x

h' x True = False

Figure 8: A transformation based on strictness infor-
mation. h and h’' give the same results for all argu-
ments under parallel pattern-matching, but h’ clearly
does not need concurrency.

We have developed and reported on these tech-
niques previously[Field et al, 1992][While, 1994], and
we plan to incorporate them into our implementa-
tion before performing a serious analysis of the per-
formance impact of parallel pattern-matching.

There are two other ways in which our scheme
would benefit from considering definitions as a whole.

e Under the scheme we have described, equations
are matched independently, so often a value is in-
spected multiple times. Consider the application

awkward [2] [5, 6] [ ]

When this application is evaluated, each of the
arguments is inspected twice, once by each of two
of the equations. Clearly this is wasteful. Say,
for example, that the first equation has estab-
lished that the second argument is not empty:
there is no need for the third equation to test
this argument again.

e Complementary to this is the issue of killing pro-
cesses when their work is still needed. Consider
an application of the form

awkward e [9] e’

and assume that the expression e is expensive
to evaluate. When this application is evaluated,
the first equation creates processes to evaluate
the first two arguments. The second argument
soon reports a failed match, at which point the
process evaluating e is killed. Then the second
equation immediately creates a new process to
evaluate e! Again, this is wasteful.



We intend to implement these kinds of optimisations
in the next phase of our research. Two other issues
are more-generally associated with concurrency and
with the use of Concurrent Haskell.

e Having multiple processes working on different
parts of the program graph creates two obvious
issues. The first is that the work done by some
processes may be wasted, in that it doesn’t con-
tribute to the final result of the program. The
second issue is resource allocation, and in par-
ticular the space leaks that may arise from hav-
ing partially-evaluated expressions sitting in the
heap.

e Concurrent Haskell has no notion of process pri-
orities: all processes are scheduled preemptively.
However, it is clear that a priority mechanism
would be useful in our scheme. One scenario is
where there are nested invocations of ppm, e.g.
in an expression of the form

awkward e (awkward el e2 e3) [8]

The process evaluating e should really have
higher priority than the processes evaluating el,
e2 and e3. If e comes back with the right value
(i.e. []), the other processes could be killed, while
the same is not true for any other single process.
e is “more likely” than the other expressions to
contribute to the result of the program.

These seem to be general issues that are difficult to
resolve.

9 Conclusions

We have described the semantics of and motivation
for parallel pattern-matching in lazy functional lan-
guages. Parallel pattern-matching gives the “max-
imum laziness” for any function definition: argu-
ments are evaluated concurrently and all arguments
are given equal precedence, thus pattern-matching
failure (of individual equations) is promoted, and the
function can return a result whenever possible. This
is important for predictable behaviour in the presence
of errors and infinite computations, particularly when
non-trivial program transformations are applied.

More significantly, we have implemented parallel
pattern-matching in a real compiler for the first time.
The implementation works by translating definitions
at the source-level into Concurrent Haskell. These
definitions are executed using the Concurrent Haskell
primitives already provided in GHC: concurrently-
evaluating processes communicating on atomically-
mutable shared channels.

The performance impact of parallel pattern-
matching is likely to be considerable. The next phase
of our work will be to optimise the implementation as
much as possible, so that we can accurately estimate
the effect of these semantics on the execution times
of programs. The principal optimisation available is
to avoid the use of concurrency wherever possible by
transforming functions, again at the source-level, into
equivalent definitions that have sequential implemen-
tations which respect the semantics. Other optimi-
sations revolve mainly around minimising the cost of
creating and maintaining processes and channels.
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