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Abstract

We develop a Haskell library for functional-logic prograimgy
motivated by the implementation of Wired, a relational edde=l
domain-specific language for describing and analysingaligir-
cuits at the VLSI-layout level. Compared to a previous litpréor
logic programming by Claessen and Ljunglof, we suppolidies
tion, easier creation of logical data types, and patterrchiag. We
discuss other applications of our library, including tdata gener-
ation, and various extensions, including lazy narrowing.

Categories and Subject Descriptors  D.1.6 [Programming Tech-
nique$: Logic Programming; B.8.2Rerformance And Reliabil-
ity]: Performance Analysis and Design Aids

General Terms Design, Languages

1. Introduction

Functions are great for describing the structure and lagbuatr-
cuits [4]. They are simple, reusable, high-level, and arbknto
mathematical reasoning. Butlations are more general. By ab-
stracting over the direction of data-flow, a single relatiam cap-
ture the behaviours of many functions. Research suggestshii
use of relations over functions can have a profound effeatin
cuit design languages. For instance, Ruby [8] — a combitzased
language for describing and reasoning about circuits -eizgdhgly
simple because, without loss of expressitivity, relaticeduce the
numbers of circuit combinators and associated algebrais. la

More recently, relations have been found to be beneficial iiredlV
[1], a language for describing and analysing circuits at\h&l-
layout level. Relations are again used to simplify the corator
set, but also to suppoti-directional evaluatiorand a basic form
of layout inferenceWith bi-directional evaluation, accurate analy-
ses can be expressed as non-standard interpretationsafopke,

in RC-delay analysis, drive resistances flow forwards aad lca-
pacitances backwards. With layout inference, circuistdan adapt
automatically to fit within the context they are placed, difgmg
the programmer’s task.

A promising approach to implementing Wired is to embed it in
a language that supports both functional and logic progrisgm
features. Here, we choose Haskell and provide the necelsggcy
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programming features in the form of a Haskell library. Thassl
us keep Wired in a language that is relatively mature contptre
dedicated functional-logic languages, such as Curry [5d, also
to integrate Wired with Lava [4], an existing Haskell libyawhich
sits a higher level of circuit abstraction.

Our library is similar to the logic programming library bya@&lssen

and Ljungldf [2] (which we refer to as “Claessen’s librayybut

there are several important differences. Let us illustifagen with

an example. Suppose that we wish to define a list concatenatio

predicate append. First we must introduce a logical data type for

lists, so we write:
(nil:: (>)) = datatype (conso []V conss (1))

This definition automatically introduces two list constars for

logical terms with the following types:

Term [a]
Term a — Term [a] — Term [a]

nil
®)

So we have a clear type-level correspondence between logica
terms, of typeTerm a, and normal Haskell values of type In-
troducing a new data type in Claessen’s library is a lot leds s
isfying. Firstly, as Claessen and Ljunglof admit, “it takeome
work to add a data type to be used in the embedding”. This is be-
cause the data type must be instantiated under a type cléss wi
three methods: one for variable creation, one for variabteation

and one for unification. Secondly, and perhaps more seyicts
internal representation of logical variables is directip@sed to

the programmer who has to define and deal with an explicit™Var
constructor for the data type.

Now, to define thexppend predicate using our library, we write:

append Term [a] — Term [a] — Term [a] — LP ()
append as bs cs = caseOf (as,cs) alts
where
alts (a,as,cs) =
(nil ,es ) — (bs =cs)
@ (a>as,a>cs) — append as bs cs

Here we make use of a functiaase0f that allows pattern match-
ing. The pattern variables in the case alternatiess are explic-
itly quantified by introducing a function for them. This basup-
port for pattern matching greatly improves the clarity afglicates.
Claessen and Ljunglodf suggest that “syntactic sugar” exled to
support pattern matching, but as we see, this is not negessar

Finally, Claessen and Ljunglof do not discuss how to dedhwi
primitive types and functions such @ast and+ in a logical way.
We address this issue by supportiegiduation an evaluation strat-
egy from functional logic programming. Our Wired implemant
tion in particular makes heavy use of residuation.

All three of these improvements combine to greatly incrahse
practicality of our library. Indeed, all three are used todeffect



in our application to Wired, and also in our application tstidata
generation. Furthermore, we also discuss how another taamor
improvementjazy narrowing can be supported.

1.1 Road map

This paper is completely self-contained in that we do notiags
prior knowledge of Claessen’s library or Wired. In fact, mo$
section 2 introduces monads, so experienced Haskell progeas
may wish to jump straight to Section 2.4. Following on fronr ou
discussion on monads, Section 3 presents our logic progiiagnm
library. Section 4 uses our library to implement a small taeful
version of Wired called MiniWired, and demonstrates Minigd's
relational features by defining and analysing a parallefiyr-
cuit. Section 5 discusses our library in comparison to Glee's li-
brary and dedicated logic programming languages. It aEndses
another application of the library, to test-data genematamd how
the functional-logic technique of lazy narrowing can bepned.
Section 6 concludes and discusses future work.

2. Preliminaries

Logic programs describbacktrackingcomputations withstate
where the state partially mapsgical variablesto values. In a
pure functional language such as Haskell, both backtrgcaird
state are computational effects that can be convenientigtsred
using monads[16]. In this section we introduce a backtracking
state monad that we will later use as a basis for functioogitl
programming in Haskell. The ideas presented are well estetul,
but we summarise them so that this paper is self-containegld&s
familiar with monads and their uses may wish to skip to secsio

2.1 Monads

Sometimes the flow of data in a pure functional program is, in
Wadler's words, “painfully explicit”. The problem is thdté¢ mean-
ing of a program can become “buried under the plumbing requir
to carry data from its point of creation to its point of usehi§
plumbing is particularly annoying when the data is freqlyeat-
cessed and passed on in the same ways, over and over again.

As is often the case when programming, the problem is one @f fin
ing the rightabstraction Wadler’s solution is to use a particularly
general abstraction callechdonad Whereas a pure computation is,
in general, a function of type — b, a monadic computation is one
of typea — m b, wherem is a monad that captures sofngplicit
side-effectWadler shows that many of the side-effects found in im-
pure languages, such as state, exceptions and non-désmmaan

be simulated using monads.

More specifically, a monad is an abstract data type, parésadtby
some other type, that provides the two functions of the ¥alhg
type class.

class Monad m where
return a—ma
(>=) ma— (a—mb) —>mb

An expression of the forrreturn a denotes a computation that
simply returns: without any side-effect. And one of the fonm>=

f denotes a computation that sequences the two computations
and f a, wherea is the value returned by:.

2.2 Monadic Exception Handling

One kind of side-effect that is useful for some computatiortsave

is exception handlingln exception handling, a computation can
either return no value, if fiails (i.e. raises an exception), or a single
value otherwise. Such a computation can be representegd ten
following data type.

data Maybe a = Nothing | Just a

To illustrate exception handling, suppose that a compariatj of
type Maybe a, is sequentially composed of two smaller ones,
and c¢;. If ¢ fails thenc should fail without ever executing; .
Otherwisec should fail if and only ifc; fails. This behaviour can
be captured as a monadic side-effect, freeing the prograrinome
continuously checking for, and propagating, failure.

instance Monad Maybe where

return a = Justa
Nothing >= f = Nothing
Justa >=f = fa

Combining computations in this way can be thought of as “and”
combination, because a computation succeeds only if bottoit-
stituents do. “Or” combination is also useful. It allows amgmita-
tion to detect and recover from failure. A general interfacéor”
combination of monadic computations is provided by theofeihg
type class.

class Monad m = MonadPlus m where
mzero ma
(®) ma—ma—ma

In exception handlingnzero denotes a computation that fails, and
co @ c¢1 denotes a computation that executgesand if that fails,
thenc; .

instance MonadPlus Maybe where

mzero = Nothing
Nothing®m = m
Justa ©m = Justa

Example 1 (Failing Lookup$. Consider a functionlookup, that
takes a key, and a list of key/value pairs, and returns theevilat
is paired with the given key. If the given key is not pairedhwit
any value in the list, thebookup should fail. With the help of two
useful abstractions,

mo>m1 = mog>=(A_— m)

if ¢ then return ()
else mzero

guard c =

the Lookup function can be defined as follows.

lookup z [] = mzero
lookup x ((k,v):ps) =
(guard (z == k) > return v)
2]
lookup x ps

If the given key is paired with more than one element in the lis
then the value of théirst matching pair is returned. For example,
the following sample evaluations hold.

lookup ’a’ [(’a’,1),(’b?,3),(’a’,6)] ~ Justl
lookup ’c’ [(’a’,1),(’b?,3),(’a’,6)] ~» Nothing

Using the exception handling monad, it is straightforwardéfine
a function that performs two lookups and adds the results.



add ko k1 {
lookup ko | >= Aa —
lookup ki I >= b —
return (a+b)

add ko k1

do a <« lookup ko [

b « lookup ki [
return (a+b)

(The two definitions are equivalent. The one on the right §imp
makes use of syntactic sugar for monads, knowécasotation.)

The possibility that the first lookup may fail does not need to
be considered explicitly by the second, as failure is praped)
implicitly as a monadic side-effect. For example, the failog
evaluations hold.

add ’a’ ’b’ [()a)71)7(7b773)7(7a776)] ~
add ’c’ ’a’ [(a’, 1), (’b?,3), (*a’,6)] ~

2.3 Monadic Backtracking

A natural generalisation of exception handlingoacktracking In
backtracking, a computation can yield zero or more resodtsjust
zero or one. Therefore, when a computation fails, it may lssibde
to backtrack to an earlier computation, pick a differentitegand
then try executing the original computation again. Ha&kdibt
monad provides such behaviour.

instance Monad || where

return a = [a]
(] >=f =
(a:as)>=f = fa+t(as>=F)

instance MonadPlus [] where
mzero = ]
(@) (+)

Example 2 (Backtracking Lookups In exception handling, the
lookup function returns only the first value that is paired with
the given key in the list. In backtracking, all associatetliga are
returned as a lazily evaluated list.

lookup ’a’ [(’a’,1),(’b’,3),(’a’,6)] ~ [1,6]
lookup ’c’ [(*a’,1),(’b’,3),(’a’,6)] ~ []

Note that the definition ofiookup has not changed. Thedd
function now returns the results of all combinations of lop&.

add ’a’ ’a’ [(’a’71),(’b’,3),(’a’,6)] ~ [27777712]
add ’a’ ’c’ [(*a’, 1), (°p’,3), (*a’,6)] ~ ]

2.4 Adding State

Another kind of side-effect that is useful for some compotat to
have isstate passingwhereby state is implicitly threaded through
a sequence of computations, and each individual compuotatia
read, modify or ignore it. A state passing computation can be
represented as a transition function from the current stedepair
containing the next state and a return value. To support &iatie
andbacktracking, we use a transition function tissaof such pairs.

s = [(a,9)] }

HereBs stands folbacktracking stateFor any type of state, BS s
can be made a monad as follows.

newtype BS s a BS { run

instance Monad (BS s) where
return a BS (As — [(a,s)])
m>= f BS (As — runm s
>= (Ma,s) — run (f a) 5))

newVar a — BV a VarID
newVar a = do (env,i) < get
put (insert i a env,i+1)
return ¢
readVar VarID — BVaa
readVar v = do (env,i) < get ; return (env!v)
writeVar VarID — a — BV a ()

writeVar v a do (env, i) < get

put (insert v a enwv,1)

Figure 1. Operations of the “backtracking variables” monad

The occurrence of$=) on the right-hand side of the second equa-
tion refers to the £=) of the list monad instance. So "and” combi-
nation passes the current state to the first computatiorhwinidds

a list of next-states, each of which is passed in turn to ters
computation. "Or” combination passes the same currené stat
each alternative.

instance MonadPlus (BS s) where
mzero BS (As — [])
mo ® mq BS (As — run mg s H run mq )

To abstract away from the internal representation oBhenonad,
we define aget computation that returns the current state, and a
put computation that replaces the current state with the gitae.s

get BS s s

get = BS (As—[(s,9)])
put s —BSs ()

put s = BS (A_—[((),9)])

We chose to present this backtracking state monad here $®cau
of its simplicity, but in practice we use the more efficientiaat,
shown in Appendix 1, based on Hinze’s two-continuation nagona
transformer [6].

2.5 Adding Variables

The implicit state of a logic program is a partial mappingfirig-
ical variables to values, often referred to as the cursabstitution
We specialise the backtracking state monad to support seab-a
stitution as follows.

BS (IntMap v, VarID) a
Int

type BVva
type VarID

The state of the8s monad is hard-coded to be a pair containing
the substitution and its size. Variable identifiers are espnted as
integers, so the substitution is a mappingtMap) from integers

to values of any type. An efficient implementation of thentMap
data structure is provided in Haskell's hierarchical li®a, but
for completeness we specify the functionality that we ekpédt

in Appendix 2. Functions to create, read, and write varmlale
defined in Figure 1.

Claessen describes an alternative way to implement logané
ables using the support forutable referencgsrovided by Haskell's
ST monad. The advantage of usisg references is that they are
polymorphic, automatically garbage collected, and cancbessed
in constant time. Indeed, we believe that Claessen’s appradl
outperforms ours, but here we have chosen to present a simple
implementation that performs reasonably well in practice.



unboundVar LP VarID

unboundVar = newVar Nothing
bindVar VarID — Uni — LP ()
bindVar va = writeVar v (Just a)
ifBound :: VarID — (Uni - LPb) - LPb—LPD
ifBound vt f = readVar v >>= decons
where
decons (Justa) = ta
decons Nothing = f

Figure 2. An implementation of logical variables

3. A Library for Logic Programming

In this section we build a layer of logic programming suppmt
top of theBV monad, including functions for creatidggical data
types creatinglogical variables unification residuation andpat-

tern matching We demonstrate the resulting library by describing

some useful arithmetic and list-based relations.

3.1 Logical Terms

A logical termis a value, similar to the value of an algebraic data

type in Haskell, that can be constructed using one of a numiber
data constructors. However, every logical term has thetiaddi
possibility of being dogical variable For example, a logical list
term could be constructed by a “nil” constructor, a “cons’h<o
structor,or a variable constructarBecause such data types may
be recursively defined, it is not, in general, possible tatttiee val-
ues of existing Haskell data types as logical terms.

Instead, we define aniversaldata type with a specific constructor
for variables, in which any algebraic data type can be erd:ode

dataUni = Var VarID | Ctr Int [Uni]| Int Int

The universal data typeni provides constructors for logical vari-
ables, compound terms, and primitive Haskell data types. f§Fe-
sentation purposes, we support only one primitive type, elam
Int.)

3.2 Logical Variables

The value of a logical variable is eithboundto a logical term or

unbound so it can be represented using Haskelbgbe type.
type Val = Maybe Uni

A monad for logic programming,P, can be defined by hard-coding
the values of variables to be of typal.

typeLPa = BVVala

VarID is an abstract data type that provides the following three op

erations, as defined in Figure @boundVar for creating a new,
unbound, variablepbindVar for binding a value to an unbound
variable; andifBound for calling one of two given functions de-
pending on whether a given variable is bound or not. The refmso

makingVal abstract is because it will later be redefined to support

residuation.

3.3 Unification

Two logical terms can be successfullyified if they are equal,
or if they contain unbound variables that can be instartize

unify Uni — Uni — LP ()
unifyab = doa, < roota; b, < rootb; unif a, b,
where

unif (Varv) (Varw) |v==w = return ()
unif (Varv) b = bindVar v b
unif a (Var w) = bindVar wa
unif (Int a) (Int b) |a==b = return ()
unif (Ctr n as) (Ctr mbs) |[n==m = unif’ asbs
unif _ - = mzero
unif’ [] (] = return ()

unif’ (a:as) (b:bs) = unifyab>unif’ as bs

Figure 3. Unification algorithm

unification must instantiate dew variables as possible. This can
be achieved by allowing unbound variables to be unified waithe
other without having to instantiate them.

Two unbound variables can be unified simply by letting one be
bound to the other. Since a variable will never be bound twace
set of bindings like{a — b,b — ¢,d — b,e — [} forms a set of
trees, and no variable will appear in two trees. We take thabies
at the roots of the trees as the representatives of the g
sets. Cycles can be easily avoided by checking that the obtis
variables are not the same variable. An important operatidhe
unification algorithm is therefore to find the root of a loditerm.

root Uni — LP Uni
root (Var v) = ifBound v root (return (Var v))
root a = returna

The unification function takes two terms that are to be unidied
performs a case analysis on their roots, as shown in Figufe@h
roots are the same variable, then unification succeeddelisitone
of the roots is a variable, then that variable is bound to tihero
root. If both roots are instantiated to the same term coaistru
then the arguments of those constructors are unified. In Hrer o
case, unification fails.

3.4 Static Typing

A problem with the universal data type representation isehary
logical term has thesametype, namelyuni. Leijen and Meijer
proposephantom typeas an elegant solution to this problem [10].
Their idea is to create a data type with a type parameter thet d
no occur in any construction. This type parameter is refetoeas

a phantom type.

newtype Terma = Term { uni Uni }

Now terms have the typ&erm a for some typea that can be
controlled by an explicit type signature. This explicit ityg allows
data constructors for terms to be defined with the desireel fypr

example, the following functions define the list construsto

nil Term [a)]

nil = Term (Ctr 0[])

(>) Term a — Term [a] — Term [a]
a>b = Term (Ctr 1 [uni a,uni b))

Only well-typed logical terms can be constructed usingetfasac-
tions. Itis slightly awkward that each constructor mumstnuallybe
given a type signature, a unique identifier, and a representi
the universal type. Thankfully, these three tasks can bepteiely
automated. Using the combinators of Figure 4, the list cansirs

as to make them equal. However, to obtain maximum generality are simply defined as:



consg a — Int — Terma
consg f = An — Term (Ctrn[])
consi (a = b) — Int — Terma — Term b
cons; f = Mna— Term (Ctr n [uni a])
consy @ (a—b—c)— Int

— Terma — Term b — Termc
consy f = M ab— Term (Ctr n [uni a,uni b))
dataPairab = a::b
aVb = An—an:b(ntl)
datatype d = do

Figure 4. Combinators for creating logical data types

(nil:: () datatype (consg [] V consz (:))

It is straightforward to support any algebraic type in thiayw
However, primitive types such dat must be defined specially.

Int — Term Int
Term (Int n)

int
int n

3.5 Logical Interface

It is useful to overload unification and free-variable ci@ato that

Term [a] — Term [a] — Term [a] — LP ()
= doas=mnil>>bs =cs
® do (a,as’,cs’) «— free
as = (a>as’)
cs = (abcs’)
app as’ bs cs’

app
app as bs cs

This definition ofapp is said to bepolymodal] meaning it has
“many modes” of operation. For example, if any twoaaf, bs and
cs are known then the other can be inferred. a

3.6 Pattern Matching

Term deconstruction is achieved using free variables anfit un
cation, as illustrated by the above example. However, itfieno
clearer and more concise to use pattern matching to deaohstr
terms. Although we cannot use Haskelsse construct for this
purpose, we can redefingp as follows.

app as bs cs
where
alts (a,as,cs) =
(nil ,es ) — (bs =cs)
@ (a>as,a>cs) — app as bscs

caseOf (as,cs) alts

The case0f function can be thought of as a replacement for
Haskell'scase construct in which logical terms can be matched.

they can be used on a number of different types. Therefore, we The variablealts stands for “case alternatives” and is parame-

introduce the following type class for logical terms.

class Logical a where

free LPa
(£) & a—a—Lp()
match Logicalb=>a —a —LPb—LPb

For now, thematch member is not important — it will be used in the
implementation of residuation in Section 3.8. To instaeti@rm o

for all a under theLogical class, we just need to convert between
the typed and universal representations.

instance Logical (Term a) where

free = do v < unboundVar
return (Term (Var v))

a="b = unify (uni a) (uni b)

matcha bk = match’ (uni a) (uni b) k

The main motivation for having theogical class is to support
tuple-terms Tuple-terms allow many variables to be created in one
go, and collections of terms to be treated as if they were glesin
compound term. For example, the following instance definpket
terms of size two.

instance (Logical a,Logical b) = Logical (a,b) where
free do a < free; b« free
return (a,b)

a0 =bo>a1 =b;

match ag bo (match a1 b1 k)

(ao,a1) = (bo, b1)
match (ao,a1) (bo,b1) k

Tuple-terms of any size can be defined similarly.

Example 3 (List Concatenation Given three listsas, bs, andcs
— that may be variables or contain variables — the list cemzdton
relation non-deterministically generates all variablstamtiations
such thats is the concatenation afs andbs.

terised by the free variables that appear in the patterndl tiex
alternatives.

Now it remains to definease0f and the — operator.

pat — rhs = return (pat,rhs)

case0f a as = do (pat,rhs) «— free >=as
pat = a
rhs

3.7 Residuation

When the value of an uninstantiated logical variable is rded
for a computation to proceed, one strategy, demonstratedeab
is to non-deterministically instantiate it with appropeavalues.
An alternative strategy, known assiduation is to suspendthe
computation until the variable becomes bound, and to pobcee
by evaluating the next, sequentially composed, computaiitie
suspended computation (also caltedidua) is resumedas soon as
the variable that it is waiting on is instantiated.

We implement residuation by associating every unboundakibei
with a list of computations that are suspended on it. To dg the
need to alter our model of logical variables, and redefinevttie
type as follows.

data Val = Bound Uni | Unbound [Residual]

type Residual = Uni — LP ()

A logical variable is now either bound to a value, or unboumith
a list of residuals waiting for it to become bound.

The new implementation of thHeéarID abstract data type is shown

in Figure 5. The important difference is in the definition of
bindVar: when an unbound variable becomes bound, each of its
associated residuals is resumed by callingté®umeOn function,

as defined in Figure 6. An expression of the farg'resume0On‘ v



= newVar (Unbound [])

do Unbound rs <+ readVar v
writeVar v (Bound a)
rs ‘resumeln‘ a

unboundVar

bindVar v a =

ifBound v f ¢ = readVar v >= decons
where
decons (Bound a) = fa
decons (Unbound rs) = g

Figure 5. An implementation of logical variables that supports
residuation

[Residual] — Uni — LP ()
do Unbound ss < readVar v
writeVar v
(Unbound (rs H ss))
mapM_ (resume a) rs

resumeOn B
resumeOn 7s (Var v) =

resumeOn s a =
where

resume a g = ga

Figure 6. Resuming a list of residuals

applies each residual irs to the valuev, provided that is instan-
tiated. If it isn't, thenv must be an unbound variable, so the list of
residuals associated withis updated to includes.

To create a function that residuates, we introduce a spagjdica-
tion operator calledigid’.

rigid Logical b= (Uni — LP b)
— (Uni — LP b)
rigid' fa = doa, < roota

b « free

letgx = doc«+ fux
b=c

[g]‘resumeln‘a,

return b

It takes a logical function as argument and returns a newaorers
of it, which automatically suspends when applied to an unddou
variable. If a function suspends, we still want to have agtests
(future) result. Incigid’, the result is represented by the variable
b, so we define the residualto unify the result off with b. This
way, whenevey is resumed, the value éfis immediately updated.

The typed version ofigid’ isrigid, and is defined as:

rigid Logical b= (Terma — LP b)
— (Terma — LP D)
rigid fa = rigid (f o Term) (uni a)

Example 4 (Rigid Arithmeti¢. In order to define efficient deter-
ministic operations on integers, we provide the followimiyytive
deconstructor for integers that can only be defined by irsmec
the internal structure of terms.

unint Logical b = Term Int
— (Int > LPb) —LPD
unint @ f = rigid’ (A(Int a) — f a) (uni a)

With the help of the following shorthand,

liftInt, fab = wunint a (Aa —
unint b (Ab —

return (int (f a b))))

we can, for example, define rigid functions for addition anbt-s
traction.

match’ Logical @ = Uni — Uni - LPa —LPa
match’ abk = doa, < roota; b, «+ root b; ma a, b,
where
ma (Var v) (Varw) |v== = k
ma (Varv) b = bindVar v b
> k

ma _ (Var w) = rigidMatch

ma (Int a) (Intb) | a == = k

ma (Ctr n as) (Ctr m bs) |n==m = zipmas bs

ma _ - = mzero

zipm [] [] =k

zipm (z : xs) (y:ys) = match’ zy (zipm zs ys)

rigidMatch = rigid (A0 — match’ abk)b

Figure 7. Rigid matching algorithm

at+b =
a—b =

liftInt, (+)ab
liftInt, (—)ab

The results of these functions will only become known onesrth
argumentsg andb, have been instantiated. O

Example 5(Relational Arithmetix. Using the following generally-
useful shorthand,

a<m = dob—m;a=b

a deterministic addition relation can be defined as follows.

atb = doc—a+b
b<c—a
a<c—b
return ¢

Once any two ofi, b, andc are known, the other can be inferréd.

3.8 Rigid Pattern Matching

Recall that thecase0f function allows term deconstruction via
pattern matching. A slight variant of thisisgidCase0f, whereby
matching suspendantil the scrutinee is instantiated at least as
much as the pattern it is being matched against. To implement
rigidCase0f we use thenatch method of thd.ogical class. An
action of the formmatch p a k executes if the patternp matches

the scrutineer. TherigidCaseOf function differs fromcase0f

in that thematch function is used in place of unification.

rigidCaseOf a as = do (pat,rhs) « free >=uas

match pat a rhs

Recall that for values of typ®erm a, match is defined simply as
match’. The definition of match’ is given in Figure 7. The main
difference from unification is that the continuatibris called when
matching succeeds. When an unbound variable in the sceutine
is matched against a bound value in a pattern, then matching i
suspended, via a call toigid’, until that variable becomes bound.

Example 6 (Rigid List Concatenation A rigid list concatenation
relation can be defined as follows.

(+) Term [a] — Term [a] — LP (Term [a])
as H bs = rigidCaseOf as alts
where
alts (a,as) =

nil —» return bs
@ a>as —» liftM (a>) (as H bs)

The result is returned once the spineasf is fully instantiated.
Although deterministic, the relation permits the valueshia lists



involved to flow in any direction, for example, froms andbs to
the result, and vice-versa. O

4. Application to Wired

The performance of modern circuits largely depends on teetef
of wire-lengthon circuit properties such as signal delay and power
consumption. To help design such circuits, a languagedt@lieed,
embedded in Haskell, has been developed in which wires are ex
pressed explicitly just as components are. In this sectiemeiter-

ate the benefits of making Wired a relational language, reaigi
explained in [1], but do so more precisely by fully impleniagta
simple version of it calledMiniWired. We also discuss some alter-
native design decisions that are made possible by the bilajaf
non-determinism, and demonstrate MiniWired by descriking
analysing a parallel prefix circuit.

4.1 Descriptions in Wired

In MiniWired, circuits are modelled as rectangulides that can be
composed with each other to give larger tiles. Data may ester
leave a tile on each of its fo@dgeswhich are named west, north,
south and east:

data Tilea = Tile { west Edge a
, north Edge a
, south Edge a
, east Edge a }

The edgeof a tile is a list ofsegmentsand each segment may or
may not carry a signal. The length of the edge is stored atplic
for convenience, although this information is redundant.

Term Int
Term [Maybe a] }

data Edge a Edge { len

, segs

The following function for constructing an edge from a lidt o
segments is useful.

edge as Edge (int (length as)) (foldr () nil as)

The Edge and Tile types are isomorphic to pairs and 4-tuples
respectively, and can be instantiated underItbgical class in
the same way that tuples are, as described in section 3.5e\ow
tiles are treated slightly different to 4-tuples in that wtbey are
created, they are constrained to fieetangular The full instance
definitions ofEdge andTile are shown in Appendix 3.

A circuit description is defined to be a relation over tilebeType
variablea represents the type of data that flows through the circuit.

type Desca = LP (Tile a)

A description has both a physical size and a behaviour. Zeisi

defined by the number of segments in the north and west edges of

the tile (or equivalently, the south and east edges). Thawetr

is defined by aelation between the signals on the edges of the
tile. The use of a relation rather than a function greatlyuoed
the number of distinct primitive tiles that are requiredafriams of

a selection of primitive tiles are shown in Figure 8. Two oégh
primitives,dot andthinY are defined in Figure 9, and the rest are
defined in Appendix 4.

4.2 Combinators

MiniWired allows two circuit descriptions to be combined fac-
ing them onebesidethe other, or ondelowthe other. To define

)

wireYl wireT3 dot crodot thinY thinX1
Figure 8. Some primitive tiles
dot f =
do (a,b) <« free

c — fab
let w = edge [just a]
letn = edge [justb]
let s = edge [just (]
let e = edge [nothing]
return (Tile w n s €)

thinY = dowe «— free

let ns = edge ]

return (Tile we ns ns we)

Figure 9. Definitions of the primitive tileslot andthinY

Desc a — Desc a — Desc a
doto «—do; t1 « d1
east tg = west t1
n < join (north to) (north ¢1)
s « join (south to) (south ¢1)
return (Tile (west to) n s (east t1))

(<)
do < d1

Figure 10. The “beside” combinator

these two combinators it is necessary to be able to join thesedf
tiles together.

joinepe; = 1iftM2 Edge
(len eo 4 len e1)

(segs eo H segs e1)

Notice that where two edges are joined, their combined feigt
computed using the addition relation defined in Example % Th
reason for using a relation is to allow the length of an eddechv
may be unknown, to be inferred from its surrounding context.
For example, the height afhinY, which is unconstrained, can be
inferred if it is placed beside a circuit of known height, kues
wireY1. This ability to infer lengths from contexts can simplify
circuit description by reducing the amount of informatidratt
needs to be given explicitly by the programmer.

The definition of the “beside” combinator is given in Figure. 1

A description is placed beside another by joining the narthe
and southern edges and unifying the eastern western edges. T
“below” combinator is defined similarly in Appendix 5.

A row of tiles can be obtained by iteratively applying the Stue”
combinator the desired number of times.

rowN 0 d
rowN n d

thinY
d < rowN (n—1) d

Sometimes the desired length of a row is obvious from theestnt
in which it is placed, and shouldn’t need to be stated expfici
Such a row — any number of tiles long — can be defined as follows.

row d thinY @ (d < row d)

However, there is a slight problem with this definition: itshia-
finitely many solutions, and so circuit generation will getick



sklansky f0 = thinX1
sklansky fn = (left ] skl) < (right ] skl)
where
skl = sklansky f (n—1)
left = row wireYl < wireT3
right = row (crodot f) < dot f

Figure 11. Definition of Sklansky’s prefix network in MiniWired

Figure 12. The 8-hit instance of Sklansky

down an infinitely long search path. A much more sensible ap-
proach is to wait until the length of the surrounding contisxt
known before searching; this way circuit generation shavelder-
minating.

do n « free
$ < unint n (An —
thinY @ (d < row d))
n = len (north s)
return s

row d

So far, tile edges have not been constrained to have noniviega
length, and so by creating negatively sized tilesy may still
be non-terminating. This can be resolved by modifying tlyédri
subtraction operator to fail if its result is negative, aswh in
Appendix 6. Alternativelyrow can be defined to be fully deter-
ministic, as shown in Appendix 7. The deterministic and non-
deterministic variations ofow behave differently when rows are
placed beside rows: the former favours expanding the first ro
whereas the latter fairly expands each in a non-deterrarfessh-
ion. Future experiments with Wired should help us decidectvig
preferable, but the availability of non-determinism cefiagives
the library a more flexible feel.

The use of relations also helps to reduce the number of distin
combinators that need to be defined because relations cthsie
the direction of data flow.

Example 7 (Sklansky. A parallel prefix network takes a list
xo, - -+, Zn and applies a given associative operatto every pre-

fix of the list to yield the listco, zp o x1, zoox1 022, -, X000

. These networks are very common in modern microprocessors
— for example, in the carry generation in fast adders (sedof7]
further explanation). Sklansky’s minimum depth networlaise-
cursive composition of two half-size networks. It can bemtediin
MiniWired as shown in Figure 11. The diagram of an 8-bit inst&a

of this network is shown in Figure 12. a

4.3 Analysis

An important capability of Wired is to estimate and contratious
performance properties of a circuit, suchpaspagation delayOne
way to estimate circuit delays is to use non-standard irg¢aion
techniques: gates in the circuit are replaced by non-stene-
sions which compute properties of their signals rather teemput-

ing actual signal values. A non-standard gate might, fonmia,
compute delay estimates of its output signals given delamates
of its inputs.

For a more accurate delay analysis that takes account of lesne
level electrical phenomendi-directional evaluation is required.
The delay from the output of one gate to the input of another
depends on the signallsad. The load is a measurement of the
number of gates connected to the signal (and their sizes)), an
is characterised by a capacitance value. So capacitaneestoe
be propagated backwards and summed at every fork pointebefor
calculation of the delay can proceed in the forwards dioecti

We demonstrate a simple bi-directional analysis where thpub
delay of each gatel,., is calculated as follows.

dout B dn) + dint + (C X N)

Hered, - - - d,, are input delaysd;,: is the internal delay of the
gate, N is the number of gates driven by the output signal and
c is a constant which decides the significance of a high fanout.
The fanout,N, is calculated by backwards propagation ahd:

by forwards propagation. This analysis can implementedgugur
library as shown in Appendix 8.

= mazimum(do,di, - -

Non-standard interpretation may seem a little lightweightsider-
ing that a circuit could simply be passed to an existing, lyigic-
curate, external analysis tool. But it provides a simple teayrite
customanalyses where circuit generation dateractwith circuit
analysis within the language. This is important for devilgir-
cuit generators which use search for optimisation, anddaradled
adaptive circuits which are parameterised by delay profifekeir
input/output signals [14]. We are planning to experimenbwdap-
tive circuits in Wired in the future.

5. Discussion

In this section, we discuss related work and further apitioa and
features of our library.

5.1 Embedded Logic Programming

The first embedding of logic programming in Haskell, by Seres
and Spivey [15], was extended by Claessen [2] toraseadsand
typedlogical variables. In Claessen’s approach, a logical daie t
for lists is introduced with the declaration:

data List a VarL (Var (List a)) | Nil| a :: List a

Then the new type must be instantiated underftie: andUnify
classes (containing a total of 3 methods). Our represtafitogical
terms has several advantages:

e Simplicity We can introduce a new logical data type very easily,
without having to instantiate various type classes.

e Clarity. We have a clear correspondence between normal
Haskell data types, of type, and logical data types of type
Term a. Claessen must invent new, unfamiliar names for log-
ical data types. Our approach facilitates conversion betwe
logical terms and normal Haskell values.

e Abstraction Claessen exposes implementation details of his
library, such as th&ar data type, to the programmer. If the
programmetase-deconstructs a logical term, how should they
handle thevar case? Our abstraction prevents this abuse of
logical terms.



Claessen does not discuss how to handle primitive Haskadisty
such as integers and arithmetic, which we support conviipies-

ing residuation Furthermore, we have shown hgattern match-
ing can be achieved, allowing simpler definitions of predicates
Overall, we believe these improvements make the prospesnef
bedded logic programming much more attractive.

In a separate project, we have developed a monad for nomdater
istic computations that allows bottepthand breadthfirst search

together Separate disjunction operators are provided for each form

of search and they interact in a sensible way. In future we exay
periment with this monad as the basis for our logic prograngmi
library. We may also experiment with tiiair conjunction and dis-
junction operators (for fair backtracking) presented bgetyov et
al. [9].

5.2 Dedicated Logic Programming

Predicates written using our approach look similar to gpoad-
ing Prolog predicates. One difference is that our logicaiaides
areexplicitly quantifiedandtyped But the main difference is that
our approach iembeddedn Haskell. In Wired, this lets us use
logic programming features where they are needed, and toarse
mal Haskell everywhere else. In particular, our embeddifaya
logical variables, unification, and residuation togethahwhigher
order) functions, algebraic types, type classes, andiegistaskell
libraries such as Lava [4]. Similar features, apart fronetglasses
and Lava, are available in Curry [5]. Indeed, our first vansid
MiniWired was developed in Curry. Moving MiniWired over to
our library was straightforward and its run-time perforoann-
der each compiler (MCC and GHC) was similar.

5.3 Application to test-data generation

Lindblad [11] and Naylor [13] have recently shown how funaogl-
logic programming techniques can aid property-basednigstn
particular, test-data can be automatically generated shtigfies
restrictive antecedents that program properties oftere.hBoth
Lindblad and Naylor develop external analysis tools thatept
Haskell programs as input. An interesting question is weth
library-based approach, such as our logic programmingrybrcan
be used to obtain the similar benefits.

To illustrate this possibility, suppose that we wish to thstfollow-
ing law about the standard Haskell matrix transpositiorcfiom:

prop_transpose m =
isMatrix m = m == transpose (transpose m)

Here,isMatrix m holds only for a list of listsn where each inner
list has the same length. The problem with random or exhasti
testing is that many inputs will be generated which do nasBat
isMatrix. This is a bit wasteful since we know that an implication
with a false antecedent will hold! A possible solution is tateithe
antecedent, in this caseMatrix, using our library:

sameLen Term [a] — Term [a] — LP ()
samelen as bs = case0f (as,bs) alts
where
alts (a,as,b,bs) =
(nil ,nil ) — return ()

@ (a>as,b>bs) — samelen as bs

Term [[a]] — LP ()
case0f m alts

isMatrix
isMatrixm =
where
alts (a,b,m) =
nil — return ()
@ (a>nil) — return ()
® (a>b>m) — (samelen a b>> isMatrix (b>m))

Now isMatrix can be used to generate test data of a suitable
form for the consequent of the property. The actual contént o
the matrix will be left uninstantiated bysMatrix, so standard
random or exhaustive testing could be used to finish off tke te
data generation.

It seems likely that residuation could also play a useful pathis
application. For example, Lindblad proposes a parallejwwiion
operator>&< such that an expression of the fognx >&< q x
evaluatep x andq x in parallel. So, if at any stage a partially in-
stantiatedk falsifiesp or q then the conjunction immediately evalu-
ates to false. It seems that a similar strategy to parallglcetion
could be obtained by duplicating the conjurctx and executing
it using residuation. In this way, evaluation of the new dasiting
conjunct will proceed progressively as thénstantiates.

In future, we would like to explore this whole idea more fully

5.4 Lazy Narrowing

Logic programming predicates such edatrix can be conve-
niently used as data generators. And by usémy narrowing[12],
an evaluation strategy from functional-logic programmisg too
can any boolean expression written in a functional languggean
interesting question is whether our library can suppost feerrow-

ing.

For example, we might defingppend not as a predicate but as a
monadic function:

append as bs = caseOf as alts
where
alts (a,as) =
nil —» return bs
@ (a>as) — 1iftM (a>) (append as bs)

However, this definition does not have the same general bmirav
as ourapp predicate. The reason is that monadic sequencing causes
the recursive call toappend to happenbefore the head of the
result list is returned. The end result is that this functitmesn’t
terminate when its first input is uninstantiated, even ifribgult of
the function is known to beil. In lazy narrowing, evaluation of a
function proceeds only when its resultdemanded

The above problem can be overcome by introdu¢mgksin the
definition ofcase0f. However, this approach feels rather complex.
Instead, lazy narrowing seems much simpler to support iflithe
brary isnot monadic. We are currently developing such a library in
which append would be written as:



append
append as bs
where
alts (a,as) =
nil — bs
@ (a>as) — (a>append as bs)

Term [a] — Term [a] — Term [a]
case0f as alts

Now append simply constructs an abstract syntax tree that can be
easily evaluated by lazy narrowing. The problem with thisrapch

is that evaluation will not presengharing For an application like
test data generation, we could probably live with this peabkince

the benefit over random and exhaustive data generation tilill s
be very large. Alternatively, the problem could be solvethgsn
impure feature likeobservable sharing3]. In fact, since sharing
cannot affect the result of evaluation, it could probablyabgued
that the library would still be purely functional, despitsing im-
pure features internally. Furthermore, compiler optitiises that

crude account of wire-lengths, with a simple forwards asialy
ours should be able to achieve more accuracy, and possiljt re
in more efficient structures.
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6. Conclusions and Future Work

We have presented a Haskell library that allows functiondllagic
programming features to be used together. A number of inggrov
ments to the original library by Claessen were made, remulti
a simpler, more powerfull, and generally more attractitedry to
use. In particular, we contributed easier data type creaticleaner
representation of logical terms, pattern matching, regtida, and
a clean way of dealing with primitive Haskell data types amalcf
tions. These improvements were driven by our motivatindiegp
tion, MiniWired, which was used both to demonstrate use ntfu
tional and logical features in a real application, and howlibuary
could be used to capture those features.

Claessen and Ljunglof conclude [2] that “a polytypic praagming
tool” would be very helpful to avoid having to instantiatepéy
classes every time a new logical data type is added. And they
also suggest that “syntactic sugar” for pattern matchindccbelp

the definitions feel less “clumsy”. Our library solves boftttleese
problems without using any features beyond Haskell'98 uatiy,

our library is still a little clumsy in that pattern variaklenust be
explicitly quantified, but our approach certainly feels imdess
clumsy than no pattern matching at all. Although not presgnt
here, we use a type class to convert between values offapea

and those of typa. It is useful, though not necessary, to instantiate
this class for each new type. Thankfully, with a few combangt

this task is made very easy and can be done without any imterna
knowledge of how the library works.

For future work, Claessen and Ljunglof suggested that tinayld
like to explore how their library “can be made more practitsl
using it in more realistic programs”. We have applied ourdily to
two realistic applications here: one to circuit design amel ather
to test-data generation.

In future work, we hope to develop a non-monadic variant ef th
library, based on lazy narrowing, and explore its use in eryp
based test-data generation. We would also like to examiae th
various properties of our library constructs. One of thethmental
properties that we expect to hold is that, in a determinjstigram,
conjunction(>>) is commutative, i.e. the order in whiefigid and

(=) conjuncts are expressed doesn’t matter.

The next step for Wired is to apply it to the design of Sheeran’
novel adaptive partial product reduction array [14] (pd onulti-
plier circuit). While Sheeran’s original Lava design toakyvery
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Appendices

This section contains a number appendices containing ifumct
definitions that have been referenced in the main body ofdpep

newtype BS sa =
BS { run Vb. s — ((s,a) =b—b) —b—1b}
instance Monad (BS s) where
returna = BS (As ks ky — ks (s,a) ky)
m>=f = BS(Asksks—
runm s (A(s',a) ky —
run (f a) s’ ks ky) ky)

instance MonadPlus (BS s) where

mzero = BS (Asks ky — ky)
mo®m1 = BS ()\S ks k’f —
run mo S ks (run my s ks ky))
get : BSss
get = BS (Asks kf — ks (s,8) kf)
put x s—BSs ()
put s = BS (A_ks ky — ks (s,()) kyf)

Appendix 1: An efficient continuation-bas®&d monad

type IntMap a = [(Int,a)]
empty :: IntMap a
empty = ]
insert : Int —a
— IntMap a — IntMap a

insert i a [] = [(i,a)]
insert i a ((4,0) : ps)

|i==J = (J,a):ps

| otherwise = (4,b):insert i a ps
" ;. IntMap a — Int — a
((3,a) :ps)!j = if i==jthenaelseps!j

Appendix 2: Specification of thentMap data structure



instance Logical (Edge a) where
free = do n < free; as « free
return (Edge n as)

a="b = do lena =1lenbd
segs a = segs b
matcha bk = match (lena) (len b)

(match (segs a) (segs b) k)
instance Logical (Tile a) where

free = do (n,s) « free
(e,w) « free
(z,y) « free
return (Tile (Edge y w) (Edge = n)
(Edge = s) (Edge y €))
a=1b = north a =north b>> east a = east b
> south a = south b > west a = west b
matcha bk = match (northa) (north b)

(match (east a) (east b)
(match (south a) (south b)
(match (west a) (west b) k)))

D 2 Desc a — Desc a — Desc a
doldi = doto«—do;t1—di
north tg = south t;
e « join (east tg) (east t1)
w < join (west to) (west t1)
return (Tile w (north t;) (south to) e)

Appendix 5: The “below” combinator

a—b = unint a (Aa’ — unint b (A’ — sub a’ b))
where
suba b = if a>b then mzero

else return (int (a—b))

Appendix 6: Non-negative subtraction

Appendix 3: TheEdge andTile instances of theogical class

wireT3 =
doa «— free
(ao,a1) <« forka
letw = edge [nothing]
letn = edge [just a]
lets = edge [just ao]
lete = edge[just ai]
return (Tilewn s e)
crodot f =
doa «— free
b «— free
(ao,a1) <« forka
c — faod
letw = edge [just d]
let n = edge [just b]
let s = edge [just ¢]
let e = edge [just a1]
return (Tile wn s €)
forka = return (a,a)
wireYl =
do a «— free
letns = edge [just a]
let we = edge [nothing]
return (Tile we ns ns we)
thinXl =
do a «— free
letns = edge [just a]
let we = edge ][]
return (Tile we ns ns we)
thinY =
do we «— free
letns = edge[]

return (Tile we ns ns we)

Appendix 4: Remaining definitions of the primitive tile set

row :: Desca— Desca
rowd = don « free
s < unint n (An' — case n’ of
0 — thinY

_—derowd)
n = len (north s)
return s

Appendix 7: Fully-deterministic definition afow

unpair p f = do (a,b) < free
p=pairab
fabd
type Delay = Term (Int,Int)
fork :: Delay — LP (Delay,Delay)
fork a = do (bfo,bger) <« free

(o, Cdet) < free
unpair a (Aayfo ager —
do afo <~ bfo + Cfo
bdel = ader
Cdel = Qdel
return ( pair by, bae
, Pair c¢fo Cder ))
gate :: Delay — Delay — LP Delay
gateab = do unpair a (Aafo ager —
unpair b (Abfo bger —
doayf, = int 1
bfo = int 1
Ccfo < free
Cdel +— calc ader baer Cfo
return (pair ¢y, Cger)))

calcdgdin =
unint do (Ado —
unint di ()\d1 —
unint n (An —
return (int (max do d1+100+3%n)))))

Appendix 8: A simple bi-directional delay analysis by ndarslard
interpretation



