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Abstract.  In previous work we have demonstrated how the functional
language SAFL can be used as a behavioural hardware description lan-
guage.Other work (such as FP and Lava) has demonstrated that func-
tional languagesare apposite for structural hardware description.

One of the strengths of systemssuch as VHDL and Verilog is their abil-
ity to mix structural- and behavioural-level primitiv esin a single spec-
i cation. Motiv ated by this obsenation, we describe a unied frame-
work in which a stratied functional language is used to specify hard-
ware acrossdi eren t levelsof abstraction: Lava-style structural expansion
is used to generate acyclic combinatorial circuits; these combinatorial
fragments are composed at the SAFL-level. We demonstrate the utilit y
of this programming paradigm by means of a realistic case-study Our
tools have beenusedto specify, simulate and synthesise a DES encryp-
tion/decryption circuit. Area-time performance gures are preserted.
Finally , we show how similar integration techniques can be usedto embed
languagessuch as Magma/La va into industrial HDLs such as Verilog and
VHDL. Our methodology o ers signicant advantages over the \P erl-
script" technique so commonly employed in practice.

1 Intro duction

Hardware description languages(HDLs) are often categorisedaccording to the
level of abstraction they provide. Behavioural HDLs focus on algorithmic spec-
i cation and attempt to abstract as many low-level implementation issuesas
possible.Most behavioural HDLs support constructs commonly found in high-
level programming languages(e.g. assignmem, sequencing,conditionals and it-
eration). In contrast, Structural HDLs allow a hardware engineerto describe a
circuit by specifying its hardware-level componerts and their interconnections.
The processof automatically translating a Behavioural HDL into a Structural
HDL is often referred to as high-level synthesis
Commercially the two mostimportant HDLs are Verilogand VHDL [IEE,IEE93].

A cortributing factor to the successof these systemsis their support for both
behavioural- and structural-level design. The ability to combine behavioural



and structural primitiv es in a single speci cation o ers engineersa powerful
framework: when the precise low-level details of a componert are not critical,
behavioural constructs can be used;for componerts where ner-grained cortrol
is required, structural constructs can be used! Howewer, the ip-side is that by
supporting multiple levels of abstraction both Verilog and VHDL are very large
languageswhich are di cult to analyse,transform and reasonabout.

In previous work we have designedSAFL [MSO0(], a behavioutal HDL which
supports a functional programming style. An optimising high-level synthesis sys-
tem has beenimplemented which compiles SAFL speci cations into structural
Verilog [IEE]. (We map the generatedVerilog to silicon using commercially avail-
able RTL compilers.) Other researders have demonstrated that functional lan-
guagesare powerful toolsfor structural hardware speci cation [She840'D87,BCSS94§.
In this paper we presen a systemwhich integratesboth structural- and behavioural-
level hardware designin a pure functional framework. Our technique involves
embedding a functional language designedfor structural hardware description
into SAFL.

The remainder of this paper is structured as follows: after surveying related
work (Section 2) we give a brief overview of the SAFL language (Section 3).
Our mechanism for embedding Lava-style structural expansionin SAFL is then
preseried (Section 4); this methodology is demonstrated by meansof a realistic
case-studyin which a fully functional DES encrypter/decrypter is speci ed (Sec-
tion 5). We go on to describe how similar integration techniquescan be usedto
embed languagessudc as Lava into industrial HDLs sud as Verilog and VHDL
(Section 6) and argue that suc integration leadsto a system more powerful
than Verilog/VHDL alone. Finally, Section 7 concludesand outlines directions
for future work.

2 Related Work

There is a large body of work on using functional languagesto describe hard-
ware at the structural level. Notable systemsin this areainclude FP [She84,
HDRE/Hydra [O'D87], Hawk [MCL98] and Lava [BCSS98. The certral idea
behind eat of these systemsis to use the powerful features found in existing
functional languages(e.g. higher-order functions, polymorphism and lazy evalu-
ation) to build up netlists from simple primitiv es. These primitiv escan be given
di erent semartic interpretations allowing, for example, the same speci cation
to be either simulated or translated into a netlist. However, whilst this technique
is obviously appealing, there are problemsinvolved in generating netlists for cir-
cuits that contain feedba& loops. The dicult y is that, in a pure functional
language,a cyclic circuit (expressedas a seriesof mutually recursive equations)
naturally evaluatesto an in nite tree, preventing the netlist translation phase
from terminating.

A number of solutions to this problem have been proposed: O'Donnell ad-
vocatesthe explicit tagging of componerts at the source-leel [O'D92]. In this

! Note the analogy with embedding assenbly code in a higher-level software language.



systemthe programmer is responsible for labelling distinct componerts of a cir-
cuit with unique values. Whilst this allows a pure functional graph traversal
algorithm to detect cyclestrivially (by maintaining a list of tags which have al-
ready beenseen)it imposesan extra burden on the programmer and signi cantly
increasespotential for manual error (sinceit is the programmer's job to ensure
that distinct componerts have unique tags). Lava [BCSS9§ also usestagging
to identify cycles, but employs a state monad [Wad95 to generate fresh tags
automatically. Although this neatly abstracts the low-level tagging details from
the designer, Claessenand Sands[CS99 argue that the resulting style of pro-
gramming is \unnatural" and \inconveniert". In the samepaper, Claessenand
Sands propose another solution which involves augmerting Haskell (the func-
tional languagein which Lava is embedded) with immutable referenceswhich
support a test for equality. This extension makes graph sharing obsenable at
the source-lewel but, although it is showvn that many useful laws still hold, full
equational reasoningis no longer possible|for example, -reduction no longer
presenes equality.

In this paper we presen an alternative approac. By only allowing the de-
scription of acyclic circuits through Lava-style structural static expansionand
then combining thesecircuit fragmens at the SAFL-level we facilitate the pure
functional speci cation of complex circuits which can corntain feedbak loops.
We have not solved the obsenable sharing problem; instead we have eliminated
it: sincecyclesare not permitted at the structural level we do not have to worry
about in nite loops being statically expanded.Conversely sincefeedbak loops
are represerted as tail-recursive calls at the SAFL-level there is no needto in-
troduce impure languagefeatures.

Although most of the work on using functional languagesfor hardware de-
scription focuseson the structural level someresearters have consideredusing
functional languagesfor behavioural hardware description. Johnson'sDigital De-
sign Derivation (DDD) system [Bos9] usesa scheme-like languageto describe
circuit behaviour. A seriesof semarics-preservingtransformations are preseried
which can be usedto re ne a behavioural speci cation into a circuit structure;
the transformations are applied manually by an engineer.This is a di erent ap-
proach from hardware design using SAFL [MSO0(Q]. Although we advocate the
use of source-lewel transformations to explore architectural tradeo s (including
allocation, binding and scheduling [De 94]), SAFL speci cations are translated
to hardware automatically using our optimising silicon compiler.

3 Overview of the SAFL Language

SAFL has syntactic categoriese (term) and p (program). First supposethat v
rangesover a set of constarts. Let x range over variables (occurring in let dec-
larations or asformal parameters), a over primitiv e functions (such as addition)
and f over user-de ned functions. For typographical corveniencewe abbreviate

and e respectively; the sameabbreviations are usedin let de nitions. Then the



abstract syntax of the core SAFL languagecan be given in terms of recursion
equations on programs, p, and expressions £

ex=vjxjif e then e; else ezjlet x =ein e j
a(el;:::;earity (a)) J f (el;”:;earity (f))
p:=fun fi(*)=e ... fun f,(%)= e,

It is sometimesconveniert to extend this syntax slightly. In later exampleswe
use a case-expressioninstead of iterated tests; we also write e[n:m] to select
a bit-eld [n..m] from the result of expressione (where n and mare integer
constans).

There is a syntactic restriction that whenewer a call to function f; from
function f; is part of a cyclein the call graph of p then we require the call to be
atail call.? (Note that calls to a function not forming part of a cycle can occur
in an arbitrary expressioncontext.) This ensuresthat storage for the variables
and temporaries of p can be allocated statically|in  software terms the storage
is assaiated with the code of the compiled function; in hardware terms it is
assaiated with the logic to evaluate the function body.

The other main feature of SAFL, apart from static allocatability, is that its
evaluation is limited only by data ow (and cortrol o w at user-de ned function

f(ey;::i;e) oraey;:::;e), allthee (1 i k) areevaluated concurrertly. In
the conditional if e; then e, else e; we rst evaluate (only) e;; one of e, or
€3 is evaluated after its result is known. SAFL has call-by-value semartics since
eagerevaluation o ers a greater opportunit y for parallelism (i.e. we can execute
a function call's argumerts in parallel without worrying about strictness).

Although up to this point we have referred to SAFL as a behavioural lan-
guage,it is also capableof capturing somestructural aspectsof a design.We say
that SAFL is resouice-awar to indicate that a single user-de ned function de -
nition at the source-lewel correspondsto a single hardware resourceat the circuit-
level. In this context multiple callsto the samefunction correspondsto resource
sharing®. We use SAFL-level transformations to expressarchitectural tradeo s
such as resourceduplication/sharing and hardware/software co-design[MS01].
In essencehesetransformations presere a speci cation's extensional semarics
(the result returned) whilst changing the intensional semarics (how the circuit
is structured). A more in-depth description of the SAFL languageand its as-
saciated silicon compiler can be found in our recert survey paper [MS0Z]. For
the purposesof this document we provide a short example which illustrates the
main points:

2 Tail calls consist of calls forming the whole of a function body, or nested solely
within the bodiesof let-in  expressionsor that are the consequetts of if-then-else
expressions.

3 Our optimising compiler automatically dealswith sharing issuesby statically schedul-
ing accessto resourceswhere it can, and generating arbiters to perform scheduling
dynamically otherwise [SMO1].



fun mult(x:16, y:16, acc:32):32 =
if (x=0 | y=0) then acc
else mult(x<<1, y>>1, if y[0:0] then acc+x else acc)

fun f(x:16):32 = mult(x, x, 0) + mult(13, x, 0)

From this speci cation, two hardware resourcesare generated:a circuit, Hqny ,
corresponding to mult and a circuit, H¢, corresponding to f. The two calls to
mult are not inlined: at the hardware level there is only one shared resource,
Hmut, Which is invoked twice by H;. The tail-recursive call in the de nition
of mult is synthesisedinto a feedbad loop at the circuit level. Since function
argumerts are evaluated concurrertly, the two shift operations occurring in the
recursive call to mult are evaluated in parallel along with the conditional test
and possibly, depending on the conditional branch taken, the addition operation.

Each SAFL variable is annotated with a bit-width at its point of introduc-
tion. We usethe form x: w to indicate that variable x has width w. Note that
the widths of function result typesare also speci ed explicitly (using the form
fun f(...):  w). Widths of constarts can either be speci ed explicitly or, more
usually, inferred from their local context. As part of a simple type-cheding
phaseour SAFL compiler ensuresthat for ead function call, f (), the widths
of argumerts, ¥ match those speci ed in the signature of f .

4 Embedding Structural Expansion in SAFL

Resource awarenessallows SAFL to describe the system-level structure of a
design by mapping fun declarations to circuit-level functional units. In con-
trast, systemssuch as FP and Lava o er much ner-grained cortrol over circuit
structure, taking logic-gates(rather than function de nitions) astheir structural
primitiv es. We are not arguing that either approad is better: in practice both
are appropriate depending on the type of hardware that is being designed.Mo-
tivated by this obsenation, we presen a framework which integrates Lava-style
structural expansionwith SAFL.

Section 4.1 outlines our systemfor ne-grained structural hardware descrip-
tion which, for the purposesof this paper, we will refer to as Magma®. In Sec-
tion 4.2 we show how Magma is integrated with SAFL.

4.1 Building Com binatorial Hardw are in Magma

An argumert in favour of Lava, Hydra and other similar systems,is that since
they are embedded in existing functional languagesthey are able to leverage
existing tools and compilers. Furthermore, useof non-standard interpretation of
basisfunctions meansthat the same compiler can be usedto perform both hard-
ware simulation and synthesis. Thesecompelling bene ts lead us to adopt a sim-
ilar approach. Howewer, in cortrast to Lava, which is embeddedin Haskell [had,

4 As it is a restricted form of Lava.



we chooseto embed Magma in ML [MTHM97]. The choice of ML is tting for
two main reasons: rstly , since we only wish to describe acyclic circuits, ML's
strict evaluation is appropriate for both simulation and synthesisinterpretations;
secondly since SAFL also borrows much of its syntax and semartics from ML,
both Magma and SAFL share similar convertions (an important consideration
when we are dealing with speci cations containing a mixture of both Magma
and SAFL). In the remainder of this sectionwe assumethat the readeris famil-
iar with the ML module system (signatures, structures and functors). A good
overview of the ML module system can be found in Paulson'stextb ook [Pau9§.

signature BASIS =

sig
type bit
val b0 : bit
val bl : bhit
val orb : bit * bit -> bit
val andb : bit * bit -> bit
val notb : bit * bit
val xorb : bit * bit -> bit

end

Fig. 1. The de nition of the BASISsignature (from the Magma library)

The Magma system essetially consistsof a library of ML code. A signature
called BASISis provided which declaresthe types of supported basis functions
(seeFigure 1). Valuesb0 and bl correspond to logic-0 (false) and logic-1 (true)
respectively. Functions orb, andb, notb and xorb correspond to logic functions
or, and, not and xor. Two structures which implement BASISare provided:

{ SimulateBasis providesa simulation interpretation. We implemernt bit s as
boolean values; functions orb, andb etc. have their usual boolean interpre-
tations.

{ SynthesisBasis provides a synthesisinterpretation. We implemernt bit s as
strings represening namesof wiresin a net-list. Functions orb, andbetc. take
input wires asargumerts and return a (fresh) output wire. Calling one of the
basisfunctions results in its netlist declaration being written to the selected
output stream asa side-e ect. For example,if the result of calling andb with
string argumerts \in _wirel " and \in _wire2 " is the string \ out wire " then
the following is output to StdOut:

and(out_wire,in_wirel,in_wire2);

Figure 2 showvs a Magma speci cation of a ripple-adder. As with all Magma
programs, the main body of code is contained within an ML functor . This
provides a corveniert abstraction, allowing us to parameterisea designover its
basisfunctions. By passingin the structure SimulateBasis (seeabove) we are



signature RP_ADD
sig

type bit

val ripple_add : (bit list * hit list) -> bit list
end

functor RippleAdder (B:BASIS):RP_ADD=
struct

type bit=B.bit
fun adder (x,y,c_in) = (B.xorb(c_in, B.xorb(x.y)),
B.orb( B.orb( B.andb (x,y), B.andb(x,c_in)),
B.andb(y,c_in)))

fun carry_chain f _ ([1,[) =1]
| carry_chain f c_in (x:xs,y:ys) =
let val (res_bit, c_out) =f (xy,c_in)
in res_bit::(carry_chain f c_out (xs,ys))
end

val ripple_add = carry_chain adder B.bO
end

Fig. 2. A simple ripple-adder described in Magma

able to instantiate a copy of the design for simulation purposes;similarly, by
passingin SynthesisBasis we instantiate a version of the designwhich, when
executed, outputs its netlist. The signature RPADDis usedto specify the type
of the ripple _add function. Using this signature to constrain the RippleAdder
functor also meansthat only the ripple _add function is externally visible; the
functions carry _chain and adder can only be accessedrom within the functor.
Note that the useof signaturesto specify interfacesin this way is not compulsory
but, for the usual software-engineeringreasons,it is recommended.

Let usimaginethat a designerhasjust written the ripple-adder speci cation
shown in Figure 2 and now wants to test it. This can be done by instantiating
a simulation version of the designin an interactive ML session:

- structure  SimulateAdder = RippleAdder (SimulationBasis);

The adder can now be tested by passingin argumerts (a tuple of bit lists) and
examining the result. For example:

- SimulateAdder.ripple_add  ([b1,b0,b0,b1,b1,b1],[b0,b1,b1,b0,b1,b1])
val it = [blbl,bl,bl,b0bl]  : SimulateAdder.bit list

Let us now imagine that the net-list corresponding to the rippler-adder is
required. We start by instantiating a synthesis version of the design:

- structure  SynthesiseAdder = RippleAdder (SynthesisBasis);



If we passin lists of input wires as argumerts, the ripple _add function prints
its netlist to the screenand returns a list of output wires:

- SynthesiseAdder.ripple_add  (Magma.new_bus5, Magma.new_busb)
val it = ['w_149","w_150","w_151","w_152","w_153"]

with output:
and(w_1,w_45w_46);
and(w_2,w_1,w_44);

and(w_149,w_55,w_103);

The function newbus, part of the Magma library, is usedto generatea bus of
given width (represeried asa list of wires).

4.2 Integrating SAFL and Magma

Execute Magma
Process 1: ML Session under Synthesis

interpretation

|
Magma | Verilog

Encounter Magma |

Process 2: SAFL Compiler code fragment |
|

Time

Fig. 3. A diagrammatic view of the stepsinvolved in compiling a SAFL/Magma spec-
i cation

Our approach to integrating Magma and SAFL involves using delimiters
to embed Magma code fragments inside SAFL programs. At compile time the
embedded Magma is synthesisedand the resulting netlist is incorporated into
the generatedcircuit (seeFigure 3). We usedelimiters \ <% and \ % to mark
the start and end points of Magma code fragmerts. Our compiler performstype
cheding acrossthe SAFL-Magma boundary, ensuring the validity of the nal
design.

The SAFL parseris extended to allow a special type of Magma code frag-
ment which, if presen, must appear at beginning of a speci cation. This Magma
fragment, which is referredto asthe library block, corntains an ML functor called
MagmaCode Functions within MagmaCodecan be called from other Magma frag-
mernts in the remainder of the speci cation. Figure 4 illustrates thesepoints with



(* Magmdibrary  block containing Magma_Codé&inctor ------ *)
<%
sighature RP_ADDG-
(* as in Figure 2 *)

functor Magma_Cod€:BASIS):RP_ADD=
(* as RippleAdder functor in Figure 2 *)

* - End of Magmalibrary Block ------------------- *)

(* SAFLfunction declaration: *)
fun mult(x, vy, acc) =
if (x=0 | y=0) then acc
else mult(x<<l, y>>1,
if y[0] then <%ripple_add %>(acc,x) else acc)

Fig. 4. A simple example of integrating Magma and SAFL into a single speci cation

a simple examplein which the Magma ripple adder (initially de ned in Figure 2)
is invoked from a SAFL speci cation. The precisedetails of the SAFL-Magma
integration are discussedater in this section;for now it su ces to obsene that
Magma fragmerts are treated as functions at the SAFL-level and applied to
SAFL expressions.

The treatment of Magma fragmerts is similar to that of primitiv e functions
(such as +, -, * etc.). In particular, Magma code fragments are expanded in-
place.For example,if a speci cation contains two Magma fragmens of the form,
<%ripple _add %3 then the generated hardware cortains two separate ripple
adders. Note that if we require a sharedripple _adder then we can encapsulate
the Magma fragmert in a SAFL function de nition and rely on SAFL's resource-
awarenessproperties. For example, the speci cation:

fun add(x, vy)
fun mult_3(x)

<%ripple_add %> (x,y)
add(x, add(x,x))

contains a single ripple adder shared between the two invocations within the
de nition of the mult _3(x) function. Since embedded Magma code fragmerts
represen pure functions (i.e. do not cause side e ects) they do not inhibit
SAFL-level program transformation. Thus our existing SAFL-level transforma-
tions corresponding to resourceduplication/sharing [MS00], hardware/software
co-design[MS0]] etc. remain valid.

Implemen tation and Technical Details: Consider the general case of a
Magma fragmert, m, embeddedin SAFL:

code fragment, <%m %3 our compiler performs the following operations:



1. An ML program, M , (represenried asa string) is constructed by concatenat-
ing the library block together with commandsto instantiate the MagmaCode
functor in its synthesis interpretation (seeabove).

2. The bit-widths of SAFL expressionsgs,. .. ,&, are determined (bit-widths of
variables are known to the SAFL compiler) and ML code is addedto M to

the Magma.newbus library call).
3. M s further augmented with code to:

beeninstantiated in its synthesisinterpretation, resultsin the generation
of a netlist; and

(b) wrap up the resulting netlist in a Verilog module declaration (adding
Verilog wire declarations as appropriate).

4. A new ML sessionis spavned as a separate processand program M is
executedwithin it.

5. The output of M , a Verilog module declaration represeting the compiled
Magma code fragment, is returned to the SAFL compiler whereit is added
to the object code. Our SAFL compiler also generatescode to instantiate
the module, connectingit to the wires corresponding to the output ports of

to a function, F, with a type of the form:
(bit list * bit list * ... * bit list) ->  bit list

with the arity of F's argumert tuple equal to k. If m doesnot have the right
type then a type-error is generatedin the ML-sessionspavned to execute M .
Our SAFL compiler traps this ML type-errorand generatesa meaningful error of
its own, indicating the o ending line-number of the SAFL/Magma speci cation.
In this way we ensurethat the bit-widths and number of argumerts applied to
<%m %>at the SAFL-level match those expected at the Magma-lewel.
Another property we wish to ensureat compile time is that the output port
of a Magma-generatedcircuit is of the right width. We acdhieve this by incorpo-
rating width information corresponding to the output port of Magma-generated
hardware into our SAFL compiler's type-cheking phase.Determining the width
of a Magma speci cation's output port is triviallit  is simply the length of the

5 Case Study: DES Encrypter/Decrypter

Appendix A preseris code fragmerts from the SAFL specication of a Data
Encryption Standard (DES) encryption/decryption circuit. Here we describe
the code for the DES example, focusing on the interaction between SAFL and
Magma,; the details of the DES algorithms are not discussed.We refer read-
ers who are interested in knowing more about DES to Scheier's cryptography
textb ook [Scth94].



The library block at the beginning of the DES speci cation de nes three
functions usedlater in the speci cation:

{ permis a curried function which takesa permutation pattern, p, (represerned
as a list of integers) and a list of bits, I. It returns | permuted according to
pattern p.

{ ror is a curried function which takes an integer, x, and a list of bits, I. It
returns | rotated right by x.

{ rol isasror but rotates bits left (instead of right).

A set of permutation patterns required by the DES algorithm are also declared.
(For spacereasonsthe bodies of someof these declarations are omitted.)

The code in Appendix A usestwo of SAFL's features which have not been
described in this paper:

{ The primitiv e function join takesan arbitrary number of argumerts and
returns the bit-level concatenation of theseargumerts. As onewould expect,
the bit-width of the result of a call to join is the sum of the bit-widths of
its input argumerts.

{ SAFL's type declaration allows us to construct recordswith named elds.
Curly braces,f ...g, are usedasrecord constructors and dot notation (r:f)
is usedto selecta eld, f, from record r. After type-cheking our SAFL
compiler translates record notation directly into bit-level join s and selects.
(Recall that bit-level selectsare represened using the e[n:m] notation|see
Section 3.)

Primitiv e functions corresponding to arithmetic and boolean operators usetheir
standard symbols (e.g. +, <, =). The binary in x operator, (%), is usedfor bit-wise
exclusive-or.

The DES algorithm requires 8 S-boxes, eat of which is a substitution func-
tion which takesa 6-bit input and returns a 4-bit output. The S-boxes'de nitions
make use of one of SAFL's syntactic sugarings:

lookup e with fvp, .., wg
Semariically the lookup construct is equivalent to a case expression:
case e of 0 =>vg | .. (k 1) =>vx 1 default wvg.

To ensurethat ead input value to the lookup expressionhas a corresponding
output value we enforcethe constraint that k = 2% 1 where w is the width
of expressione. Our compiler is often able to map lookup statemerts directly
into ROM blocks, leading to a signi cantly more e cien t implementation than
a seriesof iterated tests.

Before applying its substitution ead S-box permutes its input. We use our
Magma permutation function to represen this permutation:

<%perm p_inSbox %>(x)



Other examplesof SAFL-Magma integration can be seenthroughout the speci-
cation. The keyshift function makesuseof the Magmaror and rol functions
to generatea key sdhedule. Other invocations of the Magma perm function can
be seenin the bodies of SAFL-level functions: round and main. In generalwe
nd the useof higher-order Magma functions (such asperm ror and rol ) to be
a powerful idiom.

We usedour SAFL compiler to map the DES speci cation to synthesisable
RTL-V erilog. A commercial RTL-synthesis tool (Leonardo from Exemplar) was
usedto synthesisethe RTL-V erilog for an Altera Apex E20K200E FPGA (200K
gate equivalent). The resulting circuit utilised 8% of the FPGA's resourcesand
could be clocked up to 48MHz. The designwas mapped onto a Altera Excalibur
Developmen Board and, using the board's 33MHz referenceclock a throughput
of 15.8Mb/s (132 Mbits/s) was achieved. The performance gures of our DES
implementation comparefavourably to a hand-coded DES implementation writ-
ten in VHDL by Kapps and Paar [KP98]. In practice our implementation runs
30%faster; however this is probably, at leastin part, dueto the fact that we are
using di erent FPGA technology. A more meaningful comparisonis to obsene
that both implementations take the same number of cyclesto processa DES
block.

6 Embedding Magma in VHDL/V erilog

A common practice in the hardware design industry is to generate repetitiv e
combinatorial logic by writing scripts (in a languagesud as Perl) which, when
executed,generatethe necessarywHDL or Verilog code. The output of the script
is then cut and pastedinto the VHDL/V erilog designand the glue-cale required
to integrate the two written manually. Clearly there are a number of ways in
which this designmethodology can be improved. In particular it would be bene-
cial if (i) type chedking could be performed acrossthe Verilog/VHDL{scripting
languageboundary and (ii ) the necessaryglue-cale generatedautomatically at
compile time. The question that naturally arisesis whether it is possibleto use
the SAFL-Magma integration techniqueswe have already described to integrate,
say, Verilog and Magma.

Although the complex syntax of the Verilog languagemakesintegration with
Magma more di cult the basic principles outlined earlier in the paper are still
applicable. Sincethe widths of Verilog variables are statically known to the Ver-
ilog compiler we can usethe samewidth-cheding techniquesacrossthe Verilog-
Magma boundary that we employed acrossthe SAFL-Magma divide in Sec-
tion 4.2. We have devisedthree di erent forms of integration mecanism which
we believe would be of useto Verilog programmers. Theseare mertioned brie y
below:

Expressions: In the cortext of a Verilog expression(e.g. the right-hand-side
of an assign statemert), integration can be performed using the function-call



medanism already described in the context of SAFL. For example, a Verilog
designmay corntain code sud as:

assign after_perm = <%perm p_initial %>(before_perm);

Here, the Magma expressionis statically expandedand treated in a similar way
to one of Verilog's primitiv e operators.

Explicit Mo dule De nitions:  In somecasesan engineermay wish to treat a
Magma function asa named Verilog module which can subsequetly be instanti-
ated in the usual Verilog fashion. To handle this type of integration we intro duce
the following form:

module ModName(out,in_1, in_2) --> <%carry chain adder B.b0 %>

We use the symbol --> to indicate that the module's body is speci ed by the
given Magma expression.Note that an explicit output port, out, is required to
read the result of the function. This form of integration can be seenas syntactic
sugar. In general, it can be translated into the expression-iegration form as
follows:

module ModName(out,in_1, ..., in_N);
output out;
input in_1, .., in_N;
assign out = <%... Magmaexpression .. %>(in_1, ..., in_N);
endmodule
Implicit Mo dule De nitions: It is often corvenient to avoid the explicit

de nition of a named module where possible.For this reasonwe proposea third
form of integration as follows:

<%perm p_initial %>my_perm(out_w, in_w);

In this casethe augmerted Verilog compiler automatically generatesa fresh
module de nition (with a name of its choosing), instantiates it (with instance
name myperm) and connectsit to existing wires out wand in .w Again, notice
that in the Verilog domain it is necessaryto explicity mention the output of
the function. In cortrast, in the Magma domain, function composition can still
be usedto connect hardware blocks together without the overheadof explicitly
declaring connectingwires. For this reason,designersmay wish to move asmuch
of the combinatorial logic speci cation as possibleinto the Magma portion of
the design.

7 Conclusions and Further Work

In this paper we have motivated and described a technique for combining both
behavioural and structural-level hardware speci cation in a strati ed pure func-
tional language.Our methodology has beenapplied to a realistic example. We
believe that the major advantagesof our approac are as follows:



{ Asin Verilog and VHDL, we are able to describe large systemsconsisting of
both behavioural and structural componerts.

{ SAFL-level program transformation remains a powerful technique for archi-
tectural exploration. The functional nature of the Magma-integration means
that our existing library of SAFL transformations are still applicable.

{ By only dealing with combinatorial circuits at the structural-level we elim-
inate the problems assaiated with graph-sharingin a pure functional lan-
guage (see Section 2). We do not sacri ce expressiviy: cyclic (sequertial)
circuits can still be formed by composing combinatorial fragmens at the
SAFL-level.

We also shaved how similar techniquescan be usedto embed languagessuc
as Magma into industrial HDLs such as Verilog or VHDL. We believe that this
approac o ers agreat deal over the ad-hoc \P erl-script" technique socommonly
employedin practice. In particular: (i) type-thedking acrossthe Verilog-scripting
languageboundary catchesa classof common errors; (ii ) time-consuming glue-
code required for the integration is generatedautomatically; and (iii ) asis often
argued, the featuresof a functional languagesucd as polymorphism, static type-
cheding and higher-order functions, encouragecode-reuseand aid correctness.
Another compelling bene t for integrating a functional-language(such asLava or
Magma) into Verilog/VHDL is that the techniquesof Claesseret al. for concisely
encapsulatingplace-and-routeinformation [CSS0] can be employed to generate
e cien t layouts for repetitiv e combinatorial logic.

Whilst we acceptthat the majority of working hardware engineersare not
familiar with functional programming (and hencenot likely to embracethe tech-
nique) we also obsene that there are an increasingnumber of Computer Science
graduates(as opposedto Electronic Engineeringgraduates)seekingemployment
in the hardware designsector. With this in mind, it is concei\able that an easily
implemertable integration mechanism betweenlanguagessuch as Magma/Lava
and industrial HDLs suc asVerilog/VHDL (seeSection6) may help to makethe
tried-and-tested technique of structural hardware speci cation using functional
languagesmore attractiv e to the hardware designindustry.
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App endix A: SAFL specication of a DES
encrypter/decrypter

(* Start of Magma.ibrary Block *)
<%
signature DES=
sig
val perm: int list -> 'a list -> 'a list
val ror: int -> 'a list -> 'a list

val rol: int -> 'a list -> 'a list
val p_compress : int list
val p_key ©oint  list
.. etc ..
val p_inSbox : int list
end

functor Magma_codd€B:BASIS):DES =
struct

(* DESpermutation patterns. To save space some patterns are
ommitted -- written as .. *)

[58,50,42,34,26,18,10,2,60,52,44,36,28,20,12,4,
62,54,46,38,30,22,14,6,64,56,48,40,32,24,16,8,
57,49,41,33,25,17,9,1,59,51,43,35,27,19,11,3,
61,53,45,37,29,21,13,5,63,55,47,39,31,23,15,7]

val p_initial

val p_key =[ ... 1 val p_pbox =1 ... 1]
val p_compress =[ .. ] val p_expansion =[ .. ]
val p_final = ] val p_inSbox = [1,5,2,3,4]
(* Permutation function -- given a permutation pattern (list of ints)

and a list of bits it returns a permuted list of bits: *)

fun perm positions input =
let val inlength = length input
fun do_perm[] _ =]
| do_perm (p::ps) input =
(List.nth  (input,inlength-p))::(do_perm ps input)
in do_perm positions  input
end

(* Rotate bits right by specified amount: *)
fun ror nl =

let val last n =rev (Listtake (rev I, n))
val rest = Listtake (I, (length 1)-n)
in last_n @rest

end

(* Rotate bits left by specified amount: *)



fun rol nl =
let val first_ n
val rest
in rest @first_n
end

Listtake (I, n)
Listdrop (I, n)

end
%>
(* End of MagmaLibrary Block

(* Definitions  of S-Boxes (implemented as simple lookup tables). Note:
'inline’ pragmatells the compiler to inline each call to a function

)

rather than treating it as a shared resource. Weuse inline here

because the resources as so small they are not worth sharing.

inline  fun sbox1(x:6):4 =
lookup <%perm p_inSbox %> (x)
with {14,4,13,1,2,15,11,8,3,10,6,12,5,9,0,7,
0,15,7,4,14,2,13,1,10,6,12,11,9,5,3,8,
4,1,14,8,13,6,2,11,15,12,9,7,3,10,5,0,
15,12,8,2,4,9,1,7,5,11,3,14,10,0,6,13}
inline  fun sbox2(x:6):4 = lookup ...
similarly  define sbox4,5,6 and 7 -- ommitted to save space.

(* Do s_box substitution  on data-block: *)

inline  fun s_sub(x:48):32 =
join( sbox1( x[47:42] ), sbox2( x[41:36] ),
sbox3( x[35:30] ), sbox4( x[29:24] ),
sbox5( x[23:18] ), sbox6( x[17:12] )
sbox7( x[11:6] ), sbox8( x[5:0] )

=

(* Define a record which contains the left and right halves
of a 64-bit DESblock and the 56-bit key. *)

type round_data = record {left:32, right:32,  key:56}

(* Successive keys are calculated by circular shifts.  The degree
of the shift depends on the round (rd).
Weshift either left/right depending on whether we are
decrypting/encrypting. *)

inline  fun keyshift(key_half:28,rd:4,encrypt:1):28 =
define val shift_one = (rd=0 or rd=1 or rd=8 or rd=15)
in
if encrypt then if shift_one then <%rol 1 %>(key_half)
else <%rol 2 %>(key_half)
else if rd=0 then key_half
else if shift_one then <%ror 1 %>(key_half)
else <%ror 2 %>(key_half)
end

)

the



(* A single DESround: *)

inline  fun round(bl:round_data,rd:4,encrypt:1):round_data =

let
val lkey = keyshift(slice(bl.key,55,28),rd,encrypt)
val rkey = keyshift(slice(bl.key,27,0),rd,encrypt)
val keybits = <%perm p_compress %>( join(lkey,rkey) )
val new_right = let val after p = <%perm p_expansion %>(bl.right)
in s_sub (after_p ~ keybits * bl.left)
end
in {left=bl.right, right=new_right, key=join(lkey,rkey)}
end

(* Do 16 DESrounds: *)

fun des(c:4, rd:round_data,encrypt:1):round_data =
let
val new_data = round(rd, ¢, encrypt)
in if c=15 then new_data
else des(c+1l, new_data,encrypt)
end

(* Do input/output permutations and 16 rounds of DES: *)

fun main(block:64,key:64, encrypt:1):64 =
let
val block_p = <%perm p_initial %> (block)
val realkey <%perm p_key %> (key)
val output = des(0:4, {left=slice(block p,63,32),
right=slice(block_p,31,0),
key=realkey}, encrypt)
in <%perm final %> (join(output.right, output.left))
end



References

[BCSS98]

[Bos91]

[CS99]

[CSS01]

[De 94]

[has]
[IEE]
[IEE93]

[KP98]

[MCLO98]

[MS00]

MS01]

[MS02]

[MTHM97]

[0'D87]

[0'D92]

[Pau9s

[Scho4]

P. Bjesse, K. Claessen, M. Sheeran, and S. Singh. Lava: Hardware de-
scription in Haskell. In Proceedings of the 3rd International Conference on
Functional Programming, SIGPLAN. ACM, 1998.

B. Bose.DDD: A transformation system for digital designderivation. Ted-
nical Report 331, Computer ScienceDepartment, Indiana Univ ersity, 1991.
Koen Claessenand David Sands. Observable sharing for functional circuit
description. In Advancesin Computing Science ASIAN'99; 5th Asian Com-
puting Science Conference, volume 1742 of LNCS, pages62{73. Springer
Verlag, 1999.

Koen Classen, Mary Sheeran, and Stanam Singh. The design and ver-
i cation of a sorter core. In Proceedings of the 11th Advanced Working
Conference on Correct Hardware Design and Veri ¢ ation Methods, volume
2144 of LNCS, pages355{369. Springer-Verlag, 2001.

G. De Micheli. Synthesis and Optimization of Digital Circuits. McGraw-
Hill Inc., 1994.

Haskell98 report. Available from http://www.haskell.org/

IEEE. Verilog HDL languagereferencemanual. IEEE Standard 1364-2001.
IEEE. Standard VHDL Reference Manual, 1993. |IEEE Standard 1076-
1993.

Jens-Peter Kaps and Christof Paar. Fast DES implementation for FPGAs
and its application to a universal key-seard machine. In Selected Areas in
Cryptography, volume 1556 of Lecture Notes in Computer Science, pages
234{247. Springer Verlag, 1998.

J. Matthews, B. Cook, and J. Launchbury. Micropro cessorspeci cation in
Hawk. In Proceedings of the IEEE International Conference on Computer
Languages 1998.

A. Mycroft and R.W. Sharp. A statically allocated parallel functional
language. In Proceedings of the International Conference on Automata,
Languagesand Programming, volume 18530f LNCS. Springer-Verlag, 2000.
A. Mycroft and R.W. Sharp. Hardware/software co-designusing functional
languages. In Proceedings of TACAS, volume 2031 of LNCS. Springer-
Verlag, 2001.

A. Mycroft and R.W. Sharp. Higher-level techniques for hardware descrip-
tion and synthesis. To appear. International Journal on Software Tools for
Technology Transfer (STTT) , 2002.

R. Milner, M. Tofte, R. Harper, and D. MacQueen. The De nition of
Standard ML (Revised). MIT Press, 1997.

John O'Donnell. Hardware description with recursion equations. In Pro-
ceedings of the IFIP 8th International Symposium on Computer Hard-
ware Description Languagesand their Applications, pages363{382. North-
Holland, April 1987.

John O'Donnell. Generating netlists from executable circuit speci cations
in a pure functional language. In Functional Programming, Workshops in
Computing, Proceedings, pages178{194. Springer-Verlag, 1992.

Lawrence Paulson. ML for the working programmer. Cambridge Univ ersity
Press, 1996.

Bruce Schneier. Applied cryptography: protocols, algorithms, and sourcecode
in C. John Wiley and Sons, New York, 1994.



[She84] M. Sheeran.muFP, alanguagefor VLSI design. In Proceedings of the ACM
Symposium on LISP and Functional Programming, 1984.

[SMO01] R.W. Sharp and A. Mycroft. Soft scheduling for hardware. In Proceedings
of the 8th International Static Analysis Symposium, volume 2126 of LNCS.
Springer-Verlag, 2001.

[Wad95] P. Wadler. Monads for functional programming. In Advanced Functional
Programming, volume 925 of LNCS. Springer-Verlag, 1995.



