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Abstract

Baaed on our experience with modelling and verifying mi-
croarchitectural designs within Haskell, this paper exam-
ines our use of Haskell as host for an embedded language.
In particular, we highlight our use of Haskell’s lazy lists,
type classes, lazy state monad, and unsafePerformI0, and
point to several areas where Haskell could be improved in
the future. We end with an example of a benefit gained
by bringing the functional perspective to microarchitectural
modelling.

1 Introduction

There are many ways to design and implement a language.
Landin’s vision of the next 700 programming languages [20],

ftoopr  eoxf aam pgele,n eriwc alsa ngtou abguei lds udbosmtraatien. -spIenc iftihce  vevroifcicaabtuiolanr ies comon-
munity, this is known as a shallow embedding of one language
or logic into another. In effect, every abstract data type de-
fines a language. Admittedly, most abstract data types by
themselves make impoverished languages, but when inter-
esting combinators are provided, the language becomes rich
and vibrant in its own right. This explains the continuing
popularity of combinator libraries, from the time of Landin
until now.
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type Behavior Int, for example, is to write a sentence in
the Fran language, using Fran primitives and Fran combi-
nators. To build complex Fran entities, however, the full
power of Haskell can be brought to bear. Fran objects are

jTushits S aoi nsh oothowne re  goooafd b sthitsrao Hcstea  skdqeaullte as atiostny aps e h.o thsta t forc eamn beonddlye d bela nagnusawgeerse?d
through experience, and is precisely where we see the con-
tribution of this paper. We describe our use of Haskell as
a host for a microarchitectural modelling language, calling
attention to the aspects of Haskell that helped us, t,hose that
hindered us, and the features we wish we had. In particu-
lar, we highlight our use of Haskell’s lazy lists, type classes
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[18], the lazy state monad 1211 a nd unsafePerform [19].
This paper contains no deep theory, but rather a dose of
measured introspection.

The remainder of this paper is organized iti follows: In



Section 2 we provide the motivation for our work in microar-
chitectural modelling. In Section 3 we introduce Hawk and
show how we use lazy lists to model wires. In Sections 4,
5, and 6, we show how type classes, the lazy state monad,
and unsafePerformI0, respectively, are put to use in Hawk,
and in Section 7 we describe an application that makes use
of all four features. In Section 8 we outline where Haskell
has constrained us, and discuss future directions. Finally,
the paper closes with an example of some new insights into
microarchitectures that arose as a consequence of the func-
tional perspective.

2 Building a Microarchitectural Description Lan-
wage

Contemporary superscalar microarchitectures employ
tremendously aggressive strategies to mitigate dependencies

atencdh nmiquemeso ry tol attheen cylim. itT. heTir hec omtrepnlde xityc ontitnauxeess  causrr ethnet  sdizees igonf
design teams grows exponentially with each new generation
of chip.

To gain an appreciation for the complexity of modern
microarchitectures, take as an example the model of an

ionf-sotrrdwteior n micrroeporrodceers sobrus ffer likwe hitchhe  Poecnctuiursm  freIIqI.u enTthlye  piunr poosuet-
of the instruction reorder buffer is to allow instructions to
be executed at the earliest possible moment. It does this
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possibly live must be preserved until after the branch has
been resolved, thus increasing the complexity of the interac-
tion between a instruction reorder buffer and the registers.

In addition, there are all the issues of managing on-chip
resources, of ensuring rapid and correct communication of
results, of cache coherence and so on. It will get worse.
The next generation of microarchitectures will address many

mmuorletip lei ssueinss tsruucctiho na s etxhprelicaidt s in[3s5tr]u. ction parallelism [14] and
As if all these algorithms did not provide enough design

complexity, commercially viable microarchitectures are also
subject to legacy requirements. For example Intel’s Pentium
IIImust deal with dozens of exception types to remain com-
patible with earlier versions of the X86 architecture. Pen-
tium III also struggles with the variable length of X86 in-
structions. It tries to fetch three each cycle, and it turns
out that dynamically determining the length of instructions
before decoding is one of Pentium III’s primary performance
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that designers will not stumble upon subtle interaction and
concurrency bugs. The need for powerful and effective mod-
elling and verification has never been greater. By couching
microarchitecture modelling in terms of higher-level abstrac-
tions and emphasizing the modularity of a design it is pos-
sible to regain control of the design space. This is what
we have done. Influenced by discussions with Intel’s Strate-

gcisuic tva ebCrylAe  Dhm ighoL daelbellovirnaeglt o rcyol,a mnpguawraeegd e h awveiemth  bdeedovtdheeedlro  pehinda  rdHwHaaaswrkeek  ll dae[sl] s.c arniHp taieowxnke  :
languages. Consequently, even complex microarchitecture
models remain remarkably brief, allowing designers to re-
tain a high level of intellectual control over the model. For
example, the complete formal model of a speculative, super-
scalar, out-of-order microarchitecture based on the Pentium
III required less than 1000 lines of code [5].

3 Lazy Lists: Signals in Haskell

alvWiksaees  l  aw&iznti yer eBnsliidc s kitsnffo.  orrad  T smhiei1gc nr3oa4idpls1re ,oaa tc noed iss m smsooiradm. nepyl l eF:ov oatlhllutoheewerssi , n ngtht whae tO  ei’cmlDehopmanlneenngmeet lel  noot fv[ 2eh8rts e]i,tg imn Slaiesrli,s- t
represents the value of the wire at clock tick n. Thus the
value of each wire is a complete description of its behavior
over time. This approach leads to circuit semantics with
a definite denotational flavor. In contrast, state transition
systems (another popular style) are much more operational
in their nature. There are naturally advantages and disad-
vantages to each.



To represent units with clocked inputs and clocked out-
puts we use functions from signals to signals, known as
stream transformers. Combinational circuits can be turned
into clocked circuits simply by mapping them down their in-
put lists. If add: : (Int ,Int) ->Int is a simple addition cir-
cuit, then map add : : C( Int ,Int ) I -> CIntl is its clocked
equivalent.

The fundamental non-combinational circuit is the delay.
The delay is what makes feedback loops in clocked circuits

gpeonsseirbaltee- witshmouokt e! Aa ndy eladye layiss , deafi nefede dbsaoc kth atl ootph e wo(nu ld+  jlu)‘st t
element of the output is equal to the nth element of its in-
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put, with an initial value output for the very first clock tick.
The implementation of delay :: a -> Cal -> [al is sim-
ply “cons” .

Some care is needed within this paradigm, however.
Arbitrary use of list processing functions, especially those
which add or discard elements, can cause problems in that
they fail to model hardware. For example, a function which
duplicates every element on its input list would require an
infinite buffer to ,implement in hardware. To restrict the
way in which a signal can be constructed or altered, we
make the signal type abstract in Hawk and provide a basic



set of manipulation functions that are known to be safe for
the model.

newtype Signal a

delay : a -> Signal a -> Signal a
lift0 : a -> Signal a
lift1 : (a -> b) -> Signal a -> Signal b

: .
: .
: .

The lift family of functions lifts n-ary (curried) functions
to clocked functions over signals. The base case is lift0,
which returns a constant signal, and lift1 is just the map
function for lists. Later we will use the derived operator
bundle, which takes a pair of signals, and produces a signal
of pairs.

Restricting access to the implementation in this way
gives the usual freedoms to provide alternative implementa-
tions, or even to refine the semantics somewhat. For exam-
ple, rather than using lazy lists, we could implement signals
as functions from the natural numbers to values.

If the above signature seems to be missing something, it
is. The rest comes from Haekell itself, in particular, lazy re-
cursive definitions. You could say that the missing operator
of the abstract type is a lazy fixpoint operator. Consider a
resettable counter circuit like:



which, in Hawk, we might model as:
counter :: Signal Boo1 -> Signal Int
counter reset = out

uhere
next = delay 0 (lift1 (+l) out)
out = mux reset (lift0 0) next

The mutual recursion between signals allows for arbitrary
looping in a circuit. Microprocessor models have many
such feedback loops, at many different levels of specification.
Note that the laziness of Haskell is vital for this mutual re-
cursive definition to have the intended meaning. It is not
merely the laziness of signals themselves that is required, but
also the laziness of the definitions. Even if signals are known

etov albuea tlea zyt,h ea  ussterisct  ofl aonugtu aagned  wneoxut ld in (bthye  dreigfahut-lht)a nda-tstiedmesp t otof
btheetw deeefnin itlioaznsy , strleuacdtiunrge  toa nndo nl-atezyrm indaetfiionniti.o n Tish isb roduisgthintc tiono ut

twaahdneed ll  ainpbgbr syitn rclaOaipczktil aense asdaksai t ast  oaf otnSyldlpo twae nWsd:ara edrqldeu( mir reuMi tunL a latllzyh[2y)e 9 ir, d e3rr7efein1sci.put ieroWscnitvesive e.  c andT mehsfeiunistmhi toiompdnrassinr  iczfie-oo  rf
ple holds even if the abstract datatype is implemented by
a function so that no lazy data structures are actually in-



volved.
One item that is not missing from the signal definition

is a way to observe a list by taking its head or tail. This
is intentional. A circuit that was specified to take the tail
of a list would be asking for a circuit to perform lookahead
in time. We do allow signals to be viewed as lists for the
purpose of viewing simulation results, but this operation is
only provided for use at the top-level.

4 Microarchitectural Abstractions

atThwnadto   itoon fc freathaceisli et agtoeta hles  tchooef n cHivsaeiworinfkic  ahotifoa nvme  icbropearoerccnhe istteso c tu[b2ru5aill]d .  Faobmrs otrmdaecicltsiro ona[sr5 -] ,
chitectural abstractions to be relevant, they must be ex-
traordinarily flexible in the types that they operate over.
Instruction sets differ in variety of details: size and type of
data, number and types of registers, and the instructions
themselves. Internally, machines may use other instruction
sets. For example, the AMD K6[33] implements the X86
instruction set, but uses a RISC instruction set within its
execution core.

We use type classes to facilitate the description of circuits
that operate over all instruction sets. For example, the type
of a primitive ALU might be:

alu : (Instruction i. Word w) =>
(Signal i, Signal w, Signal w> -> Signal Y

This way, alu can be used in an X86 model (where u is
set to 32-bit words and ito X86 instructions) or a 64-bit
RISC instruction set, like that of the Alpha. The Word class
is an extension of Haskell’s Num class that adds operators
related to word size, signedness, etc. The Instruction class
captures the common elements between instruction sets.



With common architectural characteristics captured by
type classes, we are then able to build abstractions that help

oationrgdnas n diza[e2ta ,.  2m7i1Acr  oaatrrerac nhasiat esccitmtiuorpnal el  isye mat  ompdoaewclseh.ir fnuel F orig nrsoetruxupacimntigpo lne,  of tgrcrooonunsptareocdl-
together with its current evaluation state. This state might
include:

lOperand and result values.

lA flag indicating that the instruction has c:aused an
exception.

lA predicted jump target, if the instruction is a branch.

It seems a trivial thing to do, when building multiple com-
ponent values are so easy in functional languages, yet it had
significant consequences. For example, we found that mi-
croarchitectural models that utilize transactions can make
decisions locally rather than with a separate control unit,

aton dg Tetoto   rgaige ht lat arg etfh eaenelx  tfeoantrtt e, tmradpnetisnfaingci ttiioonnsth ,e  osfca lomoncesa ildt aecsr ko ntthgreolo l bfaoilslllyo .fw airn ge aseiex-r
atimonp le.t hat SuRppeogsiest ertsh e 1in satnrudc ti2o na re fteot cbhe  uanditd eids suaensd  atnh ei nsretruscu-l t
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placed in. Register 4, that is, “r4<-r2*rl”. The initial trans-
action corresponding to this would lack values for each of
this registers, i.e. “ r4,_ ) <-(12, _)+( r i._)“. As the trans-
action passes through the register file, its operand values are
filled in: “( r4,_)< <-( r2,4 4)+(1 1:1,4 4)“. After the ALU, the
computed result is also filled in: “( r4,8 )< <-( r2,4 )+(r 1.4: )“,
and now the transaction is ready to go back tco the register
file to store the result.

Hawk provides a library of functions for creating and
modifying transactions. For example, bypass takes two
transactions and builds a new transaction where the val-
ues from the destination operands of the first transaction
are forwarded to the source operands of the scecond. If iis
the transaction:

“( r4,8) <- (r2,4) + (r1,4)”

and j is the transaction:

“rL0 <- (r4.6) + (r1.4 4)”

then bypass ij produces the transaction:

“r10 <- (r4.8) + (r1,4 4)”

That is, bypass inserts i’s more recent valuation of r4 into
the destination operand of j.

The bypass function is an example of a local control oper-
ator. The control function it performs is selective forwarding
of newly computed results to other instruction transactions
that may otherwise contain stale information.

bypass : (Word u, Register r) =>
Tram ir w -> Trans ir v -> Trans ir w

By parameterizing over the instances of finite words and



registers, bypass can be used in many contexts. Within our
Pentium III-like microarchitectural model we use bypass on
instructions with both concrete register references and vir-
tual register references (which arise as a result of dynamic

rsReoegrg)isi.s tteerBr .o trhe natInymp ienogsu  r offMo rre ergctihestede -rlio keua t-roe mf-oinordsdteealrn  ce[6sc] o, roew fe  othufe s teh teyt pheep  rosccalaemsss-e
bypass with IA-64 instructions.

5 Lazy State: Using State-Based Components

There has been debate in the Haskell community about the
merits of laziness/strictness within the state monad. In this
section we describe an application where laz:y state is just

rightS o[m2e1] . microarchitectural components, such as register
files, are more naturally (and efficiently) presented as state

oitrmna ansegainiticoehn   mclooscdkye sltliteinmcgks ,  aisth p abrniom thitia vsew  lrisittter eng trisatnetosr  foarfmnidlee  rasre.s a adn  Ffraoorrrma .ye  xaHwmehpriceleh ,, i t
is, using the basic idiom of lazy state, done first with explicit
lazy-lists to show the recursion structure.

regFile :: [(Addr ,w) I -> [Addrl -> Cul
regFile writes reads

= runST (
do { reg <- newSTArray (minAddr. maxAddr)

(error “uninitialized”)
; regLoop reg writes reads
1

>



regLoop :: S[ (TAAdrdrary  ,u>s]  Ad->d r [AYd d-r>] -> ST s [W
ragLoop reg ( (a,w) aws> (r: rs)

= do iwriteSTArray reg a w
; v <- raadSTArray reg r
; vs <- regLoop rag aws rs
; return (v: v s)
1

As with both versions of encapsulated state, the state

wouithtsiidn e twheo rlsdc. opeT houfs  ruansS Tfa r isa sc othmep lerteeslyt  ofh itdhdee np rofgroramm  thies

TtcrhuhoneenS  ceTsietr nnua[ce2tad3io,p ]s.n  urlIaengitssi oi dnqei su  itcetooh mfe d ptihflifemeete prellysen tmat.t eepn utTiasrhte ieo,g  nu aaarsrre ainnyot def iewcraedrgi tetFediblse  y,  abtrhyee  h itoits“wmy petpeyvee prre,-o  . f
ative”, a constant-time operation having effects immediately
visible to subsequent reads.

The semantics of lazy state is as follows. The monadic

recurTsoiv ere cacsalt l ttohi s reginL oothpe  caounst exrts  iosf  pHearfworkm eda.b stract signals



is straightforward. Within the definition of signals, we in-
troduce a new family of functions 1iftST n, which are the
monadic map on signals. For example:

liftST2 : (a -> b -> ST s c) ->
Signal a -> Signal b -> ST s (Signal c)

The corresponding Hawk definition of the register file is as
follows:

rag : Register r =>
Signal (r ,w) -> Signal r -> Signal u

rag writes reads
= runST (

do { reg <- neuSTArray (minReg, maxReg)
(error “uninitialized”)

* liftST2 (regFile reg) writes reads
i>

regFile :: Register r => STArray s Addr w ->
(r.u) -> r -> ST s u

regFile reg (a,w> r
= do c uriteSTArray reg a w

; readSTArray reg r
1

In the use of liftST2 above, the state machine is executed

rnsoseottulaeetttp paeu sa tbt inytmeg omo snpnta ethtt pdhe,  e tcoao o uwnetndpax suyuf.eto cm uritInnltueisg n  pta.tta heirItteltsiy , c u islsilats atrtth,th  eios in umptgbhuaheetc   hhalianivnf noieodt  rt  SgcoTofwef mincecei paorlrlenaelytqstie nturlgyiur  aec  t pibotasefrd  fttoo lhisereoets   f
Haskell, most implementations provide it.

6 Use and Abuse of unsafePerform



When embedding a language, one often needs “language
primitives” that provide good things but could not be de-
fined directly. Fran for example, has a function :

importBitmap Filename -> Bitmap

which imports a bitmap file and treats it as a pure value.
There are two basic approaches to defining this kind of

piatphtlirrtvoiiemmeursigni,ttiiahv ve teiva .ne pod  tineTthin ostte  iha tmeloly fi a rrskupter no u-vitscnimide lstaeeoa f  re w,w trshitmyehes ae tetch mchooea sdxnt etrios aflm ai ntnh  gpeCruo o,af ho gawoefn s rditot  iwbnlaaligditgn hdag  tuinioat aeng wasegs . e  apn reanTimrrehiicswe-,e
thatI nm athkeis  itsv euins, e pmreodsitct abHlea. skell implementations provide
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qteumes tiion n C,is ,o nweh iccha n isa lswoo rsdeo?  alPl romviadninnge r tohef  beaxdt entshiionng s. meTchhe-
raonrissm t haatt  thceo ulsdo uortchee rlwanisgeu agaer isele vfreol ma vmoiadns gllianrgg e tchlea ssruens -toimf ee r-
msyestnetamt,io nasn. d wOovrkers  tuhneif orlamslty  fewac ryoesasr s,m aan yf airlalyn gusatgroen g imcpolen--
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unsafePerform means that the resulting program is no

dlspoerionofngigne reratmo d  sweH,r xaitttseemnnkea silylo.  nincse.  TaHhsaueIst s k,t oies  llapn rpoopptp eleyrj ur tissetto se  ,tp hbretou hgta drtae rmlaicatshap etepr l wy rpiintrtto eonp seo armtlil ieens  H,p eaoxstokelrieknlyell-
pepaxrorapamemprtleeite,ris c ityul nikseaf  froeer fePreeexrfan mtioaplrm leI0, tr atnhsisap ta srteraonnrcegy   at erannisodku g, hty bpeu tto  seavafelelontwy .  baFtshoicer
definition of a new primitive function cast:

cast : a -> b
cast x = let bot = bot

r = unsafePerform (neuIORef hot)
in unsafePerform

(do CuriteIORef r x; readIORef r))

The use of unsafePerformI0 resurrects the original ML-

aretifoerne,n caen dp rtohbel emus.e  oTf huen sarefefePreenrcf e ormr Ii0s  uanlcloownsst raiitn etdo  be bato ucnred-lsbbrconeetit,ayt amohi reoeerdAea nfrv! e  sus lll) lto oenI ornrt iui -fstclcn hsreiog eradeonune studnrn so gieoattS rttvhT faou  evlucl   loyanttps,,hl [u trs2v,eeae a3cf   li]us.hacove aeoeafnlPs oyrw edetie ydr ofvfupinet f lesh goor ea  .  nrumhaysas eIe a6snxT  mtoahy ocrpieetf tth re slyepoa. v   aftta  yrlrauapTteehemerhaxi e stuede  wstignnm rpdiieglcrlatn i  ohtneybeHbyr aalr eaee l ivms zkweae eiixlrsdnualit l. e tm (nt eahoinpmneo  lIe  fopt w snrdt aoygacpeynbasefsd-oitn  -   f
entirely consistent with its underlying philosophy. We give



one below.
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6.1 Observing Signals

tWssiAnhetrsegmh e e aaaamnvnua    tilacuusisg wletinsenep arg nulw a frloiteHtwivoyraef eitwn ,e gkmni n,  atewkiwamreceeesrp so  lptseifeortuoshdd vi  nsaidd  ien rsve ti ihgecwtaonwhtdaai enilsn. g  wg fau evUnr aaotncihtflfthateoeiobe rnntrleu : m  nwoadadiatenfeftti llyce t,udh l est,o  t otIotK hapoaas bts  svkleeieevtrhllvwe’ese-l.
probe : : Filename -> Signal a -> Signal a

As far as Hawk-level models are concerned, a probe is simply
the identity function on signals. However, the external world
receives a different view. Probes are side-effecting, writing
values to a file, even though they apparently have a pure
type. Thus, probes cannot be defined within Haskell-proper.
Instead, they need to be introduced as a Haskell extension
through the” use of unsafePerformI0.

probe name vals =
lift2 (write name) clock vals

write name tick val = unsafePerform
do < h <- openFile name AppendMode

; hPutStrLn h (show tick ++ l’ ” ++
show val)

; hClose h
; return val
3



(ittNwschhe ohelow tnecinc raaek  p rrgepeutvetuihsmarda ln uetsa na  ttines wt tdrhe,e  saeatn mar evrw eiaanmr ildtutehce eaaps. rt eeo nffiuT tedsl nehpir unsom tn bvoaeedtl .rue asefiti tdoneie sttEi- oecoa nhfcfa tehhthnce etgm ie neg nlaefai kmltetheue escra n rloltee  ssqutsursorinicerefu ent nmdtteih,wba sehsel   ircsaulh.in)ss,o d etf
of the strictness of the IO monad, in contrast to the laziness
of the ST monad earlier. Without strictness, the final value
would simply be returned, with none of the effects having
been performed.

Because the Hawk models do not depend on the contents
of the filestore, we can guarantee that a model is unchanged

bmya ttiWhoene   watdeodn iatt io mfnil uec. hoW f fpuerro thbueesr e dfu tthnhcaent i ocnjousm.s tm ewrrcitiianlg  dtrhaew inprgo bep acinkfaogr-e
Visio to build a front end to Hawk. We can now draw dia-

goap efr carm tohrwesr  eisrmeinp  ooondVnedislin , iogth  deao nuHdbdail aewg-tckhr aleicmnmk,. io ndga et lD tuhrcoeoinn n gtpaa uninsyaih nn gwd o irfe a oafn tecebra u upttsrtoeohnsbe, e   tehefgxu eenncccueottirioraornetne -
sopf othndein gw irep. robTeh is lilep rotovi dbeed  opaenn eindv,a ludaibslpel ayifnege dbathcek  ctoonotte nftos r
dfuelb Iufnag gcsiilnituygm  mmafoircry ,r obauwricldehi itnfegocu tunrdet osou.l sn satfoe Poebrsfoerrvme  but ton obt e aaff epcot wethr-e
microarchitectural models.

7 Verification in Hawk

Wmael lyw anvteerdif y Hparwokp erttoie s proovifd em ictroooalrsc hittehcattu racla n bme oudseelsd.  toS fuopr--
pose, for example,that we want to prove the following prop-
erties about the resettable counter from Section 3:

1. When the reset line is low on the next clock cycle, the
output is the value at the current cycle plus 1;
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2. When the reset line is high at the current clock cycle,

the output is zero.

In Hawk, we might express these properties as follows.
Assume that r0 and rl are the values of the reset line at
time t and t + 1respectively, and that n and m are the
corresponding integer outputs from the circuit.

propCounter r0 xl n m = ‘prop-one %% p rop-two
where

prop-one = not rl ==> (n + 1 === m)
prop-two = r0 ==> (n === 0)

We would like to show that these properties hold for arbi-
trary values of r0 and rl, and for arbitrary values of t;he
internal state element of the counter circuit. To do this,
we will use symbolic values for r0 and rl, and symbolically
simulate the circuit.

dsitneatrrgtam,a  igtTyhhpgtseefi vto reruwnac aotpurfpr idner  os)y.am cmhoba ropFepli ocwl irced aee etitxaxotainapl rk meepse lseoli,sof t enopw swo hleseyy(mr mveoha barroipva[lehi8bic s]le. m uss  eWsdiame na .tdnuh dlinea t atirdooofodvndel iultoircolwoenai isnad gl -  aa



datatype for symbolic simulation of simple arithmetic cir-
cuits.

data Symbo a =
Const a

I Var String
I Plus (Symbo a) (Symbo a)
I Times (Syrnbo a) (Symbo a>

Sufficiently polymorphic functions that arise in a Hawk
model can be instantiated at new types and at the sym-

Iibnso  irlecb rqieutirfy,ep de  thSeiny m pbmaroa tksiin n gop fa rftutihcneuc latiopr.nro sg raTm“hs eu ffitcchaiaetct nhtl yy ios u tphoawlty ismhso ormtpohe ic s”cy. amre-
bolically evaluate cannot use concrete types, because those
types must be able to be replaced by symbolic counterparts.

7.1 Symbolic Simulation in Haskell

In places, Haskell’s prelude is remarkably amenable to sym-
bolic simulation. Take the Num class, for example. As al-
most every numeric operator is overloaded, so too are the
vast bulk of numeric expressions. Thus to symbolically ex-
ecute a numeric expression, all we have to do is declare an
instance of class Num over the Symbo type.

instance Num a => Nun (Symbo a) where . . .
Now any numeric expression is immediately sy:mbolically ex-
ecutable.

In other places Haskell’s prelude is not so amenable to

psluyledm.e b Cholioacvm e psabriomisooulelnaa tnios<n ,a nhdac rdBownodiorietldeioa nnasli  n ppolrpaoecverida. eti oTnhsae n  heinixs .toHcerailslceaknel tl l’sr eexapasrmoe--n



ciesna ctu slevea errt.hs eioO ndvs eersloigofna dneiurnsmg  boef rsinth  eHt halasaktn eglut,l ahegwey a ws aailnrnettraeodddy u cteoh da add dpm raeancniysd e ldym ifufelbtrie--  -
ply (integer, rational, floating point, complex, etc.), but only
one version of booleans: simple True and Fal.se. However,
there are more v,arieties of booleans that we are now com-

tFihnogaxt   aecxvraoarmsysp , lewp, iathrt Ficrautimnlar elyn,  eleediasnd  ittnhoge   benre aaatulbmrle al loyft o  emctoob medtphdaee red  coelnaxcnpegrpeutsa gseioosfn .  a
boolean result that also varies with time. In our context we

wsioannts  trheper esboeonlteinagn  boopoelreaatniosn. s o apply o symbolic expres-
boolTeoa nsca ptwuer e echthoe  thope edraetivoenlso pmoefn bt otho f cthoen cNreutem c alansds , syamndb odlice -
fine a class Boolean, which makes all the boolean operators

from the prelude abstract: pe
class Boolean b where

true :: b
false :: b
(h&) :: b -> b -> b

(I I) :: b -> b -> b
(==>) :: b -> b -> b

not :: b -> b

EWreqes u clat lalssotsy p, ed.ee xfincee pt a ctlhaasts  Eitq l, is wahlsicoh  abiss tsraimctieladr  too vethr e esqtuaanlditya’rds
class (ccB)o olea::n  ab - >= > aE q->l ab b where

Conditional expressions, too, must be abstract:

class MUX c a where
mux :: c -> a -> a -> a

If the condition on which we branch is symbolic, it is clear



that the result must be symbolic as well. Hence there is a re-

tolyafp tieot nhesc hlaiprse sseubsl te-tjeuwxspeter ens s ththwee e llty.s poer t oof f ththei ncgo ndthitaiot naml, ultia-pnadr atmhee tetry pe
we Tmoa kcea ptBuoreo 1 tahne  incsotmamncoe n oufs aMgUe Xo f conditional expressions,

instance MUX Boo1 a where
mux x y z = if x then y else z

Ostaf nccoeusr soef,  thwee  MaUlsXo c amlsask.e  signals of boolean-like things in-

apl[btIBhan4noanD]a ocdg, nDW lkpkeusaawaasr,ugehnt  gne i  ceiscc ubtaoahuelifenn at (x  trp3oP ity srm1nepeo1orpefswHmw,l o sear Heiemmoscae  nkemIwlocsa0etan,hps kll  nts l e oeinyrr st[u  7,ess ]iewnca.em oat smestn abI a nausninn hstnyaBac ttaheenDricvry tie   em D  opscset daiflmeityq mnemluB jpuceeaeis oa.solno iltitrs ooyltteaeonf Ual td  iktinsho ce.idben hn ei sogattB o whgVoesreHaoo eems /loesnDCsfa  ni r MnBmoetssUcoo (.ytB od  mtloeDeblB aDBlionnDu[1sulsgicDs2)t. , e  ]
7.2 Proving a Property

voWtrntbheieaeefese wsl tu u h.a  enltbde soedlO e eswc ap oiufoirtnnuoerph  ndilt aito stihieenvtpeenrsrai t    rioattebplhraegiozeeytys fe r   et acyiptn nlo faiyrsutlhcia  nionnesetstoe gtn t r ar us tfgschtoaiaetemrut   i ersus toe fyhliaf armee stles ttebh  o mffeinolrt iwescelto htlneeo etdxw  v teeswoadc:c( utouluo ht tpeuetioou nt c intttsed hvk.ree es rl,rawi efwyyeT  a  iotancah osdol se u mwonrst ph seyupoenmllrr.nneeo be e pondTettlte hihcr)e-s te o t
counter : (Num a, Boolean b) =>

a -> Signal b -> Signal a
counter init reset = out

where
next = delay init (lift1 (+l) out)
out = mux reset (lift0 0) next



65

We can use this definition directly nverification of the prop-

erty:

est BDD
est = propCounter r0 rl n m

where
a = vx “a” : : BDD-Vector8
r0 = VW “r0” : BDD
rl = var ?I” : : BDD
reset = r0 delay’ rl ‘delay‘ false
Cn , ml = counter a reset QQQ CO, 11

iBswfpiehoeoedc lrieefa itcimna( t@ieovs@n.e).  cQitso  rBaUsyn s  inooegfpv  elaelrtauynaptgoettrinhs g   fom8,ro  tertshesea t, m gcpeolnwiuneegrna  tel arra et h sapicgnirnro cavuli BnitD gaD t m-Vttheheeeac ttts,o s rpose,fc ou-rr
we can prove the properties for counters of arbitrary size.

One of the unsatisfying aspects of this verification ex-
ample is that it was necessary to make the internal state

iiimopiScnntna fog gyo rmd u mfatothbemwipn rlldeoeci aeet xinhlrti t cehs gc rca ouossttmrTtu -ystjun  mhroasdostebeej eteofrt o snclm  u litenoic wotrwa  dyoeanot ephd ufl lceo altod ermhmtt Exoe svapo e eailfni rnrclbsuotesit tatmhra  e tyioinltoe  bfh nxgrsppiat pthtdaahtl .iairctns aseig [tsh  1m aHi5ntroev]ogawe,atfw e n  berwtoes.’ha daeuvfroe  e tor  prumla,iksar neireeitdDgt sru ni  ac ostlauio iinnnalrm  rtg gee aoto lnrorvdarntdtiodlya tenhieeld ls oisras.f ,f os   w rssemmAtftoiaxnrrlaeurottsr kekrcamo -,--   a,
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8 Where Haskell and Hawk Tangle

For our domain, Haskell has turned out to be an excellent
tool for experimenting with language design. However, in a
few places, Hsskell is not a perfect match. In this section we
point to some of the hinderences that we have encountered.

8.11 Lazy Lists

Isne msoanmteics  casfoers  sHigansakles ll isis  thaa lti ttolef  trtuolyo  giennfineritoeu, s. orO cuor inpdruecfetivrree,d
lliissttss,- i.ea.,s  in nHoats kethlla.t  oAfn yf inifteee,d baincfki nitleo,o p atnhda t padridtia llnyo t idnecfluinedde
absdeemt fsioletn kaetesod  t-t mthhoaean nkee   ddseaceoltnaarsry. e es ospHhfo oaneusdvkiledne ngll  ,b seu hchorhaew rdjieellw-vcdaeteerrdfe, i  newbdwyi lo l uHdlsdeat wufiknbgib teioonarnenssrl y.a b tee inCdgmoo uo lilridlet-s
HIIssaaabsbeekWellelleell    bha[3eac v0cece],o  pewctro chenoisdcu thrr u tocr ietsecm dum artsucichvah e   osluhedrases lflio innwfiottei rognndievsemi dnb ge.w daedp ipnIlhngiac  vaoetir odonehf  ra Hd batoewt otkt he ard?vei ne-
atvheballneop   topar  eraivccihocueersp lty  thealoalr vyat hileaob fle vin adliud[2c t4Hi]o. anUw ski onvgde er ftcihnoiisitni odnthusec toivryeth,  atI dsaawtbaeety lleph easv ies
thrown at it, while rejecting the invalid ones. It would be
useful if Haskell’s type system could be extended to handle

cthoisin-pdeucrhtiavpes  defuinsitiinogn s. unpointed types [22] to express valid

8.2 Type Classes

rFeomra gine nearablsittry,a ct. the Ctyopnes eqreupernetslye ntinwge  caann nionts trudcirteiocntly  speat tmteurnst



cmsulaacsthsc h a ps roonnvai pdiste.  , aIpnriresthdtemicaeadt,ite c s thoepto s o, pidleoeraandttsiifoy n asn dco omsf tmothroeens   Ianinnsdstr turjucuctmiotipnos n.s
class Show , Eq ) => nstruction where

sNoOp > Boo1
sAddOp : > Boo1
sSubOp : > Boo1

cnIefoom tuH sld na soekefbe edh  ll itdhoda eangnlldool we sdceo od m fmaprau urcatabhstti  iorWamnray)o d rele rvst’noii  ceewbvlyesie .  wussoSe f uf[ucd3hl.a6  t]a at( ywppiretohsp  otshatehl ier nw porutohlbdis-
8.3 The State Monad

eHaepalxltsaahrsetom kiciupesulgl l’elaahsr,  l l, octsahtyhteHinse a tdaas rckitsraaei cyl lfe  texirsshawcua taasplylrlp do onscro.aw t  tehwdafaTo tyh r ias tti ss ot  tarherdteeefle q ecbuclieaistrsgr e eindn oth.n stei nt ogafar, I anpcg ete art fhntehedsca  ttta n rteoicfsgtihatiil.siill cynteo,g Irnn
n8btco.eoa 4t n  cnuoaosftnef Uesfuicsdbtilene  g rtot  hal loeo tguchuasneahsrter aaapdfne ientp eteoeeorrn fpf   rttethhhteeaoa  trti mofslytnotI.sh0r  ee  ,F bumoortfdhe eyrHer amlywo ofkr i etts,h  me coowsdntehateletsenn,  t s.iwc to edw eco oumdldied



nHPWroaohts bikleeres el la wllyoien f t einhnpar tevrwseoe doruvrbkcee idne gqn u ibtcyea  prreHowfbuaeeslls ,kl ,e tiobl.  thupet r eDstshueeeermr veea t noat ictrheslae  z syo osmfe emepv raaolngbutlaiiectcstish o nea,s. or ef
cbtt9hhe loeem r cueikg  osherittd dsic e krrn  beoepe7 thex.i panpuAtlegyt   ncotetintwhdo e. i rteth hneins gT uflhrietilecae  h   mthboiauaecttfrrpoo iusraetepr s rc ohtbbohiteeeef  c caatouou uruspatterppl  ouubtate    gwmiovaifoeltl   dnae ca ll.oppu cprnokeIibft a  ert ct hiacaikannt t
tuiephsxnr oeeitfmrb ceoushmtsei oa lvnswe  wsiallh) ,nioc  hfb et emb hubmuet es eemdtrh gdooeeedfdr dee  tl h ipneis r ( ofonopbnorre oe ,b w pferailot.hey be . eos Tf o huicdistaep nnuinttsi of ynti onofgt a  bfpfoertocwhtb  hlietcuhmhse ae tsoimc u ootfp dutefhtol esr
8.5 Symbolic Simulation

pOoulyrm odrprihveic  to tom apkerefo rmth e syenmtibreo lic Haewvakl uatliiobnra ry hass umffiacideen tlyu s
psyaisntefumlly  in adweasrecr ibionf gt hea bsshtroarctct omdiantgas  typoefs .H asHkaesllk’se ll’st ypme odculaless
aasysros wtuenemd   hacsvaoemn  eubs eeo fd u thfsoeerd   tphinreo  balse igmlimnsa itle dwtyi tph ew. tayyTp eh tios  celaaffslleoscewsts ,  abubessc trataouc stwieo onr,w ke
mctihsae aniot cr nhcly to ymwpihenpltesee tnned alyyen dodu   traihneiesntei trnne darp vmraeetltou   esusps. atehc eeaB  ubmstm traaeHncaatan gsienkgetmy lple’esns otf,   misnoyasdmtnaubdnlo eti lisast, es ady  sbpteoomtoahrt
miws aopunTeyldr hh eda wpitofsfyer prkee mn bot cesltatt etsyrpis me psis.nry e ssttWhesimihvs e e tchaaetsi rse  t imhiaose wsna   nMw wiLeno-ltlsr ektrysietl e st bhinragimlsl i aonwdqtoulyurle.ke e sdtiso ynWs.e thveeamnt
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8.6 Elaboration Monads
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mlachaaisngo shgedaue.e r aln.-o geIenrtldsiiEt esalitr,a ll ilbyko,ero Ha rat ViowuHnHtki  aDlizwLmik nio gs  dotewrhl  aeps Vir nimeptsrroiiiol mtiocvgaieel.a  ssfri  srs tT-otohoofifr  s dt hrLeaaarwn rvsdaalwsa d taeinr[ns3egoc ]  tr ip(dinatialoe w nsapcf,ay oricsspt st siiubottchlnhy  hee
aDtwniffdoe  reluasnnegt du amaige mpsl oemnsaetdan rttaeodtifo  ncfsirr coumit so af  cttohoe m exmapborsentsr sa cbtl coicrckmu oito nfa eddle afbiwnoiortaiuotlindos n).,  be

work around it. Much more serious, however, was the lack of
any syntactic help for mutual recursion between the results

tsrowoeofos  mrmtcakestootihnn mgiasen do gi co wt uhetsa ell icm steiofixolomaarn rms et.dhp efilnesoTc rg hr iebom finoli idgktnhei aoe dm tcichc ir coisouu:c nifto t memru fpetuueitnada lbltyimao cnoksn r.ae dtchimca tsF ivofeowr  reme sx wtaroamenuaptgmelehds,t
counter : : Signal Boo1 -> Circuit (Signal Int)
counter reset = do

C next <- delay 0 inc
; inc <- lift1 (+l) out



; out <- mux reset zero next
; zero <- lift0 0
; return out3

Unfortunately, a corresponding recursive do-form is not cur-
rently available. We would like to see the do notation ex-
tended so that the bindings are mutually recursive, with the
recursion being defined by a user-supplied definition of an
mfix function:

mfix :: Monad m => (a -> m a> -> m a

Note that, as the counter example shows, the obvious
generic definition of mfix as

mfix f = do < z <- mfix f
; f 23

is simply not appropriate. We want the looping to take
place on the values manipulated by the monad, not on the
effects the execution of the monad generates. Rather we
need something with the behaviour off ixST [23]. Finding an
appropriate axiomatization for mfix is the subject of current



research.

9 Hardware Algebra

As promised, we close with a section describing how the
functional perspective gives us new insight into the structure
of microarchitectures.

Transformational laws are well known in digital hard-
ware, and form the basis of logic simplification and mini-
mization, and of many retiming algorithms. Traditionally,
these laws occur at the gate level: de Morgan’s law being a
classic example. We were quite surprised when correspond-
ing laws started to emerge at the microarchitectural level!

Perhaps we shouldn’t have been surprised. After all,

uf[f3uos2nrem]cdat.i  otinSinon aizeal thal ebla lenr laegwlauRastuig,ob enysaa  nl cdai rrehcau alegirtdsespbw eraachriieaca -vdlleye t esbccgherioenponitqdi ou nseau st c ceexhlspaasrnvefguesul slaiyln oggne dg e trRraibvuneebsedy-n
saleonv,d e tl hveae nridfR,ie udba y  pthriorreorusi,eg ahrt hche arelg heaibssr  aniecom  rpehmaasasoninzipe udtol a tiocthinrinc uki ts[1th 6aa, t t 1t7lah1reg.  eE gvametnei-
croarchitectural components should satisfy any interesting
algebraic laws: the components are constructed from thou-
sands of individual gates, and boundary cases could easily
remove any uniformity that would have to exist for simple
laws to be present. Yet we have found that when microar-
chitectural units are presented in a particular way, many
powerful laws appear.

Before we consider one of the laws in some detail, note
first that we inherit for free the ground rule of referential
transparency or, in hardware terms, a circuit duplication
law. Any circuit whose output is used in multiple places is
equivalent to duplicating the circuit itself, and using each
output once. Because Hawk is embedded in Haskell (and



introduces no new features that would otherwise break ref-
erential transparency), every circuit satisfies this law. That
is, it is impossible within Hawk for a specification of a com-
ponent to cause hidden side-effects observable to any other
component specification. Of course, in many specification
languages this law does not hold universally. For exam-

oplne , evduerpyl icactlioncgk  cyac cleir cuwito ultdh atc auinscer etmhee ntgeldo bala  gvlaorbiaabl lev artioab leb e
incremented multiple times per clock period, breaking be-
havioral equivalence. Hawk circuits can still be stateful, but
all stateful behavior is forced to be local (the encapsulated
state example) and/or expressed using feedback.

9.1 Register-Bypass Law

lTianhw em.  oTlarowe   ddwoee t saowil i,l lwt head inns ceuewdses   htiona  vdeso ismcuupes s t odr eentgaoiislw t.e irs  tfhilee s reagnisdt ebr-ybpyapsassess
wfilerit. iCnTgo)hn sisi daecnrod m apo ontrneae nnotsau ctphtiuoatsn  -btwasisoge ndain l,p utse pascehicg infoiacfal st iwo(nhf iocrh o ref aaarde i nrges gigisnataneldrs
of transactions. At each clock cycle, the read-input is ex-
pected to contain a transaction whose opcode and register
name fields have been set, but whose value fields are absent,
whereas the write-input contains a completed transaction
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from a previously executed instruction. Execution proceeds
as in the simplified example in Section 5. The register-file
first performs the write by updating its internal state on
the basis of the destination register-name and value fields
of the write-input. Then, it performs the read by filling in
the value fields for the source-operands of the transaction on
the read-input. The resulting transaction is placed on the
output. In this model, all this work is performed in a single
clock-cycle.

Now consider bypasses, and the role they have in the
specification of forwarding. The purpose of forwarding logic
in a pipeline is to ensure that results computed in later
stages of the pipeline are available to earlier stages in time
to be used. Conceptually, the forwarding logic at each
pipeline stage examines its current instruction’s source reg-
ister names to see if they match a later stage’s destination
register name. For every matching source name, the corre-
sponding value is replaced with the result value computed by
the later pipeline stage. Non-matching source operands con-
tinue to use operand values given by the preceding pipeline
stage.

This conceptual logic can be implemented concisely us-
ing transactions. A bypass circuit has two inputs, each a
signal of transactions. The first contains the input trans-
actions from the preceding pipeline stage, and the second
is the control or update input, containing transactions from
later stages in the pipeline. At each clock cycle, the by-



pass circuit compares the source names of the current in-
put transaction with the destination names of the current
update-transaction. The output of the bypass is identical
to the input, except that source operands matching the up-
date’s destination operand are updated.

Bypasses have many nice properties by themselves. Not
only are they time-invariant (delays can pass over them) but
they are idempotent in their second argument:

Vinp . Vupd .
bypass upd (bypass upd inp) = bypass upd inp

Most interesting, however, is their interaction with register
files, which can be expressed with the register-bypass law:

Vread . Vwrite .
bypass w&e (reg (delay Nop write) read) =
reg write read

In other words, we can delay writing a value into the register
file, so long as we also forward the write-value to the output,
in case that register was being read on the same clock cycle.
We use this law repeatedly to efiminate forwarding logic
when simplifying pipelines. Seen the other way around, this
law explains the origin of forwarding logic.

Initially we considered the register-byp,+ss law to be a
theorem about register files, and accordingly we proved that
it held for a number of different implementations. However,
it is also tempting to view this law as an axiom of register
files. In effect, by using the law repeatedly from right to
left, we obtain a specification for how the register file must
behave for any time prefix.



9.2 Transforming the Microarchitecture

Other laws of microarchitectural algebra include a hazard-
bypass law, for transforming multi-cycle pipelines in the
presence of data hazards, and projection laws, for express-
ing local properties of signals [25, 261. Here we note that

tsswtswhuuitmteaiarhfelr flidii lac nlinirgateth hwgn  eastftlt o y olo  orwrgu itehgshi cpeaeion)zh, s awaa lfrvre owedrerfsw hefiu.mir edalle p irnlsTdeccthisomneoe  tgvi elsle, n mirreetmaradsetbpciu toalrhlifantyiiiunnnn  picegn h  ga  psts oispipp mcpeeipyenclpiecconilfilluwifeiecine.-la a eadttdcaii oo crennup   rmiapbteieyca(l iir n.noetdhea. .  rbecpemhinihpsiso taeee vvlecilinfvoo-r eeyrrs  -
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