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Abstract
Uniying compiler inrasrucure or high-level hardware
languages has long been he goal o he CIRC projec.
However, by ollowing rends in hardware language design,
CIRC has specialized isel in HLS and RL-like paradigms,
while requiring elemens romoher paradigms o be handled
mosly in heir respecive ronends. In his work, we presen
3 approaches o suppor purely uncional languages naively
in CIRC. We demonsrae hese by creaing a CIRC-based
compiler or Clash, a Haskell-as-hardware language. Tese
mehods range rom simple conversions leveraging exising
ronend ransormaions, o he inroducion o ull lambda
calculus suppor in CIRC via he lc dialec. By reaining
he original uncional srucure o a Clash design, he lc
dialec capures he source’s high-level srucure, enabling
opimizaions and higher-qualiy emission by backends.Tis
paves he way or non-RL paradigms o leverage he power
o a unied compiler.

1 Introduction
Non-HLS (High-Level Synhesis) high-level hardware lan-
guages have evolved hrough disinc “waves”, each moving
urher rom gae-level neliss. Iniially, behavioral descrip-
ions o hardware were inroduced via VHDL and Verilog.
While popular, he limiaions o hese languages were
already apparen early on and afirst wave o new high-level
hardware languages, adoping componens rom uncional
programming languages, ollowed wih mos noably Lava
[1], and BlueSpec [2]. Tis was succeeded by a second
wave o embeddedDomain Specic Languages (eDSLs), such
as Chisel (Scala) [3], pyML (Pyhon) [4], and HardCaml
(OCaml) [5], which embed srucural componens in a hos
language o generae hardware. Finally, a third wave has
emerged, ocusing on cusom languages wih advanced ype
sysems, such as Spade [6], Filamen [7], or Anvil [8].

Despie he disinc philosophies o hese waves, heir
paradigms remain close o he Regiser ranser Level (RL),
ofen uilizing he iniial wo behavioral languages as heir
compilaion arges. Tis moivaes a unied, MLIR-based
[9] inrasrucure, namely CIRC [10], o consolidae he
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compilaion o hese diverse hardware languages via hree
cenral RL-based core dialecs. While CIRC has had
success in uniying he compilaion o RL-like paradigms,
i is primarily opimized or srucural absracions wih
explici saeul elemens. As a resul, CIRC sruggles o
naively encode purely uncional languages, where hard-
ware is dened hrough uncion composiion and Algebraic
Daa ypes (ADs), wihou requiring high-level uncional
consrucs o be elaboraed away by ronends.

Clash. Being neiher an eDSL, a cusom language, nor a
orm o HLS, Clash [11] leverages he power o Haskell by
reinerpreing Sysem FC [12], he inernal represenaion
o he Glasgow Haskell Compiler (GHC) [13], o produce
hardware. As a resul, designers are able o describe hardware
hrough purely uncional absracions, such as higher-order
uncions, polymorphism, and ADs, wihou sacricing he
explici srucural naure o hardware languages. o bridge
he semanic gap, Clash employs a normalizaion process
ha ransorms Sysem FC ino a a, “normalized” repre-
senaion, while only eliminaing recursive consrucs ha
lack a direc hardware equivalen. Tis orm is hen nally
lowered o a synhesizable arge in VHDL or Verilog.

In his work, we propose 3 approaches or encoding
purely uncional hardware languages in a unied RL-based
compiler such as CIRC. We demonsrae hese approaches
by creaing a CIRC-based Clash compiler.

2 Building A CIRC-Based Clash Compiler
In poring a compiler o CIRC, we sar by ideniying
poenial enry-poins, i.e. sages a which we can ranser
compuaion rom our ronend (Clash) o our compiler
(CIRC). For Clash, we ideniy 3 such enry-poins. Tese
rade-o uilizing exising lowering mehods ound in our
ronend wih preserving he source’s high-level srucure
in backends. Figure 1 illusraes how an example descripion
o conrol logic, i.e. fsm, is compiled using he exising Clash
compiler, and hen inegraed wih CIRC hrough enry-
poins 1 - 3 . In paricular, fsm is a higher-order uncion ha
akes a ineger op, an AD State represening is sae, and
reurns a uple o he nex sae and oupu. bar is a uncion
ha perorms some compuaion. We omi Clash-specic
operaions o generae he op-level module o ocus on he
uncional descripion o a saeul circui.

2.1 Te Low-Hanging Fruits
Te mos sraighorward inegraion pah o he 3 enry-
poins is 1 , where he ully lowered nelis, generaed by
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type I8 = Signed 8
data State
    = Idle | Busy I8 | Done I8
fsm :: I8 -> State -> (State, I8)
fsm op Idle     = ...
fsm 0  (Busy x) = (Busy x, 0)
fsm _  (Busy x) = (state', 0)
    where state' = Done (bar x)
fsm op (Done x) = ...
-- ... recursive binding of fsm

Sysem FC Normal Form Nelis

lc.adt @State {...}
%fsm = lc.lambda (...) -> (...) {
    %s = lc.adt_create @State ...
    %res = lc.adt_match %s -> (...) { 
        lc.match_case @State::@Idle {...}
        ;; ... other cases
}}
%l_rec = lc.lrec %fsm ...
%v = lc.call %l_rec (...)
;; ... set the output

sm dialec

core dialecs

sv dialec

circ-verilog

out.sv

Figure 1: Te Clash compilaion pipeline inegraed wih CIRC. Saring rom an example described using patern maching
and ADs in Clash, poin 3 shows how he high-level srucure is preserved in CIRC using he proposed lc dialec.

Clash, is ed ino CIRC hrough is Verilog ronend. While
his isn’ a ull inegraion,we sill bene rom all o he exra
opimizaions provided by CIRC’s LLHD/Moore compiler
[14] used in he Verilog ronend, and is indusry-srengh
SysemVerilog (SV) backend. Te resul is a more consisen
and compac oupu, ye i reains he uninuiive signal
names and design srucure generaed by Clash.

Raher han relying on he exising backend in Clash,
anoher approach, marked as 2 , is o direcly conver
he normalized Sysem FC ino CIRC’s core dialecs. Te
absracion level o he normalized orm is close o ha o he
core dialecs, allowing he ranslaion beween he wo o be
mosly synacic. Tis is due o he normalizaion ensuring
ha all erms are represenable in hardware, where, e.g.,
recursive daa ypes are ully elaboraed. Wih 2 , we are
no longer ied o backend-specic passes, and now bene
rom he sophisicaed global opimizaions, and all o he
oher backends, provided or core dialecs. While his is an
improvemen over 1 , i is sill a shallow inegraion o our
ronend, as none oCIRC’s backends or opimizaions have
access o he original uncional srucure o he design.While
he original srucure direcly capures he design’s inen,
normalizaionatens he designmakingmanyopimizaions
dicul wihou urher analyses.

2.2 Preserving High-Level Structure
In our wo previous approaches, he source descripion
was srucurally atened beore reaching CIRC, obscuring
high-level inen and limiing he scope o downsream
opimizaions. We hus propose a nal approach, which
inegraesClash inoCIRC direcly rom he pre-normalized
Sysem FC, i.e. 3 . Tis orm preserves he original srucure
o he design, including all recursive daa ypes and higher-
order uncions,which can enable oherwise dicul analyses
when encoded in CIRC.

o enable his approach, we inroduce he lc (lambda
calculus) specialy dialec which encodes ADs, patern

maching, and higher-order uncions. Unlike oher purely
uncional MLIR dialecs, such as rise [15], lc capures
he recursive and nesed srucure inheren in uncional
descripions, in a manner ha ineroperaes and lowers o
exising hardware dialecs, in paricular he fsm dialec.

Te lc dialec provides naive suppor or ADs via
lc.adt and lc.adt_case. Concree values are insaniaed
using lc.adt_create or lc.adt_constant. Individual AD
cases can include block argumens, which uncion as
parameers ha can be used during patern maching, e.g.
lc.adt @State {
    lc.adt_case @Idle
    lc.adt_case @Busy(x: i8)
    lc.adt_case @Done(x: i8)
}

%s = lc.adt_create @State 
              init @State::@Idle
%i = lc.adt_constant 
              @State::@Idle

Patern maching is suppored via lc.adt_match and
lc.match_case, as illusraed in Figure 1. Patern maches can
conain arbirary logic, including nesed patern maches,
using he case’s block argumen alongside oher hardware
dialecs o produce a resul wih lc.yield. Lambdas can
be dened using lc.lambda. Unlike func.func, hese suppor
uncions as argumens and recursive value bindings using
lc.rec and lc.call. As a resul, he srucure o lc allows us o
ideniy high-level consrucs such as FSMs and encode hem
using specialy dialecs, e.g. he fsm dialec, which conain
specic opimizaions and have direc lowerings o several
backends allowing or high-level srucure o be reained in
he oupus. More specically, or he example in Figure 1,
he FSM srucure is idenied by he recursive value binding
o %fsm using lc.rec. Te %s value in %fsm racks he curren
sae represened by each case o he patern mach. Tese
cases yield wo resuls, he nex sae o he FSM and heir
reurn value, whose logics become a ransiion guard and a
sae oupu respecively in he fsm dialec. A ull example
o how we encode a clash design using he lc dialec, can be
ound in Appendix §A.
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%bar = lc.lambda (x: i8) -> (i8) {...}
lc.adt_match %s -> i8 {

lc.match_case @State::@Idle {
%r1 = lc.call %bar %x : i8
%r2 = lc.call %bar %y : i8
%r = comb.add bin %r1, %r2 : i8
lc.yield %r : i8 }

lc.match_case @State::@Busy %x {
%r = lc.call %bar %z : i8
lc.yield %r : i8 } ... }

Lising 1: Muliple calls o he same uncion.

3 High-level Optimizations
Mehod 3 highlighs he imporance o mainaining he
high-level srucure o our source design hroughou compi-
laion, as doing so enables oherwise dicul opimizaions.
We now describe 3 such opimizaions.

Function Sharing. In Clash, each uncion applicaion
ypically resuls in a disinc insaniaion o ha circui
[11], meaning ha a uncion’s logic is aggressively inlined
a is call sie. Neverheless, beneing rom he uncional
srucure o he hardware, Clash can reuse idenical uncions
via is Common Sub-expression Eliminaion pass, and hose
wih dieren inpus across muually exclusive mach cases
hrough is de-duplicaion pass. Te lc dialec is capable
o achieving he same level o uncion sharing ound in
Clash, as i preserves he original uncion call hierarchy.
More imporanly, his srucural awareness allows such
opimizaion o be more aggressive, all while avoiding a
complicaed de-duplicaion pass.

Concreely, o conver a uncion ino a shared module,
we sar by perorming a use-de analysis o rerieve he
calling hierarchy. I he number o users is greaer han a
given hreshold (dened as a pass parameer), we creae a
module where he inpus are he uncion parameers and
he oupus are he uncion’s resuls. Tis new module is
given a laency insensiive inerace, i.e. using ready/valid
signals, in order o beter enable resource sharing. o share
hemodule across several call sies, is inpus are paired wih
an idenier and guarded wih a round-robin arbier, enabled
by he module’s inpu ready signal, which arbiraes he
argumens rom every call sie.Te caller hen only considers
he oupu rom he uncion o be valid when he module’s
oupu idenier maches he caller’s inpu idenier. Finally,
we can handle higher-order uncions by checking i he
paren block o he caller is he same as ha o he callee’s
deniion, i i is hen no addiional work is needed, i no,
we need o add inpus and oupus o he caller’s paren
module o allow or argumens, resuls, and ideniers o be
conneced o he callee.

o illusrae our opimizaion, consider Lising 1, in which
a uncion bar is used hree imes in a patern mach. Afer a

use-de analysis, which shows ha bar is used several imes in
our paternmach, we sar by hoising all o he calls ino he
same region as he %bar deniion. Tis allows us o creae a
singleon insance o %bar, which we conver rom a lc.lambda
o a hw.module. We hen conver our lc.call ino hw.wire and
use he argumens, wih addiional arbiraion logic, as inpus
o our insance whose oupus are hen conneced o he
hw.wire operaions.

Hierarchical Retiming. Reiming is a common opimiza-
ion used during synhesis o improve Perormance, Power,
and Area (PPA) merics in he resuling design [16]. Since
he lc dialec reains all o he hierarchical inormaion
abou our source design, reiming can be perormed in
a hierarchical manner. Consider a chain o uncion calls
foo1(foo2(foo3(...)))which would poenially lead o a very
long criical pah. In a radiional reiming algorihm, we
would aten his chain and work wih he end-o-end
laency o our design, which migh be complex and lead
o a more conservaive reiming being applied. However,
in a hierarchical reiming, we can opimize our design in a
botom-upmanner, reiming he inner-mos call o our chain
beore using ha resul o more aggressively reime paren
calls, hus leading o a less conservaive resul.

Identifying FSMs. As presened in a previous secion, he
lc dialec allows or recursive value bindings, ypically used
in Clash o represen FSMs, o be explicily encoded using
he lc.lrec operaion. Tis allows us o reain he high-
level inen hroughou compilaion by lowering all lc.lrec
operaions ino fsm.machine in he fsm dialec, which can hen
be direcly emited by CIRC’s SysemVerilog backend such
ha he FSM is ideniable by downsream ools.

4 Discussion and Conclusion
Te goal o his work is o illusrae how a unied hardware
compiler inrasrucure, mosly cenered around RL and
HLS, can be exended o naively suppor oher high-level
paradigmswhile also enabling new opimizaions. Our exen-
sion o CIRC is mean o be generic enough o be applicable
beyond he conex o Clash. Specically, he lc dialec could
serve any high-level hardware language supporing ADs or
higher-order uncions, e.g. Spade or even sandard Haskell
(alhough all o he non-hardware lowerings rom lc would
sill need o be added). Given he easily exensible naure o
MLIR, we could also imagine oher paradigms, e.g. message
passing syle languages like Anvil, can have heir own naive
represenaions in CIRC. While a deep inegraion is ideal,
we show ha shallow inegraions wih CIRC can sill yield
immediae benes while minimizing he engineering cos.
We hope ha his work can uncion as a moivaor and
guide on how new languages could be added o he CIRC
ecosysem, hus srenghening our shared inrasrucure
and paving he way or ull hardware compiler unicaion,
regardless o he source paradigm.
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Appendix

A Full Conversion Example
Haskell.

1
2
3
4
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28

bar :: (Num a, Eq a, Integral a) => a -> a
bar x = x * x * x

type I8 = Signed 8
data State = Idle | Busy I8 | Done I8
          deriving (Generic, NFDataX)
     
fsm :: I8 -> State -> (State, I8)
fsm 0  Idle     = (Idle,         0)
fsm op Idle = (Busy op, 0)
fsm 0  (Busy x) = (Busy x,       0)
fsm _  (Busy x) = (Done (bar x), 0)
fsm 0  (Done x) = (Done x,       x)
fsm _  _        = (Idle,         0)

controller 
    :: (HiddenClockResetEnable dom) 
    => Signal dom (Signed 8) 
    -> Signal dom (Signed 8)
controller input = mealy (flip fsm) Idle input

topEntity
    :: Clock System
    -> Reset System

-> Enable System
    -> Signal System (Signed 8)
    -> Signal System (Signed 8)
topEntity = exposeClockResetEnable controller

LC Dialect.
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hw.module @topEntity (%op: i8) -> (i8) {
    %bar = lc.lambda (%x: i8) -> (i8) {
        %0 = comb.mul %x, %x, %x : i8
        lc.yield %0: i8
    } 

    lc.adt @State {
        %idle = lc.adt_case @Idle
        %busy = lc.adt_case @Busy(x: i8)
        %done = lc.adt_case @Done(x: i8)

lc.yield %idle, %busy, %done
    }
  
    %fsm = lc.lambda (%state: !lc.adt_type<@State>, %op: i8) 
        -> (s: !lc.adt_type<@State>, i8) {

%rs, %ro = lc.adt_match %state -> (!lc.adt_type<@State>, i8) {
            lc.match_case @State::@Idle {
                %c0_i8 = hw.constant 0: i8
                %op_0 = comb.icmp bin eq %op, %c0_i8 : i8 
                %rs_0 = lc.adt_constant @State::@Idle: !lc.adt_type<@State>

%rs_1 = lc.adt_constant @State::@Busy (x: %op)
                    : !lc.adt_type<@State>
                %mux_state = comb.mux %op_0, %rs_0, %rs_1
                    : !lc.adt_type<@State>
                lc.yield %mux_state, %c0_i8: !lc.adt_type<@State>, i8

}
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            lc.match_case @State::@Busy (%x : i8) {
                %c0_i8 = hw.constant 0: i8
                %op_0 = comb.icmp bin eq %op, %c0_i8 : i8 
                %rs_0 = lc.adt_constant @State::@Busy (x: %x)
                    : !lc.adt_type<@State>
                %bar_x = lc.call %bar (%x) : i8
                %rs_1 = lc.adt_constant @State::@Done (x: %bar_x)
                    : !lc.adt_type<@State>
                %mux_state = comb.mux %op_0, %rs_0, %rs_1
                    : !lc.adt_type<@State>
                lc.yield %mux_state, %c0_i8: !lc.adt_type<@State>, i8
            }
      
            lc.match_case @State::@Done (%x : i8) {
                %c0_i8 = hw.constant 0: i8
                %op_0 = comb.icmp bin eq %op, %c0_i8 : i8 
                %ro = comb.mux %op_0, %x, %c0_i8: i8
                %rs_0 = lc.adt_constant @State::@Done (x: %x)
                    : !lc.adt_type<@State>
                %rs_1 = lc.adt_constant @State::@Idle: !lc.adt_type<@State>
                %mux_state = comb.mux %op_0, %rs_0, %rs_1
                    : !lc.adt_type<@State>
                lc.yield %mux_state, %ro: !lc.adt_type<@State>, i8
            }
        }
        lc.yield %rs, %ro
    }
  
    %controller = lc.lambda (%input: i8) -> (i8) {
        %l_rec = lc.lrec %fsm ("sn", %input)
            where ("sn": s: !lc.adt_type<@State>) 
                : !lc.lambda_type<<!lc.adt_type<@State>>, <i8>>
        %i = lc.adt_constant @State::@Idle : !lc.adt_type<@State>
        %v = lc.call %l_rec (%i) : i8
        lc.yield %v : i8
    }
  
    %out = lc.call %controller (%input) : i8
    hw.output %out: i8
}
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