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Statically type lan ua es wit Hin ley- ilner polymor-
p ism ave lon een compile wusin ine cient an fully
o e ata representations. ecently, several new com-
pilation met o s ave een propose to support more ef-
cient an un o e multi-wor representations. Unfortu-
nately, none of t ese tec ni ues is fully satisfactory. ore -
ample, eroy s coercion- ase approac oes not an le re-
cursive ata types an muta le types well. T e type-passin
approac  propose y Harper an orrisett  an les all
ata o ects, ut it involves e tensive runtime type analysis
an co e manipulations.
T is paper presents a new
tec ni ue t at com ines t e est of ot approac es.

ur new sc eme supports un o e representations for re-
cursive an muta le types, yet it only re uires little runtime
type analysis. n fact, wes ow t at t ere is a continuum of
possi ilities etween t e coercion- ase approac an t e
type-passin approac . y varyin t e amount of o in
an t e type information passe at runtime, a compiler can
freely e plore any point in t e continuum ¢ oosin from
a wi e ran e of representation strate ies ase on practi-
cal concerns. 1inally, our new sc eme also easily e ten s to
an le type a stractions across -lie 1 er-or er mo -
ules.

Statically type lan ua es wit Hin ley- ilner polymor-

p ism 8 avelon een compile usin ine cient an
ata representations. Un er t ese implementations,
all pro ram varia les, function closures, function parame-
ters, an recor el s are uniformly represente in e actly

one wor f t e natural representation of a value oes not
t into one wor , t e valueis o e e. ., allocate ont e
eap an t e pointer tot is o e o ectis use instea .
or e ample, in t e followin co e,

a

function a is a polymorp ic function wit type

s all oft e four calls to insi e a must
use t e most conservative callin conventions passin as
a sin le-wor o ect. alue is a pair of oats, ut since
it mi t e passe to polymorp ic functions an treate as
o ects of type , its entire ata structure is fully o e
at eac layer see 1 ure a . Similarly, t ou function

as monomorp ic type a a a a ,it
cannot use any special callin conventions not only it is rep-
resente as a o e closure, ut its ar uments an return
results must e assume as fully o e as well see 1 -
ure a . Uniform full o in  oes implement polymorp ism
correctly, ut it as two ma or raw ac s rst, ecause of
t e o in , monomorp ic co e runs muc slowert an t ose
written in C or assem ly lan ua es secon , since all ata
o ects must e fully o e , t e interopera ility wit low-
level C or assem ly co eis 1 cult an ine cient.

avier eroy recently presente a
tec ni ue t at oes not always re uire vari-
ales e oe 1none wor. n Iissc eme, monomorp ic
0 ects suc as an can use e cient represen-
tations see 1 ure value can stay in two oatin -
point re isters an function can freely pass t e ar-
uments an return t e results in two re isters. en
monomorp ic o ects are passe to polymorp ic conte ts
asin a ,t ey are coerce ac into fully o e
representations. eroy s tec ni ue, unfortunately, oes not
an le recursive atatypes an muta le types well. Coer-
cions on lar e ata structures are impractical ecause t e
cost of t e copyin often outwei st e ene ts of un o e
representations | ore seriously, muta le ata struc-
tures suc as arrays cannot e copie or coerce if we ma e
a copy of t e value to o t e components, t en up ates
to t e copy will not e re ecte in t e ori inal array an
vice versa. s a result, values suc as lists an arrays must
still use fully o e representations, even w en t ey are not
insi e polymorp ic conte ts.

Harper an orrisett  ,2 later solve t is pro lem on
recursive an muta le types usin a approac .
Un ert eirsc eme, atao ects inclu in lists an arrays
are ept un o e all t e time, even insi e polymorp ic
conte ts. olymorp ism is not implemente t rou coer-
cions, ut y usin runtime type analysis an co e manip-
ulations. or e ample, function a is implemente wit
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an e tra runtime type parameter  all primitive operations
insi e a e. . function call , list must
analy e t e type at runtime in or er to select an  is-
patc to t e appropriate co e to manipulate un o e o -
ects. T e type-passin approac 1is still not satisfactory, for
t e followin reasons

It ou monomorp ic co e can fully ta e a vanta es
of t eun o e representations, polymorp ic co e e-
comes muc slower t an t e full- o in approac . n
fact, all primitive operations insi e polymorp ic con-
te ts are no lon er simple function calls or
returns an recor operations e. ., creation, selec-
tion, list now ecome eit er in irect proce ure
calls or lar e switc es 2 Compiler opti-
mi ations suc as type speciali ation may eliminate
part of t ese over ea s, utt ey canlea toco ee -
plosions or e cessively lon compile time.

more severe pro lem, also calle

see 2 ,pa e2 6an 5 for etails ,is t e im-
plementation of function e nitions an function calls
wit ar uments of un nown types e. ., t e applica-

tion of insi e a T e c allen e is to simulate
t ea vance callin conventions ase ont e runtime
type information since t e actual may use any call-
in conventions . or mac ines wit ar ument re -
isters inclu in re isters , t is woul re uire 2
cases e. ., entrant co e, coercions to eal wit all
t e possi le callin conventions 2 ctually, mo -
ern compilers often use even more ela orate callin
conventions 5, ma in t e a ove simulation vir-
tually impossi le. f course, one coul always resort

to 8, , or simply use a
very restricte set of callin conventions 2 , utt en,
eit er t e cost is too e pensive or t e interopera ility
su ers.

T is paper presents a new
tec ni ue t at com inest e estof ot t ecoercion- ase
an t e type-passin approac es. ur new sc eme supports
un o e representations for recursive an muta le types, yet

it only re uires little runtime type analysis. uri ea is sim-
ple we avoi t e eavy-wel t runtime type manipulations
y o in all polymorp ic values owever, instea of oin
full o in asint e coercion- ase approac ,weuset e
representation see 1 ure c or ot er
representations see 1 ure ntuitively, a simply
oe o ect ust o est e top layer of t e ata structure
sot at t e entire 0 ect can e reference as a sin le-wor
pointer. Simple o in is enerally muc c¢ eaper t an full
o in , an most of t e time, it is ust an i entity function
ecause t e natural representations of many un oe o -
ects e. ., lists, closures, recor s, arrays are alrea y simply
o e . Simple o in solves t e pro lem of recursive an
muta le types ecause any simply o e o ectcan e eas-
ily un o e att etoplayer efore ein -e onto lists
or put insi e arrays.
Simple o in is tric ier to implement t an full o in
ecause t e coercion may also rely on runtime type informa-
tion. or e ample, coercin an o ect of type into type
woul involve rstun oin t e an el s,an t en
pairin t em up ase on t e actual types an ave at
runtime.
ore interestin ly, t ere is a continuum of free om e-
tween t e coercion- ase an t e type-passin approac es
y varyin t e amount of o in an t e type information
passe at runtime, a compiler can freely e plore any point
in t e continuum, ¢ oosin from a wi e ran e of representa-
tion strate ies ast e T is e 1 ility is
particularly nice ecause one can tra e o in wit runtime
type manipulations on t e per-tycon i.e., type constructor
asis. or e ample, usin t e partially o e representation
s ownin 1 ure , we can completely eliminate t e varar
pro lem in t e type-passin approac see later sections for
more etails .
T e main contri utions of t is paper are

mon all t e nown coercion- ase approac es ,
26,2, 5, , 6,oursc emeist e rsttosuccessfully
solve t e open pro lem on recursive an muta le types.

Unli et etype-passin approac es 25, ,2 , ,our
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sc eme re uires little runtime type analysis, even for
t e eavily polymorp ic pro rams.
el le

ur sc eme is very ecause a compiler can

tra e o in wit runtime type analysis on t e per-
tycon asis. n Section , we present a formal frame-
wor an a set of a ioms t at precisely ¢ aracteri e

t is tra e-o

y ¢ oosin partially o e representations e. ., 1 -
ure as t e canonical o e form, our sc eme can
completely eliminate t e nasty varar pro lem.

ee ten  eroy srepresentation analysis to a pre ica-
tive variant of t e polymorp ic -calculus 0, 28 .
e s ow t at our tec ni ue wor s for ot t e -

style polymorp ism an t e -li e 1 er-or er poly-
morp ism.
e s ow ow easily our sc eme can e e ten e to

an le type a stractions across e i
mo ules 22,2 , ,20.

€r-or er

es owt at wit a simple twist ase on t e para-
metricity property, most runtime type manipulations
in our sc eme can e eliminate

e ave implemente our sc eme wit partially

0 e representations in an e perimental version of
teS N compiler reliminary measure-
ments s ow t at co e involvin recursive an muta le
types ets si ni cant spee up w ile normal polymor-
p ic co e remains almost as e cient as efore.

nt erest of t is paper, we rst ive an informal presen-
tation of t e maini ea. et en formali e t e presentation
an ive several ma ort eoremsa out our e i le approac
e also s ow ow to e ten our sc eme to an le t e en-
tire lan ua e 22 . inally, we iscuss t e e perimental
results, t e relate wor , an t en conclu e.

n t is section, we present a series of e amplesin w ic weil-
lustrate ot previous approac es an our e i le approac
to t e implementation of polymorp ism.

T e ey tot eimplementation of polymorp ism lies on ow
to e net e iven a polymorp ic o -
ect of type a sin le type varia le , w at s oul its rep-
resentation e li e f course, t e representation epen s
on t e actual instantiation of . So assume is instantiate
into type , ow o we represent suc a value of type
Canonical o e form use in all t e coercion- ase ap-
proac esisin ee always o e . T atis,it can e an le
as a sin le-wor o ect. T is ramatically simpli es t e im-
plementation of polymorp ism, ecause all o ects of type
can e manipulate in t e same way re ar less of w at
really is. or e ample, primitive operations suc as func-
tion applications an recor operations can all e inline at
compile time a value of type can e uilt y simply
creatin a two-wor recor , eac containin t e correspon -
in o e value, an n type-passin approac es, t e
canonical o e form isnot always o e ,soit may not t
in one wor t is ma es all polymorp ic primitive operations
epen ent on runtime types.
nce t e canonical o e formis eci e , two primitive
coercion functions can e e ne a converts a value of
type from its natural un o e form into t e correspon -
in canonical o e form simulatin a value of type
a oes t e reverse.
Coercions for more complicate

SO Oon.

types can ein uctively

e ne ase on t ese two primitive coercions see Sec-
tion .5 or eroy for more etails . or e ample, to im-
plement t e function application a e ne ear-

lier, is coerce from a a a a to
as follows assumin a call- y-value semantics

a a

t en is coerce into a ,an t e function

call to a , 1is performe
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Coercion- ase approac es woul ave wor e nicely if
all ata o ects were Unfortunately, many com-
monly use o ects are . Coercions on lar e ata
structures are impractical ecause t e cost of t e copyin of-
ten outwei st e ene ts of un o e representations

ore seriously, muta le ata structures suc as arrays can-
not e copie or coerce if we ma e a copy of t e value to

o t e components, t en up ates to t e copy will not e
re ecte in t e ori inal array an vice versa. T erefore, all
coercions on recursive an muta le o ects must e treate
as 1 entity functions.

nt e earlier e ample, t e result of a , s oul

e coerce from s to a a s ut since t is
is too e pensive, t e list is not coerce . T is forces all lists

of type a a s to use same representations as
t ose for s, s, or a s , etc., since
t ey can all possi ly e instantiate into a a s

or t is reason, all previous coercion- ase approac es
use full o in as t e canonical o e form. Unli e ot er
monomorp ic values, monomorp ic lists suc as a
a 8 an arrays must always use t e fully o e rep-
resentations as s own in i ure 2a.

ur main i ea is to use t e simply o e or partially o e
representations as t e canonical o e form. Simple o in
ust o es t e top layer of a ata structure. or e ample,
simple o in of t e value woul wust wuil a at vector
of oats see 1 ure c. Un er simple o in , application
of a , woul return a simply o e list as s own
in 1 ure 2

t is easy to simply o monomorp ic values suc as

a a, ut w at a out polymorp ic values suc as

, or a,or a ore enerally, ow to e ne
a an a if  contains type varia les
ne coul attemptto o a y treatin as a sin-
le wor . T is oes not o very far. Consi er t e followin
co e
Here, as type a a s an
a as type a a s . T elist
operation as type s s ,s0t e pairs
insi e an a will e coerce yeit er a a
or a a efore ein -e onto t e empty list.

iure s ows t e correspon in coercions inserte w en
we apply an a to

Clearly, neit er pro uces t e simply o e list. T e cor-
rect e nition of a a or a a is, of
course, to rst un o t e or el an t en

uil t ee act same vector asin 1 ure c. T e uncover
operation oes not ave to e one recursively ecause y
invariant, is alrea y in t e simply o e form. Uncover-
in oes re uire t e use of runtime type information t e
actual type of t isis reali e int e same way asin t e
type-passin approac

neimportant insi t we et ereist ata o in sc eme
canonical o e form only if it commutes
wit t e type instantiation relations.  type varia le can
e instantiate into eit er a or a ,t en furt er
into a a w ic ever pat it ta es, t e two resultin
o e forms an t eir correspon in coercions must e
e uivalent see Section .5 fort e etails .

n most compilers, ata structures li e lists often use t e
simply o e form as t eir efault monomorp ic represen-

can serve as a

tations. T is ts e tremely well wit simple o in  ecause
most common list functions e. ., s, a, , h,
a remain as e cient as t ey coul e. or e ample,
in t e followin co e

Here a as type s s
so function is coerce into e ne efore in Sec-
tion 2. . ist is incoerci le, so it is not coerce . en

t e internal loop traverses t e list, t e only invariant it re-
uires is t at every element e a sin le-wor pointer. Simple
o in  oes satisfy t is invariant, so no e tra coercions or

runtime type analysis are necessary.

T ere are cases w ere simple o in re uires more coer-
cions t an full o in . T ese situations are often less com-
mon, an w en t ey occur, t e coercions are always ept
at t e minimum. or e ample, w en applyin t e follow-
in  function , w ic as type s

s g ,tot esimply oe list in 1 ure 2 ,



t e only coercion necessary occurs w en applyin t e pro-
ection to a w ere eac list element a at oat vec-
tor is coerce into a stan ar o e recor of type

t rou a .

Simple o in also supports at lists as s own in 1 -
ure 2c an  at arrays easily ecause any simply o e o -
ect can e uncovere at t e top layer only an t en e

-e onto lists or put insi e arrays. f course, all poly-
morp ic list an array primitives will now ecome partially
epen ent on t e runtime types.

ne pro lem wit simple o in is t at t eir primitive co-
ercions, a an a , may also run into t e nasty
varar pro lem encountere in t e type-passin approac
ortunately, y usin t e partially o e representations
suc ast eonein 1 ure as t e canonical o e form,
we can completely avoi t is pro lem. artial o in ereis
similar to simple o in , e cept it also maintains t e invari-
ant t at

Un er partial o in , coercions on un nown function
types never epen on runtime types. or e ample, un-
er simple oin , a woul nee to uncover
an t is is not necessary un er partial o in  ecause y
invariant, an s oul alrea y ein t e partially o e

form.

T ee ect of usin partial o in ont erest of t eco e
is very minor. Data structures suc as a a s are
represente e actly same ast ose un er simple o in . lat
lists or at arrays canstill e wuilt t rou t esimple uncov-
erin . Il monomorp ic functions suc as a a

a can still use t e special callin conventions passin
ar uments in re isters, etc t ey will e partially o e
only if t ey are put insi e ata structures suc as lists an
arrays.

oooOaD0 00

1 ure Two ariants of artial o in

Simple o in an partial o in are not t e only possi le
o in sc emes. n fact, one of our main contri utions is to
ive t e precise con itions in Section a out w at in

of o in sc emes can serve as t e vali canonical o e

form. T ere is actually a continuum of possi ilities etween

full oin an no o in or e ample, 1 ure ives two
interestin variants of t e partial o in sc eme, eac wit
1 erent tra e-0 s on t e varar pro lem

n variant , instea of o in t e entire ar uments
or results into a sin le wor , we o eac in ivi ual
ar ument an return result only. T is means t at
multi-ar ument or multi-return-result functions can
pass eac ar ument or result in esi nate
T e varar pro lem is not com-
ecause coercin a o e value into
re uires e aminin t e run-

pletely eliminate
a function of type
time type of an

arlant  is same as variant e cept we let t e entire
return results e o e asint estan ar partial o -
in approac . Since most functions ave a sin le re-
turn result always truein C an assem ly t ismi t

e a oo compromise. fcourse, we coul limit t e
num er of ar uments also e. ., allow 5 o e ars
ma imum  oin so woul furt er simplify t e imple-
mentation of t e varar coercions.

T is in of e i ility is very useful w en we compile
lan ua es wit a ric er set of type constructors. ne can
ima ine to ave several 1 erent recor or function tycons
all woul wor in any conte ts, ut some perform etter on
t e monomorp ic co ean ot ers o etteront e polymor-
p icones. T e e i le framewor also ives us ner control
ont e oin e rees, ma in it easier to interoperate e -
ciently wit lower-level C an assem ly co e.

n t is section, we present a formal framewor to e plain
our e 1 le representation analysis tec ni ues. nstea of
performin t e analysis irectly on t e source lan ua e
S C, we use a pre icative variant of t e polymorp ic -
calculus 0, 28, as t e interme 1ate lan ua e
epresentation analysis is t en e presse as a type- irecte
pro ram transformation t at automatically inserts coercions
an translates pro rams into t e tar et implementation
calculus T T also nown as . T e ene t of
oin it t is wayis tos ow t at our analysis wor s not only
ont e -li e polymorp ism 8 wut on t e more eneral
i er-or er polymorp ism as well.
T e rest of t is section is or ani e as follows we rst
ive t e synta an semantics of t et reelan ua es S C,
,an T T wes ow owtoeme t eSS Clan ua e
into ,an t en presents t e -to-T T translation al o-
rit m t at oes t e representation analysis we prove t e
type correctness an t e semantic correctness of our trans-
lation, an t en ive a set of a ioms t at ¢ aracteri e t e
canonical o in sc emes nally, we formally e ne
simple o in an partial oin , an s ow w y t ey all
satisfy t ese a ioms.

as our source lan ua e
y t e followin rammar

e use a variant of  ini-
S C. tssynta is e ne

a
a



Here, monotypes are eit er type varia les , a,
inary pro uct types, arrow types, or a  types. oly-
types i.e., type sc emes are eit er monotypes or prene
uanti e types. Terms consist of i enti ers , inte-
er constants , oat constants , pairs, rst an secon
pro ections, a stractions, applications, let e pressions, an
pac in an unpac in e pressions. alues are a su set
of terms an inclu e i enti ers, constants, pair of values,
a stractions, an pac e values.
T e static an  ynamic semantics for S C are all stan-

ar an same as t ose for ini- see , ,2 .Te
type inference rule iven later as part of t e translation
from S C to in 1iure6 isint e form of

w ere 1s a set of free type varia les, an is a type envi-
ronment mappin 1 enti ers to polytypes. e also restrict
t elet- oun e pressions to values sot at type a strac-
tions can e ma e e plicit in t e translation. T e natural
call- y-value  ynamic semantics for S C can e e ne
as w ere 1s a close e pression an is a close
value.

Tos ow ow our tec ni ues apply to ar itrary recursive
or muta le types, we intro uce a special type constructor
name a inS C.T e typin rules an t e operational
semantics for pac in an unpac in are e ne as follows

a

e 1ivi e all type constructors into two cate ories
are t ose type constructors w ose values can

e rea ily coerce at runtime are t ose
w ose values cannot e coerce ecause eit er it is too e -
pensive or it violates t e semantics. or e ample, , a,

inary pro uct, an arrow tycons are usually coerci le ty-
cons all recursive an muta le tycons e. ., lists, arrays are
incoerci le tycons. To simplify t e presentation, we use a
to serve as a representative for incoerci le tycons owever,
all tec ni ues escri e ere easily carry to ot erincoerci le
tycons.

e use a pre icative variant 2, of t e polymorp ic -

calculus 0, 28 as our interme iate lan ua e. T e four
syntactic classes for , in s , constructors , types
,an terms  are e ne as follows

Here, in s classify constructors, an types classify terms.
Constructors of in name monotypes. T e monotypes
are enerate from varia les, , a trou t e con-
structors , ,an a ere, a is t e counterpart of
t e a tyconinS C.T eapplication an a straction con-
structors correspon to t e function in Types
in inclu e t e monotypes, an are close un er pro -
ucts, function spaces, an polymorp ic uanti cation. 1 e

Harper an orrisett , We use to enote t e type
correspon in tot e constructor . T e terms are ane plic-
itly type  -calculus wit e plicit constructor a straction
an application forms. T e values e ne ere are close
an use vy t e operational semantics to account for t e
pac e values, we use to enotet e result of applyin
term to value T is calculus is pre icative ecause
term e pressions can only e applie to constructors ut
not ar itrary polymorp ic types
T e static semantics of |, iven in 1 ure 5, consists
of a collection of rules for constructor formation, construc-
tor e uivalence, type formation, type e uivalence, an term
formation. T e term formation rules are in t e form of
w ere is a in environment mappin
type varia les to in s, an is t e type environment.
part from t e stan ar lan ua e constructs ,t epac -
in primitives ave t e followin types

a
a

T e natural call- y-value ynamic semantics for , also
iven in 1 ure 5,is e ne as a set of a ioms in t e form
of w ere is a close term an is a close value.
ecause is very muc li e Harper an itc ell s 2,
we can s ow in t e similar way t at type-c ec in for s
eci a le, an furt ermore, its typin rules are consistent
wit t e operation semantics.

n i ure 6, we ive a type- irecte em e in of S C into
. T 1is is very similar to t e translation from Core- to
, iven y Harper an itc ell 2. T e translation is
e ne as a relation t at carries t e
meanin t at is a eriva le typin in S C
an t at t e translation of t ¢ S C term etermine y
t at typin erivationist e term . Here, t e rule
turns t e S C implicit instantiation of type varia les into
t e e plicit type application t e rule s ows t e
pac unpac termsin S C areimplemente vy polymorp ic
primitives an in t e rule converts t e S C
e pressions into normal function applications t e
rest of t e rules are all strai t-forwar
T e translations from S C monotypes to construc-
tors written as an from S C polytypes into types

written as are e ne as follows
a a
a a
e write fort e in assi nment mappin tot e in
for eac ,an for t e type environment mappin
to for eac . T e followin stan ar

type preservation t eorem can e prove y structural in-

uctions on t e translation rules
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Type ormation an Type  uivalence

Term ormation

Natural Dynamic Semantics

iure 5 T e Static an Dynamic Semantics for




a
a
2
i ure 6 Translation from S C to
semantic correctness t eorem a out t is em e in can same as t ose in Harper an orrisett . T e operational
also estate an prove usin t estan ar lo ical-relations semantics for T' T, written as , is similar to t ose for
tec ni ue 2 , also. Harper an orrisett  ,2 aves ownt at type-
c ec in for is eci a le, an furt ermore, its typin

T e tar et lan ua e T T for our representation analysis

is very similar to Harper an orrisett s n fact,
ecause our is muc li e , T T is essentially t e
previously e ne plus Harper an orrisett s

forms . T e four syntactic classes for T T, in s ,
constructors , types , an terms , are e ne as
follows

Here, t e an forms are t e eys for

. T ey provi et e a ility to e-
ne new constructors an terms y structural in uction on
monotypes. Iso, is a new special primitive o in
constructor an are two new term-level o in
primitives wit t e followin types

ntuitively, enotes t e o e version of a iven
constructor monotype e intentionally treat t ese as
primitives ecause ow t ey are actually implemente  oes
not a ect t e correctness of our representation analysis.

sin , t e values e ne ere are close an use

in t e operational semantics we use to enote t e
o e value of applyin term to value . T e static

semantics for T T is almost i entical to t ose for in

iure 5 t e T version of t is paper 0 contains t e
etails t e a 1itional rules for an are

rules are consistent wit t e operation semantics. Similar
results ol for our tar et lan ua e T T.

Now t at we ave translate S C into an iven t e
synta an semantics of T T, representation analysis can
e e presse as a type- irecte transformation from  pro-
rams to T T pro rams. T is translation is e ne as a
relation t at carries t e meanin
t at is a eriva le typin in an t at
t e translation of t e  term etermine y t at typin
erivation is t e T" T term
e e in y intro ucin a special constructor a

an a pair of primitive operations

a a
a a

ntuitively, a enotes t e canonical o e form of a
iven constructor monotype a an a aree -
actly t ose primitive coercion operations mentione in Sec-
tion 2. e intentionally elay t eir e nitions in or er to
s ow t at t e representation analysis framewor escri e
ere oes not epen on any particular wrappin sc emes.
ot t e constructor an t e primitives will e e ne later
in Section .6, usin , ,an t e asic o in

primitives an .
T e translation from constructors to T T construc-
tors, written as ,is e ne as follows



1 ure Translation from

toT T

an

i ure 8 T e Coercion enerator

Notice t is translation is almost a trivial i entity mappin
e cept t at tycons suc as a are treate spe-
cially t e element type is translate into a wrappe
version of itself. ncoerci le ata structures in T T will
not ¢ an e its representations w en switc in  etween t e
monomorp ic an polymorp ic conte ts.

T e translation from types to T T types, written as

,is ust a simple e tension of

inally, to ma e t e presentation easier, we use to
enote a wrappe  version of t e a ove translation
or any constructor applies t ¢ a constructor

to t e result of
a if

if

Notice w en is a constructor wit 1 er-or er in s,

wrappin is performe recursively ont e o y of t e con-
structor.
iven a su stitution  mappin to constructors,
we write an as t e new su stitutions mappin to
an for eac e also write
fort e in assi nment mappin tot esame in for
eac ,an for t e type environment mappin
to for eac

e e ne a set of a loms t at ¢ aracteri e t e vali

canonical o In sc emes an  ive two propositions a out

t e type translation. ot propositions can e prove ¥y
in uctions on t e syntactic structures of t e  constructors
an types.

a

vali canonical o e form

a a a
a a a a
a a a a
0
a
a a a
a



T e term translation rules are ivenin 1 ure as a series

of inference rules t at parallel t e typin rules for . ost
of t ese rules are strai t-forwar . T e only interestin case
ist e rule t isis t e place w ere representation co-

ercions are inserte . Notice we always wrap t e ar ument
constructor efore oin t e type application t is re ects
t e invariant t at all T T values wit un nown type are
always wrappe . T e coercion term is enerate

y t e coercion enerators an e ne in
i ure 8. Here, is t e polymorp ic 1 entity func-
tion.  iven a pair of T T types an , t e result of

isaT T term t at coerces values of type  into
t ose of type  similarly, iven a pair of T T constructors
an returns a T T term t at coerces values
of type into t ose of type n essence, our co-
ercion enerator plays t e same role as eroy s an
transformations. T e followin proposition s ows t at
t e coercions enerate a ove reme y t e type mismatc es
cause y constructor wrappin urin type application

a

T e type preservation t eorem can e prove vy structural
in uctions on t e translation rules, usin  roposition

5. semantic correctness t eorem a out t e transla-
tion can also e state an prove usin t e same lo ical-
relations tec ni ue use in orrisett 2 an  eroy

0 in sc eme is if its un erlyin constructor a
is in t e vali canonical o e form. ntuitively, t e set
of a ioms in t e De nition .2 uarantees t at coercions

ase ont e a will commute wit t e type instantiation
relations.

T e o in sc emes escri e in Section 2, simple o -
in , partial o in , an full o in , can e formally mo -
elle y e nin t e constructor a an t e primitives

a an a ore sop isticate partial o in sc emes
suc ast ose escri e in Section 2. can e e ne int e
similar way.

irst, a commutes wit su stitutions ecause

a , an ot an com-
mute wit su stitutions is a primitive constructor,
an is a simple -form constructor w ic can
e s own to commute wit su stitutions usin structural
in uctions, followin from t e constructor e uivalence rules

on e ne in Harper an orrisett , 2
Secon , we prove a a a rom t e
e nition of , We  ave for any
t erefore
a a
a
To prove a a a a ,
we notice t at
a
ol s for any constructor ,t us
a a a
a a
a a
a
inally, a a a a
can e prove int e same way.
a
a

roposition . an . 2can e prove int e same way as
for roposition . 0. rom t e e nition of partial o in
an full o in , we can easily erive



T is means t at partial o in an full o in o not nee
to coerce ar uments or results of un nown function types,
so t ey completely avoi t e varar pro lem.

Ne t, we ive t e e nitions of t e coercion primitives

a an a for simple o in
a

2 a

5

6

8

0

Here, t e pattern-matc synta isrepresentin t et e term-
level form also, enotes function composition,

is t e polymorp ic i entity function, an pro uct
an function spaces are e ten e to functions in t e usual
way.

T e coercion primitives for partial o in an full o in
can e e ne int esame way. ore ample, t e e nition
for partial o in can e o taine y replacin rule 5 an

wit t e followin

5
Notice un er partial o in , t e an primitives
are e uivalent tot e function on constructors suc
as

n t is section, we present several e tensions an variations
of our e 1 le representation analysis al orit m.

T e al orit m an framewor in Section can ee ten e
to an let e entire S lan ua e 2 plust e
Tofte style i er-or er mo ules 2 n a companion pa-
per 2,wesowt at ot teS simple mo ules an
t e transparent 1 er-or er mo ules can all e translate
into our interme iate lan ua e e ne in Section .2 e -
ten e wit pro uct in s . T erefore, representation anal-
ysis on t e mo ule lan ua es is re uce to callin t e same
al orit m escri e in Section .5.

To an le mo ule-level type a stractions, we treat all
a stract tycons as incoerci le tycons, ust li e w at we 1
for lists an arrays. Coercions etween concrete an a -
stract types are inserte at t e places w ere a stractions
are intro uce or e ample, in t e followin co e

aC ueen-

T e parameter structure for functor  contains an a stract

type constructor of arity nsi et e o yoft efunctor,

value nee s to e coerce from a into a , ut

since is incoerci le, t e coercion is ust i entity functions.
en is applie tot e followin structure

ot an woul rst e wrappe into canonical o e
form later, after t e functor application is one, t e el
in t e result must e unwrappe ac toun o e form.

Consistent atatype representations across functor oun -
ary as lon een a tric y pro lem for compiler writ-
ers 2. le i le representation analysis o ers a nice solution.
Consi er t e followin structure eclaration

Here, is a recursive ut monomorp ic atatype ecause
it is monomorp ic, one woul mnot t in a out insertin co-
ercions w en applyin t e in ection function of constructor

to value . T is is, unfortunately, incorrect ecause
w en structure is passe to t e followin functor |t e
a ove concrete atatype can matc any similar a stract
atatype e nitions

Here, t ¢ o y of functor  will not now t e actual rep-
resentation of wuntil t e functor application time. T e so-
lution is to consistently apply a wrappin or unwrap-
pin operation w ile in ectin  or pro ectin t e value
into atatype . T is wrappin ensures t at all values car-
rie yt e atatype concrete or a stract will ave consis-
tent ata representations i.e., t ey are all in t e canonical
o e form .

T e tec ni ue escri e a ove can also e use to solve
t e classical list representation pro lem 2. T is pro lem
occurs w en we apply t e followin functor  to structure



ost e istin compilers represent t e cell as an un-
ta e recor wit no in irections. Here, owever, ecause
type is un nown, we cannot use t e unta e recor to
represent t e cons cell. T e solution is to intro uce a new
type- epen ent operator w ic ¢ ec s at runtime to see if
is in ee a recor type, if t at is t e case, no in irection is
inserte ot erwise, an e tra o in layerisa e .

ne interestin twist a out our sc eme is t at most of t e
runtime type-passin  an also coercions t at epen on
runtime types can e eliminate ase on a parametricity
property for polymorp ic functions. Consi er t e followin
e ample

Here function as type insi e ,t ear u-
ment s -e onto a list at one time an put insi e an ar-
ray at anot er time. unction  as type a

a . Durin t e function application e
ar ument normally s oul e coerce 'y a a ,

w ic  epen s on t e runtime type
n fact, neit er nor really nee s to now a out an
at runtime t ey woul notta et em ase tra parameters,
an values of type or can e treate as sin le-wor
lac o es asint e full- o in approac . T e coercion
a a  oes not nee to e amine an uncover as
well. T isisallri t ecause we can tell from t e types of
an w ic o not contain any list an array tycons t at
none of t e polymorp ic lists an arrays involvin or
will ever e e porte outsi e function or .
T is o servation can e ma e more precise as follows
iven a polymorp ic type ,only t ose st at
actually occurre insi e t e element type of t e array ty-
con or ot er incoerci le tycons woul e treate as e -
plicit runtime type parameters, all t e rest type varia les
can simply e consi ere ast esin le-wor lac o es.
T is optimi ation oes not a ect separate compilation
ecause all of t ese information can e solely e uce from
t e type itself. Since many polymorp ic functions o not in-
volve arrays, most runtime type manipulations can e elim-
inate .
inally, t e parametricity property iscusse ere may
not ol for compilers t at use ta -free ar a e collec-
tions . T e precise relations ip etween t e two is out
of t e scope of t e current paper.

e ave implemente t e e 1 le representation analysis
tec ni ue outline a ove in an e perimental version of t e
Stan ar of New ersey compiler v 0 .25m |, |
To simplify t e implementation, we avoi t e pro -
lem y usin partial o in as t e canonical o e form.

e use t e stan ar tec ni ue of minimal typin eriva-
tions , 6 to eliminate local an unnecessary polymor-
p isms. e 1 note ploit t e parametricity property is-
cusse in Section in t e current implementation.

total ¢ total ¢
0. 0.0 0. 0.00 .00
5.8 2. 6 .56 0.00 0.2
.2 0. .0 0.6 .05
5.20 0. .80 0.0 0.
0.6 0.00 0.6 0.00 .00
.8 0.00 5 0.00 0. 2
.8 0. 8 0.0 .0
. 8 0.00 2.0 0.00 0.66
0. 6 0.00 0. 6 0.00 .00
6 .5 0. 0.00 0.
.0 0.02 6.0 0. 2.00
8.8 0.06 .8  0.06

1 ure erformance easurements ecution Time

Il recursive an muta le tycons are treate as inco-
erci le tycons, ust i e a in S C. ists are represente
usin t e simply o e representations s ownin i ure 2 .
T e polymorp ic array tycon is implemente specially if
t e element type is real or int 2, t en we use t e at array,
ot erwise, we use t e simply o e array.

T e only operations t at re uire runtime type analysis
are t e coercion primitives i.e., a an a ,t earray
primitives, an several primitives use to etermine
representations for concrete atatypes, wit similar spirits
to ppel |, section

e compare t e new tec ni ue wit eroy s stan ar
coercion- ase approac . Here, is t e type- ase com-
piler escri e inS aoan  ppel 2 ist e new
compiler t at implements t e e i le representation analy-
sis escrl e in t 1s paper. n 1 ure , we ive t e mea-
surement results in secon s of runnin t e an
compilers on twelve enc mar s on a Sun Sparc20 sta-
tion wit 28 ytes memory. or eac  enc mar , we
measure t e total e ecution time inclu in C an also
t e time spent on ar a e collection.

ur measurements s ow t at several enc mar s involv-
in recursive an muta le types ets from 2
spee ups. or e ample, t e enc mar involves
lar e lists of type a a a s , ori inally it as
to efully o e , utwit ournewsc eme,t ey use more ef-

cient simply o e representations t e enc mar

an t e enc mar et spee up for t e similar reasons
y usin  at arrays . enc mar s involvin  eavy poly-
morp ic co e e. ., , , ,an  nut - en i
remain almost as e cient as efore. e notice

t at most uses of polymorp ic functions are to apply t em
irectly to monomorp ic ata structures or to polymorp ic
o ects. T e5 to 0 slow own on
an is mostly cause yt ee tra runtime type passin
inte compiler. T e enc mar illustrates a
worst-case scenerio on usin partially or simply o e rep-
resentations t is enc mar calls t e function e-
ne in Section 2.2 an upon a 0000-element list of
oat pairs e. ., in 1 ure ecause of t e e tra coer-
cions on eac element, t e compiler runs nearly twice
slower t an t e compiler. n t e future, we plan to use
more a ressive type speciali ations 5 an to e ploit t e
parametricity escri e in Section to to eliminate t ese

over ea s.



t is wort pointin out t at t e spee up we ot ereis
li ely similar tot ose foun int e pure-type-passin compil-
ers e. ., T . T estren t of our e i le framewor
lies, owever, on t e fact t at we can ac ieve t e spee up

wit out payin  eavy cost on t e polymorp ic co e. e
inten to o a etaile performance comparison etween
S N an T on eavily polymorp ic co e once t e

T compiler is ma e pu licly availa le.

T e main 1 ea of our e i le representation analysis tec -
ni ue is to e plore t e use of runtime type information to
support more e cient coercions an more powerful o in
SC emes. revious coercion- ase approac es , 26, 2
5 , 6 o not ta e a vanta e of runtime type infor-
mation, so t ey can only use full o in as its canonical
oe form. nt eot er an , previous type-passin ap-
proac es 25, , 2, o not o polymorp ic o ects,
so t ey re uire e tensive runtime type analysis an co e
manipulations.
ost previous wor ON COercion- ase approac es Con-
centrate on ow to use compile-time analysis to eliminate un-
necessary coercions. ot eyton ones 26 an  oulsen 2
e ten t e type system to ta monomorp ic types wit a
annotation, an t en statically etermine w en to use
o e representations. Hen lein an  or ensen 5 present
a term-rewritin met o t at translates a pro ram wit
many coercions into one t at contains a formally optimal
set of coercions. S ao an ppel e ten e eroy s
sc eme to t e entire S mo ule lan ua e an also use
6 to ecrease t e e ree of
polymorp ism t us eliminate coercions. 1t ese tec ni ues
still apply to our e i le approac es ecause t e top-level
an transformations in our sc eme are almost i enti-
cal to eroy s ori inal ones. at ¢ an e in our sc eme
is t e interpretation of t e primitive coercions a an
a
orrison, 25 escri e an implementation of
Napier t at passe types at runtime to etermine t e e-
avior of polymorp ic operations. T e type-passin ap-

proac was later formali e usin y Harper an or-
risett , ,2 te framewor
t ey propose is one of t e main inspirations for t e present
wor . ery recently, Tar iti an orrisett, , 2

ave implemente t e type-passin approac in t eir T
compiler. T eir preliminary measurements s owe t at us-
in un o e representations for recursive an muta le ata
structures can ramatically improves t e performance of
most of t eir monomorp ic  enc mar s. Unfortunately,
since t eir compiler speciali e all t e polymorp ic func-
tions in t eir enc mar s , it is still unclear ow t eir type-
passin approac woul perform on eavily polymorp ic an

eavily functori e co e.

e ave presente a new e 1 le representation analy-
sis tec ni ue for t e implementation of polymorp ism an
a stract ata types. Unli e any previous approac es, our

new sc eme supports un o e representations for recursive
an muta le types, yet it only re uires little runtime type
analysis. ursc emeisvery e i le ecause it allows a con-
tinuum of possi ilities etween t e coercion- ase an t e
type-passin approac es. y varyin t e amount of o in
an t e type information passe at runtime, a compiler can
freely e plore any point in t e continuum, ¢ oosin from a
wi e ran e of representation strate ies ase on practical
concerns e. ., to avol t e varar pro lem .

ewoul i etot an n rew ppel, Dave erry, ran lin
C en, Simon eyton ones,an t e C  pro ram commit-
tee for t eir comments an su estions on an early version
of t is paper.






