











®S



EF

uOp

EF



Er- =

F s
S
ST
s ST “ 8T S ”
B
s ST
F s ST
S
s ST F s EF+H = s
z ST s ST
s FF = s
,» H Q
J
K + =
FK FK =
K
K
F K
K + =



3 k «

kk

k+



1+

ru



4 FIM

By



By




4 Typg

a
I
/
o
S o Va
FT o
Va « «Q «a
v
Va «
a a
g o >
o S
— Va « - S S «a
G
- o>0 o >
-
YVaa a >
Va a « a >
Vaoa a > «a a
Va a « a » VYa a a
G

FT

o >



v Il'va:r Le> 7
on F've:r TypeOf c¢> 1
Y reY'nn—-m—-mn—-m—mn—mn
Tlza—7]re:m
I'vdee:mm — 1
Fvey:mm—m Tbey:m
pPp
IF'beleg:im
1 Fvey:m Cla— Closer;, [l pes:
e
I'let z be e; ines: 7
Closer,T=Va 1...a,.7 {a 1, ant = FTW\ FTW
S o) ( o) ( So) ( So)
S
6
-
6
6 6
6
6
" ”



z S

fw S

fw

/10



L 4.2R
D
D D
D D
C
Pf
J
L 4.3]
Pf
C )
)
C
C
o o
C Y

FT

\ FT

Ya



L 4.4 Va «Q
« a NFT
Pf
C >~
C >~
Va o >
Va « >
S o o
S S S
S N F£r )
C B
Va «
Va «
S o o a
«Q «Q FT
S Va «
S
FT S N « «Q
S S
S jsS~
S~ S S

Ya



Ya

YVa

YVa

Ya

Va

Ya

Ya

Ya

Vo

Va «

nFT

«

YVa

Fr

n Fr
NnFT

«

Ul

YVa

«

\ FT \ F'T Va
nFT

n Fr
NnFT

«

Va

«

FT VYa «

n FT

«

Ul

NFT VYa «a

«

n rr \ «

«

YVa



Q

4.5

4.6

y 4.7

4.8

Ex

-0



4.9 F y Ex x FML

z ) i
y.2 x.+1 ru + 1 ru
2
f
4.10U0 f E F ,
B
F F F F F F
Y
B
F
FE F F F
B
FE F
F F FE B
F F F F
Y
or or or
X
Y X
X X X X




Pf

4.11 F

412 y

B U E

4.13

4.14 al

<

y Ex

Ex

vy



R ML
E v
Fr
Y
6 ()
{ )| )
rf ! =
( ) )
= fu
r fu
vy +
U
(
5.1.1
6
rf
6( ) R
6( ) R =
merge 0 0
1ift R 6
5T ref! =
k
5 k



B

0

lift

J merge

C C
R
0
Xr
Xr
E

vr

R j
vr
C C C
R z
R R R
R
r f
R
lift
f x4+ 1x2 =x x4+ Ix3
f2 zx =x4
B
F FE F 0F
vr

0C

m

o(

erge

c)



let x be refA x.4+ x2 in:=x Ax.+ x3
let x beref 2in Azx =x4

x ref, puft, let
assign
assign, By

X Plift; Pmerge
By
deref
6

vr

5.1.2

pix, x4+ Ix 2= x Ax+ x3 p{ x,2). Azx =x4
P, x4+ X 3). x4+ x 3 p{ x,2). Azx =x4
p{x, x4+ Ix 3) Ax+ x 3 p( x,4).x
p{x, Ax4 Ix 3)(y, 4). Ax+ x3 y
p{x, Ax4+ Ix 3)(y, 4) .+ ly 3
p{x, x4+ Ix 3)(y,4).+ 43
p{x, Ax.+ Ix 3)(y, 4).7
lift  merge
R lift
a 0
vr
vr a a
a —_
rf
!
fr f yy

z. ! f ru =1 41



|2

X
f rf yy
z. ' f ru =1
f (x yy) x
z. ' f ru =1
(x yy)
z. ! x ru =X

(x 41 )!xru
x +1 )+4+1ru

S S
Vaoa a >
Vaoa a > «a
Vaoa a > «

o

Va «

41

41

+1

o e



Fevv:m Tz Closer ,Jpe:7 4

1
e I'pletzbevine: m
1 Feey:mn [l AppCloser, [ bes 1 e1 & Values
e, -
I'>let 2 be e; ines: 7
Closer,T=Vay...a« pn.7{a1,..., nt=FTW\ FTW
AppCloser,'=Ya 1...ap,.7 {aq, ..., an} FTV\ FTV'N App Type Var.
ef Loref:7— 7ref T
deef Lel:irref —r1
ign Fo:=:7 ref =17 —1
Clay — 7 ref].. . [xn — T ref]pe: T
L Clay — mref] .. [en—mref]lov:m . <i<n
o
o plzy,v1) ... (xn,vn)e:T
rf
| =
for
P 5.1 x FML ,

rf

5.1.3 y fR f



J R
R
R
5.2 R f ! vr
() ‘ f
f +
()
rf
f
) R 6 )R 6( YR
|
+ o( ) R
) R = o )R 7 ) R =
+ g )R
66 0 0
¢ i
( )| ) <i<
( ) (0 w) m  om  <j<m
g N 0
11 SII’S n



R

R

| F

IN



Fr

5.3

aWE

«
Va «
Va «

Va «
T
1 1
1 1
o
a;
7
7 Sz ;
Va «
7
i S
Va «



/
YVa
B e
Ya a
Vo
S «a a
a o,
FT FT «Q «Q
S Va
S YVa
S YVa
S
S
a a NFT S
C «a a N FT FT
a a NFT S
«a a NFI Va a
o a NFr S \ «
o o, F15 \ FT
S
S j S~
S~ S

YVa

S

S

Va

Ya

Va «

Ya



5.4F

55 U f

5.6F

y Ex

y Ex

vr

fR

y >

ML

vr



6
Xcp o 3 ha d
fi
3
ha d
[43 2
Fx XCp 0X
Y ras had ras ha d
D
Xcp o X X
z ras
ras
= ha d
5.2.1
Uras ras U
ras ha d
Xcp oY Xcp oY
X ras ha d Xras

ha d

ha d



rarsing
handling

XCp o
7
L merge Xcp
Tl

X

E

ML

U U U U
X X X X X ha d
U Uhad
oYX XCp O X XCp OoX X
X xecp o ¥ Xcp oY X X
XCp o
XCp 0
Xcp o
Xcp o X y z ras y had z X X
Xcp o X ras x ha d x
Xcp 0 X
XCp o
XCp o
X X E
E E E Xcp o X FE Fhad
VX
VX
a XCp O X XCp O X ras
merge  gati v STANDARD



E
VX
vx vx a a
1] o
8
o X XCp O X ras x
5.2.2 y
! z
z
ras T
3 3had
T
3
9
rh Xcp o x par ras x a. .a3 had x
sd rh d.fs rh ru v+ 1y
xcp o x 4+ 1 ru
X
rh ras x
«a « a. .a3 had «x Qs «a Qas Qas
!
X fs rh sd rh
T
8 ﬁ :
k

pai r fst snd ]



ie I'>raise : 7 exn — 71 — T

o dle I've:m
I'behandle:mpezn — 71 — ™ — 1
[lzy — 7 ezn]...[ap— T ean]re:T 7 <i<n
exn - -
I' > exception z1...2, ine: T
5.2.3 y f Ex
X E
L 5.8 R f  x ‘ VX
T

P
C Uras ras Uras

ras

ras

x

ras

ras
C Xcp o X Xcp o X Xcp o X X m erge
C X xecp o x Xcp 00X X Lift
C ha d ha d

ras ha d ras ha d



5.3.1

Xcp oY XCp 0X

X ras ha d Xras
ras ha d
ras ha d z
ras
XCp OX Xras
E
59 F y X x Fx
T
o fi
ras / ,
ha d /
XCp 0 X C ,
C C C C C
xcp o x C (Chad
E
5.10 y f Ex L ‘
VX x
a a
C ML
R
b
R R ha d

ML



ch (o] X R
Xcp o
T
6 xcp oy XCp 0 0
Xcp oy o(r ) O(r ) xep o x
R X
X . vrx vrx
E E E E E ha d 9L xp ox E
a Xcp o X ¢
xcp oy f ras
5.3.2 y
5.3.3 y te ’
511 F  y Ex ' N
x
§ fis
. /o s
= / ’ ha d / |
o e poeox
Xcp o X ¢l o( )Cras
C = ’ 9< >C ha d ’



vrx

Fr

o By

b 0 O

5.12 y

T

1 ML

F NE JESEY

Ca CC

F ca cc
FEa or

Ca cC

xcp o x C (Chad

f C L
ca cc
E v
F aor F
F F
F

or

T

Ca CC



let product be Ax. callcc
Ak. letrec p be Az. if nil? z then 1
else if =0 carzthe nk 0
else * carz p cdrz
in px
in product cons 2 cons 3 cons 0 cons 5 nil

ca cc
ca cc
cos ? car cdr
f h s r c
J
produc
6 Typg
ca cc
1 - ca cc
ca cc
ca cc
ca cc
k
x cacc kopar xx f.k parf d5
z.sdx x4+ x1 fs x ru
ca cc «a a X «a
o
X Va a a X « «Q
fs x
ru
0 k sml
J h 1 call  cc STANDARD ML ofF NEw

JERSEY k



x.+x1

d.5
a or
8 W kTyp
B a or
L 6.1
CFE a or
CFE ca cc
F
F
CFE
CFE F

X
fs xru
ca cc
a or
u
f h 1 s aor ru
J
y yP
J
B FEa or
FE aor F F ca cc
F
F ca cc
F ca cc 3
3
3 E 3
3 + /| F E

x.+x1

ru

Ca ccC



Pf

CFE
CFE

6.2F

6.3
B U

y Ex

F ca cc
€
F ca cc 3
3
E 3
3
3
)
3 3
3
F
aor F
aor F
aor F
aor F
z
6

Ca CC



Ca CC
Ca CC a or
Ca CC
J
a or
J
a or
L 6.4 C
¢ T
Pf
J

Ca ccC

ca cc
X. a or x
h al
aru
a or
z
a or

or



v F;:L‘ZT,T Le> 1
on FgCST,T TypeOf ¢ > 1
Y F;YZT1—>T2—>T1—>T2—>T1—>T2, T

Iz—n]be:n,T

a
Lo dze:m — 1, T

a a
I'vey:m —m,T T'bey:m,T

pp a
I'>eyes:m,T
1 ng:ﬁ,T [z — Closer 1,[',7 ge:TQ,T
ey —
Ibletzbevine:m,T
1 Toe:m, T Tz — AppCloser;, T, T bey:mo, T e ¢ Values
e ~
Ilet xbeeyiney :m, T
11 T b callec : 7 1— T —1n —71,T I
Fge:ﬁ,T neT
o a
I'>aborte:m, T
Closer,T',T = Vai...a,.T
{ay,...,an} = FTVW\FTWUFTV
AppCloser,I', T = Vop...ap.7
{ay,...,an} = FTV\FTWUFTVI N AppType Var
L 6.5 j R ¢ T T
‘ T T
Pf
U E
a or
6.6 y a or
fr
Pf B U E fr
a or ¢
a a



erge

lift



kwlm



X : C f STANDARD ML

Syntax
e:=uv]ey ey |let z be ey iney| pb.e| exception x in e
vu=c|a|Y|Az.e|ref|!]|:=|raise | e handle|:= v | raise v | e handle v
6 = {(z,v)}"
Y = at
a ::= {exception x in}{pf.} v | {exception xz in} {pf.} raise z v
Semantics

eval(e) = a iff e—a
Ele] — E[e'] iff e — €’
E:=][]|Fe|v E]|letazbeEine|F handle vy vy | pf.E | exception y in E

Functional ML

(6) cv — 0(c,v) if 8(e¢,v)is defined
(5v) (Az.e) v — e[z +— 1]
(let) let 2 be v ine — e[z — 0]
(Y) Yo — v (Ax.(Yv)a)
References
(ref) ref v — p(z,v).x
(deref) pd{z,v).R[! ] — pb(z,v).R[v]
(assign) pO{x,v1).R[:= & vy] — pb{x,vy). R[v]
(Pmerge) pO1.p0z.€ — pb16;.€
(piigt) R[pb.e] — pb.R[e] if R # []

R:=][]|Re|v R|let z be Rine| R handle vy v,

Fzceptions

(raise) Ulraise z v] — raise z v if U # []
(handle) (raise z v1) handle z v — vy vy

. exception xz1xo In ___exception xx173 in
(reraise) X[(raise z1 v1) handle z3 vy] — Xraise z1 vy] T #
(unhandle) v1 handle z v, — v
(€xnpery:) exception i in exception y; in e — exception x1X2 in e
(exnyf) X [exception x in e] — exception x in X[e] if X # ]

U ::
X =

J|Ue|lvU|letazbelUine
[[| X e|v X |let 2 be X ine|X handle v; vy | p8.X
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Typing
Functional ML

(var) Fea:7 if T'(z)>71
(const) Ieoc:r if TypeOf(c) >
(Y) I'eY:((mn—mn)—=n—"n)—="7—"n

[z~ mn]ve:n

(abs)
T'vAlee:m — 7
I'vep:mp—m I'bey:m
(app) T
(let,) I'vv:m Iz — Close(r,I')]>e:m
I'pletzbevine:n
(let.) I'bey:m Iz — AppClose(r1,I)]|>ex: 170 €1 ¢ Values

I'vlet z beejineg:m

Close(t,1') =Vaoq ...a,.7 where {ay,...,a,} = FTV(r)\ FTV(I')
AppClose(t,I') = Vay ...a,.7 where {ay,...,a,} = (FTV(r)\ FTV(I'))N AppType Var

References
(ref) I'cref: 7 — 7ref if 7isimperative
(deref) I'el:rTref =7
(assign) I's:=:(rref =7 —71)

Ulzy — 71y ref].. ey — mhref]pe: T
Tlzy — 1y ref] ... [an — Tyref] > v; i1y 7 is imperative 1 <i<mn

(rho)

I'splzy,v1) .. (zp,vn).€:T

Fzceptions
(raise) T'vraise: 7 ezn — 1 — T
I :
(handle) AR
I'>ehandle: 7 ezn — (11 — 72) — T2

( ) I[zy — 71 exn]...[x, — T exn]>e: T 7;is imperative 1<i<n
exn

I' > exception z1 ...z, In€e: T



Syntactic Type Soundness 47

References

[1]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

ABADI, M., CarDELLI, L., PIERCE, B., AND PLOTKIN, G. Dynamic typing in a
statically-typed language. ACM Transactions on Programming Languages and Systems
13, 2 (April 1991), 237-268. Previously appeared in: Proceedings of the 16th Annual
Symposium on Principles of Programming Languages (January 1989), 213-227.

BarenDrREGT, H. P. The Lambda Calculus: Its Syntax and Semantics, revised ed.,
vol. 103 of Studies in Logic and the Foundations of Mathematics. North-Holland,
Amsterdam, 1984.

CRrANK, E.; AND FELLEISEN, M. Parameter-passing and the lambda calculus. Proceed-

ings of the 18th Annual Symposium on Principles of Programming Languages (January
1991), 233-244.

Curry, H. B., aND FEvs, R. Combinatory Logic, Volume I. North-Holland, Ams-
terdam, 1958.

Dawmas, L., AND MILNER, R. Principal type schemes for functional programs. Proceed-
ings of the 9th Annual Symposium on Principles of Programming Languages (January
1982), 207-212.

Damas, L. M. M. Type Assignment in Programming Languages. PhD thesis, Univer-
sity of Edinburgh, 1985.

DoNAHUE, J., AND DEMERS, A. Data types are values. ACM Transactions on Pro-
gramming Languages and Systems 7, 3 (July 1985), 426-445.

DuBa, B. F., HArPER, R., AND MACQUEEN, D. Typing first-class continuations
in ML. Proceedings of the 18th Annual Symposium on Principles of Programming
Languages (January 1991), 163-173.

FeLLEISEN, M. The theory and practice of first-class prompts. Proceedings of the 15th
Annual Symposium on Principles of Programming Languages (1988), 180-190.

FeLLEISEN, M. On the expressive power of programming languages. Science of Com-
puter Programming 17 (1991), 35-75. Preliminary version in: Proceedings of the Fu-
ropean Symposium on Programming, LNCS 432 (1990), 134-151.

FeLLEISEN, M., AND FRIEDMAN, D. P. Control operators, the SECD-machine, and
the A-calculus. In Formal Description of Programming Concepts III, M. Wirsing, Ed.
Elsevier Science Publishers B.V. (North-Holland), Amsterdam, 1986, pp. 193-217.

FELLEISEN, M., AND FRIEDMAN, D. P. A syntactic theory of sequential state. Theo-
retical Computer Science 69, 3 (1989), 243-287. Preliminary version in: Proceedings of
the 14th Annual Symposium on Principles of Programming Languages, 1987, 314-325.

FELLEISEN, M., FRIEDMAN, D. P., KOHLBECKER, E. E., AND DUuBA, B. A syntactic
theory of sequential control. Theoretical Computer Science 52, 3 (1987), 205-237.
Preliminary version in: Proceedings of the Symposium on Logic in Computer Science,
1986, 131-141.



Syntactic Type Soundness 48

[14] FELLEISEN, M., AND HIEB, R. The revised report on the syntactic theories of sequen-
tial control and state. Tech. Rep. TR-100, Rice University, June 1989. To appear in:
Theoretical Compuler Science, 1992.

[15] HinDLEY, R. The principal type-scheme of an object in combinatory logic. Transac-
tions of the American Mathematical Society 146 (December 1969), 29-60.

[16] HinDLEY, R. J., AND SELDIN, J. P. Introduction to Combinators and \-Calculus.
Cambridge University Press, 1986.

[17] LErOY, X., AND WEIs, P. Polymorphic type inference and assignment. Proceedings of

the 18th Annual Symposium on Principles of Programming Languages (January 1991),
291-302.

[18] MacQuEeeN, D. B., ProTkiN, G., AND SETHI, R. An ideal model for recursive
polymorphic types. Proceedings of the 11th Annual Symposium on Principles of Pro-
gramming Languages (January 1984), 165-174.

[19] Mason, 1., aND TarLcorT, C. Programming, transforming, and proving with func-
tion abstractions and memories. In Proceedings of the International Conference on
Automata, Languages, and Programming, LNCS 372 (1989), Springer-Verlag, pp. 574
588.

[20] MILNER, R. A theory of type polymorphism in programming. Journal of Computer
and System Sciences 17 (1978), 348-375.

[21] MILNER, R., AND ToFTE, M. Co-induction in relational semantics. Theoretical Com-
puter Science 87 (1991), 209-220.

[22] MILNER, R., AND To¥rTE, M. Commentary on Standard ML. MIT Press, Cambridge,
Massachusetts, 1991.

[23] MILNER, R., TorTE, M., AND HARPER, R. The Definition of Standard ML. MIT
Press, Cambridge, Massachusetts, 1990.

[24] MiTcHELL, J. C., AND HarRPER, R. The essence of ML. Proceedings of the 15th
Annual Symposium on Principles of Programming Languages (January 1988), 28-46.

[25] MiTcHELL, J. C., AND PLOTKIN, G. D. Abstract types have existential type. ACM
Transactions on Programming Languages and Systems 10, 3 (July 1988), 470-502. Also
appeared in: Proceedings of the 11th Annual Symposium on Principles of Programming
Languages, 1984, 37-51.

[26] ProTKIN, G. D. Call-by-name, call-by-value and the lambda-calculus. Theoretical
Computer Science 1 (1975), 125-159.

[27] ProTKIN, G. D. A structural approach to operational semantics. Tech. Rep. DAIMI
FN-19, Arhus University, September 1981.

[28] REEs, J., AND CLINGER, W. Revised® report on the algorithmic language Scheme.
SIGPLAN Notices 21, 12 (December 1986), 37-79.



Syntactic Type Soundness 49

[29] REppPY, J. H. Higher-order Concurrency. PhD thesis, Cornell University, 1991.

[30] REYNOLDS, J. Definitional interpreters for higher order programming languages. ACM
Conference Proceedings (1972), 717-740.

[31] REYNOLDs, J. C. On the relation between direct and continuation semantics. Pro-

ceedings of the International Conference on Automata, Languages, and Programming
(1974), 141-156.

[32] ScoTT, D. Data types as lattices. SIAM Journal of Computing 3, 5 (1976), 522-586.

[33] SELDIN, J. P. A sequent calculus for type assignment. Journal of Symbolic Logic 42
(1977), 11-28.

[34] STANDARD ML oF NEW JERSEY release notes (version 0.75). AT&T Bell Laboratories,
November 1991.

[35] TaLpIN, J.-P., aAND JouvELOT, P. The type and effect discipline. Tech. Rep. EMP-
CRI A/206, Ecole des Mines de Paris, July 1991.

[36] TorTE, M. Operational Semantics and Polymorphic Type Inference. PhD thesis,
University of Edinburgh, 1987.

[37] TorTE, M. Type inference for polymorphic references. Information and Computation
89, 1 (November 1990), 1-34.

[38] WRIGHT, A. K. Typing references by effect inference. In Proceedings of the European
Symposium on Programming, LNCS 582 (1992), Springer-Verlag, pp. 473-491.



