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235}/ O L4 /0 el
AREt/d o|0P7H'E/2|0ls 2t
(CPO/AH&T4 vs Y'Y/ Rt T2810])

> §|_|'7(_)‘environment

Env = Var — Thing
Thing = Value, Thing = Loc
> |:l'”EElmemory
Memory = Loc — Value
> ZArvaIue
V = N+ (V=V), V = N+ (Ezp x Enw)
> Dl'Z-I%E}?EIcontinuation
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7I-primitives- Izlhv é|'7-|;}\|' _E_Rl'oE:'y e

HA
F . SkA
ZAcompounds- (I):II-TI 7&!" e

o
Otct, 2t57] = ARESH| S Al

> St fna FE=FEF
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letz FE | it FEFE

DT20MA F — n |z | fnxE | recfaE | EE
|
| (E,E) | E1| Ex | E+E | -E

AMai2o K — [] | KE | vK
2 v - n| fnzE | recfz E
E—=E
K[E] — K[F']

(fnz E)v — {v/z}E
(recfz E)v — {(rec fz E)/f,v/x}E
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2 —_—
_ﬂgg O|_-IO-|appIicative language %!-%DI-

D“EE'| E‘l'—?—7|/D“EE‘|$—/‘\—|ocation% a/tgi

D20MAM F — n | x| fnzF | recfzE | EE
| refE | E:=E | 'E

AR K — []| KE | vK |-
2 v - n| fnxE | recfz E
| 1
22 M € Loc™ Value

M,E — M',E'
M, K[E] — M, K[E]

M,(fnz E)v — M, {v/z}E
M,(rec fx E)v — M,{(rec fz E)/f,v/z}E
Ml:=v — M{l—v}v
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S < N
1

1

(fnz E)v
(rec fz E)v
vhandle L F

raise L
Lhandle L E

n|a | fneE | recfeE | EFE
raise L | Fhandle L E

NI KE oK |-
n | fnzE | recfaE
L

E— FE
K[E] = K[F']

{v/z}FE
{(rec fz E)/f,v/z}E

L4l
oS
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DR EY

> B+ E; M B, AlAS UL OFA & 27

continuation O:”

> Ei+E, O|M B, A4S L OFA & &7
> B, By By HAMS BUYD Oy & 227
» (goto L) + F Of|A| gotoE DL} O & 227

> (raise L) + F Of|A] raiseE Tt OtA o LE27
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Op2{ kel

= 2= continuation O:”

> B+ E; M B, AlAS UL OFA & 27
Ar.x + Ey

> By + B, OlM B, A4S EU10 OtA & L7

> F, Fy: By AARS 2L 014 & 227

» (goto L) + F Of|A| gotoE DL} O & 227

> (raise L) + F Of|A] raiseE Tt OtA o LE27
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DA
> B+ B, M By AL ELHLD O & L27
Ar.x + Ey
> B+ By, O™ B, AdtE WL Op4 & Y27
AL+ X
> F, By By AAS EU 10 OFA & 427

continuation O:”

» (goto L) + F Of|A| gotoE DL} O & 227

» (raise L) + F Of|A] raiseE Tt OtA o LE27
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O |'Z-| 6EH)El continuation O:”

>

B, + E, O|M B, AAFS ZUD Ot & 222
Ax.x+ Ey

Ey + E, O|M Ey, HAMS 22 Opx & U7
Ax.V] + X

E\ Ey: By AlttE EU1 OFA]
Ar.x Fy

(goto L) + E O|A gotoS BtL}LD OtA & 27

g
no
rlo

~J

(raise L) + E O|M raiseE QtLEL OpR] & Y27
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O |'Z-| 6EH)El continuation O:”

>

>

>

Ey + E, O|A E; HAFS 21 013 & U7

Ar.x + By
Ey + E, O|M E, A4S EUW0 OpY o 427
AL+ X

E, Ey: By HALS 22U Ofx & 2422?
Ax.x Fy

(goto L) + E 0| M gotoE BtLtL OFAY & U27
LO|S0| 22 D= AHE T

(raise L) + £ 0| M raiseS DtL}D Of2] o 227
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O} 2{ 5t

= 2= continuation O:”

>

>

>

B+ E, O|M E; AAtS BUD OpY & Y27

Ar.x + Ey

Ei+ E, O|M E, AAtS BUD 01 & o7
Ax.V] + X

Ey Ey: By A4S €W O0pY o 27

Ax.x Fy

(goto L) + E O™ gotoE DHLEL ORA & L7
LO|E0| E2 DAY= US|

(raise L) + E O|A raiseS QLI Op & U227
L Ofle| &2 ot7| 2ot Ot e E AL

10/33



> éy ‘CI?’|9'| I:JI-Z-I%El-oEIcontinuation% i%él‘7|
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°

E — 1| E+E
[E] ¢ (N—=N)—N
1k = k()
[E1+ Es] k= [Ei] (AMny.[Es] (Ang.k(ny + ng)))

> VE, k.k(val(E)) = [E] k
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ol0|=: ¢S ¢o

o

O |'Z-| 6EH)E continuation A f%

E — n |z | fneckE | recfaE | EE

[E] € Env—-K-—>V

S48 ocecbnw = Var, =V
Op4eY keK = V=V
o veV = N +(VoK—V)
[n]Jok = k(n)
[lok = ko)
[fnz E]ok = k(MM [E]o{z— v} k)
[rec fa E]ok = k(lifp(Ae N K .[E] o{x— v}{f— e} k')
[EvEs] ok = [Ex]o (Mf.[E2] o (Av.fok))
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OFA e

= continuation

[goto L] o k

AtEot o|0| L2 goto-&

— n | x| fnzE | recfzEF | EE

L:FE L:E | gotolL

€ EBw—-K-—=V
= (Var + Label), =V
= V=V

N+ V=2K->V)+K

— [Bldk 01

o = U{Ll — kl}{LQ — ]ﬂz}
kl = A’UIIEJI o’ ]’CQ
k'g = A/UIIEZH O'/ k

= o(L)(0)
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O st Eg{Ll7| Hat S =YN

= cps transformation: HA S O
A0
DI-X-I QC)E EE-_i |_H 7 |cont|nuat|on passmg style cps
E — n| a2 | fnaxFE | recfaE | EE
B3t . € VEp— (K—=V)Ep

O{gY K = VoV
n = fonk(kn)
z = fnk (k)

fnz E = fonk(k(fnz E))
recfaxE = fnk(k(recfzE))
E\Ey = fnk(Ei (fn f (E; (fov (fok))))
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CPS t3to| 242

=
a O = 3 L.
> _I_C/)\-I ——l Dl:FL—'—denotatlonal semantics-

[

[E] = [£] wd

3 o]
o

ESov iff EidS o

n_

z_

(fnz E')_
(rec fz E')_

> Call-by-name, call-by-value, and \-calculus, Gordon Plotkin, Theoretical

Computer Science 1, pp.125-159

Dl:FL—'—operatlonal semantics-

n

x

fnx B’
rec fz E'
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CPSH=|2|-O| QHPE- 7_IE7| o Oextent|onal proof

» CPSE2} cpsExp:
cpsExp: AExp — ((A— A) — A) Exp

> CHSSh= 2BIMAL| &< cps:

ps: (A=A =5 (A= A) = A) = (A= A) — A

a
|
0x
X
njo
o
I
ofi
o
N
g§

VI Sk (eps [) [Tk = f (f' k)

> C}

gjo

EE2ES SYOAL (@nimrpix crseatel guig)

VE. ifpF = (lfp(cps F)) id
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P(f,9) = (f =g id)

(feAd ge(A—=A) = A
> J_A:L(A%A)_}A(Z'd)? .
> P(f,g) O P(F f,(cps I) g)7 S
f=gid O|H F f=(cps F) gid? Y|, QLFH

(eps F)gid = F(gid) (cps d&)

18/33



OpA &

= continuation

[£]
o € Env
DIHEY keK
O™ heH

U vev

8

[raise L] o k h

[Ey handle L Esx] o k h
[nlokh
[[a:]]okh
I

Aot 9|0] 2 Of|2| &

n|az|fnzE | recfzE | EE
raise L | Fhandle L F

Env—->K—->H->V

Var, -V

V-V

Exn, -V O|2| L € Ezn
N, +(Vo>K—-H-YV)

h(L)
ok (WL — [Es] o kh})
k(n)

(o(x))
[Eilo (Mf[E:] o

x>

(M.fukh)h)h
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o2l =0|7]: OtA e 0|&

Het -
OPMEY keK =
ol™2| heH =

raise =
Fyhandle L Ey, =

= = continuation o

n| x| fnxE | recfzE | EE | ETE:E
raise L | Fhandle L E

€ VEp—>K-H—-YV)Emp

V-V
Exn —V 02| L € Ezn

tn (k,h) (b L)

fn (k,h) By (k,fnx (x = L7 (Ey (k, h)) : h(z)))
fn (k, ) (kn)

tn (k,h) (kx)

fn (k,h) (k (fnz E))

fn (k,h) (k (rec f x E))

0 (k, ) (By (80 f (B (£ 0 (f v (5, 1), 1), 1)
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SEO . . 9 Jo
D|'Z-| OEF = continuation 2 ZA—Econtrol as value

E —- n|z| fnaE | recfaFE | EE
| catchz F | throwz E

[E] € Env—-K-—>V
S8 ocebBw = Var, —»V
OAHEY keK = V=V
@ veV = N+ V-aK-V)+K

[catchz E
[throw z E

ok = [Elo{z—k}k

ok = [E]o(A.o(z)(v))
kv K [E] of{x — v} k)
ok = [Ei]o (\f[E]o (M.fok))

]
h
=]
8
&
AN R
. Q
=
I
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[catchz E] o k
[throw z E
[fnz E

[E) Es

ok
ok

[ Rl Pl g |
: Q
BN

— n |z | fnzE | recfzE | EE

SEO . . 9 Jo
D|'Z-| OEF = continuation 2 aA—Econtrol as value

catchx E | throwz £

Env -K—=>V

Var, —V

V-V

N+ (V>K->V)+K

[E] o{z— k} k

[E] o (. (2)(v))
kv K [E] of{x — v} k)
[[El]] g ()\fﬂEQﬂ g (/\’Uf v k‘))

(C/C++)0f|M: ~ setjmpz £ | longjmpx E
Scheme(Haskell/Scalag)0|A: ~ callcc (fnz E)
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D212 Y A0} ASote el SF

EEEHD-ljl' I:]H':HE E‘I’EEas first-class object
> XAt ZW ZAE
N e

=y A
IooH_I'__A-IcontroIv EE%A—L e

&t fnaz B | recfzE = FEF
B (E,E) = E.1| FE.r
o 22|54 ref F = FE:=F |
AlSHZ A catchz £ = throwz E

ODZgHAL box F = unboxFE | runFE
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c=E 7oz .
— & HA—-T—expression as value

RCE Ahkste T2
o
> I:|'||Ermeta —E:}-EH E’f%ﬁlmulti—staged EE:’-EH%I

> I]HB-imacro, —I—"‘D|E-|7:I| L partial evaluation:
Muzacers
> 2|_|§_|.JI§:]_EHEII
> FdS=7tse AFYAL ot HSItsE
D272 Y AL MAOA

Pl
> OflEf/CIEAIE o 1020l A

7|run—time code generation



L_‘|'E'|_I-7:” multi-staged EE:)-EH I?:)'

> H 40| 02 THA|Z LHE A
> OCHH RE. HEO IC
> n+ 1EH ZE: nEAOM SFS0{R]= 2

CHAl | AlLE o
0| EEAL + ACUETAY | &
>0 | 2EMO1ET) El
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CretA| =22 off (1/3)

e e ...
| boxe IE OH=7|
|  unboxe IE 7[0{E7|
| rune IE A5

25/33



CretA| =22 off (1/3)

|  Dboxe IE O=7|
|  unboxe IE 7[0{E7|
| rune IE A5
Che= 2E W57
let NULL = box O
let body = box (if e = unbox(NULL) then abort()

in run body
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CretA| =22 off (2/3)

I otes

rr
ool

E

i

= Q2t= FOtM AE 27
let repeatUntil(s,c) =

box(unbox(s); while unbox(c) do unbox(s))

let xloop = repeatUntil(box(x = x+1), box(x<10))
let x = 0 in run xloop
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CICHA =224y of| (3/3)
“}_Ii}Ei:LEH E<]D|” /%irspecialization/‘?‘%l__ml El AeléoHpartial evaluation
power(x,n) = if n=0 then 1 else x * power(x,n-1)

V.S. power (x,3) = x*x*X

let power’(n) =
if n=0 then box(1)
else box(x * unbox(power’ (n-1)))

in run box(fn x (unbox(power’ 3)))
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—

CHE A 222 A

> ApEHSTE s, BB 2E

box (x+1)

rr
Y
mjo

> BE7|0Q7|T) AHREILT} 20| olzsi|E
box(fn x (unbox(spower 10)))
> FE7101g7|H A2t FOlE AE TSk |=
box(fn! x (unbox(spower 10) + x))

> 0220 AR E&=ls 8 2=

cell := box(x+1l); --- cell := box(y 1);
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Ael 8oH HEFZH# 9—' O | —_I'L—%transitional semantics

Ezp e — n | x| fnze | recfze | ee

| boxe | unboxe | rune
Value® 1° — n | fnz E | rec f2 E | boxv'

(n>0) Value" v" — n | o | fnzo™ | v" 0" | rec fx o™

| boxv"™ | unboxv™ ! | runov”
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(APP) e1 — € e —¢ wve Value"
e1 ey —= € ey ve —sve
(fnze)v N {x&v}e
(recfxe)vL){xrgv,f»grecfxe}e
(BOX) e ™ ¢
box e — box ¢’
(RUN) e "¢ v € Value! FVy(v) =@

n / 0
rune — rune run (boxv) — v

30/33



e ¢ v € Value'
(UNB) o / -
unbox ¢ — unbox e’  unbox (box v) — v

Pas G

(ABS)
fnze S fnae

e M ¢

(FIX)
rec fre S rec fae
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CHEA 22 0efYA0 S+

g

CHEEA|. THOFSH CHEA| Z2 24U S 2I5H0]:

rr
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static type system-

Calcagno]

Comparison

(1) closed code and eval  (2) open code
(3) imperative operations  (4) type inference

(5) var-capturing subst. (6) capture-avoiding subst.
(7) polymorphism

Our system +1+2 43 +4 +5 +6 +7
[Rhiger 2005] +1+243 ~4+5 -6 -7
[Calcagno et al. 2004] 41 2-3+4-546+7
[Ancona & Moggi 2004] 14243 —4 5 +6 -7
[Taha & Nielson 2003] +1 2-3-4-5+46+T7
[Chen & Xi 2003] 1 243 445 647

[Nanevsky & Pfenning 2002] ~ +1+2 3 4 546 7
MetaML/Ocami[2000,2001] ~ +1 +2 ~3 +4 5 +6 +7
[Davies 1996] 1 2-3-4-546-7
[Davies & Pfenning 1996,2001] +1 -2 3 4 —5+6 -7

“Z AR} [POPL'06 Kim, Yi,
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CHEA 22 0efYA0 S+
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Of A+

5.

Cheb| 2 2hoy

> CHEH| 017] + HAEN + 2NZT HPA porun

Choi, Aktemur, Yi, Tatsuda]
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Of A+

5.

Cheb| 2 2hoy

> CHEH| 017] + HAEN + 2NZT HPA porun

Choi, Aktemur, Yi, Tatsuda]

?

[
E’l program logictT—

cHi=
(==

T=7

t

<]
—

o
T

oju

H=
oo

>
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24 L 2HED YT porrn

Choi, Aktemur, Yi, Tatsuda]

CI2 WAlE Jhs?

= et T2 =2 hrogram logic ="

D229l & 7|52 Aofof| 71

> “system I” MEAL/I|AHStS J|E: ARl=2E
AHHZots EAS0| 2ot E2024Y

> ‘“system II" CIEHA T2 2 7|5 AQ=2|2
HH st 2A1E0] 2etZ204Y

> 0f|) (specialize power x) o (learn dnn x)
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