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type t = (* term *)
| Var of string | Abs of string * t | App of t * t
| Exn | Try of t * t | Sft of string * t | Rst of t

type v = VFun of (v -> ¢ -> er) | VCnt of ¢ (* value *)
and c = er -> er (¥ continuation *)
and er = S of v | E (* monadic wvalue *) and e = v list (* environment *)

c (S v) (* monadic operators *)
match a with S v -> f v ¢ | E -> ¢ E
(¥ tnitial cont *)

let return v c
let bind a c £
let id a = a

let rec f1 t xs e ¢ = match t with
| Var x -> return (List.nth e (offset x xs)) c
| Abs (x, t) -> return (VFun (fun v -> gl t (x :: xs) (v :: e))) c
| App (tO0, t1) ->
f1 t1 xs e (fun al -> bind al ¢ (fun vl c ->
hi tO0 xs e (fun a0 -> bind a0 c¢ (fun vO c¢ -> match vO with
| VFun £ -> f v1 ¢ | VCnt k -> ¢ (return vl k)))))
Exn -> c E
Try (t0, t1) -> f1 t0 xs e (function S v -> return v ¢ | E -> f1 t1 xs e c)

Sft (x, t) -> f1 t (x :: xs) (VCnt c :: e) id (* pack c as a value *)

Rst t -> ¢ (f1 t xs e id) (¥ evaluate t under initial cont, thenm apply c *)
and gl t xs e ¢ = f1 t xs e c (* execute exzpressions under VFun *)
and hl t xs e ¢ = match t with (*¥ erecute nested applications *)

| App (tO0, t1) ->
f1 t1 xs e (fun al -> bind al ¢ (fun vl c ->
hi tO0 xs e (fun a0 -> bind a0 c¢ (fun v0O c¢ -> match vO with
| VFun f -> £ vl ¢ | VCnt k -> ¢ (return vl k)))))
| _ -> f1 t xs e ¢

let evall t = f1 t []1 [] id

Code 1. evall: E#F# &t 7% 5 CPSEF T4 A9 TV %

return & bind IZE€F T Ay 7 ARL =% TH), T TRHENZIS 7-OITHCTWS, 5
fii v 13 return 2/ LT er MM S v & L CHkbEICHES NS, BINZ2HELESIE S EE (Exn D
r—2A, 20 fTH) &, =7 —fi E 2%kFEICIE S5, bind (ZEE—FIHDIERE s v DA, 515
DEABLE 1T v (& ) ZEL CGitHEZED 2, —77, B38BT 77—l E OE&1E £ 2 TTHE
B clCEZELTLE), ZODHFINBFEL 2 & IS BIC E DERT IR S,
Try (£0, t1) D7 —ATIE, t0 DETHERVIEHEOLGAEZ 2R E L TEL, =7 —flHDY;
Bl ZORELTHINZRZTE1 ZEITL T3 (21 fTH).
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TlE, BEOS%Z vent T8y 7 =L L Tx ISR T 24l & L CBRBRICESR L 72 LT, Akt
ZRIARERE id DICTEITT 5, fEKGE vent k IS5 BE2IET EE1, Tk ISR - 7251 8%
L, HIZZOMBEEBIEOMIICIET, Rst t D7 — AT, WIkEioILT t #EfTL, 20
ERZBEOMGICIET, Z4Uc kD, shift TYIDES 12 kD HEIPHZ RE L T3,

I — %) 729IZ return ¥ bind BEHENTIZWV 508, AT CPS A v % 7
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FEEDZEHEM L T 528, R Clafist & BREkim S OZEE)IFEH L T2 D TEF O A
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A0 AEBOENEZHIEL, 22 KEEW IS LT 5, ITO&Ka— FTld, g
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type v = (* value *)
| VFun of (v -> e list -> s -> ¢ -> er) | VCnt of ¢ * e list * s | VApp of v list
and f = (* frame *)
| CAppO of t * xs | CAppl | CApp2 | CTry of t * xs * e * e list * s
and ¢ = f list (¥ continuation *) and e = v list (¥ environment *)
and s = v list (¥ argument stack *) and er = S of v | E (¥ monadic value *)
let rec return v es s ¢ = run_c2 ¢ (S v) es s
and bind a es s ¢ f = match a with S v -> f v es s ¢ | E -> run_c2 c E es s
and run_c2 c¢c a es s = match c, es, s with (*¥ dispatch function *)
I 01, 01, 1 -> a
| CAppO (tO, xs) :: c, e :: es, VApp vs :: s ->
bind a es s ¢ (fun vl es s ¢ -> h2 t0O xs e es (VApp (vl :: vs) :: s) c)
| CAppl :: c, es, VApp [l :: s -> run_c2 c a es s
| CAppl :: ¢, es, VApp (vl :: vs) :: s | CApp2 :: c, es, VApp (vl :: vs) :: s ->
bind a es s ¢ (fun vO es s ¢ -> match vO0 with
| VFun £ -> f vl es (VApp vs :: s) c
| vCnt (k, es’, s’) ->
run_c2 (CAppl :: c¢) (return vl es’ s’ k) es (VApp vs :: s))
| CTry (t1, xs, e, es, s) :: c, es’, s’ -> (match a with
| S v -> return v es’ s> ¢ | E -> f2 t1 xs e es s c)
and f2 t xs e es s ¢ = match t with
| Var x -> return (List.nth e (offset x xs)) es s c
| Abs (x, t) -> return (VFun (fun v -> g2 t (x :: xs) (v :: e))) es s c
| App (t0, t1) -> f2 t1 xs e (e :: es) (VApp [] :: s) (CAppO (tO, xs) :: c)
| Exn -> run_c2 ¢ E es s
| Try (t0, t1) -> f2 t0 xs e es s (CTry (tl, xs, e, es, s) :: c)
| Ssft (x, t) -> f2 t (x :: xs) (VCnt (c, es, s) :: e) [1 [1 I[]
| Rst t -> run_c2 ¢ (f2 t xs e [] [] []) es s
and g2 t xs e es s ¢ = match t, s with
| Abs (x, t), VApp [1 :: s ->
run_c2 ¢ (S (VFun (fun v -> g2 t (x :: xs) (v :: e)))) es s
| Abs (x, t), VApp (vl :: wvs) :: s -> g2 t (x :: xs) (vl :: e) es (VApp vs :: s) c
| App (tO, t1), VApp vs :: s ->
f2 t1 xs e (e :: es) (VApp vs :: s) (CAppO (t0O, xs) :: c)
| _ -> f2 t xs e es s (CAppl :: c)
and h2 t xs e es s ¢ = match t with
| App (tO0, t1) -> f2 t1 xs e (e :: es) s (CAppO (tO, xs) :: c)
| _ -> f2 t xs e es s (CApp2 :: c)

let eval2 t = £f2 t [1 [1 [1 [1 [1

Code 2. eval2: A% v 78 A% D lid:

51 AYvI8A

FTIRC DI, MHEOIEBIBULE K ORI A MME, A%y Z7EAZIT),

FERHEALIX R R 2 — B OB CIE S LA 2 FIETH 5, MO IEBIBULIZ, FHfids Bl 5
Bk ICNIGT 22 A7 78 2ER L, T—IMIEE L TRI Nk z2 O (E2 )
7D ERT 5 LTHEINS, PIZAITROFEETIE, Wk, App D7 —AD D
DG, BEXOX Try D7 — 20kl Z a v A+ 7279 L LTERT S, Fav A7 7212, &
B kLI E TN HIHABZ %L LCTRFISE 2, U X D kNN 2 B HZ B
WL M %, DR IEEILD 2 ML 72560 ¢ DEZROUHTH 2 (CApp0 IE evall O App
D’ —A®D (fun al -> ...), CAppi! I¥ (fun a0 -> ...) DB RIET 5),

and ¢ = CO | CAppO of t * xs * e * ¢ | CAppl of v list * c¢

| CTry of t * Xs * e * c

LoERE, coANDaAaY AL T I IICE c BOEDTOEEINTREDT, YA N ERUH
BEwR B, COBBICET L, kiR 7 L— L0k DIk B Y A MEETEE B (WK X
Mb), SoICHkBID 7 L —LICE&EENS (BN4) Bl e EHIEDY X b (CAppl vs D vs) 2 %

4K cappl DEIBIF v * c ITTREED, BECEMOBIHEZ LD TR 2D, v TR v list ITLTW3,
WNESECTIRLIIBOBEEHAZHBICEH L TwiWwa, ZHICED 2R LEBEEHOS R ED L TIRZ BIF
127 %, ZINC ORREZELDEVERINL, Grab & Return IZRINT 2EFZ2EHTE-DICNIEE L >T W5,
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LU B2tz IEIC i L <3 & 11 2 3Hiigh eval2 22— F 2 IS8T, run.c2 I3#kE Y A bICfl
ZHEITEETH S, GIBELTHAT es 3BRBi e DY R, s BHIBARAY Y 7 TH D, FiL WA
VApp (355D CAppl DEIBD VD E D, v list ZEIBAY v 7 T ) ZDICHEAINTE D, B
BWHOBI B A RRT 5, M7 L — 2 I8 A I 7 CApp2 111ZIF CAppl EFILHDTH 5,
i 5D, CApp2 DSHkiEY A N DIRIHICH 256, GIBASY v 7 OFEHEIC VApp (v1 :: vs) &
O EDD EDFIBDPMREINT VS ERGESNEHTH D, g2 D Abs (x, t) D DD — AL,
bEbEc=Chppl :: c DEBITHIBT 5,
g2 (Abs (x, t)) xs e es (VApp vs :: s) (CAppl :: ©)
return (VFun f) es (VApp vs :: s) (CAppl :: ¢c) (f=funv ->g2t (x ::x8) (v :: e))

run_c2 (CAppl :: c) (S (VFun £f)) es (VApp vs :: s)
{ runc2 ¢ (S (VFun £f)) es s (vs = [

f vlies (VApp vs :: s) ¢c (vs = vl :: vs)
=g2t (x :: xs) (vl :: e) es (VApp vs :: 8) ¢
&, return ¥ run c2, bind ZBIBIERTIUTEMTH % LHERTR S, D CAppl 1FiRH D2
T g2 NEIN MO LIICHTEIC A>T 3 REIND 72D % Ko Tw 3 (ZOb D, g2
D _ OBEEMEY A P ORI ST 5, CApp2 & h2 IZDWTH FEEROEII ST\ 3),
Grab % Return OZE) %2 EINT % 72 O OLHMZ MZ TE w505, AREiOZHIZ-O W TE (AK10)
WCBITERYy VEAFTOLIE IZITHEKETH D, evall & eval2 DFMMEIZRIEI NS, F
7o, BIFHTOWBTRIA 13 LT,
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RIZ, PIMEREZ BRaE L &9, ki 7 —fHE IEFEEO £ 522 M A0 IcEHL, B
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LTWw3EZATE, BHELESIFHEICRY—v2yF L a26EY) 2B E T,

¥9a=8SvDY®A, bind (Sv) esscf=FfvesscZr»s, Mit) A FDEIH7L —
273 CAppO, CAppl, CApp2 D7 —ADIXL & bind IFERIHNK S, /M7 L —L23CTry @
AT, 7V—L05ETHLZHE XOZNEFHIET % 72 D DEREIETT, D DMkl A
M v 2L THEIT2EDL I LI 5b, —Jia=EDHA, bind Ees s ¢ f = runc2 ¢ E
es s X6, #MkHLY A DI 7 L — L)Y CApp0, CAppl, CApp2 D7 —ATIE, FLU D bind
DEAGIHOBIBITME S 4, D DMLY A MICE NEINS, JHUIIH7 L — LD CTry I
BHFETHE, ZOLEIIT7L—LD5BOHEPETINS (kY A M CTry 23E s\
BAITEDRRELTES), 20, runc2 DFEGIHE L TE Z2ETHA, CTry D7 L —A4
DUADTEFBRIZIEL L THEIT L THEKRIZED S b,

COmE bz B A L 72 iHlfigh evald Z2—F 3 IZ/”8 7, runc3 (X580 S v DA, exn &
GBS E DGEICHT 5, bind IZOWTIEB GBI T 2560 FICK DV ERZEML 2720
AHEIZHR > T3, return IZDWTIE run.c3 DA Y T RICBS7DTZENTESHZ 72, YD
o 7=k DIEONH L & reset DEITD & FiTid~ v F 32\ 24036 WU 2B %02 WO L Tw
%, exn IZX D, E DB ZEREE FICRMERRICKR S (DED T —25K%), H2\IE CTry
DFEFTETY YV 7 T2 (DFNZT—PRATNHNY FITHiEINS) BEIDEFHIN TS,

ZHUF Ager 523 (ADMO04) TEH A ARDOFEREZHIC L > TR L T 5RiE “Propagating
vs. stopping” (/ — FIZ 0 BEOD»->7 L &, BT 2520, T<I20 ZIBTH) ITHY T4 L
R, o3k ze ~olca L Cndifb 2928 L TE D, AEiOBIBOEE L KH 2 E
Z % (XREiClE g ki —oica®l T 5, BNy R0V X FBHRICE»NS Z LICTE
HZ 7z w),
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let rec run_c3 c¢c v es s = match c, es, s with (¥ run_c2 for a = S v *)

0, 0, 0 ->s v (* binds and Teturns are disappeared *)
| CAppO (tO, xs) :: c, e :: es, VApp vs :: s -> h3 tO xs e es (VApp (v :: vs) :: s) c
| CAppl :: c, es, VApp [l :: s -> run_c3 c v es s
| CAppl :: c, es, VApp (vl :: vs) :: s | CApp2 :: c, es, VApp (vl :: vs) :: s ->
(match v with
| VFun f -> f vl es (VApp vs :: s) c
| vCnt (k, es’, s’) -> (match run_c3 k vl es’ s’ with
| S v -> run_c3 (CAppl :: c) v es (VApp vs :: s)
| E -> (* ezn (CAppl :: c) = *) exn c))
| CTry _ :: c, es, s -> run_c3 c Vv es s
and exn ¢ = match c¢ with (¥ run_c2 for a = E, optimized *)
| CTry (t, xs, e, es, s) :: c -> f3 t xs e es s c
| [ ->E | _ :: ¢ -> exn c
and f3 t xs e es s ¢ = match t with
| Var x -> run_c3 ¢ (List.nth e (offset x xs)) es s
| Abs (x, t) -> run_c3 ¢ (VFun (fun v -> g3 t (x :: xs) (v :: e))) es s
| App (t0, t1) -> £f3 t1 xs e (e :: es) (VApp [] :: s) (CAppO (tO, xs) :: c)
| Exn -> exn c
| Try (t0, t1) -> £f3 t0 xs e es s (CTry (tl1, xs, e, es, s) :: c)
| sft (x, t) -> £f3 t (x :: xs) (VCnt (c, es, s) :: e) [1 [1 I[]
| Rst t -> (match £f3 t xs e [] [] [] with S v -> run_c3 ¢ v es s | E -> exn c)
and g3 t xs e es s ¢ = match t, s with
| Abs (x, t), VApp [] :: s -> run_c3 ¢ (VFun (fun v -> g3 t (x :: xs) (v :: e))) es s
| Abs (x, t), VApp (vl :: ws) :: s -> g3 t (x :: xs) (vl :: e) es (VApp vs :: s) c
| App (t0, t1), VApp vs :: s ->
£f3 t1 xs e (e :: es) (VApp vs :: s) (CAppO (tO, xs) :: c)
| _ -> £f3 t xs e es s (CAppl :: c)
and h3 t xs e es s ¢ = match t with
| App (t0, t1) -> £f3 t1 xs e (e :: es) s (CAppO (tO, xs) :: c)
| _ -> £f3 t xs e es s (CApp2 :: c)

let eval3 t = £3 t [1 [1 [ [1 []

Code 3. eval3: #lPMEH#E %= bl L 7 5TAfigs

5.3 RIEY X MODOREEKEFUH URE(L

ST, T2 EToORMIITIE, BIEOEM & EEBOEZ FITT 2ENH 54, HEOEDOH
T ARNICERBEZEREE Y 2 MR L, D DHZFETT S L SIREFEL TEVWAREZEIEL T
AL Tz, L LHEBICBREAZEE T 2D VFun DEAXZITTH S, ZDETRIMHHT S
BEL, O F bk ofl 9 B 2 WY 2 b DI TIURBRBE D RAEIZ IR K T2 B,

ffizaE L, Z20—fzBICR L 7z ECREOREZIFRO b DI L TEREY X P 2FREL

CilHiligs evald Z 32— F 4 IZ/RT, app D VFun (i, e’) D7 —AD i I THERE 2T, 5l
BBtz gl L COMIOBREE Z{HH L Tw5 (46 17H), ZHUc kD, ZHETOBREDOILTDHE
TREBLTWw5, fkEiEpst e znbsbcolr<E b, Hi#Eid failure continuation 12, HH X
success continuation IZFHYS L, BEFEDOABEEBICEL Tw5, Ik ) A M3 Ny KD
ZL—L (FI79 7T 7V—L) DRI Y 7275 (YA FTIHEBVEERLTLE ) Z20H 77—
IHEGEZER L TW3), 7% VFun 3P LBREOMTRITVICEH L 72,

C OFHIiER TIXARRBMEOH UiEb b EA L T3, BMARMIZIE g4 ICEINLkRICERT %,
HIRD X 912, app D VFun (i, e’) D7 —AD i ICEINHMkHEIEZ T & 252 AT 5, 52
BRIC g4 ICEZIE T DI D7 — AT DT, g4 #9473 5 & EDOMEEIZNTZITI A BREE %
MEHT 2 LK D, 2070, ga D Abs D DOHD 7 —2 (26 f1H) TEHIED c 22D %
o THRIFOHI L LTw 5, KEMPOH LEaBEICHY § 225813 i4 & app’ DEAICKDHE
HINTws, IN6IEZNZNhd & app LI1FEAEFRUBET, EWiX app’ @ VFun D7 —
A (52 fT7H) 1IN TW5, app @ VFun D7 — A L8 D) ¢ RTINS BREZ T 2 & 0d -
TWEDT, kiEZ (fun v> _ s’ > c v’ e s’) LHHTHI LR, ZOEFFAHL TS,

Mk U A b DFRZER caller/callee save DEWITHYM L, 1E4MES UK s, REMFOH L
L2 D2WTE B &) Iciikfiofib i icE B T ULFHTSR O BRIIZD S B W E B A 57K 5 ),
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type
and
and
and
and

let

let

v = VFun of i * e | VCnt of ¢ * f * e * s
c=v ->e ->s ->f -> er

f = Nil | Cons of (t * xs * e * s * c) * f
e = v list and s = v list

i=e ->s ->c¢c ->f -> er

idc = fun v _ [] -> S v
rec exn f = match f with

| VApp of v 1list
(* (success) cont,
(¥ failure cont *)
and er = S of v | E
(* instruction *)

refuctionalized *)

Nil -> E
Cons ((t, xs, e, s, c), f) -> f4 t xs e s c f
f4 t xs e s ¢ £ = match t with
Var x -> ¢ (List.nth e (offset x xs)) e s f
Abs (x, t) -> ¢ (VFun (g4 t (x xs), e)) e s f
App (tO0, t1) ->

f4 t1 xs e (VApp [] s) (fun vl e (VApp vs s) ->

h4 t0 xs e (VApp (v1 vs) s) c) f
Exn -> exn f
Try (t0, t1) ->

f4 t0 xs e s (fun v e s (Cons (_, f)) -> c v e s f)

(Cons ((t1, xs, e, s, c), f))

Sft (x, t) -> f4 t (x xs) ((vCnt (c, f, e, s)) e) [] idc Nil
Rst t -> (match f4 t xs e [] idc Nil with S v -> c ves f | E -> exn f)
g4 t xs e s ¢ = match t, s with
Abs (x, t), VApp [] s -> ¢ (VFun (g4 t (x xs), e)) e s
Abs (x, t), VApp (vi vs) s -> g4 t (x xs) (v1 e) (VApp vs s) ¢
App (tO0, t1), VApp vs :: s ->

f4 t1 xs e (VApp vs s) (fun vl e (VApp vs s) ->

i4 t0 xs e (VApp (vi vs) s) ¢) (* call 14, not h4 *)
_ > f4 t xs e s (app’ c) (*¥ call app’, mnot app *)
h4 t xs e s ¢ = match t with
App (tO, t1) ->

f4 t1 xs e s (fun vl e (VApp vs s) ->

h4 tO0 xs e (VApp (vi vs) s) c¢)
_ > f4 t xs e s (fun v e (VApp (vi vs) s) ->

app ¢ v e (VApp (vi1 vs) s))

i4 t xs e s ¢ = match t with (* duplication of h4 *)
App (tO, t1) ->

f4 t1 xs e s (fun vl e (VApp vs s) ->

i4 t0 xs e (VApp (vi vs) s) c)
_ -> f4 t xs e s (fun v e (VApp (vl :: vs) s) ->

app’ ¢ v e (VApp (vi vs) :: s)) (* call app’, not app *)

app ¢ v e s f = match s with
VApp [1 :: s -> c v e s £
VApp (v1 vs) :: s -> (match v with

| VFun (i, e’) -> i (v1 e’) (VApp vs s) (fun v’ s’ -> c v’ e s’) f

| vCnt (k, f’, e’, s’) ->

(match k vl e’ s’ f’ with S v -> app ¢ v e (VApp vs s) £ | E -> exn f))

app’ ¢ v e s f = match s with (* duplication of app *)
VApp [1 :: s -> c v e s £
VApp (v1 vs) :: s -> (match v with

| VFun (i, e’) -> i (v1 e’) (VApp vs s) ¢ £ (* cont is reused as-is, opt *)

| vCnt (k, f’, e’, s’) ->

(match k vl e’ s’ f’ with S v -> app’ ¢ v e (VApp vs s) £ | E -> exn f))

evald t = f4 t []1 []1 [] idc Nil

Code 4. evald: HHEY X FZERE L, KEMOH Uit i U 723l



54 AVEX—YOHHEVI—2RTYyIDEA

INFE TOEHTIZITREEWND X 9 REHMligs S5 T\ 3035, evald 1213 reset DFEITEY)
D WL 7k OFEOH L O BT ICIERB OO L SFEET 5, IASHNTREM- U L T D AL
INTV2Hig 2 EH L7\ T, 7u7 7 AR CPS Zfizfil, 2CPS I35, ZU Xk
D, FEITHMkE (£ 713X Zfikk) THZZIBICRD, arvExr—2 DAk E L CiHiid 2581 %
CLDH[REIC 5, CPS izl Cav e r—FzHitiL, V¥ —v A%y 7 28 AL iHlish
evals Z 23— F 5 IR T, 2V EX—FIZENARMHEZI ) O THREWO M ICHYS L, &
BfIc2y FLTarvExr—FTHEITZAL T 5H5 (£5 & L) da v 84 ZITHYT 5,

evald £ CORHMlighDLIEA Y v 71X VApp vsy :: VApp vse :: ... EWIHIBIIER>TWVE
W, ZZTIF ZINC IZb¥ CTH Wark ZEHALTY R OYINHZERT L) IcL7, EDRS Y
71X vs; @ [VMark] @ vse @ [VMark] @ ... EWIHTEICK 2, #kEHME v Z2ZIFHLS 2 E025
f5 t xs b v Z2RITNEBICH > T 5D, ZNZIFEFIE) DIF push B XD shift THEKT
5 cZIITHY, ZOMDEEIZY I —ELZIEL THRHRIIED S LW,

¥ 72 evald TIIY D B 7 kfe ICEEG B E I N T REGEICHIET 579, app (BLO
app’) IFFHFINICER I N TV, Lo LIREEEM LIS RN @B EEL 20T, ZoH
R L7z, 2 2T evals TlE, shift TBUEDMKGLZ Xy 77— (LT 2BICEKD DftF L
ZNEFTTHDICMELREEZEDIBICT S LT, apply 2ROV YyER—FIZL TV
%, ZHUTED, app’ THWMPUIHIL L T/ (evals @ appterm IZHHY) Tl app % FAT
THILICHES>TLE D, MO EFMENC AR 2720 TH D, FHK RIFRTEZ W,

VY=V AYy 7%, MEEBREOMOV A rThs (£ LK YR NTIHESRIEERLTL
)OI T I EEZERL Tw D), LOiHiiER DM T (fun v’ - s? -> c v’ e s7?)
Lo Tl T A (evals D 33 fTH, apply @ VFun DA TH D, evald TlE 46 fTHITHIE)
TYI—VRI v I c b e ZfRFLT W5, MBBFERITHELONTHIEIATRAY v 7614
T AUE, IR L ik & BREE 2 > TEITHR 2, VFun OAMKEIT I3 g6 THERI NS DT, HiE
ITIE g6 DELGHET T DORRETHIENS 2 EX—% grab & return, appterm (i5 %% THE#
THARENEDY D ) DT —ATY I —v RAY v 7 OEFRHEETUIRC, FEBRIZ 24, 27, 31, 39
THTHEEIN TS, BRZ2EET A2XEGMIEL o Tw 508, AENITIE (AK10) TEA
SNTV LR FHIOIREE - G L FROETH 5, FHlighO KT ZE) &, b skt
BRGNS evald EE D> T EHERTEK S,

5.5 (RIEHEME DV IN1 SADRE

I ElliAR 2 R AEBRI & a2 v 8 ZI23EIL, ZINC RPEBEDOEHICHEOLE 285217,

FDFHHEZ T, v IZ ZINC D7 ¥ 2L —7%, e 3B, s 35IBAY v 7, r BLXUO £ 13V 55—
VA ZIZHTD (x 1FV I =TV —LET, fIE NIy 7V LRIRETERY y 7 LR
B¥E5), Z2ITr & f20EDICFEDD, £, TTICaVyERX—FDEGIEHIER, avE
=8 ZHOTHHigR 25 L Cw a0 a vy 4 7 L b Riae 528, X OBIRNICOHIT 572
O, Mk L X FHkFIcIEREIBLE K ORIEY A MEz T, 4o DI X o TS & 1 5 5Fiflige
evale ZI—F6 IIRT, bbbt r & fBTHLAVCDT, VI—VRYy 7IZRLLA4DFT
HIBIN 5, reset LY D H - kGO L 0 FEITOBRICMZ 6 b5y FIcEEN 5 HHE
BOMIIEIZ ¢, e, s, T DT, DRst £ DCnt X ¢c *x e *x s *x r ZH|EE L THONEED,
ZITlEckeldFRet (c, €) :: 1 EVIHBTYVI—VRY Yy ZIRELTHELTED, 51
ks x r il >TWw5, 299 %L IReturn & IAppterm D VCnt D7 — A3,

| vCnt (c’, e’, s?, r’) ->
let FRet (c, e) :: r = r in
run_code ¢’ vl e’ s’ r’ (DCnt (s, FRet (c, e) :: r) :: d)
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type v =
| VFun of i * e
| VCnt of (v -> e -> s ->r ->f ->¢c ->e ->s ->r
| VMark
and ¢ =v -> e -> s ->r ->f ->d -> er
and f = FNil | FCons of (i * e * s * r * c) * f
and e = v list and s = v list and er
and i = v -> e ->s ->r -> ¢ ->f ->d -> er and d
and r = RNil | RCons of c * e * r (* ret
let idc = fun v _ [1 _ _ d ->d (S v)
let (>>) i0 il = fun v e s r ¢ -> i0 v e s r (fun v e
let access n = fun _ e s r ¢ -> ¢ (List.nth e n) e s r
let push_closure i = fun e s rc ->c (VFun (i, e))
let push_mark = fun v e s r ¢ -> ¢ v e (VMark s) T
let exn = fun v _ _ _ _ f d -> match f with
| FNil -> 4 E | FCons ((i, e, s, r, c), £f) -> i v e
let trywith i0 i1l = fun v e s r ¢ f ->
i0 v e s r (fun v e s r (FCons (_, f)) -> c v esTr
(FCons ((i1, e, s, r, c), f))
let push = fun v e s r ¢ -> ¢c v e (v s) r
let grab i = fun v e s r ¢ -> match s with
| VMark :: s -> let RCons (c, e’, r) = r in ¢ (VFun
| v1 :: s -> i v (vi1 e) s r c
let return = fun v e s r ¢ -> match s with
| VMark :: s -> let RCons (c, e, r) =1 in c v e s r
| vi :: s -> (match v with
| VFun (f, e’) -> f v (vi e’) s r c
| vCnt (kx, f’, e’, s’, r’) ->
let RCons (c, e, r) = r in k vl e’ s’ r’ f?
let apply = fun v e (vi s) r ¢ -> match v with
| VFun (f, e’) -> f v (vi e’) s (RCons (c, e, r))
(fun v __ _ _ =—>8w)
| vCnt (k, f’, e’, s’, r’) -> k vl e’ s> r’> f’ c e s
let appterm = fun v e (vl s) r ¢ -> match v with
| VFun (f, e’) -> f v (vi e’) s r c
| vCnt (k, f’, e’, s’, r’) ->
let RCons (c, e, r) = r in k vl e’ 8’ r’ f’ c e
let shift i = fun v e s r ¢ £ ->
let ¢ = fun v’ e’ s’ r’ £’ ¢’ e s r £ d ->
c v’ e’ s’ r’> £’ (function
| 8 v -> (match s with

in let ¢ =
in i v (c

let
i

let

»
B

»
B

I
B

—_—fA——fA——— A ——— — — — —

let

| VMark :: s -> c’ vesr fd
| _ :: _ -> apply v e s r ¢’ f d)

| E -> (match f with FNil -> d E | FComns ((i, e,
vCnt (c, f, e, s, r)

e) [] RNil idc FNil
reset i = fun v e s r ¢ £ d ->
v e [] RNil idc FNil (function
| Sv ->cvesrtrfd
| E -> (match f with FNil -> d E | FCons ((i, e, s
f5 t xs = match t with
-> access (offset x xs)
(x, t) -> push_closure (gh t (x
(t0, t1)
-> exn
Try (t0, t1)
Sft (x, t) -> shift (f5 t (x
Rst t -> reset (f5 t xs)
gh t xs = match t with
Abs (x, t) -> grab (gb t
App (tO0, t1) -> f5 t1 xs
_ —-> f5 t xs >> return
h5 t xs = match t with
App (t0, t1) -> f5 t1 xs
_ -> f5 t xs >> apply
i5 t xs = match t with
App (tO0, t1) -> f5 t1 xs

-> f5 t xs >> appterm

rec
Var x
Abs

App
Exn

xs))

-> trywith (£5 tO0 xs) (£f5 t1 xs)
xs))

(x
>>

xs))

push >> i5 t0 xs

>> push >> hb5 t0 xs

>> push >> ib5 tO xs

evals t = f5 t [] VMark [] [] RNil idc FNil (fun a

-> f ->d -> er) * f *x e *x s x r

=S of v | E
= er -> er
urn stack *)

s r -> il ve s r c)

e s r

s rcfd

£)
(i, e)) e’ s r (* pup T *)
(* pop T *)
c e s r) (* pop 7 *)
(*¥ push r *)
(* dummy cont *)
r
s r (* pop T *)

s, r, c), f) > i v’ e s r c f d))

, r, c), f) => i vesrcf d))

-> push_mark >> f5 t1 xs >> push >> hb t0 xs

-> a)

Code 5. evals: CPS ZHufgicav v xr—2 ZHiHL,

V&= A%y 72 E AL IiHiids
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type v = VFun of i list * e | VCnt of ¢ * e * s x r | VMark
and c¢ = i list and e = v list and s = v list and er = S of v | E
and i = (* instructions (continuation frame) *)

| IAccess of int | ICur of i 1list | IGrab of i list

| IPushmark | IPush | IReturn | IApply | IAppterm

| IExn | IPushtrap of i list * i list | IPoptrap

| IShift of i list | IReset of i 1list
and m = DRst of s * r | DCnt of s * r and d = m list (* linealized dump *)
and f = FRet of ¢ * e | FTry of ¢ * v * e * s and r = f list (¥ return stack *)
let rec run_dump d a = match d with (¥ dispatch function of dump *)

(1 -> a
DRst (s,
(match

FRet (c
a with
DCnt (s, FRet (c
(match a with

| S v -> (m

| E
search_until r d
FTry (c, v, e, s
[ -> run_dump d
run_code c v e s
[ -> run_dump d

IAccess n :: ¢ -> run_code c¢ (List.nth e n) e s r d
ICur i :: ¢ -> run_code ¢ (VFun (i, e)) e s r d
IGrab i :: ¢ -> (match s with
| VMark :: s -> let FRet (c, e’) r = r in run_code c¢ (VFun (i, e)) e’
| vi :: s -> run_code (i @ c) v (vi e) s r d)
IPushmark :: ¢ -> run_code ¢ v e (VMark s) r d
IPush :: ¢ -> run_code c v e (v s) r d
IReturn :: ¢ -> (match s with
| VMark :: s -> let FRet (c, e) r = r in run_code ¢ v e s r d
| vi :: s ->
(match v with
| VFun (£, e’) -> run_code f v (vi1 e’) s r d
| vCnt (c’, e’, s’, r’) -> run_code c’ vl e’ s’ r’ (DCnt (s, r)
IApply :: c ->
let vl :: s = s in
(match v with
| VFun (f, e’) -> run_code f v (vi1 e’) s (FRet (c, e) r) d
| vCnt (c’, e’, s’, r’) ->
run_code c’ vl e’ s’ r’ (DCnt (s, FRet (c, e) r) d))
IAppterm :: c ->
let v1 s = s in
(match v with
| VFun (f, e’) -> run_code f v (vi1 e’) s r d
| vCnt (c’, e’, s’, r’) -> run_code c’ vl e’ s’ r’ (DCnt (s, r) d))
IExn :: _ -> search_until r d
IPushtrap (i1, i0) ¢ -> run_code (i0 @ ¢) v e s (FTry (il @ ¢, v, e, s)
IPoptrap :: ¢ -> let FTry _ r = r in run_code ¢ v e s r d
IShift i c -> let ¢ = VCnt (c, e, s, r) in run_code i v (c :: e) [1 [1 4
IReset i :: ¢ -> run_code i v e [] [] (DRst (s, FRet (c, e) r) :: d)
rec f6 t xs = match t with
Var x -> [IAccess (offset x xs)]
Abs (x, t) -> [ICur (g6 t (x xs))]
App (tO, t1) -> [IPushmark] @ f6 t1 xs @ [IPush] @ h6 tO xs
Exn -> [IExn]
Try (tO, t1) -> [IPushtrap (f6 tl1 xs, f6 tO xs @ [IPoptrap]l)]
Sft (x, t) -> [Ishift (f6 t (x xs))]
Rst t -> [IReset (f6 t xs)]
g6 t xs = match t with
Abs (x, t) -> [IGrab (g6 t (x xs))]
App (tO0, t1) -> f6 t1 xs @ [IPush] @ i6 t0 xs
_ -> f6 t xs @ [IReturn]
hé t xs = match t with
App (tO, t1) -> f6 t1 xs @ [IPush] @ h6 tO xs
_ -> f6 t xs @ [IApplyl
i6 t xs = match t with
App (t0, t1) -> f6 t1 xs @ [IPush] @ i6 tO xs
_ -> f6 t xs @ [IAppterm]
eval6 t = run_code (f6 t []) VMark [] [] [] (]

, e) r) d ->

S v -> run_code c v e s r d | E
, e) r) d ->

atch s with

| VMark

-> run_code ¢ v e s r d
c) vesrd)

I :: _ -> run_code (IApply

-> search_until r d)

= match r with

) T

E | FRet
r d =

(s v)

match c with

(* skip frames *)
-> run_code ¢ v e s r d
r

-> search_until r d)

-> search_until r d

(¥ run continuation (instruction sequence) *)

s rd

d)))

r)

Code 6. eval6: RKIEHEML & a v %4 FI2E L 72 3L 2



LD, V=V ARy 7 oEE L2z T CIRET S22 LI BDT,

| vCnt (c’, e’, s’, r’) -> run_code c’ vl e’ s’ r’ (DCnt (s, r) :: d)

Er ey FRETICFATLTORBRRFLCICR S, Zric k) BEECHEDOIFOHLZ L TWw3
TRTOHEFT, VI—VRAY v I~V ¥ —rT7L—L (FRet) ZIR{FT 27, LAV 2AIVFun &
VCnt D7 —ATHET %,

eval6 TIEF Y 77 L =L DIXahi T 528, F238% Bt reset DD DL LYY -7
HED T D DAEFIZ XA TICFEIT L TWBEDT, DEDICE ED/V, run_dump DEFEE A D
&, ¥ 7D3DRst (s, FRet (c, e) :: r) :: d &£ DCnt (VMark :: s, FRet (c, e) :: r)
2 d DEHEOETHERIT L T3, Ko TDRst DMRFFT 258 AY v 7, T7xbE IReset
i cRETTDEZDFBASY v 7 DFEVHIC WMark DANULEH 2 EZ TICSLTDD8 V77
L—bzEtdond, ZOBEIHEINTY Y77V —L%zFd, Hiickfd Icnt OEAI
£ D VFun & VCnt b ¥ & D7 GFfligs eval? Z 2 —F 7 IZ/R T, £7 D Rst t D7 — A D% [IReset
(f6 t xs)] #*5 [IPushmark; IReset (f7 t xs)] &> TW3 Z EICHEHINAZV, F7 h7
£ iTIZRst t DT —AZEAL T3S, ZHUE evalé @D run_dump DEFKT, ¥~ 75 DCnt (s,
r) :: d T s DD WMark TR WIES (20 7TH) W5 &, IApply :: ¢ BWEITINDE7DT
Hb, ((reset (fun O -> ...)) t; ...) &, reset RAMEIEHIECEH DBIEGHK T 172> T\
2GR ZZDE, Wark XA Y v 7 OFEHHIC AT UL TApply W ETINS 7, w7 & i7
D Rst D/r — A TIFHIZ [IReset (f7 t xs)] & L, IPushmark H IApply (¥ & O\ IAppterm)
bANLVLIA—FZ4EKLL T3, rundump TY ¥ 723 (s, r) :: d D7 — AL evalé @ DCnt
D7 —AIHYET 5, Iapply Tld% { IReturn Zfli> T2 DI OchaCaml TOEIEIZH LY
T2 AR 1203,

run_code (IApply :: c) v e s r d
= let vl :: s = s in
(match v with
VFun (f, e’) -> run_code f v (vl :: e’) s (FRet (c, e) :: r) d)
run_code [IReturn] v [] s (FRet (c, e) :: r) d
= match s with
| VMark :: s -> run_code c v e s r d
| v1 :: s -> (match v with
VFun (f, e’) -> run_code f v (vl :: e’) s (FRet (c, e) :: r) 4d)

EZENZTNOHEEEHTIIEMTH 2 LiERKS,

VFun & VCnt DAEPHZDOWTIE, HOEMAT c bt e % r ICHATEIRICL 7S, VFun &
VCnt DY ¥ —> 7 L — A (FRet) ZRHF T 2B —F L 7272 ®, 13X VCnt % ICnt TEIHAZ
2720 THEBEHRTW S, Icnt DRkHEZ FEITT % L i) XNE5E0E VFun 2 FEIT T 2R ICBEL
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type

let

let

v VFun of i list * e | VMark (* VCnt
c =1 list (* code *) and e v list
s = v list (¥ (argument) stack *) and er = § of v
i= (¥ instruction *)
IAccess of int | ICur of i list | IGrab
IPushmark | IPush | IReturn | IApply | IA
IExn | IPushtrap of i list * i list | IP
|

IShift of i 1list IReset of i 1list | ICnt of c * e

d = (s *x r) list
f = FRet of ¢ * e | FTry of ¢ * v *x e * s and r =
rec run_dump d a = match d with
[1 -> a
(s, r) :: d -> (match a with
| S v -> run_code [IReturn] v [] s r d | E -> sear

search_until r d = match r with

[ -> run_dump d E | FRet _ :: r -> search_until r 4
FTry (¢, v, e, s) :: r -> run_code c v e s r d
run_code ¢ v e s r d = match c¢ with

[l -> run_dump 4 (S v)

IAccess n :: ¢ -> run_code ¢ (List.nth e n) e s r d
ICur i :: ¢ -> run_code ¢ (VFun (i, e)) e s r d
IGrab :: ¢ -> (match s with (¥ IGrab needs mnot hold its argument *)
| VMark :: s -> (* since g7 locates in tail position *)
let FRet (c’, e’) :: r = r in run_code ¢’ (VFun (c, e)) e’ s r d
| vi :: s -> run_code c v (vi e) s r d)
IPushmark :: ¢ -> run_code ¢ v e (VMark s) r d
IPush :: ¢ -> run_code c v e (v s) r d
IReturn :: c¢ -> (match s with
| VMark :: s ->
let FRet (c, e) r = r in run_code ¢ v e s r d
| vi :: s -> (match v with VFun (f, e’) -> run_code f v (vi e’) s r d))
IApply :: ¢ ->
let vi1 s = s in
(match v with VFun (f, e’) -> run_code f v (vi e’) s (FRet (c, e) r) d)
IAppterm c ->
let vl :: s = s in
(match v with VFun (f, e’) -> run_code f v (vi e’) s r 4)
IExn _ -> search_until r d
IPushtrap (i1, i0) ¢ -> run_code (i0 @ ¢c) v e s (FTry (il @ ¢, v, e, s) r)
IPoptrap :: ¢ -> let FTry r = r in run_code ¢ v e s r d
IShift i :: ¢ ->
let ¢ = VFun ([ICnt (c, e, s, r)]l, e) in run_code i v (c :: e) [1 [1 d
IReset i :: ¢ -> run_code i v e [] [] ((s, FRet (c, e) r) :: d)
ICnt (c’, e’, s’, r’) :: c ->
let v :: _ = e in (* acutual argument is saved on the top of e *)
run_code c’ v e’ s’ r’ ((s, r) d)
rec f7 t xs = match t with
Var x -> [IAccess (offset x xs)]
Abs (x, t) -> [ICur (g7 t (x xs))]
App (tO0, t1) -> [IPushmark] @ £7 t1 xs @ [IPush] @ h7 tO xs
Exn -> [IExn]
Try (t0, t1) -> [IPushtrap (£f7 t1 xs, £f7 tO xs @ [IPoptrap]l)]
Sft (x, t) -> [IShift (£f7 t (x xs))]
Rst t -> [IPushmark; IReset (f7 t xs)] (¥ IPushmark is added *)
g7 t xs = match t with
Abs (x, t) -> [IGrab]l @ g7 t (x :: xs)
App (tO0, t1) -> f7 t1 xs @ [IPush] @ i7 tO0 xs

-> f7 t xs @ [IReturn]

h7 t xs = match t with
App (tO0, t1) -> £f7 t1 xs @ [IPush] @ h7 tO xs
Rst t -> [IReset (f7 t xs)]

-> f7 t xs @ [IApplyl

i7 t xs = match t with
App (t0, t1) -> £f7 t1 xs @ [IPush] @ i7 tO xs
Rst t -> [IReset (£f7 t xs)]

-> f7 t xs @ [IAppterm]

eval7 t = run_code (£f7 t []) VMark []1 [1 [1 (1

is disappeared *)

(* environment *)

| E (* monadic wvalue *)

ppterm
optrap
* s *x r

(* frame of dump is undistingished *)
(* return stack *)

f list

ch_until r d)

(* clause for reset

(* clause for reset

d

is added *)

is added *)

Code 7. eval7: W& S NI KM E 2> 84 5



T[z]p = Clz]p = Access(offset p x)

T[(reset(M)) Ny --- Ni]p = C[Ni]p; Push; ---; C[Ni]p; Push; Reset(C[M]p)
Cl(reset(M)) Ny --- Ni]p = Pushmark; C[Ng]p; Push; ---; C[N1]p; Push; Reset(C[M]p)
T[M N1 --- Nglp = C[Nk]p; Push; ---; C[N1]p; Push; C[M]p; Appterm
C[M N --- Ng]p = Pushmark; C[Ng]p; Push; ---; C[Ni]p; Push; C[M]p; Apply

T x.M]p = Grab; T[M](x :: p)
C[Az.M]p = Cur(T[M](z :: p); Return)
T[raise_exn]p = C(CJraiseexn]p = Exn
Ttry(Mo, M1)]p = Cltry(Mo, M:1)]p = Pushtrap(C[Mi]p,C[Mo]p; Poptrap)
T[shiftz.M]p = C[shifte.M]p = Shift(C[M](z :: p))
Treset(M)]p = CJreset(M)]p = Pushmark; Reset(C[M]p)
(Access(n);c,a,vg -+ vp -+ ,8,7) = (CUp, V0 Up -+ ,8T)

<Exn;c, a,e,s, (Can()?SO) <CO,(Z, 607507T>
(Exn;c,a,e,s,r)
Error  ((co,e0,80) D3 r IZEENRVEH)

(cosc,age, s, (c15c,e,8).r)

(Exn;c,a,e, s, (co,e0).r) | (Exn;c,a,e,s,yp.r
(Exn;c,a,e,s,r
(Pushtrap(cy,co);c,a,e, s,
(Poptrap; ¢, a, e, s, (o, €p, S0)- c,a, e, s,T)
co, a, (Cnt(c, €, 80,70), €).€,Ya-S, Vr.T)
€05 @y €0, S0-Va-8,T0-Vr-T")

o, @y €,7%q-S, Yr-(C,€).1)

<Shift(60);c7 a, €, 50-Ya-S,70-Vr-T
(Cnt(co, €0, S0,70); ¢, a,v.€, 8,7

R R T IR R

r)
r)
)
)
r) {c,
r) (
) (
(Reset(cp); ¢, a, e, s,1) (
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