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Optimization by Evaluation
in Compilers for Scripting Languages

AxHIKO T0ozZAWAT! and TamMryA ONODEARAT!

Scripting languages including PHP, JavaScript, Ruby, Perl, etc., are recently
very popular. One characteristic of these languages is the heavy use of asso-
ciative arrays in their runtime and applications. In this talk, we report how,
inside compilers for scripting languages, optimization-by-evaluation techniques
can optimize associative arrays. Starting from a simple evaluator that evaluates
a program into a pair of compile-time (static) and runtime (dynamic) values,
we derive a practical optimizer for associative arrays step by step by adding 1)
compile-time array representation, 2) removal of useless let-insertion, and 3)
reification of compile-time arrays.

1. 0000

0O 00OPHPOJava ScriptO RubyO Perl 000 0000000000000 O000O0OO0O
000000o00o0o0oo0o0o0ooo0o0oooo0oo0oo0ooooooooo
ooooo

PHPOOODOOOOOOOO PHPOOOOODOODDOOOOODODOOOODDOODOOOO
O00o0o0ooo0o0oo0ooo0oo0ooo0o0 pHPOOOOOOOOOODOOO
00000o0oo0o000ooo0o00ooOo0o0oooOo0o0oooO0o0ooooooooooO
O000o0o0o0oOo0oo0oooo0oooooooooooooooooooooo
00 PHPOOO P9 0000000 OOSuwarCRMOOO0O0O00OOOOOOO0O
0000000 30%000000000000000000O0DO0UDOOO0ODO0

O00o0oO0o0oo0ooo0o0ooo0oOo0oOooo0ooUooUooooooDooo
0000000O000o0OOo0o0ooooooooooo

000000000000 leadJ0000Ostore 0000000000 OOOOOOODO
0000000000000 000000O00O0O0000D0DUoOoOoOOOO0OOoO0OOOo
0000000000000 00000000000000UOPHPO foreach DO OO
00000000000000U00o0o00o0o0oo0oo0o0DU0oUooooooooooog
goobooon

ggboooboobooboobooobooboboboboboooboobooboo
000000000000 OONBE = normalization by evaluation0O0 OO O00O0O0O0O
0000000000000000000000000 OCamlO 300000000000
000ooO0o0oo0boO0o0oo0oo0oo0oooooo0oo0oooooooooo
o0o0oooooooooo

o00ooO0o0oo0o0oo0oO0o0oOo00ooO0o0oo0o0ooOOooo0oO PHPO
ocoooOoO0o0O00000000ooooo300o0ooooooooooooooboooooDoOo
00000000004 0000000000000000

2. 0 O

2.1 0O0OO0OO0OOOO
oooo?® 0000000000009 000000000000000000

t1000000000o000o000oo0ooonDo

IBM Research, Tokyo Research Laboratory gdobooooOoboooobOoooobDbOoooobO0oooooOmbooooboooooo

1 (© 2009 Information Processing Society of Japan



2 0JO0O0O0OO0O0OO0O0oO0oOoOoooooOobobooOoOooooo

0000000O0b0oo0o0O00ooO0obO0b0O NBEODODODDODODODOODODODODOOD
U000symvalJO0O0OO0O0O0OOD0OO0DOOODODOODOODOODOODODOODOO symval
gbooboobobOob0Ostatici00goooooooboboooboboboooo
OdynamicO0 000000000 0O0ODODOO

010000000 eval OO ODOODOODOODQO symvalhexp ->symval * residual
O000o0oooooOo (Aza)(Azz) D000 eval DO0OO0O0OOOOOOOOOO
gooogoog

# let (s, d), r = eval (% (fun x -> x) (fun x -> x) %);;

val s : static = SFun <fun>

val d : dynamic = Abs (["_1"], Var "_1")

val r : residual = <fun>

#r d;;

- : exp = Abs (["_1"], Var "_1")
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ope: i * * *» OO0 =*
pen List (x 0opoOooo ) ( )
i = A8 =
let fresh, init et rec eval e

. match e with
let cnt = ref 0 in

let fresh () =

(x 0000000000 =
type exp =

HVar sv -> sv, empty
HAbs (n, h) ->

| v £ stri let nid = "_" ~ string_of_int !cnt in N £ 1
ar of strin, et £ = comp eva in
| Abs of strinz list * exp let _ = cnt := fent + 1 in 1 SF . £ i
et s = SFun f in
id
| App of exp * exp list .n1 let 4 =
| BoolConst of bool m let xs = create fresh n in
| IntConst of int let init O = cnt := 0 in Abs (
s (xs,
. fresh, init
| StrConst of string rlet (f (map (fun x -> SNone, _Var x) xs)))
| NullConst in

000000000 %)

> A, t
let empty cont = cont (s ), empty

(x 00000 0OO0O0O0OOO =) s ’ N
let comp f g x = £ (g x) pp (e, es)

type ’a hexp = let d d let (s, d), r = eval e in
e n sv = snd sv
| HVar of ’a Y

| HApp of ’a hexp * ’a hexp list
| HAbs of int * (’a list -> ’a hexp)

let args, r’ =
fold_right

(fun e (args, r’) ->

let _Var x = Var x
let _App (d, ds) = App (d, ds)
let _BoolConst b = BoolConst b

let sv, r = eval e in
let rec create f n =

i* DDJ]EDEDEI *) 4120 then [] sv :: args, comp r r’)
TP;N:n: e else f () :: create f (n - 1) . es (LI, empty)
in
| SConst . . (+ let-insertion 1000 #) let r = comp r r’ in
| SFun of (symval list -> symval * residual) (match s with
. let slet r sv =
and dynamic = . | SNone ->
exp if fst sv = SConst then sv, r else et (SN A @ 4 3
. let x = fresh O in slet r one, _App (d, map snd args

and residual = | SFun f —>

(fst sv, _Var x),
exp —> exp let sv, r’ = f args in
and symval = fun cont => sv, comp r r’)
static * dynamic . T iApp((Abs )([:_;], zznt), )[dyn sv1)) ’

et rlet (sv, r) = r (dyn sv let conv e = let _ = init () in rlet (eval e)

01 OCamlO0000000O0DO0DODOODOODOODO

Fig.1 Simple optimization-by-evaluation evaluator in OCaml.
gboooooobooooboooobooboobobooobooboobooobobo goooooooooooboobobobobobOobobobooooooobooboD
gboobooboobooooooobooooboobobooobooboobboooboooo e nNu1IOOOOOODOODODO
gboobooooooobobooooobooboobooboboogbobooboboUubo e store(k,v,2)J0000 a000O0O0OODO (kx,v) OOOOOOOUODOOOOODOO
gooobooobooboooobooboobobooobooboobobboobDOoo e load(k,2)J 0000 a0O00 xOODOOUOOODOOO
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(* 00000 eq O ifop *)
let eq =
SFun (fun [svl; sv2] ->
match fst svl, fst sv2 with
| SConst, SConst ->
(SConst, _BoolConst (dyn svl = dyn sv2)),
empty
[
eval (% ‘eq (svi, sv2) %)),
_Var "eq"

let ifop =
SFun (fun [svl; sv2; sv3] ->
match fst svl with
| SConst when dyn svl = BoolConst true ->
eval (% sv2 OO %
| SConst when dyn svl = BoolConst false ->
eval (% sv3 O %)
[
eval (% ‘ifop (svl, sv2, sv3) %)),
_Var "ifop"

0 2 ifop0 eqOOO
Fig.2 Definitions of ifop and eq.

Usymval 0000000000000 O0O0OO0OOOOOOOODOODODODOODOODOD
let null =
fst (eval (% fun (c, n) -> n %))
let store =
fst (eval (% fun (k, v, a) -> fun (c, n) -> ¢ (k, v, a (c, n)) %))
let load =
fst (eval () fun (k, a) ->
a (fun (k’, v, x) -> fun () -> if eq (k, k’) then v else x (O,
fun O > O)
O "D
gooobobooooo 3obobuoboobobobooooooboboboooboo
000300000000 [(x0,v0);(k1,v1);...] 000000
00 fst(eval...) 0O0ODO0OOUOO0OUO0OO0OODO symval D0000000O0O0OOOO
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Fig.3 Church encoding of associative array.
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loadDD*lﬂml)DDDDDDDDDDD al0O000000 foldright HOODODO
000o002)000000000 x000 fun(O->... 000000000000 OO
goboooooooobooooon
e H)IOUDODUOODUDOUUOODDa(e,n) DOUDDOODOOODOOOODDOOOODO ¢
0 0000000000000 (¢,n) D00D0O0O0DOOOODODOODOOO
00 [(k0,v0)] 00000 e(k0,v0,n) DOO0 load OO OO fun(k’,v,x)->---
0 fun(O->---00000 c0a0000000000 fun () ->if eq(k,k0) then
vOoelse ) DO000O0OOOO0OODOCOOOOODODOOOOOOOOOOOOOOO
gobobooobboobbooonbo
e 2)J000000O eqO0OD0 ifop000D0IDUDDOODOOOODODOODOODO
oo
gobooboooooooobooooobooooooboooooooooooooobooboOonooon
%...40000 ‘v,‘echo00000000O00O0OOO HVar (SNone,Var"v") OO OO
000000000 letx=eline2 0 (funx->e2)el DO U0UO0Oprint JOOOO
UOexpUUOOOOO0OOOOOOOODO
# print (conv (% let a = store ("x",

‘echo (load ("x", a)) %));;

‘v, null) in

let _19 = echo v in _19

x1 000000000 ifeq(k,k’) thenvelsex () O0ifop (eq(k,k’),fun () ->v,fun O ->x()) OO
goooao
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- : unit = O

# print (conv (% let a = store ("x", ‘v, null) in a %));;

fun (_2, _1) -> let _3 =_2 ("x", v, _1) in _3

- : unit = ()
O0000000000000O010ad("x",a) 0000 ODO0ODOOOOOOOOOODOO
000 a000000D0CO000DOOO00DOO0O0DCOO0O0D store00dOnDOO
oooodb «00D0OO vOOOOOODOOOOOODOOOODODOOOODODOOO
go0oboooOoOooooO0oOoboo0oOoOoDobOoO0o200bDoOo0ooDOoOoUoODoo
gooooooooooooOobooU0OoobobUoUooUoOoDooUUOoDoboooo
gooboooooooooUooDoooUOobboOobOooOU0bOUUUoDooOoUOoooDoooo
goobooOoodooOo0oO0ooDooO0oOoobODOObOO00UOoDOooOOUOoDODoOoO
ooboooooodg

23 O ad
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00000O0o0o000ooooooo0o0oooooo0o0ooooooooooooooo
0000o0ooo00oooooo0oo0oo0oobOoo0o0ooooDoooooooDooDo
0000000000000 00000000 PHPOOOOODO OCamlOOOOOO0O
00000o0oooo000ooooo0ooooo0ooooooooooooooooo
000 PHPODOO=4000000000000000000000000000%0
00oo0oo00ooDo0ooo0Do0oooooDooooooooooooooog
gobooooooooooboOobD pHPOOODOOOOOOPHPOOOOOOODOO
0000000 SSAOO0O0O000000OoooOoDDOahexp OO0 O0O0O0OOOOOO
goobooooooooooOooboooboOooO0oooboOoooDboOoOooooDobo pHPOOO
ooboooooooooooobooooboooo

gobooooooooobooo

$a = null; let a = null in

$al"x"] = $x; let a = store ("x", ‘x, a) in
$al"y"] = $y; let a = store ("y", ‘y, a) in
echo $al["x"]; ‘echo (load ("x", a))

OO0 PHPOOUOOOOOOOOOO echo$a["x"| 0000000000 ON echo$x U
gooooooooooooooobooooobooboooOooooooocoooooobooo
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function f£($x, $y) { fun (x, y) ->

$a = null; let a = null in

$al"x"] = $x; let a = store ("x", x, a) in
$al"y"]l = $y; let a = store ("y", y, a) in
return $a; a

}
O00000000000000000000 sa0O0000O00O0O0O0O0O0OOO0BOOO
goo0ooOoo0oUo0ooooO0O0OooUoOobOoOoOoUUUoOoDOoOoUUOoDbDOobDUOoDOoo
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store 00000000000 DOOODOOOODOOOOOOODOOOODOOODO
0020000000000000000000O
function f($a, $x, $y) {
$a["x"] = $x;
$al"y"] = $y; let a = store ("y", y, a) in

fun (a, x, y) —>

let a = store ("x", x, a) in

echo $al["x"];
}
000000 $a0000000DDOOO00ODODOOO0ODOOO0OODOOOOODOO
0000 echo$a["x"] 0 echo$x U0 0D 0DDO0DODODOODODOODOODOODOO
oopboooooooo

o0300oooooooooooonDo

‘echo (load ("x", a))

$a = null; let a = null in

$al"x"] = $x; let a = store ("x", ‘x, a) in
$al"y"] = $y; let a = store ("y", ‘y, a) in
$al"x"] = $z; let a = store ("x", ‘z, a) in

foreach ($a as $k => $v) { echo $v; } foreach (fun(k, v, x) -> ‘echo v, (), a)

x1 000000000000 0O000O00O00O0O00O00COO0OO0O0OO0OOOOO00OOOOOOOOOOOOO
oo0oo0oo0o0oo0o0o0o00oOo0O0boOO0O0O0O00OO0OO0O00O0OO0OO00O0O0COO0O0O0
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0000000 $a000 return $a 00000000000 100000000 $ab00O
0000000000000 0O00o00DO00O0oUO0oO0 1000000 $a"x"] =$x
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goooboobobooodbob 200dobbbboobbbboooobLbLbbooooL o
gogoboboooobooboobuoobooboobooboobooboooboboo
goboobobobbooboobuoobooboobobbobooboobooboboo
oooooo
ooo0o01000000000000000000O000000O0O0ODOO00000
O00oO0o0ooo0o0ooOo0oo0ooo0ooooooooooooooooooooo
O00oO0o0oo0oOo0oo0oo0oooooooooo0oo0oooooooooo
ooo

3. 0o0OooOooo
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200000000000 DOCOO0OO0ODOOOO0OOOODOOODODOOOOOODOOOO
SFun 000000000000 O0DOOCOCOCOOODOOO0O0O000000 sAssoc
00 staticOOOOO0O00OO0O0OOOOOO
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type static = ...
| SAssoc of assoc
and assoc = {
ordered : bool;
dstr : ’a. (symval * symval * symval * ’a ans -> ’a ans) * ’a ans -> ’a ans }
and ’a ans =
Unknown | Ans of symval * residual | Temp of ’a
and ...
000004d4dstr 00 0000000000000 0O0000O0O0O0O0CamlOOOODODO
gboobooboooooboooooboobooboobDoboobOobooobDOo 220
gobooooooooboobobobobooog
1) 000O0OOUsymvalhexp0 0000000000000 0 OCamlO0OOO0OOOODO
ooobo
2)220000000000000000000000 (symval X symval X @ — «) —
a—a00000000O0C0O0O0C00O0O0DODOODO symval O0O0O0O 30000000
000000000 (symval X symval X symval X a — o) —a—a 0000000
000 « 00000 ’aans 00 O00O0O0O0O
0000000001)000000000000000000000O00DOD0DDOOOO0
goboooboobooboobboobooboobobobobboobboboobooo
[I*l[IQ)D lgooboogoboboooobbbooooboboooobboboooobo
U’aans 0000000000 OO0O0OO0O0OOassoc U0 ordered DOOOOODOO
gooooogoo
gbob00 assocU0O0D0O0ODOODOODOODOODOOOOODOO
let nil = { ordered = true; dstr = (fun (c, n) -> n) }
let cons k v a =
match fst a with
| SAssoc m —>

{ ordered = false; dstr = (fun (c, n) -> ¢ (k, v, a, m.dstr (c, n))) }

x1 00 dstr 000000000000 00000000 OCaml O000DO0O0O00OO0DOOODOOOOODDO
goooOoooboo0OoOooOooOoO0oOoO0OO0OO0OO0COOOO0OO0OOOCOOOOO0OO0OO0OOOOOODO
gooooooooooooono
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[
{ ordered = false; dstr = (fun (c, n) -> ¢ (k, v, a, Unknown)) }

Unil0 1000cons D0 00O0kOvOaDansOOOOOOOO0OO0D0OO0O0O0ODO2.20

gbobobobobooooooobD c00000D0 arsymvalJ OO0 a000O0OO0O

UOcOn0O000000D0OD0O0O0ODOD0ODO ans:’aans UOOO0OO0O0OOOOOODOOO

0000 a0000O0O0O0O0O00 SAssoc000000O0OMO ans 0 Unknown OO OO

000000 storeld load OO0 symval OO0 4000000000000O000

goboooooooboooooboo

let null = SAssoc nil, _Var "null"

let store =
SFun (fun [k; v; al] ->

slet empty (SAssoc (cons k v a), _App (_Var "store", [snd k; snd v; snd al))),

_Var "store"

let mkans r e

let (sv, r’) = eval e in Ans (sv, comp r r’)

let load =
SFun (fun [k; a]l ->
match a with
| SAssoc m, _ —>
let ¢ (k’, v, a, ans) =
match ans with
| Ans (x, r) —>
mkans r (% fun () -> if eq (k, k’) then v else x () %)
| _ —>
mkans empty (% fun () -> if eq (k, k’) then v else ‘load (k, a) %)
and n =
mkans empty (% fun ) -> O %)
in
let Ans (x, r) = m.dstr (c, n) in
let x, ¥’ = eval (% x O %) in
X, comp r r’
| _ -
eval (% ‘load (k, a) %)),
_Var "load"

04 00000000DO store O load OO

Fig.4 store and load operations for compile-time arrays.
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# print (conv (% let a = store (1, ‘x, ‘z) in
let a = store (2, load (1, a), a) in
store (3, load (0, a), a) %))

let _11 = store (1, x, z) in

let _17 = store (2, x, _11) in

let _27 = load (0, z) in

let _28 = store (3, _27, _17) in

_28

- :unit = (O
0o00o0o0oob0102000000000000000000001)0000000O0
Oo0o0ooooooooooooooooo0oooonononn stere d0000000O00O
0000000o0000000 200000000 z0000000000000000
OO0 zO0OOOOOOOOOOOOOOOOO0 leadd0O00O0O0O0O0O0O0O0DOO
0400000000000 store000000 staticOO cons 000000000
00 dynamic 00000000 store(k,v,a) 0000000000000 00000OO
ooooooooooooooroooooooooooon

load 00000 22000000000000000000000000000O0 cOn
00000 symval*residual 000000 Ans 000000000 22000000
U000 x:symval JOO0O000O00O0O0000 cO0OO0O0ODO0O0OO0O0OO0C0OO0OO
ooo

1) c000000D0 ans 0 Ans 0000000000000 D0O000O0DDODOOOOO

ooboooddddddbDans 00000000 xO0OO0O0OODDDO
2) 00000000000 ans O Unknown D000load 0000000000000
Oo000d agmanic 00000000 OOOOOO0O00O00O

00000000000000000 lead(0,z) 000 2)000000000O00OOO
ood

3.2 00000

PHPO foreach 00 0000000000000 O0COOOCOOCOOOOOOOOOO
0 foreach(c,n,a) 0000000 oa000000000 n000000000O0O0OO
cOdooooooooooooooooOoOoooooooooooooooooooon
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nil

(‘k, ‘z)
a store(‘k,‘z, a) store(l,‘z, a)
ordered ordered ordered
= true = false = true

05 00000000
Fig.5 Removing key-duplication.

O0D0Oforeach 00000 DDOOOODOD foldright 00X 0000000D0DO0O
gobooooobooogooboboooooooobooobooogobobooboboobDUubo
0000000000 DO0D0OO storeJ00000O0O0ODOODODOODODOO foreach
gooooooooooooobo 2000b00b0obDO0ObDOobOoDOobDOon

J00000000b00bO0b0nboODb store0000O00OO0O 5BO0D0O00ODOODOO
goooboobobooobOobOoboboooobobDO0 x00obOoboDOoobOobOoboOoo
gooooooboooboobooobooboobOooObOoO0bUobobDbO0obDUoOoDOoo
00000 bOo0obObd assoc O ordered HOUODODOO falseDOODO OO
goooboooOoboOooOOooooooOO0bOoO0bOOoOoDOobOooDOOobObOOoDbDOoOD
gboobooooooboobooboooobooooboboobooboooboboo
U000 ordered U U0DODOOOON ordered DUDO true DOOU

OeddOD0 storeJ0O00O0OO 70 foreach DO0OOOOOstore J0OOO 50
gooobooboobooboooboobobooboobobbobboboobOoo
O000000000000o00o000d medstr(e,n) 0 assoc 00000 OODOO
00000 assocans 00 Temp 000 0*00000000000000000 cons O
OO0 ordered DU UOOOOOODOODOOODOODOODOOOOD ordered DODOODO
O00000O000D00 foreach U ordered U OO DOOODOODOOODOOODOODOOO

*x1 Haskell 00000000 foldr OO0

*x2 00000 ’aans 00 Temp 00000000000 m.dstr 000000000000 O0O0OOOGCODOO
oooooo
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let nil = { ordered = true; dstr = (fun (c, n) -> n) }

let cons k v a =
match fst a with
| SAssoc m —->

{ ordered = m.ordered && fst k = SConst;
dstr = (fun (c, n) -> ¢ (k, v, a, m.dstr (c, n))) }

| ->

{ ordered = false; dstr = (fun (c, n) -> ¢ (k, v, a, Unknown)) }

let store =

SFun (fun [k; v; a] —>
slet empty
((match a with
| SAssoc m, d ->

let ¢ (k’, v’, a, ans) =

let t = fst (eval (% eq (k, k’) %)) in

match fst t, ans with

Temp (cons k’ v a)

SConst, Temp m’ ->
Temp (cons k’ v’ (SAssoc m’, d))
| _ => Unknown
and n =
Unknown
in
(match m.dstr (c, n) with
| Temp m -> SAssoc m
| _ -> SAssoc (cons k v a))
[

SAssoc (cons k v a)),

SConst, _ when dyn t = BoolConst true ->

_App (_Var "store", [snd k; snd v; snd al))),

_Var "store"

06 O0O0O0O0OOODOODOODOO store
Fig. 6 store with removal of key-duplication.

goboooobooooboboo

# print (conv (% let a

store (1,
let a = store (2,

let a = store (1,

‘x, null) in
‘y, a) in

‘z, a) in

foreach (fun (k, v, _) -> ‘echo v, (), a) %));;
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let foreach =
SFun (fun [cO; nO; a] ->
match a with
| SAssoc m, _ when m.ordered ->
let ¢ (k, v, _, Ans (x, r)) = mkans r (% c0 (k, v, x) %)
and n = Ans (n0, empty)
in
let Ans (x, r) = m.dstr (c, n) in
X, T
[
eval (), ‘foreach (cO, nO, a) %)),
_Var "foreach"

0 7 foreach 00O

Fig.7 foreach operation.

let _27 = store (1, x, null) in
let _41 = store (2, y, _27) in
let _48 = store (1, z, _41) in
let _53 = echo z in
let _54 = echo y in
_54
OoodbO foreach O OOOOOUOODOOOODOOODODOODODOOODLDDOO
gbo0oo0oob0obOoooO0bO0obOO0D pPHPOODODOOODODODODODODOOOO
gooboooobobooobbuooobboooboboooboooo
g00b00o00bO0id foreach DUOODOOODOODOODOO store000O0OO0O
gboobobooooooooobol let-0D000D00OO0O0OOOOOOOODOODO
3.3 O00OO0ODbODbOobOoOboOoooo
01000000b0bo0b0bo0obb0o0boobb0oU s 00000000 eval
g200000b0o0bo0oboobobooboobooboobooobooboobDOoo
000000000000000 eval 000000000000 DOODOOOOO0OOO
U0 s:static 0000000000000 00OO00eval DODOOODOOOOODOODOO
ooo0oobooooodn0 d:dynamic UOO0OO0OOOO
00000 OCamlD Lazy 0O0OO0OO0OO0OOOOOdynamic DO00OOD0OO0O0OODO

%1 00000000000 Sumii 07 000000000000 00000000000000000

000000000 0OooOooog Vol.2 No.5 1-14 (Nov. 2009)

open Lazy

let dyn sv = force (snd sv)

let _Var x = lazy (Var x)

let _App (d, ds) = lazy (App (force d, map force ds))
let _BoolConst b = lazy (BoolConst b)

let rec eval e
match e with ...
| HAbs (n, h) -> ...
let d = lazy (...) in ...

08 O0OOO0OOODOODOOD
Fig.8 Using lazy-evaluation.

oogd

. and dynamic = exp lazy_t
obobooobobDooooo sgbobobobo

O00gqymamic 000000000 O0O0DOO0 10000000000000O000DOO
00000b0b000 1let00obob0bOobUO0ObOO0ODOUODUOODUOOUODODOODOO
goobooooboooooooooboobobOobOobOobOobDUoDooDoooobo
0100000 sletJ00D0OO0ODO0O0ODOOODODOODDOODOODOODOD
U let-000000O0O0DOOO0OODOOO0ODODOOO slet2000000O0DbDOOnDO
let slet2 r sv =

let x = fresh () in

let uc = ref false in

if fst sv = SConst then sv, r else

(fst sv, lazy (uc := true; Var x)),

fun cont ->

if not 'uc then r cont
else r (App (Abs ([x], cont), [dyn sv]))

slet2 0000000 cont DOO0OO Varx OOOODOOOOODOOODODOOOOO tuc
0O falseJOOODOOOOOODOOODOODOOOOODOODOODOOODOOOO dynsv O
goboboobooboooooooobobobobobobobobnoo
goo0bOooobOoobobUoobobUoOobobUoobobOobbOUUD let-DO0oO0DbDOO
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slet 0 slet2 00000000000 D0O0OODO0ODOODOO O60 store 0000
00000000 slet 00000 slet20 0000000000
gooooooooo
# print (conv (% let a = store (1, ‘x, null) in

let a = store (2, ‘y, a) in

let a = store (1, ‘z, a) in

foreach

((fun (k, v, _) -> ‘echo v), (), a) %));;

let _3 = echo z in

let _4 = echo y in

4
0000000000000 00000000000 eval 00000000000O00OO
O00D0D0fresh 000000000000 000O0O0O00O000O0O0OOOOOOOOO
0000000000000000000000000000

3.4 000O00O0D0O0D0O0OO
3200000000000000000000000000000000000000
000000000000000000000000 store 0000000000000
0000000 200004000000000000000000 dynamic 00000
000000 slet 0000000000000 O000000000O00O000O00O0O
00O
NBEODOODOOOOOOOOOOODODODO OO reificationd % 000 static O
000 dynamic 000000000000 00000000000O0 SAssoc 000
O000O000000 reify 000000000000000 90 reify000000
000000000 1let 000000000000000000000O0000O SAssoc
000000000000 store 00000000000000000000 n.dstr O
(dynamic *residual)ans 00 0000000000000 00OO residual O dynamic
0000000000 store J00000000000000000 m.re 000000
00000O00o0
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000
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let reify sv =
match fst sv with
| SAssoc m when !(m.rc) < 2 ->
let ¢ (k, v, a, ans) =
let d, r =
match fst a, ans with
| SAssoc m, Temp (d, r) when !(m.rc) < 2 ->
d, r
| _ -
dyn a, empty
in
match d with
| Var _ ->
Temp (App (Var "store", [dyn k; dyn v; dl), r)
| _ =
let x = fresh () in
Temp (App (Var "store", [dyn k; dyn v; Var x]),
fun cont -> r (App (Abs ([x], cont), [d])))
and n =
Temp (Var "null", empty)
in
let Temp (d, r) = m.dstr (c, n) in
d, r
| _ —>

dyn sv, empty

let slet2 r sv = ...
else
let d, r’ = reify sv in
r (r’ (App (Abs ([x], cont), [d1)))

09 OJ0OOOoOoooooooo
Fig.9 Reification of compile-time arrays.

let a = store (1, ‘x, ‘a) in
let b = store (2, ‘y, a) in
let _ = print_r a in

let _ = print_r b in ()

gbooboooboobOooboon0 aDvp000ooboooboooboooobob 1000
store(1, ‘x,‘a) 00000000000 OOODOOOUOODOOUOODOOUDOOOOODO
gboooooboooobooooooboooooooooOooooooOobooooOOoOooOoDo
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type assoc =
{ rc : int ref; ... }

let inc rc = rc := !rc + 1

let rec eval e =
match e with ...
| Hipp (e, es) -> ...
match s with
| SNone ->
let args, r’ =
fold_right
(fun sv (args, r’) ->
match sv with SAssoc m, _ —>
(inc m.rc;
let sv, r = slet2 empty sv in
sv :: args, comp r r’)
| => (sv ::
args ([], empty)
in

args, r’))

let r = comp r r’ in

let nil = { rc = ref 2; ordered = true; dstr = (fun (c, n) -> n) }

let cons k v a =
match fst a with
| SAssoc m ->
(inc m.rc;
{ rc = ref 0;
ordered = m.ordered && fst k = SConst;
dstr = (fun (c, n) -> ¢ (k, v, a, m.dstr (c, n))) })
[

-

rc = ref 0; ordered = false;
dstr = (fun (c, n) -> ¢ (k, v, a, Unknown)) }

010 00DO0OOOODOOOOOOOOOO

Fig.10 Reference counting for compile-time arrays.

gboboobobooooooboobooboooobOOoobobocOon0 100000 assoc OO
gbooooooboobooobooobobdn rerintref DOOOO0OOO00O cons OO0O
gobOoobooooboocooooobobooooO0oobOo0obonoOoOn eval D OO0 HApp
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O000o0o00DO0o00Db0O00b00O00ouooDD 90 reify 00 000DOOODODOO
oooo0ob0obO0o0ob0ooDo0ob0obD0obD0o0b0DO0O mred0OOOOO 200000
store UOUODOODOODOODO

oopoooooooooo

# print (conv (% let a = store (1, ‘x, null) in

let a = store (2, ‘y, a) in
let a = store (3, ‘z, a) in
let b = a in

let a = store (2, ‘p, a) in

let b = store (2, ‘g, b) in
let _ = ‘print_r a in
‘print_r b %));;

let _0 = store (1, x, null) in

let _10 = store (2, p, _0) in

let _5 = store (3, z, _10) in
let _6 = print_r _5 in
let _9 = store (2, g, _0) in
let _7 = store (3, z, _9) in
let _8 = print_r _7 in

8

0000000 store(1,‘x,null) 00000000000 DO0ODOOODOODOODOO 20
doobobooooooooooOooob sleedoooooooooooooooooo
U000 store 0 reify UO0O0OOO0OO0OOO0OOOOOOOODOOOOODOOOCOODOO
oo
goooboooooooobcoooooobooooooobooboooooobooboOooooDooonoo
oooooooooooooooobootcoooooOoOoOoOoOoOooOoobooOobOoooooDooo
goooobooboooodoooooooooooobooboOoooboboOoOoOoboOoooDoOobobo
0000000000000 000D00000000 letinsertion 0000000000
O store0000000O0O0OO0OOOOCOOOOOOOOOOO

3.5 UOOOOOOoOoono

0000000000000 000000D0UO0O00 PHP O explode($ch,$s) OO0
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let err = lazy (failwith "[error]")
let do_.c c kv a=
let Ans ((s, d), r) =
c (k, v, (SNone, err), Ans (a, empty))
in
let x = SFun (fun [] -> (s, d), r), err in
Ghx OW
let do.n n =
let Ans ((s, d), r) = n in
let x = SFun (fun [] -> (s, d), r), err in
%hx O W

let explode =
SFun (fun [ch; s] ->
let dstr (c, n) =
mkans empty
(% ‘fix
(fun £ -> fun (a, pos, cnt) ->
let npos = ‘strpos (s, ch, pos) in
if ‘not ‘is_int npos then a
else
let v = ‘substr (s, pos, npos) in
let a = { do_c c cnt v a } in
f (a, npos, ‘add (cnt, 1)))
({domnmnl}, 0, 00%
in
slet2 empty
(SAssoc { rc = ref 2; ordered = true; dstr = dstr 1},
_App (_Var "explode", [snd ch; snd s]))),
_Var "explode"

0 11 explode OO
Fig.11 explode operation.

000 ¢sO00D00O0ODO schO00O0DOO0ODOOODOODOODOODOODOODO
gbobooooooooooobobooboboboboboog
OO0 explode UOOOODOODOOOOODOOOODOODODOODO1IO00O00DOO
goboboooobooooobooboobobooboboo
# print (conv (% let a = explode (",", ‘input) in
foreach ((fun (k, v, _) => ‘echo v), O, a) %));;

let _1 =
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fix

(fun _3 (_6, _5, _4) —>
let _7 = strpos (input, ",", _5) in
let _8 = is_int _7 in
let _9 = not _8 in

let _10 = if _9 then _6
else
(let _11 = substr (input, _5, _7) in
let _12 = echo _11 in
let _13 = add (_4, 1) in
let _14 = _3 (_12, _7, _13) in
_14) in
_10) in
let 2 = _1 (O, 0, 0) in
_2
gooobboooooogobooooboobDoboogbooooboobUobbUubo
O0000000D00Ostrpos(s,c,f) 0000 s0 £ 00000000000 cO0D0O0ODOO
0000000c0O00000000 OU000O00OOsubstr(s,f,t) 0000 sO £0
gobotgbooboobobbobbobo0obob fixd0bobboobbooboo
0000000000000 D00DOOshortcut-fusion®000000000000000
O000O0O000000OHaskellOOOOODODOOODOOOOODOOOODOOOODODOO
O0000o00o00o00Do00o0oUo0oooO0oUD (eyn)0000OOO0OOOOO
0000000 fun(k,v,-)->‘echovl ()0O000O0OO0O0O0O0OOOOOOOOOOO
gbobooooooooobooobo
goodoooooooooooobooooooooboooooooboboo
explodeDDDDDDDDDDDDDDDDDD”D

x1 00000000000 explode 00000000D0OO store 0000000000000 O0DOOODO
assoc U0 explode 00000000000 OO0O0OO0O00O0O0O0DODO0OOCODOOOO ordered DDODODO
00o0ooo0ooo0oooooooooooooooo
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4. O g

4.1 ODO0OO0OO0OOOOODOODODOO

goboobooboboobooboobooboobobooboobooboobOoo
gbooboboooobobooobouooob0oboub0b0oboUbO 1caddOO
0000000000000000%0000000000000000000

o000 store 0000 0OD0OODOODOODOOOOOOOO0OOODODODODODO
gobobooobooboobooboooboooog

let a = store (1, ‘x, null) in

let a = store (2, ‘f (), a) in

let a = store (1, ‘g (), a) in

a
PHPOOOODOOODODOUDOUOODO 1000 store(l, ‘x,null) 0000000000
0bobb0o0 3200000000000000DODDO0ODO0O0O0O foreachOO allOd
0000000ooUoo@,g)UDOO)O(2,£f)0D00)00D0O0DO0O0OOOOODOODOO
goooooboboo 3o 10obobobob0oboooobOobDUooUooboboo
oogd

let _1 =f () in
let 3 =g O in
let _5 = store (1, _3, null) in

let _6 = store (2, _1, _5) in

_6
gobooooooobo0ooboOooboOoUoboboo0oobooOoboboooDoo

00 foreach 00 O0D0O0O0OD0OOOOOOODOOOODOOOODOODOOOOODOO
goooooooooooboOooobooo0oooopDoooOOobDoUooOobobODo
gobooooboooooooo

4.2 0 0O0OO

NBEOOOOOOOOOOOOOOOOOOOOOOOOoOoOooooooo

x1 0000 $af0] =$x 000000000 $af0] 00000000000 $x000000000000000
$a[0] 00DO0DODODOO
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Sumii0” 0000000000000 D0000000D00000000000000
oooobo0dlet-0D0000DOOO0OD0OO0ODOODOODOODODODODODOOODOODODO
gboobogooooooooboboboboooooobooboboboboboooooo
gogo

let a = store (1, true, ‘z) in

if load (1, a) then () else a
00 eq(1,1) 0 if 0000000 DOUOOOOD0OUOO 1000 store 0o
gboobooobooboooobooobooboboboobooooboobobooDUubo
0000000000 store 000000000000 O0OOOOOSumii00OoonOonQ
obobooboobooooooooobobooobobobobobooo

Danvyl]3)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
gooobooooboooooboooboobooDoboobooboobobobDUubo
goooboobooboooobooboooDoboooboogoboobooboobDUobo
gooobooooooboooobooboogoOoboobobooobobooboboUbo
gboooboobooooobooooboooDoboooboDobOoobooboobDooo
goboogooooo

00 O Filinski ¥ O LindleyG)[I[I[I[I[Icomputational[l)\DDDDDDDDDDDD
0000000 NBEOOODDDOOOOOOOO NBEOOOUO let-insertion 10000
gooboooooboooobobobOooboooOoboooOoobUobOobOooDOobOooDooo
Lindley 0000 SMLNETOOOOOOODO NBEOOOOOOOOOODOOOOOO

0000000000000 PHPOOOOOOOOOOOOOOO PHP-Mix OO
OOO0O0OPHP-MixOOOOOOOOO SQLODOOOD DBOOOOOOOOOOOOOO
gboobooobooboooboobooboobooobobooobobooboooboUobo
gboboobooooooobobobobobobooooo

5. 0 0O 0O

oooobo pPHPOOOOOOOOOOOOCOOOOOOOOOOOOOOOODODODODOO
gboooooboobooooobooooooobooboooboooobOoboboobOobooOoDo
gboooboooooooobooooboooOoooOoboOoboobooooOoOoboboOoDo
oo

ooo0O0O0 pHPOOOOOOOOOOOOODOCOODOOOOOOOOODOOOOODO
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gbgoboooooooooboboooboboboobooboooobobobobob

function f($a) {

$al0] = 0;
$al1] = 1;
echo $al[0];

¥
gboboobooooooboooodobooooooooooooooboobobouobOoboobouoDo
goooobooooooooooooooboooooboOoboO0ooooOooOoboOoooooObooo
oono
gooooooooooooboooooooboOooOoooobooOoocOoooooOooOoooboo
goboooooooooboooobooooooboooooboooooOoooooOooonn
00 OobooooooobooboooooooOoOOoboOoOooOobooOoOCcOoOooooooboo
goooooooooooooooooooooooooooooooooboboboOooooo
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