5.3.2 Compile-time Analysis: Our Process

Š£ŤŰ¸ ìś|Ć `Ů ¡ –Ź ĄŮ(e.g., éffi¸ GSăŹ ¯ù qE¯ ‹ń? éffi¸ GS|Ć -?ýõ v˝# !I#úń? éffi¸ Óè ŇfèÈ ¡ –Ź Ž¡\á¸ –úń?)ú yý ÛuăŹ §Áù qE ,¸fiŞ řü˚ ~`Ş YAú $Zř:

1. Š£ŤŰœ£Ùâ Ŋ^ŞAé(Óù, [Gé)ú ê;ćř.

2. Ť Ŋ^ŞAéú }ř.

Íý` [î–Ź ĄŮù ´ Š£ŤŰéffi¸ `Ů ¡ –Ź ě¡¯ffi˚ Ž ę‚Ú, {7‹ă` ¸,ú AÝă3 ŽQăŹ ,ù Ý`ăăř. ě¡¯ù Š £ŤŰ˚ ìś ˚yé(Section 2)Ćt A˚ć Ęő ›¸, ě¡˚ íSS!ő Ť ě¡` A˚þ :˚ ÞEœ£ A˚üL A˚þ :˚ ÞEù ìś|Ć @Aü § :[Ć^3 Xć& ˘ù ě¡¯ffi¸ ˇffiqŮ ¡ –L ¸ ¯ffiú {7‹ă` AÝă3 ŽQľ7 ¡ Ź {ř.^4

ăŞˇ, Íý` ě¡˚ íSS! ÙÛˇú Lšćř8 Xć& ˘ú ¡ –Ź ìś|˚ ě¡¯ffiú îćć è^4Ć K;ă3 ŽQăŹ ,ù `ăľ Ţř. Š£ŤŰĆ A˚ý ě¡ íSS!˚ ¡` îćăL, Ť îćć ,ú `ŞL ì ś|Ć ˇffiqŮ ¡ –Ź Xćć ě¡¯ffiú Åcč ¡ –§ :[¸ř.^5 Ťď, Íý˚ ÛuĆt Ŋ^ ŞAéú uĄăŹ ž¡ffi(-qb č “X”ffi) ù X|¸ übčń? Š£ŤŰĆ –Ź ž¡ffiY Ť ¡˚ é ˝ř ž¡ ă#B ú zAăı. Ň, Íý˚ Ûuù Š£ŤŰ ž¡# éffi¸ `ŞŹ ě¡ íSS! õ ŽQăŹ Ŋ^ ŞAéú ê;ľt Ť ľõ üêÀ ăı.

Ŋ^ŞAéú uĄč ÙĄffi¸ řüY ›ù ŽęCcé(set constraint)£ vÇýř:_{X ⊇ Y, X ⊇ {λx.e},} Óù X ⊇ {fλx.e}. ů “ÙĄ” ¸=? Š£ŤŰ éffiú œœ8t ŞAéú uĄăŹ S´S´ffi¸ æő ›ù ŽęCcé˚ Þ£ vÇü§ :[¸ř. Š£ŤŰ ;–õ ?~ œù óĆb ?IŢ ÙĄffiú `ŞL Ŋ^ŞAé¸ ˇffiq Ţř. Žõ ffiqt, X ⊇ Y X ⊇ {λx.e} X ⊇ Z 3řü˚ ě¡ gõ Ãı: g = fn x => (fn y => x + y). ¸ ě¡Ź ÝšŮ :˝ř ^£ Ï ě¡õ ˇffiq 6ř: 1ú ‚ı£ Ńœ8 1ú ÌăŹ ě¡ (⟨λy.x + y, {x : 1}⟩) õ ˇffiL, 2õ ‚ıõ Ńœ8 2õ ÌăŹ ě¡ (⟨λy.x + y, {x : 2}⟩) õ ˇffiq6ř. ě¡ g` ȷ{¸ ř ô A¡ ¯ú ‚ı£ Ńœ8t ÝšŞ8? ŤˇÂ řô ě¡ffi¸ ìś|Ć ˇffiq ŞŹ ,¸ř.

4Undecidable. If such a compiler exists, then by using the compiler we can solve the

halting problem; let’s define (fn y => y 1)(p 1) and use the compiler to analyze the y.

If it concludes y has no value then we decide p does not halt on input 1.

5This theory is called abstract interpretation. This theory has been developed for the

last 20 years since the seminal paper by Patrick Cousot in 1977.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 23

ő ›¸ XĆ Âć S´ffi¸ ?IPœ8 Ť S´ffi£ Ùâ ˇffiqŞŹ XĆ Â ć ŞAéù řü¸ ýř: X = Y ∪ {λx.e} ∪ Z. Figure 3ĆtŹ Íý` ê;č Ŋ^ŞAé˚ ÙĄffiú ?œŹ ŚYú A

˚ăL –ř.

Example 3 řü˚ Š£ŤŰffiĆ Âľt Ŋ^ŞAéú ê;ľ Ãı. See in class.2

1) let
          f = fn x => x+1
          g = fn x => x+2
        in
          (if read > 0 then f else g) read
        end
2) let
          rec f = fn n => if n=0 then 1 else n*f(n-1)
        in
          f read 1
        end
3) let
          f = fn x => (fn y => x+y)
        in
          (f read) ((f read) read)
        end
4) let
          f = fn x => (fn y => x y)
        in
          (f (fn x => x+1)) ((f (fn x => x+2)) read)
        end

sqŢ Š£ŤŰ ℘ Ć ¸ ŚYffiú :Ìľt (℘ � C) ?IŢ ŞAé˚ Ù Ą C ffiú `ŞL Ŋ^ŞAéú ˇffi8 řü˚ Þ¸ üL:

X_1 = F_1(X_1, · · · , X_n) X_2 = F_2(X_1, · · · , X_n) . . . . X_n = F_n(X_1, · · · , X_n)

æ˚ Ŋ^ŞAéú ˇTèÅŹ ľż¸ Íý Ûu˚ @Y` ýř.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 24

c � {Xe ⊇ ∅} x � {Xe ⊇ Xx} e_1 � C_1

fn x => e_1 � {X_e ⊇ {λx.e_1}} ∪ C_1

e_1 � C_1 e_2 � C_2 e_1 e_2 � {X_e ⊇ X_e0 , X_x ⊇ X_2|λx.e0 ∈ X_1} ∪ C_1 ∪ C_2

e_1 � C_1 e_2 � C_2

let x = e_1 in e_2 � {X_x ⊇ X_1, X_e ⊇ X_2} ∪ C_1 ∪ C_2

e_1 � C_1 e_2 � C_2

let rec f = fn x => e_1 in e_2 � {X_f ⊇ {λx.e_1}, X_e ⊇ X_2} ∪ C_1 ∪ C_2

e_1 � C_1 e_2 � C_2 e_3 � C_3

if e_1 then e_2 else e_3 � {X_e ⊇ X_2, X_e ⊇ X_3} ∪ C_1 ∪ C_2 ∪ C_3

e_1 � C_1 e_2 � C_2 e_1 op e_2 � {X_e ⊇ ∅} ∪ C_1 ∪ C_2

read � {X_e ⊇ ∅}

e_1 � C_1

write e_1 � {X_e ⊇ X_1} ∪ C_1

e_1 � C_1

(e_1) � {X_e ⊇ X_1} ∪ C_1

Ť´ 3: Rules for Deriving Set Constraints for Estimating Function Values

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 25

Ť ľżù Ę£ řü˚ ě¡ F˚ LA> (fixpoint) Y ›ř:

F(X_1, · · · , X_n) = (F_1(X_1, · · · , X_n), F_2(X_1, · · · , X_n), . . F_n(X_1, · · · , X_n))

űÚ, æ˚ Ŋ^ŞAé˚ ľż(Óù æ ě¡ F˚ LA>)¸ Łȷè ă#ˇ – ŞŹ Mř. Žõffiq, řü˚ Ŋ^ ŞAéú f´ľ Ãı:

X_1 = {1} ∪ X_2 X_2 = X_1 ∪ X_3 X_3 = X_2

æĆt Xi` `Ů ¡ –Ź ¯¸ {1, 2, 3}˚ ÙÛŽę¸ĘL ă8, æ˚ ŞAé ˚ ľŹ X1 = X2 = X3 = {1}, X1 = X2 = X3 = {1, 2}# Łę¸ –ú ¡ – ř. ÍýŹ Ť ľżffi |Ćt `$ ȷù ľżú Ùćř. ů? `$ ȷù ľż ˇ ăÌŠê Ûu˚ K;Ąú Ã$ľ s§:[¸ř. Ûu˚ K;Ąù řüœ £ AýüL Ûuú %ı‚ăŹ PŁù ¸,ú Š<ľbćř:

Theorem 7 (Analysis’ Safety) Let Values_℘(e_i) be the set of values that expression e_i of program ℘ will have at run-time. Let Sol(F) be a solution of the equation F(X_1, · · · , X_n) = (X_1, · · · , X_n). Then, ∀⟨λx.e, σ⟩ ∈ Values_℘(e_i).λx.e ∈ Sol(F)(X_i). Ŋ^ŞAé˚ `$ȷù ľŹ ě¡ F˚ `$ ȷù LA> (least fixpoint)Ć ľ ¿ćř. `$ȷù ľŹ ĺ\ U&ăŹ ,‹ń? Ň, ě¡ F ˚ `$ ȷù LA >ù ĺ\ U&ăŹ ,‹ń? U&ćř8 Ťiù qE i‹ń? řü¸ ¸ăć Ů[˚ żú Aýľuř:

Theorem 8 (Least Fixpoint) Continuous function F : A → A over complete partial-order set A has the least fixpoint

[_{n˘0 F n(⊥)}

where F^0(x) = x and ⊥ is the least element in A.

If the set A is a finite power set, ordered by the set-inclusion, then A is a complete partial-order set. F is then continuous if it is monotonic.

Our set of equations derived from the input program ℘ are composed

with monotonic operator ∪ (the set-union) and the set that our unknowns

(X_i’s) range is the powerset (with the set-inclusion order) of the function

texts in ℘ hence a finite set. Thus, the least fixpoint of the F exists and is

computed as: [ n˘0 F^n(∅, · · · , ∅). Now, the question. When should the iteration stop? Deriving an efficient

algorithm is a homework to come and an important component that you

have to implement in your optimizing tcoML compiler.

6 Typed Intermediate Language: tySECK Ma-

chine

Şu\˚ ?fi {Ňâ` #LŽ V!Øœ£ Ŋ@ü8 ŞŽńŞőŹ :¸ć { Ň6 ÞE¸ ˇffiqŢř. ¸ăć {Ň6 ÞEĆtŹ Š£ŤŰ ìś|Ć ŻÅ ć ŚȷÙĄ¸# Ú¸Íffi¸ ć {ŇâĆ ?Ł–Ş ML ; ČG˚ {ŇâĆ ØqK –3 ýř. Š£ŤŰ ÙĄffiù Ť ÙĄĆ "Üý §Áú ‚: 3Ć˚ ľ /\˚ ĄŮ£ V!Øú `ľ Ş–{¸ CWþ ¡ –§ :[¸ř. ?fi Š £ŤŰù Şuæõ aŽœ£ îIřę8t ŻÅć VĆt ŻÅć ıÙ(Śȷ ÙĄ, Ú¸Í, CPU, -?ý#)ú :èĆ ôÙăŁ ȷzú ȷ˝XŹ ,¸ ‹\ :¸ üŹ ,¸ř.

¸ăć {Ň6 ÞEĆ /:œ£ :ßăŹ Śȷõ ˇffi§ æľtŹ ŞŽń Ş f´Ş Gć ˘ù [Cffi¸ ľ@übćř. ]Á, Ç&˚ {Ň6ÞE(desk-

top computing) Ćtê ìśŚȷ˚ ÙĄY Ú¸Íõ :èĆ ôÙľt(%SS¿

£Ùâ ÝăffiŁt) Š£ŤŰú ìśăŹ ,ù `ăľţÏ ‹¸ř. Ťă# y Š˚ ; Şu: {Ň6 ÞEĆt [C` üŹ ,ù, Ťăć ‹ffi¸ ;ČG˚ ?fi {Ňâõ Zù #LŽ V!Øú ÍL y»& jY þê£ Ňfă3 ý řŹ ,¸ř. ;ČG ?fi Śȷ` aŽœ£ Şuæõ ÓŤ¸8t PÌıĆ3 /:˚ Ąăú CWăšL E.ăŹ ÞEĆt Ťăć ‹ffi¸ ‹q#Ź ,¸ ř. ¸ăć ÞEĆt /:œ£ ¡śüŹ ŚȷŹ řü˚ K;Ą [Cõ ľ@ ăL –qb ćř.

• Śȷ˚ K;Ą Ã$: V!Øú `ľ ¡ÙĆt CWþ Ý"A ř¡˚ Ś ȷ` K;ăřŹ ,ú yý *Šć óĆ ìśú ťĞľb ćř.^6 Śȷõ

6üîăı8, ;ČG˚ ;ÜŹ ă#˚ V!Øœ£ Ŋ@üq–ř. ;Ü`Ü˚ 4Ì¸ X| ¸ üb č Ş ?òŹ \ŒĆt šˇ Ðý8 XS& ŃIê üŹ`? ;Ü£Ź @Źý` ffiš ď <¸ř. Ť 4Ì¸ ;Üõ L$4$# flL –Ź PŁú yX3 č ¡ Ź {ř. ăŞˇ, { Ňâ£ ;ţüŹ Š£ŤŰffiù {Ňâõ yX3 ˇffi¡ –ř.

CWăŹ QĆt K;Ąú *Šľ}b č < IęĘ, ŃIfi Q¸ Ť * Š4Ìú řè Ý‚č ¡ –êÀ ľb ăŹÚ, Ť K;Ą˚ S&ĆŹ Ţ ś|‚ Š£ŤŰú 7ś:œ£ |şèÅŞ ˙IbćřŹ §Æ:‚ S &(type safety)< IęĘ, ıÙ(CPU, -?ý)ú qŮ ¸\ù PÌăŞ ˙Ib ăŹ #˚ aľæć CcS&¸ ?~ jěýř.

ÅŃü m§üŹ agent codeĘŹ ,, Java˚ appletœ£ Ť ş#` xÃŁŢ ,#¸ Ť m` ýř.

Ç& Íý˚ Í8sq‚ SECK ŚȷĆ Í« èSSðú ÐäŁt SECK Ś ffiõ ŃIfi ÒSS!Ćt ìśă§ ;Ć (¡Ü§õ ffi§;Ć) Ť Śȷ˚ K; Ąú yý *Šč ¡ –êÀ ˇffiq Ãı. ¸ăć sqõ tySECK ¸ĘL Ù òêÀ ăL, tcoML Ćt tySECK œ£˚ {7‹ă YAú ŊÅ`êÀ ăı.

řü˚ êvŹ ;Şu: {Ň6ÞEĆt {7‹ăő ŚȷPÌı˚ Ńč ú Aýć ,¸ř:

Code provider (compiler) Code consumer (user)

tcoML *Š tySECK *Š

tcoML → tySECK tySECK → k86

tySECK ćê SECK Óù k86 ìś

Ť´ 4: ; Şu: ŹŠ!SSq ÙĄ˚ [CĆ Âć „]ê