The tcoML Language

Kwangkeun Yi

http://cs.kaist.ac.kr/~kwang

KAIST

CS420/Spring 1999

1 Syntax

The syntax of our source language tcoML is:

e ::= const constant

| id identifier | fn id => e function | e e application | let bind in e end local block | if e then e else e branch | e op e infix binary operation | read input | write e output | (e) bind ::= id = e value binding | rec id = e recursive value binding op ::= + | - | * | / | = | < | > | and | or const ::= true | false | string | num id alpha-numeric identifier string string num integer

1.1 Identifiers

Alpha-numeric identifiers are [a-zA-Z][a-zA-Z0-9_’]^∗. Identifiers are case sensitive: z and Z are different. The reserved words cannot be used as identifiers.

fn let in end if then else read write rec and or true false

1

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 2

1.2 Strings/Numbers/Comments

Strings begin and end with ". Inside the two double quotes, any sequence of characters excepting the new-line and the " characters can appear: [^"^\n]^∗. Null string "" is possible.

Numbers are integers, optionally prefixed with ~(for negative integer):

~?[0-9]^+.

A comment is any character sequence within the comment block (* *). The comment block can be nested.

1.3 Precedence/Associativity

The binary operators (op) precedence in decreasing order is as follows. Operators in the same set have identical precedence. {and, *, /}, {+, -, or}}, {=, <, >} All the above operators are left associative. Function applications are left associative.

1.4 Syntactic Restrictions

Each value binding id = e within rec, e must be of the form fn x => e. That is, only function values can be recursively declared.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 3

2 Dynamic Semantics

x, f ∈ Id identifiers v ∈ Val = Num ∪ String ∪ Bool ∪ Fvals values n ∈ Num ⟨ρ, σ⟩ ∈ Fvals = Fexpr × Env function values σ ∈ Env = Id^{fin}→ Val environments ρ ∈ Fexpr ::= λx.e function defs | fλx.e rec function defs

Notations: we write {x_1 → v_1, · · · , x_n → v_n} for an environment σ. The domain Dom(σ) is {x_1, · · · , x_n}. We write σ(x) for v if x → v ∈ σ. If x → v ∉ σ then σ(x) is not defined. We write σ[x → v] for σ ∪ {x → v} if x ∉ Dom(σ) and (σ \ {σ(x)}) ∪ {x → v} if x ∈ Dom(σ). The semantics rules precisely defines how relations of the form σ ⊢ e ⇒ v to be inferred. The relation is read “expression e computes value v under environment σ.”

Definition 1 (Program’s Semantics) A program e’s semantics is defined to be the inference tree of relation ∅ ⊢ e ⇒ v for some v. If there is no such v, then the expression has no meaning.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 4

[Const] σ ⊢ c ⇒ c

[Id] σ(x) = v σ ⊢ x ⇒ v [Fun] σ ⊢ fn x => e ⇒ ⟨λx.e, σ⟩ [App] σ ⊢ e_1 ⇒ ⟨λx.e, σ^′⟩ σ ⊢ e_2 ⇒ v_2 σ^′[x → v_2] ⊢ e ⇒ v σ ⊢ e_1 e_2 ⇒ v

[RecApp] σ ⊢ e_1 ⇒ ⟨fλx.e, σ^′⟩ σ ⊢ e_2 ⇒ v_2 σ^′[x → v_2][f → ⟨fλx.e, σ^′⟩] ⊢ e ⇒ v σ ⊢ e_1 e_2 ⇒ v

[Let] σ ⊢ e_1 ⇒ v_1 σ[x → v_1] ⊢ e_2 ⇒ v σ ⊢ let x = e_1 in e_2 end ⇒ v

[RecLet] σ ⊢ e_1 ⇒ ⟨λx.e, σ^′⟩ σ[f → ⟨fλx.e, σ^′⟩] ⊢ e_2 ⇒ v σ ⊢ let rec f = e_1 in e_2 end ⇒ v

[IfT] σ ⊢ e_1 ⇒ true σ ⊢ e_2 ⇒ v σ ⊢ if e_1 then e_2 else e_3 ⇒ v

[IfT] σ ⊢ e_1 ⇒ false σ ⊢ e_3 ⇒ v σ ⊢ if e_1 then e_2 else e_3 ⇒ v

[Op] σ ⊢ e_1 ⇒ v_1 σ ⊢ e_2 ⇒ v_2 op(v_1, v_2) = v σ ⊢ e_1 op e_2 ⇒ v

[Read] σ ⊢ read ⇒ n

[Write] σ ⊢ e ⇒ v σ ⊢ write e ⇒ v

[Paren] σ ⊢ e ⇒ v σ ⊢ (e) ⇒ v

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 5

3 Static Semantics: Type System

æ˚ $ĆtŹ tcoML Š£ŤŰ¸ ìśýřŹ ,¸ X|ú yăŹ Şõ AÝ ă3 A˚ăŢř. æ˚ ŚYffiú ¸Ìľt sqŢ Š£ŤŰ e` qE ¯ vĆ Âľt_{∅ ⊢ e ⇒ v} ˚ [Gõ `ŢřŹ ,¸ Š<ü8 “Š£ŤŰ eŹ ¯ võ GSľ 6ř”L ć ř. Ťăć [G` Š<üŹ YA(proof tree Óù inference tree)ù Š£ŤŰ ¸ ìśüŹ YAĆ ŤÂ£ Âßýř.

¸ $ĆtŹ Š£ŤŰ¸ ìśüŹ YAú yý *Šľ Ç ¡ –Ź ŚYffi ú f´ľ Æř. ¸ăć ŚYĆ ˚ľt sqŢ Š£ŤŰ¸ *Šþ :Ćˇ Í ýŹ Ť Š£ŤŰú @:Śȷ£ {7‹ăL òù,¸ř. {7‹ăŹ ¸C [ ł¸ ”Ź Š£ŤŰ< IęĘ ˚y–Ź ([C{¸ ìśþ ¡ –Ź) Š£ŤŰ ˇ {7‹ľb ăŹ ,¸ř.

¸ăć ŚY¸ ‚8qb č S&ú AýľÃı:

• *Šý Š£ŤŰù ìś|Ć ffiGüŞ MŹř. Ň, „˚˚ Š£ŤŰ eĆ Âľt *Š¸ ĄWă8 ∅ ⊢ e ⇒ võ ˇTăŹ v` U&ćř.

• *Šù ĺ\ îćè^4Ć ˝flKb ćř.

• `ăćć ˘ù ˚y–Ź Š£ŤŰffi¸ *Šþ ¡ –qb ćř.

¸ăć ŚYú ˇȷŹ `$ öñć Şł¸ Í«¸Á(type theory)œ£ Ù â #ţř.^1

ŁăÛffiù Æ ˛˚õ `ľt Í«¸Á¸ Š£ŤŠČ sq˚ %ı‚Y u ÇĆ qN3 q%ńŞ 5¸L –L yŠ` qN3 þ ,‚Şõ ÙÛ:œ£# ˝ ŤÃ3 þ ,¸ř. yý = ˝% Öä¸8, ““ş Š£ŤŠČ ¸ÁY ìC Ź Í«¸Á˚ su(footnote)Ć ÝYć ,¸L Ç&˚ “şù ĺ\ L;ú A ÝăL ›9ă3 ¸ľăŹ PŁffiĆ ˚ľtˇ ˇffiqŢřŹ Pìú ŁăÛffi ù ł¸ ¸ľă§ ĘĹř.”

1Í«¸Áù 1908[ B. Russel ¸ ŽęĆt˚ ?£(Russel’s paradox)ú ŸăŹ ŞKœ£ LKý ,ú üÅľt, A. ChurchĆ ˚ľ 1940[êĆ Lambda CalculusĆ :Ìüt “typed

lambda terms always reduce into their normal forms”ĘŹ Aý(Normalization Theorem)`

ˇffiq Ţ,¸ Š£ŤŠČĆ :ÌüŹ řý` ü}ř. Í«¸Á¸ Š£ŤŠČĆ :ÌüŹ ŃP õ ÙÛ:œ£ ‹żă8 řüY ›ř: simply-typed lambda calculus (Church 1940), type in-

ference (Hindley 1969), plymorphic lambda calculus (Reynolds 1972), subtypes (Reynolds

1980), existential abstract types (Mitchell and Plotkin 1985), dependent type (MacQueen

1986), linear type (Girard 1987), SML (Milner 1990), proof-carrying code (Necula and

Lee 1997), typed assembly language (Morriset 1998), etc. ´´˚ ¡Ğù ¡zè^Ć ďŹ ř.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 6

Íý˚ tcoMLĆt Í«ù \¿& ş£ăř:

Type τ ::= i integer type | b boolean type | s string type | τ → τ function type

Í«ŚYù řü˚ [Gõ @AľsŹ ŚYffi¸ř: Γ ⊢ e : τ æ˚ [Gõ řüY ›¸ ›ı “Š£ŤŰ é eŹ ΓĘŹ ÞEĆt Í« τõ` Ţř.” Í« ÞE ΓŹ řüY ›ù ì¸ø¸ř:

Γ ∈ TypeEnv = Id^{fin}→ Type type environment

Definition 2 (Program’s Type) A program e has type τ iff relation ∅ ⊢ e : τ is proved. If there is no such τ, then the expression has no type.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 7 řü¸ Š£ŤŰ é e ˚ Í«ú @AăŹ ŚYffi¸ř:

[Num] Γ ⊢ n : i

[Bool] Γ ⊢ true : b Γ ⊢ false : b

[String] Γ ⊢ string : s

[Fun]

Γ[x : τ_1] ⊢ e : τ_2 Γ ⊢ fn x => e : τ_1 → τ_2

[App]

Γ ⊢ e_1 : τ_1 → τ_2 Γ ⊢ e_2 : τ_1 Γ ⊢ e_1 e_2 : τ_2

[Let]

Γ ⊢ e_1 : τ_1 Γ[x : τ_1] ⊢ e_2 : τ_2 Γ ⊢ let x = e_1 in e_2 end : τ_2

[RecLet]

Γ[x : τ_1] ⊢ e_1 : τ_1 Γ[x : τ_1] ⊢ e_2 : τ_2 Γ ⊢ let rec x = e_1 in e_2 end : τ_2

[If]

Γ ⊢ e_1 : b Γ ⊢ e_2 : τ Γ ⊢ e_3 : τ Γ ⊢ if e_1 then e_2 else e_3 : τ

[Op]

Γ ⊢ e_1 : i/b Γ ⊢ e_2 : i/b Γ ⊢ e_1 op e_2 : i/b

[Read] Γ ⊢ read : i

[Write]

Γ ⊢ e : τ Γ ⊢ write e : τ

[Paren]

Γ ⊢ e : τ Γ ⊢ (e) : τ

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 8

3.1 Type Soundness

Í« ŚY¸ ‚8qb č S&| „ń ,ù, *Šý Š£ŤŰù ìś|Ć ffi GüŞ MŹřŹ ,¸ř. ¸,ú Í«ŚY˚ K;Ą¸ĘL ćř. Íý` A˚ ć Í«èSSð¸ K;ăřŹ ,ú Š<ăı.

K;Ą Š<ú Ì¸ă3 ă§ æľt Š£ŤŰ¸ ìśüŹ » SSñú ř ü˚ [G£ A˚ćř:_{e −→ e′} æ˚ [GŹ “Š£ŤŰ e` ć SSñ óĆ Š£ŤŰ e^′£ žćř”£ ›Źř. Ž õ ffiq_{1 + 2 * 3 −→ 1 + 6 −→ 7} Y ›¸ é¸ žľ`8t /[ ¯ú ˇffiq4Ź YAú vÇăŹ ,¸ř. Š £ŤŰ é¸ žăŹ ńűù Š£ŤŰ˚ ÙÛéffi¸ GSüŹ £tĆ 0Ę¯ œ£ žă§ :[¸ř.

Š£ŤŰ˚ ÙÛéffi¸ GSüŹ £tõ @AăŹ Şłù ìś� ˘(evaluation

context)¸ĘŹ §Ňć Şłœ£ `ăăř:

ìś˚ – evaluation context

C ::= [] þd | C e | v C | if C then e else e | let x = C in e | C op e | v op C | write C | (C) C[]Ź þd¸ –Ź Š£ŤŰ éú vÇćř. æ˚ C˚ A˚Ć ˚ă8 C[]Ćt þdù ąŤ ă#<¸ř. C[e] Ź Ť þdĆ é e` fi ,ú vÇćř. æĆt vŹ ¯ú Š£ŤŰ éœ£ vÇć ,¸ř:

v ::= const constant value | fn x => e function value | f fn x => e recursive function value

æĆt &Łě¡ ¯ “f fn x => e”Ź řü˚ éú ^şă3 vÇć ,¸ř:

let rec f = fn x => e in f end.

qŮAê ĆX¨9Şˇ, CĆt þd¸ –ú ¡ –Ź ıý` Ę£ řüĆ ¡śľb č é¸ æXć ıý` ýř. ¯¸ GSý $Ź(v` –Ź $Ź)ĆŹ

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 9

þd([])¸ –ú ¡ {L, GS£t` vő C˚ :<ć æXõ `ľt vÇüL –ř. Žõ ffiq, “C e”Ź ě¡é 7!` Íx GSüb ćřŹ ,ú vÇăL –L, “v C”ĆtŹ ‚ı 7!` GSüŹ EÍŹ ĺ\ ě¡ 7!` ¯ v£ G Sý řü¸ř ĘŹ ,ú vÇćř. æĆt let-rec bindingĆtŹ C` –

let rec x = C in e

ő ›¸

æĆt A˚ć Š£ŤŰ ìś˚ ć SSñ e −→ e^′ ù řü˚ ŚYĆ ˚ľt A˚ýř:_{r → c} C[r] −→ C[c] Ň, eĆt Ę£ řüĆ GSľb č é¸ r¸L (e = C[r]) Ť r¸ c` þ :

(r → c) eŹ e^′ (e^′ = C[c]) œ£ ć SSñ ŢśăŹ ,¸ř. ŚY r → cŹ řü

Y ›ř: (fn x => e) v → e / {v/x} (f fn x => e) v → e / {v/x, (f fn x => e)/f}

         let x = v in e → e / {v/x}
     let rec x = v in e → e / {x v/x}
 if true then e_1 else e_2 → e_1
if false then e_1 else e_2 → e_2

v_1 op v_2 → v where v = op(v_1, v_2)

write v → v
    (v) → v

Definition 3 (Program’s Semantics) A program e computes v iff e^∗−→ v. Fact 1 ∅ ⊢ e ⇒ v iff e^∗−→ v. Definition 4 (Program Goes Wrong) If program e stucks at e^′ because no value v exists such that e^{′ ∗}−→ v, then the program e goes wrong, writing e^∗−→ wrong.

Theorem 1 (Type’s Weak Soundness) For any program e of tcoML, if ∅ ⊢ e : τ then not e^∗−→ wrong.

Theorem 2 (Type’s Strong Soundness) For any program e of tcoML, if ∅ ⊢ e : τ and e^∗−→ • then ∅ ⊢ • : τ.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 10

Proof. We prove that if ∅ ⊢ e : τ and e −→ e^′ then ∅ ⊢ e^′ : τ. Then by induction on the number of evaluation steps, the theorem holds. The proof is by induction on the evaluation context C of C[r] = e and by using Lemma 2.

Base case: C[] = []. True by Lemma 2.

Inductive case: C[] = C_1[] e^′. By the assumption ∅ ⊢ C_1[r] e^′ : τ and by rule [App], ∅ ⊢ C_1[r] : τ^′ → τ (0) ∅ ⊢ e^′ : τ^′ (1) By induction hypothesis for (0), ∅ ⊢ C_1[c] : τ^′ → τ.

Hence by (1) and rule [App] ∅ ⊢ C_1[c] e^′ : τ.

Other cases are similarly done. 2

Note that the strong soundness implies the weak soundness because the wrong has no type.

Lemma 1 If Γ[x : τ_1] ⊢ e : τ and Γ ⊢ v_1 : τ_1 then Γ ⊢ e / {v_1/x} : τ. Proof. By induction on e. This Lemma is necessary to prove Lemma 2. 2 Lemma 2 If ∅ ⊢ r : τ and r → c then ∅ ⊢ c : τ. Proof. By case analysis on r.

Case r = (f fn x => e) v. Because ∅ ⊢ r : τ, ∅ ⊢ f fn x => e : τ^′ → τ (0) ∅ ⊢ v : τ^′. (1) By (0) and rule [RecLet], {f : τ^′ → τ, x : τ^′} ⊢ e : τ. (2) By (1), (2), and Lemma 1 f : τ^′ → τ ⊢ e/{v/x} : τ and by (0) and Lemma 1 ∅ ⊢ e/{v/x, f fn x => e/f} : τ. Other cases are similarly done. 2

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 11

4 Type Checking

After we made sure that our type system was sound, we have to implement the type system. That is, we need a program typecheck such that

typecheck(e) = τ iff ∅ ⊢ e : τ.

Determining for given a program e whether ∅ ⊢ e : τ or not is reduced to the provability in a simple logical system called unification logic.

The unification logic formulas for type terms t are:

Formula ϕ ::= t^.= t | ϕ ∧ ϕ | ∃α.ϕ T yT erm t ::= i int type | b bool type | s string type | t → t function type | α type variable

The proof rules for the unification logic formulas are:

⊢ t^.= t ⊢ ϕ /{t/α} ⊢ ∃α.ϕ ⊢ ϕ_1 ⊢ ϕ_2 ⊢ ϕ_1 ∧ ϕ_2

Therefore, a solution of a set of unification logic formulas is a substitution of type terms for type variables that will satisfy all the^.=. The most general such subsitution is achieved by Robinson’s most general unifier (mgu).

We define an algorithm T that collects unification formulas:

T : Expr × TyEnv × TyTerm → Formula

such that ⊢ T (e, ∅, τ) iff ∅ ⊢ e : τ.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 12 T (n, Γ, t) = t^.= i T (s, Γ, t) = t^.= s T (b, Γ, t) = t^.= b T (x, Γ, t) = t^.= Γ(x) T (fn x => e, Γ, t) = ∃α.∃β. t^.= α → β ∧ T (e, Γ[x : α], β) T (e_1 e_2, Γ, t) = T (e_1, Γ, α → t) ∧ T (e_2, Γ, α) T (let x = e_1 in e_2, Γ, t) = ∃α. T (e_1, Γ, α) ∧ T (e_2, Γ[x : α], t) T (let rec x = e_1 in e_2, Γ, t) = ∃α. T (e_1, Γ[x : α], α) ∧ T (e_2, Γ[x : α], t) T (if e_1 then e_2 else e_3, Γ, t) = ∃α. T (e_1, Γ, b) ∧ T (e_2, Γ, α) ∧ T (e_3, Γ, α) T (e_1 + e_2, Γ, t) = T (e_1, Γ, i) ∧ T (e_2, Γ, i)

Theorem 3 ⊢ T (e, Γ, τ) iff Γ ⊢ e : τ.

Proof. By induction on e.

Case e =fn x => e^′:

⊢ T (fn x => e^′, Γ, τ) iff τ = τ_1 → τ_2 and

⊢ T (e^′, Γ[x : τ_1], τ_2) iff Γ[x : τ_1] ⊢ e^′ : τ_2 by I.H. iff Γ ⊢ fn x => e^′ : τ_1 → τ_2 by rule [Fun]

2_{Our type checking algorithm typecheck can be implemented as follows}

typecheck(e) = (mgu ∘ T )(e, ∅, α)(α)

If the unification fails the program is ill-typed.

One drawback of the above implementation inside a compiler is that it is hard to report the region of the input program that causes, if any, a type error.

A rather more direct-style implementation is the following algorithm:

W : Expr × TyEnv → TyTerm × Subst

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 13 W (n, Γ) = (i, {}) W (x, Γ) = (Γ(x), {}) W (fn x => e, Γ) = let (t, S) = W (e, Γ[x : α]) α new in (α/S → t, S) W (e_1 e_2, Γ) = let (t_1, S_1) = W (e_1, Γ) (t_2, S_2) = W (e_2, Γ/S_1) S_3 = mgu(t_1/S_2, t_2 → α) α new in (α/S_3, S_3S_2S_1) W (let x = e_1 in e_2, Γ) = let (t_1, S_1) = W (e_1, Γ) (t_2, S_2) = W (e_2, Γ[x : t_1]/S_1) in (t_2, S_2S_1) W (let rec x = e_1 in e_2, Γ) = let (t_1, S_1) = W (e_1, Γ[x : α]) α new S_2 = mgu(t_1, α/S_1) (t_2, S_3) = W (e_2, Γ[x : α]/(S_2S_1)) in (t_2, S_3S_2S_1) W (e_1+e_2, Γ) = let (t_1, S_1) = W (e_1, Γ) (t_2, S_2) = W (e_2, Γ/S_1) S_3 = mgu(t_1/S_2, t_2, i) in (i, S_3S_2S_1)

Now it becomes clear where the type-error occurs: where the unfication mgu fails.

Theorem 4 (W’s Soundness) If W (e, Γ) = (τ, S) then Γ/S ⊢ e : τ/S.

Proof. By induction on e. 2

Theorem 5 (W’s Completeness) If Γ/P ⊢ e : τ/P then W (e, Γ) = (τ, S) and P = T S for some T .

Proof. By induction on e. 2

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 14

5 Intermediate Language: SECK Machine

Cmd ::= FRAME | DEFRAME

| FETCH(n) | QUOTE(p) | ADD | SUB | MUL | DIV | EQ | LT | GT | READ | WRITE | COND(Cmd^+,Cmd^+) | FTN(Cmd^+) | APP | RETURN | UNROLL p ::= n integer | true | false boolean | s string SECK machine’s state is a tuple (S, E, C, K) where stack S ∈ Stk = Value list environment E ∈ Env = Value list code C ∈ Code = Cmd list continuation K ∈ Cont = (Env × Code) list value v ∈ Value = Int ∪ Bool ∪ String ∪ Code × Env SECK machine’s execution is defined as the sequence of machine states linked by the following → transition: (v.S, E, FRAME.C, K) → (S, v.E, C, K) (S, v.E, DEFRAME.C, K) → (S, E, C, K) (S, E as v_0. · · · .v_n.E^′, FETCH(n).C, K) → (v_n.S, E, C, K) (S, E, QUOTE(v).C, K) → (v.S, E, C, K) (v_2.v_1.S, E, ADD.C, K) → (v_1 + v_2.S, E, C, K) (S, E, READ.C, K) → (get().S, E, C, K) (v.S, E, WRITE.C, K) → (v.S, E, C, K) (true.S, E, COND(C_1,C_2).C, K) → (S, E, C_1.C, K) (false.S, E, COND(C_1,C_2).C, K) → (S, E, C_2.C, K) (S, E, FTN(C^′).C, K) → ((C^′, E).S, E, C, K) (v.(C^′, E^′).S, E, APP.C, K) → (S, v.E^′, C^′, (E, C).K) (S, E, RETURN, (E^′, C).K) → (S, E^′, C, K) (S, v.E^′, UNROLL.C, K) → (S, v.(UNROLL.C, E^′).E^′, C, K)

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 15

5.1 Translation from tcoML to SECK Each expression e of lexical depth ℓ is translated into SECK code C. We write this translation relation as L, ℓ, e � C. The relation says that

• tcoML expression e is at lexical depth ℓ, • e’s free variable x’s lexical depth is L(x), and • tcoML expression e is translated into SECK machine code C.

The generated SECK code C for tcoML expression e satisfies the invariant that the SECK machine, after executing the C and right before continuation, has the expression e’s value on top of its stack S. The L is a table from identifiers to their lexical depths.

Rules for determining this translation relation are in Figure 1. For tcoML program e, its SECK code is C such that ∅, 0, e � C.

5.1.1 Correctness of the Translation Theorem 6 For tcoML program e, let SECK code C be such that ∅, 0, e � C. Then ∅ ⊢ e ⇒ v iff ([], [], C, [])^∗→ (v, [], [], []).

Let L, ℓ, e � C_e occurs during ∅, 0, p � C. Then followings are true: Fact 2 Expression e’s lexical depth ℓ is the number of frames in E right before executing the code C_e.

Fact 3 The ℓ frames are those that were pushed in by function calls or entering let-blocks.

Fact 4 Calling a function (fn x => · · ·) or entering a let-block (let [rec] x = · · ·) pushes one frame for the bound variable x.

Fact 5 Variable x’s lexical depth L(x) is the index of its frame in the current E.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 16

[C�] L, ℓ, const � QUOTE(const)

[X�] L, ℓ, x � FETCH(ℓ − L(x))

[FN�] L[x → ℓ + 1], ℓ + 1, e � C L, ℓ, fn x => e � FTN(C.RETURN)

[APP�]

L, ℓ, e_1 � C_1 L, ℓ, e_2 � C_2 L, ℓ, e_1 e_2 � C_1.C_2.APP

[LET�]

L, ℓ, e_1 � C_1 L[x → ℓ + 1], ℓ + 1, e_2 � C_2 L, ℓ, let x = e_1 in e_2 end � C_1.FRAME.C_2.DEFRAME

[RLET�]

L[f → ℓ + 1][x → ℓ + 2], ℓ + 2, e_1 � C_1 L[f → ℓ + 1], ℓ + 1, e_2 � C_2

L, ℓ, let rec f = fn x => e_1 in e_2 end �

FTN(UNROLL.C_1.RETURN).
FRAME.C_2.DEFRAME

[IF�] L, ℓ, e_i � C_i L, ℓ, if e_1 then e_2 else e_3 � C_1.COND(C_2, C_3)

[ADD�] L, ℓ, e_i � C_i L, ℓ, e_1 + e_2 � C_1.C_2.ADD

[OR�] L, ℓ, e_i � C_i L, ℓ, e_1 or e_2 � C_1.COND(QUOTE(true),C_2)

[AND�] L, ℓ, e_i � C_i L, ℓ, e_1 and e_2 � C_1.COND(C_2,QUOTE(false))

[IN�] L, ℓ, read � READ

[OUT�] L, ℓ, e � C_1 L, ℓ, write e � C_1.WRITE

Ť´ 1: Translation from tcoML to SECK

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 17

5.2 Economic/Optimal Translation

Íý` A˚ć tcoML-to-SECK {7‹ YAù sqŢ tcoML Š£ŤŰ eĆ Âľt ă#˚ SECK Śȷõ @Aľ sŞˇ, ›ù ‹ú ăŹ SECK ŚȷŹ Ť ĹĆ Łę¸ –ú ¡ –œt£ ›ù ‹ú ă8t Ť ìś üÌ¸ `$ EC: ‚ SECK Śȷ£ {7‹ăŹ ,¸ ŻÅăř. SECK Śȷ˚ ìś|Ć Ź?ă Ź è^Y -?ý§ú f´ăŁ þ ¡ –œ8 EC:‚ SECKŚȷõ ˇffiq 4b ăŹ ,¸ř.

Íx, SECK Śȷ˚ ìś|Ć Ź?ăŹ è^Y -?ý üÌú řüY › ¸ A˚ăL EC:‚ Śȷõ ˇȷŹ Žõ U_Ãı:

time memory

FRAME 1 0
DEFRAME 1 0
FETCH(n) 1 0
QUOTE(v) 1 1
ADD 1 0
READ 1 1
WRITE 1 0
COND(C_1,C_2) 1 0
E, FTN(C) 1 |E|
APP 2 0
RETURN 1 0
UNROLL 1 0

Example 1 řü˚ tcoML Š£ŤŰú f´ľ Ãı:

1 + 2

SECK Śȷ£ žÞă8

QUOTE(1).QUOTE(2).ADD

æ˚ Śȷ` ìśüŹ è^ù 3, -?ý Ź?Ź 2. ›ù ¯ú ˇffiq 4Ź

SECK Śȷ

QUOTE(3)

˚ ìś è^ù 1, -?ý Ź?Ź 1.2

Example 2 řü˚ tcoML Š£ŤŰú f´ľ Ãı:

(fn x => x+1) read

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 18

SECK Śȷ£ žÞă8

FTN(FETCH(0).QUOTE(1).ADD.RETURN).READ.APP

æ˚ Śȷ` ìśüŹ è^ù 8, -?ý Ź?Ź 2:

([], [], FTN(FETCH(0).QUOTE(1).ADD.RETURN).READ.APP, []) → ((FETCH(0).QUOTE(1).ADD.RETURN, []), [], READ.APP, []) → (v.(FETCH(0).QUOTE(1).ADD.RETURN, []), [], APP, []) → · · · ›ù ‹ú ăŹ SECK Śȷ£Ź:

READ.FRAME.FETCH(0).QUOTE(1).ADD.DEFRAME

ìśè^ù 6, -?ý Ź?Ź 2. ›ù ‹ú ăŹ SECK Śȷ:

READ.QUOTE(1).ADD

˚ ìśè^ù 3, -?ý Ź?Ź 2. 2

EC:‚ SECKŚȷõ ˇffiq 4ŹÚĆŹ sqŢ tcoML Š£ŤŰú v 8:œ£ (Óù ŹŢ:œ£) Ûuă8 qŮAêŹ ţĄč ¡ –ř. Žõ ffiq

tcoML Š£ŤŰ˚ é|Ć

(fn x => e_1) e_2

¸ –œ8, æ˚ éú_{let x = e2 in e1}

£ Ęô8 ýř.

ŤľŞˇ řü˚ EÍŹ æő›ù žÞ¸ Ý`ăăř:

fn x => · · · (x 10) · · ·

ž¡ x ` qŮ ě¡õ `Ş3 þ ŞŹ N ¡ {œt£ qž êý {¸ FTNY

APP õ `ŞŹ SECK Śȷõ ˇffiq 7 ¡ ĹĆ {ř.

æ˚ ŽĆt ž¡ xĆ ;ţüŹ ě¡ffiú yý ŽQľ Ç ¡ –ř8? ŤŠ t, sqŢ ě¡ Ò;é_{e1 e2}

Ćt e1¸ ìś|Ć `Ů ¡ –Ź ě¡` ąŤ ă#˚ ě¡

fn x => e

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 19

ĘŹ Pì¸ ŊÅŢř8, æ˚ ě¡ Ò;éú

let x = e_2 in e

£ Ęôqt EC:‚ Śȷ£ žÞèÈ ¡ –ř. ş, ¸: æ˚ ě¡ fn x => e ` A˚þ :˚ ÞEù Ò;üŹ Ç&˚ ÞEY ›$# fv(e) = {x} ¸qb ć ř. Why?

æő ›ù žÞú “function inlining”¸ĘL ăŹÚ, v˝# EC:‹ń?

e_1 e_2 let x = e_2 in e

T (e_1) + T (e_2) + 2 + T (e) + 1 (è^) T (e_2) + 1 + T (e) + 1

M(e_1) + |E| + M(e_2) + M(e) (-?ý) M(e_2) + M(e)

ě¡ < IęĘ Ã` é_{x + 1}

Ćtê, ž¡ x ` `Ů ¡ –Ź ¯¸ 3 <¸Ę8, æ˚ ÖĞéú OĘ£

QUOTE(4)œ£ Ęœ ¡ –ř. ¸ăć žÞú “constant propagation”¸ĘL

ćř. S&[_{if e1 then e2 else e3}

Ćt, S&é e1¸ `ŞŹ ¯¸ ĺ\ trueĘ8 æ˚ éú OĘ£ e2£ Â–è È ¡ –ř. ¸: e3 7!Ź ŻÅ{Ź Śȷ` ýř. ¸ăć žÞú “dead-code

elimination”¸ĘL ćř.

æő ›¸ sqŢ tcoML Š£ŤŰ˚ 4Ù éffi¸ ìś|Ć `Ů ¡ – Ź ¯ffiú /Âć yý ŽQľ 4L, ¸,ú ĘÖœ£ EC:‚ SECKŚȷ õ ˇffiq 7 ¡ –ř. řü$ĆtŹ Š£ŤŰ éffi¸ ìś|Ć `Ů ¡ – Ź ĄŮú (Ł§tŹ ¯ffiú) K;ăL êŽă3 ŽQăŹ §Áú U_Ãê À ćř. ¸ăć §Áú “static analysis”, “compile-time program analysis”,

“semantic-based program analysis”, Óù “data-flow analysis”#œ£ ÝýŒ Ţř.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 20

5.3 Compile-time Analysis of the Run-Time Values

5.3.1 A Source Transformation: Our Goal

Ûuú m§ă§ ;Ć, Ûuý @Yõ `ŞL Íý` @v£ăŹ Š£ŤŰ ž ÞYAú AÝă3 A˚ăêÀ ăı.

tcoML Š£ŤŰ ℘ ` sqPú : A_℘ Ź Š£ŤŰ ℘ Ć #Í#Ź ?fi

ě¡éffi¸ ìś|Ć `Ů ¡ –Ź ě¡ffiú ŽQć @YĘL ăı. Žõffiq řü˚ é¸ Š£ŤŰĆ –ř8

let
   rec f = fn x => e
in

� � � (f e

0) � � �

end

æ˚ (f e^′) Ćt ě¡é f` `ŞŹ ě¡Ź æĆt fĘŹ ¸öœ£ A˚ ý &Łě¡` ýř.

řü˚ Žõ Ã8_{let}

  g = fn f => f 10
in

� � �

end

æĆt f 10 Ćt ě¡é f` `ŞŹ ě¡Ź g` Ò;þ : ‚ı£ ;ţ üŹ ě¡ffi¸ ýř.

0Ęt A℘õ řü˚ ì¸ø¸ĘL č ¡ –ř:

A_℘ : Expr → 2^{Fexpr} Fexpr ::= λx.e functions in ℘ | fλx.e rec functions in ℘

Ûu@Y A℘õ `ŞL Š£ŤŰ ℘Ć –Ź ě¡ Ò;éffiú Figure 2˚ ŚY ú ¸Ìľt XÌ EC:‚ éffi£ žÞč ¡ –ř^2:

e^{rewrite}−→ e^{′ rewrite}−→ e^{′′ rewrite}−→ · · ·^{rewrite}−→ e^∗.

2žÞŚYú :Ìľ`8 îćěˇĆ ȷ#ŹŞõ Ý‚ľÃĘ.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 21 A_e(e_1) = {λx.e} fv(e) = {x} e_1 e_2^{rewrite}−→ let x = e_2 in e end

Pure(e_1)

let x = e_1 in e_2 end^{rewrite}−→ e_2/{e_1/x}

Pure(c) ∀(λy.e ∈ A_e(x)).Pure(e) ∀((f λy.e) ∈ A_e(x)).Pure(f) ⇒ Pure(e) Pure(x)

Pure(e) Pure(fn x => e)

Pure(e_1) Pure(e_2) Pure(let x = e_1 in e_2 end)

Pure(f) ⇒ Pure(e_1) Pure(e_2) Pure(let rec f = fn x => e_1 in e_2 end)

Pure(e_1) Pure(e_2) Pure(e_1 e_2)

Pure(e_1) Pure(e_2) Pure(e_3) Pure(if e_1 then e_2 else e_3)

Pure(e_1) Pure(e_2) Pure(e_1+e_2)

e^{rewrite}−→ e^′ E[e]^{rewrite}−→ E[e^′]

Ť´ 2: tcoML Š£ŤŰ žÞ ŚY

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 22

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.e^′ ∈ 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.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 26

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.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 27

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: {Ň6 ÞEĆt {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

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 28

6.1 tySECK Syntax and Semantics

tySECK command is identical to SECK command except that first, FTN and

UNROLL command has the type of its corresponding function and second, the
UNROLL has as a sub-command the body code of the function to unroll:

tyCmd ::= FRAME | DEFRAME

| FETCH(n) | QUOTE(p) | ADD | SUB | MUL | DIV | EQ | LT | GT | READ | WRITE | COND(tyCmd,tyCmd) | FTN(τ_1 → τ_2, tyCmd ) | FTN(rec τ_1 → τ_2,tyCmd) | APP | RETURN | UNROLL(rec τ_1 → τ_2,tyCmd) | tyCmd^+ n ::= non-negative integer p ::= integer, boolean, or string

tySECK Śȷ ¡ś|Ć ˇȷŹ ¯ffi˚ Í« τŹ řüY ›ř:

τ ::= i | b | r int, bool, string type | τ → τ function type | rec τ → τ recursive function type

tySECK machine’s transition semantics is identical to the SECK cases except: (S, E, FTN(τ_1 → τ_2, C^′).C, K) → ((C^′, E).S, E, C, K) (S, E, FTN(rec τ_1 → τ_2, C^′).C, K) → ((C^′, E).S, E, C, K) (S, v.E^′, UNROLL(rec τ_1 → τ_2, C^′).C

C^{00} , K) → (S, v.(C^{′′}, E^′).E^′, C, K)

6.2 tcoML-to-tySECK translation

The tcoML-to-tySECK translation is the same as before except that first, we add types for function codes and second, the UNROLL has as a sub-command

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 29

the body code of the function to unroll:

[RLET�]

L[f → ℓ + 1], ℓ + 1, e_2 � C_2 L[f → ℓ + 1][x → ℓ + 2], ℓ + 2, e_1 � C_1 L, ℓ, let rec f : τ_1 → τ_2 = fn x => e_1 in e_2 end

�_{FTN(UNROLL(rec τ1 → τ2, C1).C1.RETURN).FRAME.C2.DEFRAME}

[FN�] L[x → ℓ + 1], ℓ + 1, e � C L, ℓ, fn x => e : τ_1 → τ_2 � FTN(τ_1 → τ_2, C.RETURN)

6.3 tySECK’s Type System

´ tySECK <žq C ˚ Í«ù řü˚ [G£ @Aćř: s, e, k ⊢ C : s^′, e^′, k^′ æ˚ [GŹ řüY ›¸ ›ı: “tySECK ˚ §G\Œ Í« s, e, kĆt tyCmd C ` ¡ś¸ ˝flŞ8 ^£Ï §G\Œ Í« s^′, e^′, k^′` ýř.” Ł§t s, e, k Ź ´´ SECK §G˚ S (stack), E (environment), K (continuation)˚ Í« ú #Í4L řüY ›¸ A˚ćř:

s ::= ϵ empty stack type

| τ.s stack type with τ on top | α type for arbitrary/abstract stack e ::= ϵ empty environment type

| τ.e environment type with τ on top k ::= ϵ empty continuation type

| (e, C).k continuation type with e and tyCmd C on top | β type for arbitrary/abstract continuation

tyCmd ˚ Í«ú @AăŹ ŚYffi¸ Figure 5Ć A˚üq –ř.

Our tySECK’s type system is sound:

Theorem 9 (Soundness) Let s, e, k ⊢ C : s^′, e^′, k^′. For all S, E, K ∼ s, e, k: • (Progress) transitions from (S, E, C, K) are either always possible or finish with (S^′, E^′, nil, K^′).

• (Subject Reduction) if the transitions finish (S, E, C, K)^∗→ (S^′, E^′, nil, K^′) then S^′, E^′, K^′ ∼ s^′, e^′, k^′.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 30

Proof. We prove the subject reduction part by the structure induction on C. (That is, the induction hypothesis is that the theorem holds for subcommands of C.) The progress part can be similarly proved. • Base case: i.i.s, e, k ⊢ ADD : i.s, e, k. Let v_1.v_2.S, E, K ∼ i.i.s, e, k. By definition, (v_1.v_2.S, E, ADD, K) → (v_1 + v_2.S, E, nil , K). Clearly, v_1 + v_2.S, E, K ∼ i.s, e, k. Other base cases are similarly straightforward. • Case b.s, e, k ⊢ COND(C_1, C_2) : τ.s, e, k. Let S, E, K ∼ s, e, k. By rule [IF] in Figure 5, s, e, k ⊢ C_1 : τ.s, e, k holds. Hence by induction hypothesis, if (S, E, C_1, K)^∗→ (S^′, E^′, nil, K^′) then S^′, E^′, K^′ ∼ τ.s, e, k. Thus, the same holds if we start from (true.S, E, COND(C_1,C_2), K) because

(true.S, E, COND(C_1,C_2), K) → (S, E, C_1, K). • Case s, e, k ⊢ FN(τ_1 → τ_2, C) : τ_1 → τ_2.s, e, k. Let S, E, K ∼ s, e, k. By definition, (S, E, FN(τ_1 → τ_2, C), K) → ((C, E).S, E, nil , K). We need to show that (C, E) ∼ τ_1 → τ_2. By rule [FN] in Figure 5, C = C^′.RETURN and α, τ_1.e, β ⊢ C^′ : τ_2.α, τ_1.e, β. By induction hypothesis, for any S ∼ α, K ∼ β, and v_1 ∼ τ_1, if (S, v_1.E, C^′, K)^∗→ (S^′, E^′, nil , K^′) then S^′ ∼ τ_2.α, E^′ ∼ τ_1.e, and K^′ ∼ β. That is, the conditions of rule [F1] holds, hence (C, E) ∼ τ_1 → τ_2. • Case τ_1.(τ_1 → τ_2).s, e, k ⊢ APP : τ_2.s, e, k. Let v_1.(C, E_0).S, E, K ∼ τ_1.(τ_1 → τ_2).s, e, k. By definition (v_1.(C, E_0).S, E, APP, K) → (S, v_1.E_0, C, (E, nil ).K). By rule [F1] in Figure 6, C = C^′.RETURN and if (S, v_1.E_0, C^′, (E, nil ).K)^∗→ (S^′, E^′, nil, K^′) then S^′ ∼ τ_2.s, E^′ ∼ τ_1.e, K^′ ∼ (e, nil ).k with S, E, K ∼ s, e, k. Thus we can let S^′ = v_2.S^{′′} and K^′ = (E^{′′}, nil).K^{′′} with v_2 ∼ τ_2, S^{′′} ∼ s and K^{′′} ∼ k. Hence if (S, v_1.E_0, C^′.RETURN, (E, nil ).K) finishes, the state right before the terminal state is (v_2.S^{′′}, E^′, RETURN, (E^{′′}, nil).K^{′′}), which finishes in the next state (v_2.S^{′′}, E^{′′}, nil , K^{′′}). By definition, v_2.S^{′′} ∼ τ_2.s, E^{′′} ∼ e, and K^{′′} ∼ k.

• Other cases are similary proved. 2

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 31

6.4 Type Checking

Given a tySECK code C, we need to check if s, e, k exists such that ϵ, ϵ, ϵ ⊢ C : s, e, k. The tySECK code’s type-checking is a straightforward implementation of the rules in Figure 5. For example, the type-checker

typeVerify: stackTy * envTy * contTy -> code -> stackTy * envTy * contTy

would be defined as follows:^7

exception SECKtyError
fun typeVerify (CONS(tau, s),e,k) FRAME = (s, CONS(tau,e), k)
  | typeVerify (CONS(INT, CONS(INT, s)), e, k) ADD = (CONS(INT,s), e, k)
  | typeVerify (CONS(BOOL,s), e, k) COND(C1, C2) =
      let
        val (tau::s’, e’, k’) = typeVerify (s, e, k) C1
        val (tau’::s’’, e’’, k’’) = typeVerify (s, e, k) C2
      in
        if equivT(tau,tau’) andalso
           equivS(s, s’) andalso equivS(s’, s’’) andalso
           equivE(e, e’) andalso equivE(e’, e’’) andalso
           equivK(k, k’) andalso equivK(k’, k’’)
        then (CONS(tau,s), e, k)
        else raise SECKtyError
      end
  | typeVerify (s, e, k) (FN(FNty(tau1,tau2), C)) =
      let
        val C’::RETURN = C
        val (tau2’::alpha’, tau1’::e’, beta’) =
            typeVerify (alpha, tau1::e, beta) C’
      in
        if equivT(tau1,tau1’) andalso equivT(tau2,tau2’) andalso
           equivT(alpha,alpha’) andalso equivT(beta,beta’) andalso
           equivE(e,e’)
        then (FNty(tau1,tau2)::s,e,k)
        else raise SECKtyError
  |

� � �

7You can use the unification as in type-checking the tcoML expressions.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 32 [FR] τ.s, e, k ⊢ FRAME : s, τ.e, k s, τ.e, k ⊢ DEFRAME : s, e, k [OP] i.i.s, e, k ⊢ ADD : i.s, e, k b.b.s, e, k ⊢ AND : b.s, e, k i.i.s, e, k ⊢ EQ : b.s, e, k b.b.s, e, k ⊢ EQ : b.s, e, k [FE] s, e as τ_0. · · · .τ_n.e^′, k ⊢ FETCH(n) : τ_n.s, e, k [QU] type(c) = τ s, e, k ⊢ QUOTE(c) : τ.s, e, k [IO] s, e, k ⊢ READ : i.s, e, k s, e, k ⊢ WRITE : s, e, k [IF] s, e, k ⊢ C_1 : τ.s, e, k s, e, k ⊢ C_2 : τ.s, e, k b.s, e, k ⊢ COND(C_1, C_2) : τ.s, e, k

[FN]

C = C^′.RETURN α, τ_1.e, β ⊢ C^′ : τ_2.α, τ_1.e, β s, e, k ⊢ FN(τ_1 → τ_2, C) : (τ_1 → τ_2).s, e, k

[RF]

C = UNROLL(rec τ_1 → τ_2, C^′).C^′.RETURN α, τ_1.rec τ_1 → τ_2.e, β ⊢ C^′ : τ_2.α, τ_1.rec τ_1 → τ_2.e, β s, e, k ⊢ FN(rec τ_1 → τ_2, C) : (rec τ_1 → τ_2).s, e, k

[AP] τ_1.(τ_1 → τ_2).s, e, k ⊢ APP : τ_2.s, e, k τ_1.(rec τ_1 → τ_2).s, e, k ⊢ APP : τ_2.s, e, k [RE] s, e, e^′.k ⊢ RETURN : s, e^′, k [UN] α, τ_1.rec τ_1 → τ_2.e, β ⊢ C : τ_2.α, τ_1.rec τ_1 → τ_2.e, β s, τ_1.e, k ⊢ UNROLL(rec τ_1 → τ_2, C) : s, τ_1.(rec τ_1 → τ_2).e, k

[SE] s, e, k ⊢ cmd : s^′, e^′, k^′ s^′, e^′, k^′ ⊢ C : s^{′′}, e^{′′}, k^{′′} s, e, k ⊢ cmd.C : s^{′′}, e^{′′}, k^{′′} [NI] s, e, k ⊢ nil : s, e, k Ť´ 5: tySECK’s Type System

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 33

[NT] nil ∼ ϵ [VT] S ∼ α K ∼ β [ST] v ∼ τ S ∼ s v.S ∼ τ.s [ET] v ∼ τ E ∼ e v.E ∼ τ.e [KT] E ∼ e K ∼ k (E, C).K ∼ (e, C).k [P1] n ∼ i string ∼ r

[P2] true ∼ b false ∼ b

[F1]

C = C^′.RETURN ∀S, K, v_1 ∼ τ : (S, v_1.E, C^′, K) does not stuck and if (S, v_1.E, C^′, K)^∗→ (S^′, E^′, nil, K^′) then S^′ ∼ τ_2.s, E^′ ∼ τ_1.e, K^′ ∼ k where S ∼ s, E ∼ e, and K ∼ k (C, E) ∼ τ_1 → τ_2

[F2]

C = UNROLL(rec τ_1 → τ_2, C^′).C^′.RETURN (C, E) ∼ rec τ_1 → τ_2 ⇒ ∀S, K, v_1 ∼ τ : (S, v_1.(C, E).E, C^′, K) does not stuck and if (S, v_1.(C, E).E, C^′, K)^∗→ (S^′, E^′, nil, K^′) then S^′ ∼ τ_2.s, E^′ ∼ τ_1.rec τ_1 → τ_2.e, K^′ ∼ k where S ∼ s, E ∼ e, and K ∼ k (C, E) ∼ rec τ_1 → τ_2

Ť´ 6: tySECK’s Value Type

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 34

7 The Target Language: k86 Machine

The target machine’s address space is not pre-divided into registers and the main memory. A particular memory architecture is programmed by declaring memory areas (using AREA) each of which is addressed by a pair of an area name and an offset in the area. Conventional machines that have registers r0, r1 and etc. can be mimicked by declaring an area, say, r and using locations r(0), r(1) and so on.

A single memory location can have either an integer, a string (of any length), a label, or a location.

k86 programs are interpreted by our interpreter. The interpreter, after executing a k86 program, reports the execution cost of the program. The execution cost consists of the number of instruction executions, memory consumption, memory accesses, and etc. The interpreter is parameterized by a cost table that determines the costs of using particular areas. By using different cost tables we can measure a k86 program’s execution cost on various memory architectures.

The syntax of the target language k86 is:

pgm ::= decl^+instr^+ program decl ::= AREA id memory area declaration instr ::= MOVE m m | ADD m m m | SUB m m m | MUL m m m | DIV m m m | TOZ m m | JMP m | JMPZ m m | JMPN m m | LAB label | READ m | WRITE m m ::= integer | "string" | id | label | m(m) | m@^+ id, label alpha-numeric identifier

For example, a summation program in k86:

AREA A // sum 0 upto A

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 35

AREA S // S has the result
LAB START
        READ A
        MOVE 0 S
LAB LOOP
        ADD S@ A@ S
        SUB A@ 1 A
        JMPZ A@ EXIT
        JMP LOOP
LAB EXIT
        WRITE S@
LAB END

Let’s define the meaning of k86 command.

M ∈ Mem = Loc → Val memory Loc = Area × Int location Val = Loc ∪ Int ∪ Lab ∪ String value pc ∈ Int program counter m ∈ Addr address term ℓ ∈ Lab label

One execution step (M , pc) → (M^′, pc^′)

indicates that a memory M changes to M^′ after an instruction at pc is executed, and the next program counter becomes pc^′. Notation M[x → y] indicates a new memory that is equivalent to M except at x, where its value is y.

(M, pc : MOVE m_1 m_2) → (M[val(M, m_2) → val(M, m_1)], pc + 1) (M, pc : ADD m_1 m_2 m_3) → (M[val(M, m_3) → val(M, m_1) ⊕ val(M, m_2)], pc + 1) (M, pc : SUB m_1 m_2 m_3) → (M[val(M, m_3) → val(M, m_1) ⊖ val(M, m_2)], pc + 1) (M, pc : MUL m_1 m_2 m_3) → (M[val(M, m_3) → val(M, m_1) ⊗ val(M, m_2)], pc + 1) (M, pc : DIV m_1 m_2 m_3) → (M[val(M, m_3) → val(M, m_1) ⊘ val(M, m_2)], pc + 1) (M, pc : TOZ m_1 m_2) → (M[val(M, m_2) → cast(val(M, m_1))], pc + 1) (M, pc : JMP m) → (M, pcfy(val(M, m))) (M, pc : JMPZ m_1 m_2) → (M, if val(M, m_1) = 0 then pcfy(val(M, m_2)) else pc + 1) (M, pc : JMPN m_1 m_2) → (M, if val(M, m_1) < 0 then pcfy(val(M, m_2)) else pc + 1) (M, pc : READ m) → (M[val(M, m) → get()], pc + 1) (M, pc : WRITE m) → (M, pc + 1) (M, pc : LAB ℓ) → (M, pc + 1) (M, pc : LAB END) → (M, pc)

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 36

Auxiliary function val(M, m) indicates a value represented by an address term m at a given memory M: val: Mem × Addr → Val val(M, a) = ⟨a, 0⟩ aread id val(M, x) = x integer/string/label val(M, m_1(m_2)) = val(M, m_1) ⊕ val(M, m_2) offset address val(M, m@) = M(val(M, m)) dereference Casting function cast(v) casts a location to an integer by removing the area name from the location: cast: Loc → Int cast⟨a, z⟩ = z. v_1 ⊕ v_2 is defined only when • both v_1 and v_2 are integer. Then the ⊕ is the integer addition. • both v_1 and v_2 are locations whose areas are identical. Then v_1 ⊕ v_2 is the location in the area whose offset is the sum of v_i’s offsets.

• one of them is an integer and the other is a location. Then the result is the location in the same area whose offset is incremented by the integer.

Similarly for ⊖,⊗, and ⊘.

• “AREA sp” declares new memory area sp. • “MOVE 2 sp” moves constant 2 to location ⟨sp, 0⟩. • “MOVE "cs" sp” moves string “cs” to location ⟨sp, 0⟩. • “MOVE sp@ sp” moves value at location ⟨sp, 0⟩ to location ⟨sp, 0⟩. • “MOVE sp(-1)@ sp” moves value at ⟨sp, −1⟩ to location ⟨sp, 0⟩. Function pcfy(ℓ) returns a label ℓ’s program counter value, and input() gets an integer from the outside world.

Interpretation (execution) of a program P is the sequence of states starting from an empty memory and the initial program counter at label START: ([], pcfy(START)) → · · · Note that the end of the program is when the program counter reaches the

END label. Therefore any program must have the two labels (START and
END).

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 37

8 Translation from tySECK to k86

We need to implement the semantics of tySECK codes by k86 intructions. That is, we need to implement the three components of tySECK machine ( stack S, environment E, and continuation K) and we need to implement the tySECK values in k86 objects.

• S, E, and K are implemented as stacks in separate memory segments of k86 machine.

• Primitive values in tySECK are directly implemented as primitive values in k86, except that boolean values are implemented in k86 as integers: true as non-zero integers and false as zero.

• Function values (C, E) is implemented as a pointer to a pair whose first field has the code label and the second field the pointer to the environment. Similarly for continuation pair (E, C). The code label is the label at the beginning of the code.

• Now the question: how and where do we implement the function’s environment part? Can the environment be implemented as a pointer to the current machine environment E? No, because machine environment and function value’s environment have different life-spans. The environment when a function is called is in general different from the environment which was captured when the function is defined. The values in the current machine environment E can be expired (hence the memories that were used to implement the values are re-cycled) while the captured environment in functions can last. For example, consider the following program:

let
 f = let x = 2 in fn y => x+y end (1)
in
 f z (2)
end

The f has a function value whose environment part has the entry [x → 2]. This entry in the machine environment is removed (by the

DEFRAME command) when the let-block at line (1) is exited. Note that

this entry has to be available when the function is called at line (2).

• Thus, function’s environment has to be implemented in a separate memory area whose objects last “forever” without being expired. We call this area “heap.”

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 38

We now know that four memory areas are necessary:

AREA S // stack
AREA E // environment
AREA K // continuation
AREA H // heap

Each area’s first empty address is pointed to by each pointer:

AREA sp // stack pointer sp
AREA ep // environment pointer ep
AREA kp // continuation pointer kp
AREA hp // heap pointer hp

In defining the translation rule we use the following macros:

macro push(x, ptr) = MOVE x ptr@

ADD 1 ptr@ ptr

macro pop(ptr) = SUB ptr@ 1 ptr macro copy(REPEAT, from, to, n, END) = LAB REPEAT

 JMPZ n@ END
 JMPN n@ END
 MOVE from(n@)@ to(n@)
 SUB n@ 1 n
 JMP REPEAT
LAB END

The translation function codegen is of type

codegen: tyCmd -> k86Cmd * k86Cmd

The second output is for the k86 codes of functions that appear in the given tySECK command. Given a sequence of tySECK command C, codegen(C) will return two k86 code-sequences

(C_1, C_2)

from which the final k86 code would be

LAB START C_1 LAB END C_2

with appropriate area declarations in front of the START label.

The codegen function would be defined something like in Figure 7. In the figure I omitted the second part when it’s empty.

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 39

fun codegen FRAME = push(sp@(-1),ep)
                     pop(sp)
  | codegen DEFRAME = pop(ep)
  | codegen FETCH(n) = push(ep@(-n-1),sp)
  | codegen QUOTE(n) = push(n,sp)
  | codegen QUOTE(s) = push(s,sp)
  | codegen QUOTE(true) = push(1,sp)
  | codegen QUOTE(false) = push(0,sp)
  | codegen ADD = ADD sp@(-1) sp@(-2) sp@(-2)
                   SUB sp@ 1 sp
  | codegen COND(C_1, C_2) =
      let
         val C1 = codegen C_1
         val C2 = codegen C_2
         val ELSE = newLabel()
         val EXIT = newLabel()
      in
            JMPZ sp@(-1) ELSE
            pop(sp)
            C1
            JMP EXIT
        LAB ELSE
            pop(sp)
            C2
        LAB EXIT
      end
  | codegen FTN(C) =
      let
         val C = codegen C
         val ENTRY = newLabel()
         val REPEAT = newLabel()
         val END = newLabel()
      in
       ( TOZ ep@ sp@ (* sp@@ has the current environment size *)
         push(sp@@, hp) (* put the environment size at the head of
                                  the copied environment *)
         copy(REPEAT, ep@, hp@, sp@, END) (* copy the env into the heap *)
         ADD hp@ sp@@ hp (* shift the hp@ by the env size *)
         ADD hp@ 2 hp (* allocate the pair cell in the heap *)
         MOVE ENTRY hp@(-1) (* second field has the code label *)
         MOVE hp@(-(sp@+3))
              hp@(-2) (* first field has the ptr to the copied env *)
         push(hp@(-2),sp) (* stack has the pointer to the pair *)
       , C)
      end
  | � � �

Ť´ 7: tySECK-to-k86 Translation Rules

© ff aŰ (http://cs.kaist.ac.kr/~kwang) 40

8.1 Economic/Optimal Translation into k86: Challenges and Opportunities

The translation procedure in the previous section has a lot room for improvement.

• When a function value is made, taking one copy of the current environment into the heap area takes a long time. Under some conditions we don’t have to copy the environment. The current environment can be just pointed to. What would be the conditions?

• When a function is called, the return state (the pair of the current environment and next command to continue after returning) is pushed into the continuation stack K. In particular, the environment part is copied. Under some conditions we can avoid this expensive copy process, too. What would be the conditions?

• When a recursive function is unrolled by the UNROLL command, the environment part E^′ is duplicated:

(S, v.E^′, UNROLL(rec τ_1 → τ_2, C^′).C

C^{00} , K) → (S, v.(C^{′′}, E^′).E^′, C, K)

I guess we can always avoid this duplicated copy. Do you agree?

Other than the above big chances for optimizations we can do many simple optimizations after the translation is done by examining a small number of tySECK or k86 codes in sequence. To enlist some,

• When we see a tySECK code sequence like

QUOTE(1).QUOTE(2).ADD

we can replace it by

QUOTE(3)

• Two instructions move m_1 sp@ immediately followed by move sp@@ m_2 can be replaced by a single command move m_1 m_2.