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Abstract

In this paper, we present an unstaging translation from multi-stage programs to record
calculus programs and prove that the translation preserves semantics. That is, a translated
program simulates every evaluation step of the original multi-staged program. Also, we
prove that a translated program can be inverse translated to the original program. Thanks
to those properties, the translation can serve as a basis of reasoning about multi-staged
programs.

1 Notation

Notation 1. The Kleene closure of a reduction — is denoted as L

Notation 2. We use G 1o denote sequential application of —— and L
Notation 3. We use (a,b) = (a/,b") to denote both a = a’ and b =1V holds.
Notation 4. (Set Restriction) We are going to use Al to denote {ala € ANa ¢ B}.

Notation 5. The function update operator (+) is defined as follows.

oz ={ G, T4

0. w.

Notation 6. To distinguish record calculus expressions from staged calculus expressions when
necessary, we underline expression variables, as in e, to stand for record calculus expressions.

2 Languages

This section presents languages we are going to use.

2.1 Multi-Staged Language \s

The language As is a typed, call-by-value A-calculus with staging annotations and reference.
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Syntax
Variable x,y, f € Vars

Constant i € Const
Location ¢ € Loc

Ezprs eux=i | x| Axve | ee | fix fx.e
| refe |le | £ | e:=e
| boxe | unboxe | rune

The syntax of A\g is given above. The language contains constants, variables, lambda abstrac-
tion, application, and fix-point operator fix. Syntactic constructs related to mutable references
are the referencing and dereferencing operators, locations, and assignment. Finally, there are
staging annotations: box is used to define code templates; a code template is said to be in the
next stage. unbox is the escape operator that defines a “hole” inside a code template which is
filled in with another code template. box and unbox operators can be arbitrarily nested. run
executes a code template.

Definition 1. (Depth and Stage) The depth of a As expression e, denoted as depth(e), is the
mazximum depth of nested unbox expressions that are not enclosed by box. An expression e is
said to be at stage n if depth(e) < n.

Operational Semantics
As has a small-step, call-by-value, operational semantics. Evaluation rules of the language are
presented in Figure 1 and substitution rules are given in Figure 2. The evaluation M, e ——
e/, M’ has the meaning that “the expression e, under store M, evaluates to e’ and store M’ at
stage n.”

Notice that operational semantics inhibit code templates with free variables from being
demoted. Only closed code templates are allowed to be demoted to stage-0 expressions. The
inhibition is reasonable in that every expressions pass staged type systems satisfy the condition.

2.2 The Record Calculus A\

The language A\ is a A-calculus with record operations and mutable references. For simplicity,
we do not allow arbitrary expressions to be used in record expressions; we allow variables and
values only.

Syntax
Variable  p e Varp record variables
h c Varg hole variables
z,y, f € Varx = Vars ordinary variables
w € Varr = Varx U Varp U Varg

Constant 1 € Const
Location ¢ € Loc

Label X € Label = {x|x € Varx} tt-fonted ordinary variables
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Definitions
Value® v =14 | Az.e | fix fz.e | boxwv' | £
Value™ (n>0) " =1 | | Az.o™ | 0™0" | fix fz.o”
|ref o™ | 10" | £ | o™ :=0"
| box ™ | unbox v (n > 1)
Stores M € Label f Value®
Operational Semantics
(APP) M,e; ey, M’ M,e % ¢ M ve Value”
M,eies — e ea, M’ Mouve—=wve , M
M, (Az.e)v 2, [mrgv]e,M
M, (fix fx.e) v =2, [x»gv][f»gfix fx.ele, M
(REF) M,e 2 ¢ M v € Value® ¢
new
M,ref ¢ "> ref e/, M’ M,revaé,MJr{f:’u}
M,e ¢ M M) =v
(DER) - — 5
M,!G*)!E,M M,!€—>U,M
M,e1 =€}, M’ M,e =€, M
(ASG) n ! ! n / !
M,e1 :=e3 — €] :=ea, M Mv=e—v:i=¢,M
M, t:=v " v, M+{¢:v}
M,e "—H>e/,M'
(BOX) " YT
M,box e — boxe , M
(RUN) M,e e M v e Value' FVo(v) =2
M,rune — rune’, M’ M,run(boxv)LmM
(UNB) M,e = ¢', M v € Value'
M ,unbox ¢ "1 ynbox e,M'" M, unbox (box v) RN v, M
M,e ™ e/ M
(ABS) e
M, x.e — Ax.e ,M
M,e it e, M
(FIX)

M, fix fx.e L fix fr.e', M’

Figure 1: Operational Semantics of Ag.
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[ v]i =1

0 v ify==2
o= ly - { y ow

n+1 _
(w5 oy —y

0 Ay.e ify==x
[z—v]Ay.e = 0

Ay.Jx—vle ow

2 ) Mye = M.z B vle

0 ) | fix fye ify=azVvf==x
[x—v]fix fy.e = . 0

fix fy.e[z—v]e o.w.

n+1 . _ . n+1
[z '~ v]fix fy.e = fix fy.[z +— v]e
[z v](e1 e2) = [z5v]er [ v]ex
[z v]ref e = ref [z+>v]e
[0l e = zSu)e
[z v)e =/
[ v)(e1 := e2) = [x%v]er := [zr5v]ea
[+ v]box e = box [z v]e
[+ v]run e = run [z v]e
[z v]unbox e = unbox [z v]e

Figure 2: Substitutions for As.

Ezprg e =i | w| \we | ee| fix fx.e
| refe |le | £ | e=e
| 7| rx | let w=ein e

Valuer v =1 | Awe | v | £
Record Valuer v, == {} | v,+{x=v}

Storer M=o | M+{l:v}
Recordg r ou={} | p | r+{x=z} | r+{x=v}

The record language A has constants (i), variables (z), lambda abstractions, applications, a
fixpoint operator fix, and let-expressions. The constructs for mutable references are referenc-
ing (ref), dereferencing (!), locations (¢), and assignment. As for the record operations there
is empty record ({}), record variables (p), and the record update operation r+{x=_}. For field
names (or labels) in records, we use variables written in teletype font.

We separate variables into three disjoint sets: ordinary variables Var x (which are the same
as variables of Ag), record variables Varp, and hole variables Varg. This syntactic distinction
makes our presentation of the inverse translation easier. The operational semantics does not
need to make a distinction; all variables are treated uniformly.

Operational Semantics

Ar has a small-step, call-by-value operational semantics. The evaluation M, e R e M
means that “the expression e, under store M, evaluates to expression e’ and store M’”. The
operational semantics of Ag is mostly standard. Evaluation rules and the definition of values
are given in Figure 3.
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Operational Semantics

M,eq Aell,M' M,eLe',M'
(APP)R R ’ R l !
M,ei e — ey ea, M M,ve—ve,M
M, (Aw.e) v =, [w—wv]e, M
M, (fix fz.e)v X, [x—][f—fix fx.e]le, M
R / /
M,e1 — e, M
(LET)= — :
M,let w=e; in ez — let w =-¢; in ea, M
M,let w=wvin eL[wr—w]e,M
(ACC)r M, v,x =5 v, (x), M
R / /
M,e — e, M v € Valuer
(REF)% = = new ¢
M,ref e —sref e/, M M, ref v —= £, M+{l:v}
R / !
M,e — ¢, M M) =v
(DER)R R / / R
Mle—!le, M M)\ — v, M
M,eliue'l,M/ M,eﬁe/,M'
(ASG)R R / / R / !
M,e1 :=ex — e i =ea, M Mvi=e—v:i=e,M

M,é::va,M—F{K:U}

Record Lookup

v if v, = v.+{x=v}
vr(x) = { vp(x) ifv, =v.+{y=_}and x #y
Substitution
[w—eli =1
[w1 > e]ws = { it wy = ws
)\’wg €2 if w1 = w2
[wi—e1]dwz.e2 = { Awa.[wi—eres  if wa ¢ FV(er)
. fix fws.ez if w1 = ws
[wr—erl]fix fwa.ez = {fix Fws.[wr—eles i we ¢ FV(er)
[we](er1 e2) = [wr—eler [weles
[we1]ref es = ref [w—eiles
[w—ei]! e2 = l|wr—eiez
[wse]l =/
[w—e](e1 := e2) = [wr—eler := [weles
. let w2 = [witeler in eg if w = wo
[wiellet w2 =e1 in ez = { let wp = [wir—ele; in [wi—eles  if we ¢ FV(e1)
[w—e]{} ={}
[w—e](r+{x=1}) = [w—elr+{x=[w—elz}

Figure 3: Operational Semantics of Ag.
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Definitions
Environment ra= {} | p | r+{x=z}
Environment Stack R:= 1 | R,r
Context k= ((AR[]) e) | (Ah.k)e)
Context Stack K:=1| K,k

Environment Lookup
x ifr=r'+{x=x}
r(x)=< r'(x) fr=r'+{y=_tandx#y
px  ifr=p

Term Translation

(TCON) Rb i (i, 1)
(TVAR) Rrtxz— (r(x),Ll)
(TABS) Rr+{x=z}Fer (e, K)
R,rF Azx.e — (Az.e, K)
(TFIX) Ryr+{x=z}+{f=f}Fe— (e, K)
R,rF fix fr.e — (fix fz.e, K)
(TAPP) REei— (e, K1) RFEexr (e2,K2)
Rt-e1 ez — (e1 ez, K1 X1 K3)
R, pF K R, pF 1
(TBOX) phe (e (K r) new p phe(ed) new p
Rt box e — (k[Ap.€], K) RtEboxer (Ap.e, L)
Rter (e, K)
(TUNB) new h
R,r Funbox e — (hr, (K, (Ah.[']) €))
Rtew— (e, K)
(TRUN) new h
RErune— (let h=c¢ in (h{}), K)
R+
(TREF) Al CEY
Rl ref e (ref e K)
R+
(TDRE) ﬂ
RFle— (le K)
(TLOC) Rb€— (4, 1)
(TASG) REei— (e, K1) RFexr (e2,K>)

Rt er:=ex+— (e1:= ez, K1 > K2)

Context Stack Merge Operator
1l xK=K
Kxl=K
(K1, k1) b2 (K2, k2) = (K1 > K3), (k1]k2])

Figure 4: Translation from As to Ag.
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3 Translation

The translation is presented in Figure 4. A translation judgment has the form R+ e — (e, K)
with the meaning that “a A\s expression e, under environment stack R, translates to the Ag
expression e and the context stack K.”

Also, the translation for stores are defined as follows.

Definition 2. (Store Translation)

MM {}Foe (n1)

%] %]
T MU0} MU0}

The translation preserves semantics of the programs. That is, translated programs simulate
original multi-staged programs. Specifically, one step reduction of a multi-staged program cor-
responds to one step reduction of the translated record calculus program followed by exhaustive
administrative reductions.

Recall that a translation yields a pair of an expression and a context stack. This pair can
be constructed into a single expression using a context closure operation:

Definition 3. (Context Closure) Let e be a Mg expression and K be a context stack. The
context closure K(e) is defined as follows.

_ [ K'(sle]) i K =(K',k)
Kfe) _{ e ifK =1

Administrative reduction is defined as follows.

Definition 4. (Admin Reduction) Administrative reduction of an expression is a congruence
closure of the following two rules:

(APP)  (X\p.e)r A, [p—r]e
r#Ep
A

r-x — r(x)

(ACC)

Note that an administrative reduction may happen anywhere, even under lambdas. Also
note that an admin reduction is “safe” to perform, in the sense that no side-effecting or non-
terminating expression is eliminated by an admin reduction. It is also straightforward to check
that admin reductions terminate.

Definition 5. (Admin-normal form) An expression e is said to be in admin-normal form iff

there does not exist an €' such that e AL e

Theorem 1. (Simulation) Let e be a stage-n As expression with no free variables and M be a

store that contains values with no free variables such that M,e — ¢/, M'. Let R+ e (e, K)
and R+ ¢ — (¢!, K'). Also, M be the translation of M and M’ be the translation of M'. Then

M, K(e) “2& K'(¢)), M.

Proof is given in Section 3.2.

3.1 Auxiliary Properties

Now we are going to introduce some basic properties of the translation and admin reduction,
which are useful in proving the Theorem 1.
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Notation 7. (Abbreviations) We are going to omit L when a stack is not empty. Also, we

use ag . ..a, to denote sequence aq,...,a,. For example, ag,a; denotes stack L,ag,a; and
agp - ..ay, denotes stack 1,aq,...,a,. Also a,by...b, denotes 1,a,bgy,...,b, and ag...an,,b
denotes 1, aq,...,an,b.

Notation 8. (Length) We use length(a) to denote the length of stack a. Notation max(a)(b)
denotes the largest number between a and b.

During the translation, the length of a context stack cannot exceed the length of a envi-
ronment stack.

Property 1. Let e be a A\s expression. If rg...r, F e (e, K), then length(K) = depth(e).

Proof. Proof by structural induction on e. O

3.1.1 Admin Normal Result

We first extend the definition of admin reductions to contexts.

Definition 6. (Admin reduction of contexts) Administrative reduction of contexts is defined
the same as administrative reduction of expressions.

Definition 7. (Admin reduction of context stacks) Erzhaustive administrative reduction of
context stacks is defined as follows:

*

n
KK k=¥

=
K,k 2= K K

1A

The following lemma states that there are no admin-reducible terms in the result of a
translation.

Lemma 1. Assume e is a stage-n As expression. If ro...r, F e (e, K), then context stack
K and Ar expression e are admin-normal.

Proof. Proof by structural induction on expression e. We are going to show interesting cases
only. Other cases are straightforward inductions.

e Let e = 2. By definition of the translation judgment, we have rg...7r, b 2 — (r,(x), L).
Depending on r,, 7,(x) can be either variable = or record access p-x for some record
variable p. In both cases, the expression is admin-normal. Hence we have the claim.

e Let e = €7 5. Assume, R is an environment stack. Then, by definition of the translation
judgment, we have R F e; ey — (e1 e, K1 > K3) where R F e — (e1, K1) and
R F ey — (e, K2). By induction hypothesis, we have the fact that e, es, K1 and K»
are admin normal.

Now we are going to show that both e; es and K; <1 Ky are admin normal. Since >
operator does not introduce additional reducible terms, context stack K7 <1 Ko is admin
normal by definition of administrative reduction. For expression e; ez, an applicable

candidate is (Ah.e) r 4, [h +— rle. However, ey cannot be a record by definition of
the translation judgment. Therefore, by definition of admin reductions, e; e is admin-
normal. Hence we have the claim.

O
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3.1.2 Value Preservation
Stage-0 values of \s are translated to values of Ag.

Lemma 2. Assume v is a stage-0 \s expression such that v € Value®. Then r v — (v, 1)
such that v € Valuer for any environment r.

Proof. By a straightforward case analysis. O

3.1.3 Coincidence
We first define the free variables of staged expressions.

Definition 8. Stage-0 free variables of stage-n As expression e, F'V,(e), is defined as follows.

FV,.(3) =g
{z} fn=0
FV,(z) = @ o |
FV,(A\z.e) - 8 \ {z} ngz 0
Vo(fix fr.e) = 8 \ {f,x} zof;z: 0
Vi(er e2) = ( 1) U FV,(e2)
Vi(ref e) = FV (e)
Va(le) = FV,(e)
A0 -y
Valer:=e2) = FVy(er) U FVy(e2)
FV (box e) = FVyi1(e)
FV,,i(unbox e) = FV,(e)
FV,(rune) = FV,(e)

Given a \g expression e, there exists a set of environment stacks which yield the same
translation result.

Lemma 3. Assume e is a stage-n As expression with FV,(e) = {x1,...xm}. Alsor,ri...rm F
e (e, K1) and r',ry...orp b e (e, Ka). If r(x;) = v/ (x;) for all x; € {x1...xm}, then
(e1, K1) = (€9, K2).

Proof. By structural induction on the expression e. O

Lemma 4. Assume e is a \s expression such that e € Value™ . For any R, R )11, . ., Tyt

Rri...tpiite—(e,K) < R,ri...mpp1 ke (e,K)

Proof. By structural induction on the expression e. O

3.1.4 Free Variable Preservation

Lemma 5. Assume e is a stage-n \s expression. If ro...r, F e — (e kp...K1), then
FVie) var, C FV(ry) and V1 <i <p: FV(ki)| vy, € FV(rn—i).

| Vary ‘ Var g
Proof. By structural induction on e. We are going to show the interesting cases only. Other

cases follow from the induction hypothesis.

e Let e =x. Assume rg...7, F 2 +— (r,(x), L). We have two cases, depending on whether
rn(x) is equal to x or p-x. In both cases, the claim holds by definition of bound.
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e Let e = Az.e. Assume rg...7, F Ax.e — (Ax.¢,Kp...K1) where ro...7,+{x=z} I
e + (e,kp.../1). By induction hypothesis, we have FV(e)|y,,, € FV(ro+{x=1z}).
Then, we have F'V(e)|y,,, \ {z} € FV(r,). Also, we have FV(\z.e) = FV(e) \ {z} and
FV(e) \{z}Var, = FV(€)|var,, \ {z}. Therefore, FV(Az.e) C FV(ry). The other
condition follows from I.H. Hence we have the claim.

|VarH

e Let e = box e with depth(e) = 0. Assumerg...r, - box e — (Ap.e, L) whererg...r,,pF
e — (e, 1) and p is a fresh variable. Since box e is a stage-n expression, e is a stage-
(n+1) expression. We have FV(Ap.€)|v,,,. = FV(e)\{p}|Var,, - By induction hypothesis,
FV(e)|Var,, € FV(p) = {p}. Hence, FV(Ap.e)|y,,,, =D € FV(r,). The other condition
is trivial. Hence we have the claim.

e Let e = box e with depth(e) > 0. Assume rg...7, = box e — (Ki[Ap.€],Kp...K2)
where ro...7,,pF e — (e,kp...k1) and p is a fresh variable. Since box e is a stage-
n expression, e is a stage-(n + 1) expression. We have, by definition of free vari-
ables, F'V(k1[Ap-€])|var,, C (FV(k1) U FV(Ap.e))lyy,.,,» Which is FV(k1)|y,,,, U (FV(e) \
{P)|Var,, - By induction hypothesis, we have F'V(x;) C FV(r,) and FV(e)|vq,, C

FV(p) = {p}. Therefore, FV(k1[Ap.€])

I.H. Hence we have the claim.

| Varg

C FV(ry,). The other condition follows from

| Varg

e Let ¢ = unbox e. Assume rq...7,11 F unbox e — (h rpy1, (Kp ... k1, (AR.[-]) €)) where
ro...Tn F e (ekp...k1) and h is a fresh variable.
We have to show (1)FV(h rni1)|vy,,, € FV(rag1) (i) FVI(ARL]) e)lve,, S FV(r)
({i)v1 < i < p: FV(ki)|vay,, © FV(rn—i). Item (i) trivially holds. By induction hy-
pothesis, we have FV(e)|y,,,. € F'V(r,). By definition of free variables, FV((Ah.[']) e) =
FV(e). Thus, we have FV((Ah.[']) €)ly,,,, € FV(r,), giving us item (ii). Finally, item
(iii) is straightforward from the induction hypothesis. Hence we have the claim. O

3.2 Proof of the Theorem 1

We first prove several lemmas regarding substitution and variable capturing preservation.
Then, we show a lemma corresponding to the simulation property, which leads to the proof of
Theorem 1.

Lemma 6. (Substitution Preservation) Assume ey is a stage-n \s expression, es is a stage-0
s expression with FVy(ep) = @. Letrg...rp Fe1 — (e1,Kp... k1) forp <mn and {} - ez —
(e2, L) and x be a variables such that x € FV(rq). Then

o Ifn=0, then ro - [x'geg]el — ([x—eser, L).
e Ifn>0andn>p, thenry...r, - [x>es]e; — (e1,kp...K1).
e Ifn>0andn=p, thenry...ry F [x+>esle; — (eq, (Kpy Kp—1---K1)) where Ky, = [T+
ekip.
Proof. By structural induction on expression e;. We are going to show interesting cases only.

Other cases are straightforward inductions.

o Let e =y with n > 0. Assume rg...7, by +— (r,(y),L). Since resulting context stack
is empty, we have to show that the second claim holds. We have [z % es]y = y. Thus,
To...Tn F [£¥5 ea]y — (rn(y), L). Hence we have the claim.
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e Let e = box e with n = 0 with depth(e) = 0. Assume r F box e — (Ap.e, L) where
r,pF e (e L) and p is a fresh variable. Since box e is a stage-0 expression, e is a

stage-1 expression. Then, by induction hypothesis, we have r,p - [z EN esle — (e, L).

By definition of translation judgment, we have r F box ([x N eale) — (Ap.e, L). Also,

by definition of substitution, we have box ([z N esle) = [x A e2](box e). Therefore,
rk [xlgeg](box e)— (Ap.e, L). (D)
Recall that r,p - e (e, L). By Lemma 5, FV(e)|y,,,, € FV(p). Because z ¢ FV(p),
we have [z+— ep]e = e. Therefore, [z+—ea]\p.e = Ap.e. ... (2)

From (1) and (2), we have r - [xngeg]box e — ([x— ez]Ap.e2, L). Hence, we have the
claim.

e Let e = box e with n = 0 and depth(e) = 1. Assume 7 - box e — (k[Ap.¢], L) where
r,p e — (e,k) and p is a fresh variable. Since box e is a stage-0 expression, e is a
stage-1 expression. Then, by induction hypothesis, we have r,p F [z N esle — (e, k)
where k' = [z — es|k. By definition of translation judgment, we have r - box ([z N
esle) — (k'[Ap.e], L). Also, we have [z »geg](box e) = box ([xni> esle). Thus, we have
rt [xlgeg](box e) — (k'[Ap.g], 1). (1)
Recall that r,p - e — (e, x). By Lemma 5, FV(e)|y,,,. € FV(p). Because x ¢ FV(p),

we have [z+— eg]e = e. Therefore, [z ez](k[Ap.€]) = K'[Ap.€]. ...(2)

From (1) and (2), we have r [m»geg]box e — ([z—ez](k[Ap.€]), L). Hence we have the

claim. O

*

Lemma 7. Assume r and v’ are environments. Then, [p—1'](r(x)) — ([p—71']r)(x).

Proof. By structural induction on 7.
e Let r = {}. We have [p—1']({}(x)) = error and ([p—1']{})(x) = error by definition.

o Let r = p/. If p = p/, then [p—1'](p(x)) = v"-x and (([p+— ]p))(x) = r'(x). By the
definition of admin reductions, r’-x 2> r'(x). If p # p/, then [pr—r']p/(x) = p'-x and
([p—7r"1p")(x) = p’'-x. Hence we have the claim.

o Let r = r"4+{y=y}. Ifxz =y, then [p — r’}((r”—i—{x =z})(x)) = z and ([p —

P +{x=a}))(x) = . Iz F#y, then [p— (1" +{x =2})(x)) = [p—1](r"(x))
and ([p — r’](r”jr{x =z}))(x) = ([p— r]r")(x). By induction hypothesis, we have

[p—7r'](r" (%)) EiN ([p—r']r")(x). Hence we have the claim. O
Definition 9. (Substitution in Environment Stacks)

([x—e]R), ([x—e]r) if R=Rr
[xHe]RZ{i WO (mel) =

Definition 10. (Substitution in Contexts and Context Stacks)
([x—elK'), ([x—e]lr) if K=K Kk

o= fK=1
[x>—>e]f£ — { ()\h.([x»—w]n’)) ([;Un—)@]e') if kK = ()\h.ls:/) e
(AR.[]) ([zr—e]e’) if &= (Ah.[]) €

Lemma 8. (Variable Capturing Preservation) Assume e is a stage-n \s expression and S is a
substitution such that S = [prr]. Letrg...rn F e (e,K). Then, S(rg...m,) Fer (¢/,K')

such that Se A e and SK ALK
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Proof. By structural induction on e. We are going to show interesting cases only. Other cases
are straightforward inductions.

o Let e = . We have ro...7, F & — (rp(x),L1). Also, we have S(rg...7) F = —
((Sry)(x), L) since S(rqg...r,) = Srp...Sr,. Then, by Lemma 7, we have S(r,(x)) EN

(Sr,)(x). Hence we have the claim.

o Let e = box e with depth(e) = 0. Assume rg...7, F box e — (Ap'.e, L) where
ro...Tn,p e (e, L) and p’ is a fresh variable. By induction hypothesis, we have

S(ro...rn,p') F e (¢, 1) such that Se A, ¢, Since p' is a fresh variable, we have
S(A\p'.e) = Ap'.Se and S(rg...1,) F box e — (Ap'.¢/, L). Because admin reduction is a

congruence closure, we have S(Ap'.e) A Ap'.€'. Hence we have the claim.

e Let e = box e with depth(e) > 0. Assume r¢...7r, F box e — (k1[Ap'.€], Kp ... K2) where

To...Tn,p Fe— (e kp...k1), p <nandp is a fresh variable. By induction hypothesis,
we have S(rg...7rn,p") = e — (¢/,K}...K7) such that Se A, ¢ and S(kp...K1) A,
Ky ... k7. Since p’ is a fresh variable, we have S(Ap'.e) = Ap'.Se and S(k1[\p'.¢]) =
(Sk1)[Ap'.Se] and S(rg...75) Fbox e — (Ki[Ap".€'], K}, ... k). Because admin reduction

is a congruence closure, we have S(k1[\p’.¢]) A Ki[Ap'.€']. Hence we have the claim. O

Lemma 9. (Simulation) Assume e is a stage-n A\s expression with FV,(e) = @ and M is a

store that contains values with no free variables such that M, e SLLIN e M. Alsorg...rp e
(e,K) andrg...rp e — (e, K'). Let M be the translation of M and M’ be the translation
of M'.

o« K =1, then M,e ©& ¢ M and K' = 1.

o I[f K =Ky ...k, where n > 0, we have four cases depending on k.

— If Ky, = (Ah.K) €}, for some h,k and e;, where e, € Valuer, then [h— ele A e
and M = M', and [h—e,)(Kkn_1 ... K1) ALK

— If Kk = (AR.[]) ), for some h and e;, where e;, € Valuer, then [hi—ey]e A ¢ and
M =M, and [h—ep)(kp—1...K1) ALK

— If kp = (Mh.K) ¢, for some h,k and e, where ¢, ¢ Valuer, then e = ¢’ and Je),
such that M, ey, A e, M and K' = (\h.K) €}, kn—1...K1.

— If K, = (AR.[]) €, for some h and e;, where e;, & Valuer, then e = €' and Jej), such

that M, e, [iciay e, M and K' = (Ah.[]) €}, in—1 ... K1.

Proof. By induction on evaluation of e — ¢’. For given evaluation, we proceed by cases on
the finally used evaluation. We are going to show interesting cases; other cases are either
straightforward inductions or very similar to given cases. We write “assump.” for assumption,
“adm.” for administrative reduction, “ctx.” for context closure.

e Case (APP) (1) : Let e = ey ea.

mn ! !
Wo have M,ey — e, M adT0~-~7’nF61’—’(€717K1) To...Tn Feq — (e2, K2)
Y n

n
M,€162—>61162,M/ To...Tnl—€162D—><671672,K1I>4K2)

This case follows from the I.H. The following facts are used:



September 9, 2010 ROSAEC-2010-009 13

— Note that length(r1) = depth(eq) and length(ks) = depth(es). Also, depth(e; es) =
max(depth(er))(depth(es)) and length(K, > K3) = max(length(eq))(length(es))
by definition. Hence length(e; e2) = depth(K; < K).

— Assume K; and K5 are context stacks. If K A K} and K» AL K}, then Kj >
Ky 25 K1/ > K.

— The outermost context in K is also the outermost context in K <t K.

e Case (APP) (3) :
r+{x=z}kFe— (e, 1)

v € Value® rkAx.e— (Azw, L)
We have and

M, (Az.e) v 2, [x»gv]e,M r(Aze) v ((Az.e) v, 1)

rEove— (v, 1)

Let r I [xrgv]e — (¢/, L). (Since n = 0, the context stack must be L.) We want to show
that M, (Az.e) v <5 ¢, M.
Also, FVy((Az.e)v) = @ implies FVj(e) C {x} because FVj(Ax.e) = FVy(e) \ {z}.

1. v € Valuer by v € Value® and Lemma 2.
2. M, (Az.e) v =5 [z—v]e, M by (1) and (APP)x
3.rkve— (v,1) by assump.
4. FVh(v) = 2, by assump.
5 {{Fv—(v,1) by (3),(4) and Lemma 3
6. r+{x=z}Fe— (e L) by assump.
7. r+{x=2}t [a:lgv]e — ([x—ule, L). by (5), (6) and Lemma 6
8. FVy(e) C {z} by assump.
9. FVp([x—vle) =@ by (8)
10. r + [xﬁw]e — ([x—uvle, 1) by (7), (9) and Lemma 3
R;A”

So, we want to show that M, (A\x.e) v == [z—uv]e, M. This is immediately obtained
from (2) and the fact that [z—v]e A [x—v]e.
e Case (BOX), n=0.
We have
M,e e M

0
M ,box e — box e, M’

Expression e is at stage 1, since box e is a stage 0 expression. Because e reduces, its
depth is 1; otherwise it would be a value and no reduction could be taken. So, for some
K1, the translation is

r,pber— (e k1)

rFbox e (k1[Ap.e], L)

fresh p

Let r,p e — (¢/,K) and r - box ¢ — (e, Kp). (Subscript b refers to box.) So, we
want to show that K, = 1 and M, k[ Ap.€] Rid, ey, M'.

We now consider sub-cases depending on the outermost context x;.

— Let k1 = (Ah.k) ¢, where ¢, € Valuer. Also, S = [h—¢;]. Then,
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M =M

n
Se — ¢

Sk A5 K

Length of K is 1. Let k = &/.
% = w el

K, = L

AR ANl S

So, we want to show M, (Ah.k[Ap.€]) e, ey K [Ap.e], M.

M, (Ahk[Ap.e]) €, — S(k[Np.€]), M
S(s[Ap.€]) = (Sk)[Mp.Se]
9. (Sk)[Ap.Se] 2 K [Ap.e]
10. S(s[Ap-e]) < K/ [Mp.€]
11 M, (Mekhp.e]) e 28 K/ [Ap.d], M

Thus, by (1), (5), and (11), we have M, r1[Ap.€] RiAl ey, M'.

— Let k1 = (Ah.k) €, where ¢, ¢ Valuer. Then,

1.

—¢

Jej, such that

2. M,e, S2 ¢}, M’
3. K = (\h.k) e,

4. ¢, = (Mur[rp.e]) €,
5. Ky=1

So, we want to show
M, (MhsMoe)) e, S8 (AhkAo.€)) €.

which is straightforward from (1) and (2).

— Proof for sub-cases with xk; =

e Case (UNB) (1) :
M,e * e M

Let current stage be n + 1. We have
Rter (e, K)

14

by I.H.
by I.H.

by I.H.

by (3)
by (4) and assump.
by (4) and assump.

because ¢, € Valuer

because h is unique

by (2), (3), (4), and adm.
by (8) and (9)

by (7) and (10).

by L.H.

by I.H.
by I.H.
by (3) and assump.
by (3) and assump.

M/

(Ah.]']) e, are similar to previous cases.

n+1 / r
M ,unbox e — unbox e, M

Rbe€ w (¢,K")
R, 741 - unbox €’ — (h 1, (K/, (AR[-]) e

where h is a fresh variable and R =rg...r

R,rpsq Funbox e — (h rpaq,

and

)

n-.

(K, (Ah.[]) &)

Since e reduces, its depth is n (otherwise it would be a value and no reduction could

take place). Thus, let K = K, ... %1
Lemma 2.

We have two cases depending on the stage number n.

. Also, because e ¢ Value™,

we have e ¢ Valuer by
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— Let n=0.
R;A*

By LH., we have M,e =% ¢',M’'. We also have K = | and K’ = L. Therefore,
(Ah.[]) e becomes the outermost context in the translation of unbox e. Since e ¢ Valuer
and n + 1 > 0, we have to show Jej, such that the following conditions hold:

(1) h r = h 1
(i) M,e ™% ¢, M’
(iii) (AB.[]) ¢ = AR[]) €

Taking e’ as the witness, i.e. taking e}, = ¢/, satisfies the conditions trivially.

— For the case n > 0, the proof follows from the induction hypothesis.

e Case (UNB) (2) : We have
rOap'_ € (Q7J-)

e € Value' d ro F box e — (Ap.e, L)
an
M, unbox box ¢ —— e, M 9,71 F unbox box e — (h 71, (Ah.[-]) Ap.€)

where p and h are fresh variables. Also let 79,71 Fe— (¢/, 1).

Let S = [h— Ap.€]. Since Ap.e € Valuer and n = 1, we have to show

() S(hr) == ¢
(i) S(L)=1L
(i) M = M
Ttems (ii) and (iii) are trivial. We now show that item (i) holds.

1. S(hry) = (Ap.e)re

2. (A\p.e) A, [p—m]e by adm.
3. ro,pke— (e, 1) by assump.
4. ro,r1 e (e, 1) by assump.
5. [prr1](ro, p) = 710,71 by def. of substitution and uniqueness of p
6. [p—r1le A by (3),(4),(5) and Lemma 8
7. Sthr) 25 ¢ by (1) and (6)

e Case (RUN) (2) : We have
r,pkFer— (e 1)

e € Value' FVy(e) = @ d rtbox e (Ap.e, L)
an

0
M,runboxe — e, M

rFrunbox e (let h=MApein hr, L)

where p and h are fresh variables.

1. M,1let h=Xp.ein h{} = (\pe) {}, M by (LET)z

A
2. (Ap-e) {} = [p—={}e by adm.
3. rmpker(el) by assump.
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4. r,{} F e (¢,L) such that [p—{}]e A 4 by (3) and Lemma 8
5. {}Fer(e,1) by (4) and Lemma 4, because e € Value*
6. (o) {} = ¢ by (2) and (4)
7. FVhle) =@ by assump.
8. rke—(e,1) by (5), (7) and Lemma 3

Since n = 0, what we have to show is M,1let h = Ap.e in h {} Rl e/, M. This is
obtained from (1) and (6). Hence we have the claim. O

Proof of Theorem 1. By a case analysis on K. Recall that M,e — ¢/, M’, and we have
RFer (e,K) and R e — (¢/, K'). What we want to show is M, K (e) ~A K'(e/), M'.

o Case K = 1:
By Lemma 9, we have K = K’ = 1. Therefore, K(e) = ¢ and K'(¢/) = ¢/. By Lemma

R;A* .
9, we also have M,e == ¢/, M'. Hence we have the claim.
e Case K = Ky, ...k, where n > 0. We have four subcases based on k,,. Then

— Let &y, = (Ah.k) ¢, for some h, x and ¢;, where ¢;, € Valueg.

1. [hoeyle 25 ¢ by Lemma 9
2. M =M by Lemma 9
3. [h—ep)(kkn—1...K1) AL K by Lemma 9
Let K' = k!, ...k}. Then K'(¢') = &), [xh,_1[- - - 61 [€']]] and K (e) = (Ah.K[kn—1][. .. K1[e]]])ep,-
4 M, (\rlinal. . malele, == h—ey](5lkna .. mlell), M’ by (APP)

*

5. [hep)(klrnil. .. malell]) 2> &,

nlFn—i w1 [e]]

by (1), (3) and uniqueness of h
6. M, (Ah.6[kn-1]. .- rc1le]]])en A kb [kh [ &[], M by (4) and (5)

h=2 L4 n—1
Hence we have M, K (¢) ey K'(¢/),M'.

— Let k,, = (AR.[]) ¢, for some h and ¢, where ¢;, € Valueg. This case is similar to
the previous case.

— Let k,, = (M.k) ¢, for some h, k and e, where ¢, ¢ Valuer. Then, Hgﬁl such that
R;A*

1. M,e, = ¢, M’ by Lemma 9
2. K' = (MhK) €}, kn—1...K1 by Lemma 9
3.e=¢ by Lemma 9
4. K(e) = (Mh.klEn-1]---r1le]]])en by assump.
5. K(¢') = (Ah.k[kn—1]... k1[e]]])e), by (2) and (3)
6. M, (Ah.klkn—1]. .. k1[e]]Dey A (Ah.k[kin—1[...k1[e]]])el, M by (1) and (6)

Hence we have M, K (e) A K'(¢'), M’ by (4), (5) and (6).

— Let &, = (Ah.["]) g5, for some h and e;, where e, ¢ Valuer. This case is similar to
the previous case. O
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Definitions
Hole Environment H : Varg — Exprgr

Term Translation

(IVAR) HE oo
(IACC) Htex—x
HF e—e
(TIABS) | are—e
H l_ )\ZE.QH)\:L'_Q
HF e—e
(TIABS)
H©fix fr.e—fix fz.e
(IAPP) Hie—er HbEeyoex er# Me e3¢ Record
H }_ 671672>—>61 €2
HF e—e
(IREF) o dare—e
H & ref Q>—>ref e
HF e—e
(IDER) AT e—e
(ILOC) HF 00
(TASG) Hbei—er HFEey—er
Hbe :=ex—er:i=e2
HU{h:e}F
(ICTX) {h:c}re—e
HE (Whe) d)—e
HF e—e
(IBOX)  Hrme—e
HF Apg>—)box e
HF H(h)—e
(IUNB)
H F h r—unbox e
HF e—e
(IRUN)

HF1let h=¢in (h{})—rune

Figure 5: Inverse Translation from Ag to As.
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4 Inverse Translation

The definition of the inverse translation is in Figure 5. An inverse translation judgment is in
the form H + e—e with the meaning that “under the hole environment H, the A expression
e translates to the Ag expression e.” A hole environment is a function from hole variables to
expressions.

To make the connection between forward translation and inverse translation, we first define
how to interpret context stacks as hole environments.

Definition 11. (From Contexts to Hole Environments) Let K be a context stack. The opera-
tion K defines a hole environment in the following way:

(o K =1

Tl KKUR ifK=K'k

[ {h:e} ifk=(h]] e
B { K U{h:e} ifn=(\hK)e

K

Lemma 10. Assume e is a Ag expression, Kk is a context and H is a hole environment. If
HUFEF e—e, then H I k[e]—e.

Proof. Proof by induction on k.

o Let k = (Ah.[]) ¢,
Assume, HU (Ah.[[]) e, F e—eand HU{h:¢,} F e—e’. We have (AR.[]) e, = {h : e, }.
Therefore, we have ¢/ = e. Also, by definition of the inverse translation, we have H F
(Ah.e) e,—€’. Hence, we have the claim.

o Let k = (M\h.K) ¢,

Let H U (Ah.k) e, b e—e. We have (Mh.k) e, = {h : e,} UR. Therefore, we have
HU{h:e,} URF e—e. Let HU{h: ¢} F k[e]—€’. Then, by induction hypothesis, we
have ¢’ = e. Also, by definition of the inverse translation, we have H F (Ah.x[e]) ¢;,—¢€’.
Therefore, H F (Ah.kle]) e,—e. Hence we have the claim.

O

Theorem 2. (Inversion) Let e be a As expression and R be an environment stack. If Rt-e —
(e, K), then H - e—e for any H such that K C H.

Proof. Proof by structural induction of e. We are going to show only the interesting cases;
other cases follow straightforward from the induction hypothesis.

o Lete=ux.
Assume R,r F z — (r(x), L). We have two cases on 7(x), whether it is equal to z or p-x
for some p. For both cases, we have H b r(x)—x by definition of the inverse translation
judgment. Hence we have the claim.

o Let e =boxe.
Assume R, pF e — (e, K), where p is fresh in e and K.

We have two cases on translation of box e, depending on whether K is equal to L or not.

— Assume K = .
Rpter (e l)
R box e (Ap.e, L)

We have
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Note that resulting context stack is empty. Since | = @, we have H F e—e for any
H by induction hypothesis. Then, by definition of the translation judgment, we have
H = A\p.e—box e. Hence we have the claim.

— Assume K = K’ k.
Rpker (e (K' k)
RFbox e (k[Ape], K')

We have

Assume K’ C H. We have K, x = K’ UR C H UR. Thus, we have H UR I e——e by
induction hypothesis. Then, by definition of the inverse translation, we have H UR F
Ap.e—box e. By Lemma 10, H F k[Ap.e]—box e. Hence we have the claim.

e Let e = unbox e.
REew (e K)
R,r Funbox e — (hr, (K, (\h.[]) e))

Assume
where h is fresh in e and K. Also, (K, (Ah.[]) e) C H.

We have K, (Ah.[-]) e, = KU{h:¢,}. Then, we have K C (K, (\h.[-]) ¢) C H. Together
with the assumption, we have K C H. Then, H - e—e by induction hypothesis. Also,
we have H(h) = e. Therefore, H - h m—unbox e by definition of the inverse translation.
Hence we have the claim.

O

5 Conclusion

We have proved that a multi-staged program can be translated to a record calculus program
which simulates evaluation of the original program. We have also showed that a translated
program can be inverse translated to the original multi-staged program.

The proof dependency graph is as follows :

Lemmal Lemma2 Lemma3 Lemma4 Lemma 10
Lemma / Lemma 7
Lemma 6 Lemma 8

Lemma 9

Theorem 1 Theorem 2

(Simulation) (Inversion)



