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Specification and Verification of an Executable Compiler

KoJ1 OkuMAt and YASUHIKO MINAMIDE?

To obtain a correct compiler, it is not enough to show its formalization is correct, but it is
also required to show that the implementation of the compiler is correct. We formalized a com-
piler with the theorem prover Isabelle/HOL, and proved its correctness. Then, we translated
the compiler definition from Isabelle/HOL into a Standrad ML program, using Isabelle/HOL’s
code generation facility. Since this code generation program only performs simple syntactic
translation, the correctness of the obtained program can be highly trusted. The compiler we
defined with Isabelle/HOL covers all phases of the compiler, except a front-end. We provided
a hand-written parsing program, and obtained a verified, executable compiler. Our com-
piler compiles a functional language similar to Scheme into a Java virtual machine assembly
language. It includes several non-trivial program transformations such as closure conversion
and inline expansion. Taking compilation time into consideration, we chose efficient data
structures in our specification. Benchmarks show that our compiler is comparable to existing
compilers both in compilation time and running time.
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Fig.1 Organization of our compiler.
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datatype
’a exp = NumExp int

BoolExp bool

SymExp symbol
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VarExp ’a

PrimExp primop "’a exp list"

IfExp "’a exp" "’a exp" "’a exp"

LetExp ’a "’a exp" "’a exp"

—_——— — — — — — —

AppExp "’a exp" "’a exp list"
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FunExp "(’a * ’a list * ’a exp) list" "’a exp"
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Fig.2 Abstract syntax of the source language.
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consts
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eval :: "(’a env * ’a heap * ’a exp * ’a heap * value) set"

inductive eval ---

"lookup E x = Some v — (E, H, VarExp x, H, v) € eval"

"[(E, H, el, H’, v1) € eval;
((x, vV1)#E, H’, e2, H’’,
"[1 ¢ dom H;

v) € eval] = (E, H, LetExp x el €2, H’’,

v) € eval”

((f, LocVal 1)#E, H(1 — HeapCls f ((f, LocVal 1)#E) xs el), e, H’, v) € eval] =

(E, H, FunExp f xs el e, H’, v) € eval"

03 0O0oooooooo
Fig.3 Evaluation relation of the source language.
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inductive ceval ---
"[1 ¢ dom H; (E, xs, vs) € values|] —

(D, E, H, MkCls f xs, H(1l—HeapCls f vs), LocVal 1) € ceval"

04 0O0OOOO0OOOOODOOD
Fig.4 Evaluation relation of the closure converted language.
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values ::
inductive values
intros
"(E, [1, [1) € values"

"(nat env * nat list * value list) set"

"[lookup E x = Some v; (E, xs, vs) € values| = (E, x#xs, v#vs) € values"

05 0000000000000
Fig.5 Values of free variables under an environment.
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primrec
"clsconv (VarExp x) =
"clsconv (FunExp f xs el e2) = let (el’, ds1)

let (e2’, ds2)

goooooooooooooooo

(VarExp x, [I)"

25

= clsconv el in
= clsconv e2 in

rem_list (fv el) xs in

(LetExp f (MkCls f ys) e2’,

let ys =
(f, ys, xs,
"clsconv (AppExp f es) = let (f’, dsl1)

let (es’, ds2)

el’) # dsl1 @ ds2)"
= clsconv f in
= clsconv_list es in

(AppExp f’ es’, dsl1 @ ds2)"

06 OOOoOoooo
Fig.6 Closure conversion.

oooo
goboooooooooooooboooooooon
goobooz2000000000000D0C0000A0
goooooooooooooooobooobooooo
goooobooooooooooooboooooooo
gooooooooooooooob b0 20000
goooboooooo20000000 insO000O
0000 insert HO0OOO0OO0O0O0O0O0OO0OOOO
OO¢toeset 0 20000000000000O00O00O0

lemma assumes "isBST t" shows
"toSet (ins x t) = insert x (toSet t)"

gobooboooooooooooboooooooon
ooHOLOOOOOO0O0OOODODOOOOOOOO0O
ooo

2000000000000000000DODOOO
gooobooboooooooboooboobooooooo
gooobooooooobooobooobooooooon
oodd ¢’a, ’p) dicOOa0000000p0O0
goooboooooooobooobooooooooo
gooooooo

consts

put :: "[(’a::linorder, ’b) dic, ’a, ’bl]

= (’a, ’b) dic"
get :: "[(’a::linorder, ’b) dic, ’al

= ’b option"

gooooboooooooboooooooobobDbo
goooboboooooooboboooobooooooo
goooboboooooooboobooooboooooon
gooobobooooooobooboooooooooon
ooooooo

4.2 O0O0OO0OO0OOOO0OOO
000000o0oO0o0o00ooooO0oOooooO HOL
goooobooobooboooboooobooooono
goooobooooooboooooboooooooon
gooobooooooobooooooboooboobo
goooboooooooooooooboooooooo

gobooobooooooooboooOoooooboooo
gobooooooboooooooboooooooboooo
gbooooooooon
gobooboooooooooooooboooooooon
gobooooboooooooooboooooDbooo
goooooooooobooobo0ooooobooDoboo
gooooooobodok-wvr=v20000000
gboooobooooooooooooooooood
goboobooooooobooooooooooooa
goooo
e JO0O0OC0OOOOOLOLDOCOOOOOODOO
gooooooo
o JO0OOO0O0OOOOOODOOCOOOOOODOO
gooooo
g200000000000000D0D0O00O0DODO
oo0o
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"D |- HeapInt n = HeapInt n"
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primrec
"ie D (FunExp f xs el e) =
(let e2 = ie D el in
(if £ ¢ fv el A proper f e then

Apr. 2005

FunExp f xs e2 (ie (put D f (xs, e2)) e)

else
FunExp f xs e2 (ie D e)))"
"ie D (AppExp f es) =
(if isVar f then
(case get D (varname f) of

None = AppExp (ie D f) (ie_list D es)

| Some ab = makelet (fst ab) (ie_list D es) (snd ab))

else
AppExp (ie D f) (ie_list D es))"

07 000000000000

Fig.7 Inline expansion function.
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types
’a fundef = "(’a, ’a list * ’a exp) dic"
consts
ie :: "[’a fundef, ’a exp] = ’a exp"
ie_list :: "[’a fundef, ’a exp list]

= ’a exp list"
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inductive inline inlines ---
intros
funl : "[D, (rev xsOf#X)F el ~~ e2;

nodup xs; disjoint xs X; f ¢ set xs; f ¢ set X;

D(f—(xs,e2)), (f#X)F e ~~ e’]]

— D,X + (FunExp f xs el e) ~» (FunExp f xs e2 e’)"

appl : "[e = VarExp f; D(f) = Some (xs, e’);

nodup xs; disjoint xs X;
D,X  es [~] es’]

—> D,X - (AppExp e es) ~» (makelet xs es’ e’)"
08 O000O000O00O00DOO00O0D

Fig.8 Inline expansion relation.
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inductive defenv
intros
"(Vf xs e’. D(f) = Some (xs,e’) —
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(31 E1 D1 e. lookup E f = Some (LocVal 1) A
H(1) = Some (HeapCls f E1 xs e) A

E1 Cq E A
H,E1=D1 A

D1, (rev xs@map fst E1)F e ~» e’))

— H,E=D"

09 00D0ODODODODOODODOOO
Fig.9 Relation on a heap, an environment and a function definition.
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theorem assumes
"([], empty, e, H, v) € eval"
"empty, [IJFe ~~ e’"
shows
"3H’. ([], empty, e’, H’,v) € eval A H~ H’"
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consts

ren :: "[(’a, nat) dic, nat, ’a exp]

= nat * nat exp"
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consts
dce :: "’a exp = ’a exp"
primrec

"dce (FunExp f xs el e) =
(let e’ = dce e in
if £ ¢ fv e then
e)
else
(FunExp f xs (dce el) e’))"
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Table 1 Data on our proof scripts.
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Table 2 Compilation time (in seconds).
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Table 3 Execution time (in seconds).
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