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ListSet.ll:

typedef /* ... */ ListSet;

ListSet ListSet_new() { /* ... */ }

vold ListSet_delete(ListSet this) { /* ... */ }

vold ListSet_add(ListSet this, int key) { /7* ... */ }

int ListSet_size(ListSet this) { /* ... */ }
CountUnique.hl:

int countUnique(int[] arr) {
Set set = new ListSet();
for (int 1 = 0; 1 < arr.length(); ++1)
set.add(arr[i]); |
int ret = set.si1ze();
delete set;
return ret;
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Notation:

Syntax:

State:

CITO SYNTAX

Optional || List Of (-)*
Product Type x  Sum Type -+
Machine Word W String S
Constant w € W
Label [ c Do SIS .
Variable x* € S
Binary Op o == + | — [ =t i
Expression e == x|wl|eoe
Statement s = |[skip | s;s |if e {s} else {s}
| while e {s} |  := call e (e*)
fxi= e [rs=Aabel
[Bnetions S e Szrg P S
Module m € Spame X (Stmame X f)*
Machine State (%) 2 Bl
Variable Assignment (¢) E = S—W
Heap (1) H = W — ﬂ
ADT Domain A = |parameter of theory]



BEDROCK IL SYNTAX

SyntaX: Constants ¢ == [fixed-width bitvectors]
Code labels /¢
Registers r Sp | Rp | Rv
Addresses a rlc|lr+c
Lvalues L == 1r|lals]|[alse
Raliesiad i = L | c |7
Binops o 1= +|—| X
fliesis s o — o L e
Instructions ¢ L+~ R|L+<RoR
Jumps goto R | if (Rt R) then £ else ¢
Blocks B g a0, @l iy g
Modules M := B~
State: Machine State = Memory x Registers x ProgramCounter
Memory = W —> W
Registers = r—-> W
ProgramCounter = Pc—> W
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Binops o 1= +|—| X
fliesis s o — o L e
Instructions ¢ L+~ R|L+<RoR
Jumps goto R | if (Rt R) then ¢ else ¢
Blocks B / :|{)\*y. gb}l I
Modules M := B~
State: Machine State = Memory x Registers x ProgramCounter
Memory = W —> W
Registers = r—-> W
ProgramCounter = Pc—> W
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SEMANTICS OF CALL

U(les]) = spec of f
s (> = call e, (7)) (e

* Environment (V) : Function address — Function
specification

* Function specification:
» Operational: callee’s body

» Axiomatic: relation of pre-call and post-call state
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OPERATIONAL VS. AXIOMATIC

Operational Specification Axiomatic Specification

® Language dependent © Language independent

_______________________________________________________________________________________________________________________________________________________________________________________________________________________

Suitable for intra-language calls Suitable for inter-language calls

We allow both!
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target’s operational semantics
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ListSet.ll:

typedef /* ... */ ListSet;
ListSet ListSet_new() { /* ... */ }

vold ListSet_delete(ListSet this) { /* ...
{ /% ...

vold ListSet_add(ListSet this, int key)
int ListSet_size(ListSet this) { /* ...

CountUnique.hl:

int countUnique(int[] arr) {
Set set = new ListSet();

for (int 1 = 0; 1 < arr.length(); ++1) |

set.add(Carr[1]);
int ret = set.size();

delete set;
return ret;

*/ 1

*/ 1

*/}‘
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ListSet.ll:

typedef /* ... */ |ListSet];

ListSet ListSet_new() { /* ... */ }

vold ListSet_delete(ListSet this) { /* ... */ }

vold ListSet_add(ListSet this, int key) { /7* ... */ }
int ListSet_size(ListSet this) { /* ... */ }

Abstract Data Types (AD'ls) are a natural

CountUnique.hl: interface between languages
int countUnique(int[] arr) {
Set set = new|ListSetk);

for (int 1 = 0; 1 < arr.length(); ++1)

set.add(arr[i]); |

int ret = set.si1ze();
delete set;
return ret;
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ADT

AD'T objects are blackboxes, assessed only by axiomatically specified methods
Object state 1s specified by a functional(mathematical) model
Methods can:

» return new object

» in-place modify arguments

» delete arguments
Example: Set

» model: mathematical set of integers

» {} new() {return set J}

» {x1saset} delete(x) {xis deleted}

» {xissets} size(x) {xis still set s, return |s|}

» {x1ssets} add(x, w) {xissetsU {w} }
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ADT

AD'T objects are blackboxes, assessed only by axiomatically specified methods

Object state 1s specified by a functional(mathematical) model

Methods can:

» return new object

» in-place modify arguments

» delete arguments
Example: Set

» model: mathematical set of integers
A =FSET(P) +--- P = P(W) (* sets of machine inteers *)

» {} new() {return set J}
BRI (0. R). O =[] ~ R = ADT(FSET(2))}
» {x1s aset} delete(x) {xis deleted}
DN [ADT(FSET())]} delete {A(O,R). O = [(ADT(FSET(-)), L] A R =SCA(N
» {xissets} size(x) {xis still set s, return |s|}
(AL I = [ADT(FSET(-))]} size {A(O,R).3s. O = [(ADT(FSET(s)),FSET(s))] A R = SCA(|s|)}
» {xi1ssets} add(x, w) {xissets U {w} }
(AL I = [ADT(FSET()),SCA()]} add {A(O,R).3s,w. O = [(ADT(FSET(s)), FSET(s U {w})),
(SCA(w), L)] A R =SCA(")}
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CountUnique.v:

Definition count :=
cmodule "count" {{
cfunction "count"("arr", "len") return "ret"
"set" <-- Call "ListSet"!"new"();; "1i" <- 0;;

While ("i" < "len") {
"e" <-- Call "ArraySeq"!"read" ("arr", "i1");;
Call "ListSet"!"add"("set", "e");; "1" <- "i"
15
"ret" <-- Call "ListSet"!"size"("set");;
Call "ListSet"!"delete"("set")
end

1.

+ 1

Steps:
1. Write a Cito program
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ExampleADTv:

Inductive ADTModel :=
| Arr : 1ist W -> ADTModel
| FSet : MSet.t W -> ADTModel

Definition ListSet_addSpec :=
PRE[I] exists s n, I = [ADT (FSet s), SCA n]

POST[O, R] exists s n any, O = [CADT (FSet s), Some (FSet (add n s))), (SCA n, None)] /\ R = SCA any.

CountUnique.v:

Definition imports := [
("ArraySeq"!"read", ArraySeq_readSpec),
("ListSet"!"add", ListSet_addSpec), ... ]
Deriniction count .=
cmodule "count" {{ Steps:

cfunction "count"("arr", "len") return "ret" i i
"set" <-- Call "ListSet"!"new"();; "i" <- 0;; 1. Write a Cito program

2. Provide ADT specifications

While ("i" < "len™) {
"e" <-- Call "ArraySeq"!"read" ("arr", "i1");;
Call "ListSet"!"add"("set", "e");; "1" <- "1" + 1
15
"ret" <-- Call "ListSet"!"size"("set");;
Call "ListSet"!"delete"("set")

end
11.
Definition count_compil := compile count imports. .
Theorem count_ok : moduleOk count_compil. Compller already U..Sélblﬁ, e
. el programmer annotation burden
ed.
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ExampleADTv:

Inductive ADTModel :=
| Arr : 1ist W -> ADTModel
| FSet : MSet.t W -> ADTModel

Definition ListSet_addSpec :=
PRE[I] exists s n, I = [ADT (FSet s), SCA n]

POST[O, R] exists s n any, O = [CADT (FSet s), Some (FSet (add n s))), (SCA n, None)] /\ R = SCA any.

CountUnique.v:

Definition count_spec :=
PRE[I] exists arr len, I = [ADT (Arr arr), SCA len] /\ len = length arr
POST[O, R] exists arr, 0[@] = CADT CArr arr), Some (Arr arr)) /\ R = SCA (count_unique arr).
efinition imports := [
("ArraySeq"!"read", ArraySeq_readSpec),
("ListSet"!"add", ListSet_addSpec), ... ]
Definition count :=
cmodule "count" {{L[count_specu Steps:
cfunction "count"("arr", "len") return "ret"
"set" <-- Call "ListSet"!"new"(Q:: "i" <- 0;; 1. Write a Cito program
LINIT (V, H) NOW (V', H') exists arr fset,

find (V "arr") H = Some (Arr arr) /\ - - 1
e e s 2. Provide ADT specifications

fset == to_set (firstn (V' "1i") arr)]_ %
T T 3*. Prove some property of
"e" <-- Call "Ar'r'aySeq"!"r'ead" ("CII"I"", "'i.");; the program using any
ca'l-'l- "I_"LS'tse't"!"add"("set", llell);; ll_i-ll <_ "_i-" + 1 . . ) .
E verification technique (e.g. a
"ret" <-- Call "ListSet"!"size"("set");; .
Call "ListSet"!"delete"("set™") prograin 10g1C>
end
3
Definition count_compil := compile count imports.
Theorem count_ok : moduleOk count_compil.
compile_ok.
Qed.
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PROOF SKETCH

compile(s) =t

{safe to run s} t {state could result from running s}

* Induction on statement s

* Strengthen the theorem with a continuation and

an invariant:
compile(s, k) =t

finv(s; k)} t {inv(k)}

inv(s): “safe to run s, and when the current function
returns, that state could result from running s”
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PROOF SKETCH

compile(s) =t

{safe to run s} t {state could result from running s}

* Induction on statement s

* Strengthen the theorem with a continuation and

an mvariant.: g A Need a higher-order
compile(s, k) = assertion logic to

{inv(s;k)} t {inv(k)} express this predicate

inv(s): “safe to run s, and when the current function
returns, that state could result from running s”
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WHAT’S IN THE PAPER

Formal operational semantics of Cito
Compilation procedure

Linking support by 11.’s program logic XCAP
Detailed proot techniques

Iwo optimization phases (const fold, dead-code elim)
to demonstrate vertical compositionality

Complete CountUnique example

17



“no obvious deficiencies™

“obviously no deficiencies”™

-lony Hoare



“... the formal guarantees of semantic preservation apply
only to whole programs that have been compiled as a
whole by CompCert C.”

— http://compcert.inria.fr/compcert-C.html

19


http://compcert.inria.fr/compcert-C.html

