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How can we reason modularly
about multi-language programs?
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Example

Key aspects

#1 Extend C with system
calls via print library

#2 Use Asm’s concrete
memory model to
provide address

void main() {
char x[3]; x[0] = 1; x[1] = 2;
memmove(x + 1, x + 0, 2);
print(x[11); print(x[21);

Library memmove

void memmove(char *d, char *s, int n) {
if (locle(d, s)) { return memcpy(d, s, n, 1); }
else { return memcpy(d+n-1, s+n-1, n, -1); } }
void memcpy(char *d, char *s, int n, int o) {

comparison to C if (0 <n){ *d = *s; memcpy(d+o, s+o, n-1, o) } }
via locle ,
Library locle

#3 Reason about memcpy
independent of Asm

locle : sle x0, x0, x1;ret

Library print
print : mov x8, PRINT; syscall; ret
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Existing approaches

1. Pilsner [Neis et al. 2015], ...

All target-level (Asm) code is specified
using source-level (C) code.

2. CompCert-based approaches
[Stewart et al. 2015, ...]

Link all languages via a common
interaction protocol.

3. Syntactic multi-languages
[Ahmed and Blume 2011, ...]

Embed all languages into one large
multi-language.

Fixes the source language
as specification language:
disallows print and locle

Fixes (abstract) memory
model: disallows locle

Fixes the set of languages:
requires reasoning about
Asm context for memcpy
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Example: onetwo

void main() {
char x[3]1; x[0] = 1; x[1] = 2;
memmove(x + 1, x + 0, 2);
print(x[11); print(x[21);

Library memmove

void memmove(char *d, char *s, int n) {
if (locle(d, s)) { return memcpy(d, s, n, 1); }
else { return memcpy(d+n-1, s+n-1, n, -1); } }
void memcpy(char *d, char *s, int n, int o) {
if (0 < n) { *xd = *s; memcpy(d+o, s+o, n-1, o) } 3}

Library locle
locle : sle x0, x0, x1;ret

Library print

print : mov x8, PRINT; syscall; ret
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Specification

Rec to Asm onetwo 1=<s
compilation 1

Imain U; | memmove

U, locle U, print

syntactic linking, i.e.
union of instructions

onetwogpec

1

“The program
prints 1 and
then 2.

10



Specification

?

How to define
refinement in a

decentralized
fashion?

onetwo a=<s onetwogpec

defined as

?

11



Specification

?

onetwo a=s onetwo
How to define SPeC Use labeled

refinement in a defined as transition

AHUER
semantic domain
with interaction
via events!

decentralized
fashion?

lonetwo|; < onetwogpec

11



Specification

?

onetwo a=s onetwo
How to define SPeC Use labeled

refinement in a defined as transition

AHUER
semantic domain
with interaction
via events!

® =Syscall! (PRINT, 1) =p @ = Syscall!(PRINT, 2) = @

decentralized
fashion?

lonetwo|; < onetwogpec

syntactic program to semantic LTS (i.e., module)

11



Specification

?

onetwo a=s onetwo
How to define SPeC Use labeled

refinement in a defined as transition

systems as
semantic domain

decentralized
fashion?

ﬂonetwo]] a OnetWOSDeC with interaction

‘. f o, via events!
are in simulation

11



Proof outline

[onetwol, = [{ main

< onetwogpec

U, | memmove

U, locle
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Syntactic vs. semantic linking

[onetwol, = [{ main Us | memmove
< [ main]a @, [ memmove],
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U, print],
@, [print],
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Syntactic vs. semantic linking union of instructions
lonetwol|; = [[| main U, | memmove 2 locle U, print],
< [[{ main], @, [{ memmove], @, [locle], @, [print],

Da

semantic linking, i.e. synchronization on events

®,matches outgoing Jump! with incoming Jump?

Events 3 e ::= Jump!(r,m) | Jump?(r, m)
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= syntactic linking, i.e.

Syntactic vs. semantic linking union of instructions
lonetwol|; = [[| main U, |memmove 2 locle U, print],
< [[{ main], @, [{ memmove], @, [locle], @, [print],

Da

semantic linking, i.e. synchronization on events

Key property: Horizontal compositionality
ASM-LINK-HORIZONTAL

M; < Mj M; <M, D2 enables modular

: o<
Mi ®; My < M &, M, reasoning using <
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Translating between languages: wrapper [1r=-

|[memmove],

- O —

Call!(locle, [d,s], {d > vi,s > vy,...})

\

I
Return?(v/, {d = vi,s > vy,...})

Jump?(r’,| vy | vy cet)

[locle| 5

Jump?(r,| v,

\'5|

/-‘ooo

|

Jump!(r’,| vy

Vi

rDesideratum #2:1
[]1-=2 enables
Interoperation

between
language and

memory models
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|[memmove],

- O —

Call!(locle, [d,s], {d > vi,s > vy,...})

\

I
Return?(v/, {d > vi,s > vy,...})

Jump?(r’,| vy | vy et)
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Key technical idea:
rely-guarantee protocol via
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non-determinism



Translating between languages: wrapper [-1r=a

|[memmove|,
. @ —_ Key technical idea:
Calli(locle, [d. s, {5 EALtInAr D) rely-guarantee protocol via
o demonic and angelic
T o TR non-determinism
.. 0 r<a
-— —™P¥.— inspired by Conditional
v @~ Contextual Refinement
Jump!(r, ‘C nl ) [Song et al., POPL’23]
o
Jamp? (£ [va Vil ]9

oo ‘/ 16
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Compiler correctness

[l main], [l memmove],
< [[main]r]r=a [[memmove[]r=a

COMPILER-CORRECT
syntactically translated ILR]a = T[R]r]r=

e semantically translated

17
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Abstracting Asm to Rec transition system

|locle||;

= “OC[espec-l r=a

/7

@® =Return!(£;.offset < f,.offset, m ®
£+.block = fz.bloy . ‘ - he

® {Call?(locle, [¢1, £,], m) > @

! r' ¢
{1.block # fz.bIO}\‘ Return!(true, m)
Return!(false, m)L» °
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Abstracting Asm to Rec transition system

|locle||;

= “Odespec-l r=a

o ﬁRetu:‘n!(F].offset < f,.offset, m)»‘

£1.block = ¢,.block
@ {Call?(locle, [£1, £,]. m) > @

] r' ®
{1.block # 52_b|0}\‘ Return!(true, m)
Return!(false, m)L’ °

Desideratum #1
No syntactic Rec
program required!
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2. Translate between languages via semantic wrapping[-],—.
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Bundling Rec modules

< [[main];]r=a ®a [[memmove|,] =4 @, [loclespec ] r=a
[[main U memmove|| &\ loclespec =32

REC-TO-ASM-LINK
[Ml-lr-.——“a EBa [M2-|r\ﬁa < [Ml EIE’r M2 |r#a
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Rec-level reasoning
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Rec-level reasoning

H[mall"l Ur- memmOVE]]r @r IOCIeSpec-l r=2a

< [mainspec-l r=a

[main U, memmove], & loclegpec <

MalNgpec

21



| Desideratum #3:
Rec-level reasoning Language-local

reasoning
(independent of Asm)

[[main U memmove|| &\ loclespec =32

< {mainspecw r=a

[main U. memmove|| @, loclegpec < maingpec



Desideratum #3: ,

Rec-level reasonin via

g La ngu age- I Oca I REC-WRAPPER-COMPAT
reasoning MM

(independent of Asm) [Mlraa = [MT] s

[[main U memmove|| &\ loclespec =32

= (mainspecw r=a

[main U. memmove|| @, loclegpec < maingpec
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Reasoning with specifications

(nqainspeCWr;ia
< onetwogpec

@, print

spec
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Complete verification

[onetwol,

IA IA A

IA

IA A

[| main U, |memmove U, locle U, print],

[ main]; @, [{ memmove], @, [locle] , @, [print],

[main] ]r=a ®5 [[memmovel|,|r=a P2 [locle], @, [print],
[main] ]r=a ®a [[memmove||r=a @, [loclespec |rea ®a printg,,.
[ [main U memmove|, & loclegpec | r=a @, printg,.
[maingpec | r=a ®a printg,,.

onetwogpec

23
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DimSum

#2 No fixed memory model https://plv.mpi-sws.org/dimsum
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Language-local reasoning via compatibility with refinement

#4 No fixed notion of linking
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https://plv.mpi-sws.org/dimsum
In the paper Questions?

Wrappers via demonic and angelic Verification of | R

[R]r = [Rssalr  [Rssalr = [Rinlr  T[Rin]rlrer = [Ropt]r  [[Ropt]rlrea = [LR]a

n O n _d ete r m I n I S m R SSA Rssa | Linearize, Riin MemZ2Reg Ropt Codegen LR

(Rec) (Rec) I (LinearRec) (LinearRec) (Asm)
[1r=a

Language-generic combinators Operational semantics
for dual non-determinism

— € P(S X option(E) X P(S))

My X M, M, \Mz
Mlx M &x M,
Coroutines

Imain||, ®coro |stream|,
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Decentralized Multi-language Reasoning

Combining ideas from
process algebra, wrappers, Kripke relations, and angelic non-determinism

Instantiations Evaluation
Rec: C-like language LR : Compiler from Rec to Asm
Asm: assembly language locle : pointer comparison

Spec: specification language Dcoro: coroutines
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Events

Asm
Events 3 e ::= Jump!(r,m) | Jump?(r,m)

| Syscall!(vq,ve, m) | SyscallRet?(v, m)

Rec
Events > e == Call!(f,v,m) | Call?(f,v, m)

| Return!(v, m) | Return?(v, m)

30



Events unstructured jumps vs. call and return

Events 3 e ::= Jump!(r,m) | Jump?(r,m)

| Syscall!(vq, v, m) | SyscallRet?(v, m)

Events 3 e ::= Call!(f,v,m) | Call?(f,v, m)

| Return!(v, m) | Return?(v, m)

30



Events

system
calls

unstructured jumps vs. call and return

Events 3 e ::= Jump!(r,m) | Jump?(r,m)
)Syscall!(vl,vz, m) | SyscallRet?(v, m)

Events 3 e ::= Call!(f,v,m) | Call?(f,v, m)

| Return!(v, m) | Return?(v, m)
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Events unstructured jumps vs. call and return

Events 3 e ::= Jump!(r,m) | Jump?(r,m) Events > e == Call!(f,v,m) | Call?(f,v, m)

! 2 Tev Yev
system )Syscall.(vl,\fz, m) | SyscallRet?(v, m) | Return!(v, m) | Return?(v, m)

calls
Valav=Z Valavu=z:Z | b:B | ¢: Loc
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Events unstructured jumps vs. call and return
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Events unstructured jumps vs. call and return

Events 3 e ::= Jump!(r,m) | Jump?(r,m) Events > e == Call!(f,v,m) | Call?(f,v, m)

! 9 Tev Yev
system )Syscall.(vl,‘vz, m) | SyscallRet?(v, m) | Return!(v, m) | Return?(v, m)
calls unstructured vs.
ValovZ €= =P-Valsvui=z:Z | b:B | f: Loc
structured values
Registers > r = RegisterName — Val Memory 3 m £ Loc I val
Memory > m = Z i valu {#} Loc 3 ¢ == {blockid : Id, offset : Z}

~ 7

flat vs. block-based memory
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Specification

Spec(E) 3 p :=coind any | vis(e);p | assume(P);p | Ix: T;p(x) | ---



Specification

Spec(E) 3 p ti=coind any | vis(e);p | assume(¢);p | 3x: T;p(x) | -+

onetwogpec = 3r, my; vis(Jump?(r, my)); assume(r(pc) = an.in A has_stack(r(sp), my));
dm;; vis(Syscall!(PRINT, 1, mq)); 3my; vis(SyscallRet?(, m5)); assume(m, = my);
vis(Syscall!(PRINT, 2, x)); vis(SyscallRet? (x, x)); any
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Specification
Spec(E) 3 p ti=coind any | vis(e);p | assume(¢);p | 3x: T;p(x) | -+

= “Assuming the environment calls the main function, ...”

¥ '4

onetwogpec = 3r, my; vis(Jump?(r, my)); assume(r(pc) = anm.in A has_stack(r(sp), my));
dm;; vis(Syscall!(PRINT, 1, mq)); 3my; vis(SyscallRet?(, m5)); assume(m, = my);
vis(Syscall!(PRINT, 2, x)); vis(SyscallRet? (x, x)); any

31



Specification
Spec(E) 3 p ti=coind any | vis(e);p | assume(¢);p | 3x: T;p(x) | -+

= “Assuming the environment calls the main function, ...”

¥ '4

onetwogpec = 3r, my; vis(Jump?(r, my)); assume(r(pc) = anm.in A has_stack(r(sp), my));

dm;; vis(Syscall!(PRINT, 1, mq)); 3my; vis(SyscallRet?(, m5)); assume(m, = my);

vis(Syscall!(PRINT, 2, ) );Nis(SyscallRet?(x, x)); any

= “... the program prints 1 and then 2.”
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Assembly verification

PRINT-CORRECT |print], < [print

Library print

print : mov x8, PRINT); syscall; ret

prlntspec

=<

= oind 3T, M; ViS(JumP?(Ta m)), assume(r(PC) = aprint)§
vis(Syscall! (PRINT, r(x0), m)); 3v, m’; vis(SyscallRet? (v, m"));
vis(Jump!(r[pc — r(x30)][x0 +— v][x8 +> %], m")); print

spec

specﬂs
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Assembly verification prinT-correct [print], < [printg . [s

Library print

print : mov x8, PRINT); syscall; ret

When the environment

/ Ju;n(ps to print, .

=coind Jr, m; vis(Jump?(r, m)); assume(r(pc) = dprint
vis(Syscall! (PRINT, r(x0), m)); 3v, m’; vis(SyscallRet? (v, m"));
vis(Jump!(r[pc — r(x30)][x0 +— v][x8 +> %], m")); print

prlntspec

spec



Assembly verification prinT-correct [print], < [printg . [s

Library print

print : mov x8, PRINT); syscall; ret

When the environment

/ Ju;n(ps to prlnt

printg .. =coind 31, m; vis(Jump?(r, m)); assume(r(pc) = dprint

|nVOke PR|NT WPRINT r(x0), m)); 3v, m’; vis(SyscallRet? (v, m"));
vis(Jump!(r[pc = r(x30)][x0 > v][x8 > x|, m")); print .
syscall with

argument r(x0) ...

32



Assembly verification prinT-correcr [print], < [printg . [|s

Library print
print : mov x8, PRINT); syscall; ret

When the environment

/ Ju;n(ps to print, .

printg,. =coind Jr, m; vis(Jump?(r, m)); assume(r(pc) = dprint

_invoke PRINT MPRINT r(x0), m)); 3v, m’; vis(SyscallRet?(v, m"));
vis(Jump!(r[pc — r(x30)][x0 — v]|[x8 > *],m")); print .
syscall with i

t r(x0) ...
argument r(x0} ., and jump to return address r(x30).
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Assembly verification prinT-correct |print|, < [printg .|
register with syscall id

Library print Bl
print : mov x8, PRINT;syscall; ret

When the environment

/ Ju;n(ps to print, .

printg,. =coind Jr, m; vis(Jump?(r, m)); assume(r(pc) = dprint

_invoke PRINT MPRINT r(x0), m)); 3v, m’; vis(SyscallRet?(v, m"));
vis(Jump!(r[pc — r(x30)][x0 — v]|[x8 > *],m")); print .
syscall with i

argument r(x0) ...

., and jump to return address r(x30).
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Assembly verification

[locle] s < [[loclespec]s1r=a

Library locle

locle : sle x0, x0, x1;ret

33



Assembly verification [locle]s < [[loclespec]s]r=a
“set if less or equal”

Library locle ‘
locle : sle x0, x0, x1;ret




Assembly verification [locle], < [[loclespec]s]r=a
“set if less or equal”

Library locle ‘
locle : sle x0, x0, x1;ret

<

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |1, (5]);
|- if £1.blockid = ¢£;,.blockid then vis(Return!(¢;.offset < ¢,.offset, m)); loclegspec -‘ r<a

else 3b;vis(Return!(b, m)); loclegpec
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Assembly verification

[locle] s < [[loclespec]s1r=a
“set if less or equal”

Library locle ‘
locle : sle x0, x0, x1;ret

“When the environment calls locle with 7y and ¢», ... <

[

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |1, (5]);

if £1.blockid = ¢£;,.blockid then vis(Return!(¢;.offset < ¢,.offset, m)); loclegspec -‘ r=2a

else 3b;vis(Return!(b, m)); loclegpec

33
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[locle] s < [[loclespec]s1r=a
“set if less or equal”

Library locle ‘
locle : sle x0, x0, x1;ret

“When the environment calls locle with £y and ¢», ... <

[

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |1, (5]);

if £1.blockid = ¢£;,.blockid then vis(Return!(¢;.offset < ¢,.offset, m)); loclegspec -‘ r<a

else 3b;vis(Return!(b, m)); loclegpec
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“set if less or equal”

Library locle ‘
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[

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |1, (5]);

if £1.blockid = ¢£;,.blockid then vis(Return!(¢;.offset < ¢,.offset, m)); loclegspec -‘ r<a

else 3b;vis(Return!(b, m)); loclegpec
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Assembly verification

[locle] s < [[loclespec]s1r=a
“set if less or equal”

Library locle ‘
locle : sle x0, x0, x1;ret

“When the environment calls locle with £/, and ¢», ... <

[

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |4, (5]);

if £1.blockid = ¢£;,.blockid then vis(Return!(¢;.offset < ¢,.offset, m)); loclegspec -‘ r<a

else 3b;vis(Return!(b, m)); loclegpec

33



Assembly verification

“set if less or equa

|H

[locle] s < [[loclespec]s1r=a

Library locle

v

locle : sle x0, x0, x1;ret

“When the environment calls locle with £/, and ¢», ... <

|

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |4, (5]);
if £1.blockid = ¢£;,.blockid then vis(Return!(¢;.offset < ¢,.offset, m)); loclegspec -‘ r<a

else 3b;vis(Return!(b, m)); loclegpec

... iIf the blocks are equal,

compare the offsets, ...

33



Assembly verification

“set if less or equa

|H

[locle] s < [[loclespec]s1r=a

Library locle

v

locle : sle x0, x0, x1;ret

“When the environment calls locle with £/, and ¢», ... <

[

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |4, (5]);

if £71.blockid = ¢,.blocki

else 3b;vis(Return!(b, m)); loclegpec

compare the offsets, ...

hen vis(Return!(£;.offset < £;.offset, m)); loclegpec -‘ r=2a

... iIf the blocks are equal,
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Assembly verification

“set if less or equa

|II

[locle] s < [[loclespec]s1r=a

Library locle

v

locle : sle x0, x0, x1;ret

“When the environment calls locle with £/, and ¢», ... <

[

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |4, (5]);

if £71.blockid = ¢,.blocki

else 3b;vis(Return!(b, m)); loclegpec

compare the offsets, ...

hen vis(Return!(#;.offset < ¢,.0ffset, m)*legpeC -‘ r=2a

... iIf the blocks are equal,
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Assembly verification

“set if less or equa

|H

[locle] s < [[loclespec]s1r=a

Library locle

v

locle : sle x0, x0, x1;ret

“When the environment calls locle with £/, and ¢», ... <

|

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |4, (5]);

if £71.blockid = ¢,.blocki

else 3b;vis(Return!(b, m)); loclegpec

... otherwise return a
non-deterministic Boolean.”

compare the offsets, ...

hen vis(Return!(#;.offset < #;.offset, m)*lespec -‘ r=2a

... iIf the blocks are equal,
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Assembly verification

“set if less or equa

|H

[locle] s < [[loclespec]s1r=a

Library locle

v

locle : sle x0, x0, x1;ret

“When the environment calls locle with £/, and ¢», ... <

[

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |4, (5]);

if £71.blockid = ¢,.blocki

else 3b; vis(Return!(b, m)); loclegpec
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compare the offsets, ...
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Assembly verification

“set if less or equa

|H

[locle] s < [[loclespec]s1r=a

Library locle

v

locle : sle x0, x0, x1;ret

“When the environment calls locle with £/, and ¢», ... <

[

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |4, (5]);

if £71.blockid = ¢,.blocki

else 3b; vis(Return!(b, m)); loclegpec

... otherwise return a
non-deterministic Boolean.”
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hen vis(Return!(#;.offset < #;.offset, m)*legpeC -‘ r=2a
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Assembly verification

“set if less or equa

|II

[locle] s < [[loclespec]s1r=a

Library locle

v

locle : sle x0, x0, x1;ret

“When the environment calls locle with £/, and ¢», ... <

[

loclespec =coind Af, v, m;vis(Call?(f, v, m)); assume(f = locle); assume(vis |4, (5]);

if £71.blockid = ¢,.blocki

else 3b; vis(Return!(b, m)); loclegpec

... otherwise return a
non-deterministic Boolean.”

compare the offsets, ...

No syntactic Rec program

required!

hen vis(Return!(#;.offset < ¢;.offset, m)*lespec -‘ r=2a

... iIf the blocks are equal,

33



|_-‘ ~—s, Wrapper

|-'-|r$a

!
. > @, [locle].
:{ !j mf)

~

|memmove|, |

A

Return?(v’,m’)

34



[ | r=2a wrapper

|--| r<=32a

. Jump!(r, m)

P " @, [locle|;
: )

~

|memmove|, |

A

Return?(v’,m’)

fn memmove(d, s,n) £

if locle(d, s) then memcpy(d, s,n,1) else memcpy(d+n—1,s+n—1,n,—1)

/

34



Call!(locle, [d, s], m) ,

Jump!(r, m)

|---‘ r=3 " [memmove],

Translating values:

Z ~y 2 b ~,, (if bthen1else0)

@, [locle],

{ ~w w(l.blockid) + ¢.offset

35



Jump!(r, m)

Call!(locle, [d, s], m) |
|-.-‘ r=3 * [memmove]|, g

Translating values:

2~ 2 b ~, (if bthen1else0)

@, [locle],

{ ~. w(l.blockid) + £.offset

Kripke world: map from block ids

to base addresses

35



Call!(locle, [d,s],m) ;,  Jump!(r, m)

|-.-‘ r=3 * [memmove]|, @, [locle],

Translating values:

2~y 2 b ~,, (if bthen1else0) { ~. w(l.blockid) + f.offset

Kripke world: map from block ids

Translating events: to base addresses

Call!(f,v,m) =4, Jump!(r,m) = r(pc) =af AV ~,, r(x0...x8) Am ~,, m

35



Call!(locle, [d,s],m) ;,  Jump!(r, m)

|-.-‘ r=3 * [memmove], @, [locle],

Translating values:

2~y 2 b ~,, (if bthen1else0) { ~. w(l.blockid) + f.offset

Kripke world: map from block ids

Translating events: to base addresses

Call!(f,v,m) =4, Jump!(r,m) = r(pc) =af AV ~,, r(x0...x8) Am ~,, m

/

PC contains address
of the function

35



Call!(locle, [d,s],m) ;,  Jump!(r, m)

|-.-‘ r=3 * [memmove], @, [locle],

Translating values:

2~y 2 b ~,, (if bthen1else0) { ~. w(l.blockid) + f.offset

Kripke world: map from block ids

Translating events: to base addresses

Call!(f,v, m) —,, Jump!(r, m) ér(p/c)z ar AV ~,, 1(x0...x8) Am ~,, m
PC contains address
of the function Rec arguments are related
to Asm argument registers

35



Call!(locle, [d,s],m) ;,  Jump!(r, m)

|-.-‘ r=3 * [memmove], @, [locle],

Translating values:

2~y 2 b ~,, (if bthen1else0) { ~. w(l.blockid) + f.offset

Kripke world: map from block ids

Translating events: to base addresses

Call!(f,v, m) —,, Jump!(r, m) ér(p/c)z ar AV ~,, 1(x0...x8) Am ~,, m
PC contains address t memories
of the function Rec arguments are related  are related
to Asm argument registers

35



|-.-‘ — ~ . [memmove], L >
'—=ad Return?(v/,m’) |  Jump?(r’,m’)

A IA A IA TA TA A

l
l

|

@, [locle],

l

[l memmove],
-
lre |

[[memmove| ]r=a

lr=a ®a [[loclespec]s]rea @a |

[loclespec]sTr=a @a |
[loclespec]sTr=a @ |

SDECHS

Sp@CﬂS
SpecﬂS
SDECHS

specﬂs] — H

specﬂs

36



®, [locle];

|---‘ — ~ . [memmove], ¢
=d Return?(v/,m’) |  Jump?(r’,m’)
In [ memmovel; < [[[memmove|,.].=45, consider locle returning O:

Jump?(r(x0) =0,...,m)

[l memmove], <

37



@, [locle],

|---‘ — ~ . [memmove], ¢
=d Return?(v/,m’) |  Jump?(r’,m’)
In [ memmovel; < [[[memmove|,.].=45, consider locle returning O:

Jump?(r(x0) =0,...,m)

[l memmove], <
<

Return?(?, m)

' Jump?(r(x0) =0,...,m)
[memmove], < 4

37



|-.-‘ r=9 . [memmove], 1 ¢ @, [locle]
~— Return?(v/,m’) |

. Jump?(r’,m’)

In [ memmove|, < [|memmove|.] =5, consider locle returning O:

Jump?(r(x0) =0,...,m)

[l memmove], <
<

Return?(?, m) Jump?(r(x0) = 0,...,m)

|
[memmove], < T K
|

Which value should [*]r=a pick?

false ~,, 0
0~w0
{g ~w 0

37



|-.-‘ r= 3 . [memmove|, . < ®, [locle],
- Return?(v/,m’) |  Jump?(r’,m’)

In [| memmove|, < [[memmove|.] =4, consider locle returning O:

Jump?(r(x0) =0,...,m)

[l memmove], <

<
Return?(?,m) ! Jump?(r(x0) =0,...,m)
[memmove], < 4
T | false ~,, 0
Which value should [*]r=a pick? 0~w0

Choose non-deterministically!

37



A

|-.-‘ r—=9 . [memmove], |
- Return?(v/,m’) |  Jump?(r’,m’)

Return?(?, m) Jump?(r(x0) = 0,...,m)

®, [locle];

|
[memmove] < / 4
|

Demonic non-determinism

“Fv.v ~y, T(xX0) A LT

false ~4, 0 0 ~,, 0 5 ~,, 0

38



A

|-.-‘ r—=9 . [memmove], |
- Return?(v/,m’) |  Jump?(r’,m’)

Return?(?, m)

Jump?(r(x0) = 0,...,

m)

®, [locle];

|
[memmove] < / 4
|

Demonic non-determinism

“Fv.v ~y, T(xX0) A LT

false ~y 0 0 ~,, 0 £y~

17

38



|---‘ r=3 . [memmove], ¢
- Return?(v/,m’) |  Jump?(r’,m’)

Return?(?, m)

Jump?(r(x0) =0,...

m)

®, [locle],

I
I

<
I N
I

[memmove], w

Demonic non-determinism

“Fv.v ~y, T(xX0) A LT

false ~y 0 0 ~,, 0 £y~

17

38



@, [locle],

|---‘ r=3 . [memmove], ¢
- Return?(v/,m’) |  Jump?(r’,m’)

Return?(?,m) ! Jump?(r(x0) =0,..., m)

Vi
Y

[memmove], w \

Demonic non-determinism Angelic non-determinism
“Fv.v ~y, T(xX0) A LT Vv.v ~, r(x0) = ...
false ~,, 0 0 ~,, 0 ¢y~ false ~4, 0 0~,, 0 ¢5~,, 0

17

38



®, [locle],

|---‘ r=3 . [memmove], ¢
- Return?(v/,m’) |  Jump?(r’,m’)

Return?(?,m) ! Jump?(r(x0) =0,..., m)

Vi
Y

[memmove], w \

Demonic non-determinism Angelic non-determinism
“Fv.v ~y, T(xX0) A LT Vv.v ~, r(x0) = ...
false ~,, 0 0 ~,, 0 ¢y~ false ~4, 0 0~,, 0 ¢5~,, 0

ERR B
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@, [locle],

|---‘ r=3 . [memmove], ¢
- Return?(v/,m’) |  Jump?(r’,m’)

Return?(?,m) ! Jump?(r(x0) =0,..., m)

[memmove], 7 \V

Demonic non-determinism Angelic non-determinism
“Fv.v ~y, T(xX0) A LT Vv.v ~, r(x0) = ...
false ~,, 0 0 ~,, 0 ¢y~ false ~4, 0 0~,, 0 ¢5~,, 0

ERR B B

38




|-.-‘ — ~ . [memmove], L >
'—=ad Return?(v/,m’) |  Jump?(r’,m’)

A IA A IA TA TA A

l
l

|

@, [locle],

l

[l memmove],
-
lre |

[[memmove| ]r=a

lr=a ®a [[loclespec]s]rea @a |

[loclespec]sTr=a @a |
[loclespec]sTr=a @ |

SDECHS

Sp@CﬂS
SpecﬂS
SDECHS

specﬂs] — H

specﬂs
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|-.-‘ r_\a * [memmovel|, . - : @, [locle],
- Return?(v/,m’) |  Jump?(r’,m’)

IAIA A IA TA A

IA

l

lr=a @a | lr=

1, — [[memmove ] =a @ [[loclespec]s | r=a | SpecHS
[memmove], @, [loclespec]s]rea @- | specls
[loclespec]sTrea @a [printgpe.]s
soecls]rea @s [Print.ec]s
spec]s
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Resolving the angelic choice

COnSider mmemmoveﬂr]r‘——‘a @, H[loc{espec]]s-lr-.——‘a < mmemmoveﬂr Dr [[IOClespec]]s-lr#a
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Resolving the angelic choice
ConSider wmemmoveﬂr]r\——‘a @, r[[IOCIGSpec]]s]r;‘a < [Hmemmoveﬂr Dy [[IOClespec]]s-lr‘——‘a

false ,O, or f()?
Return?(?,m) | Jump?(r(x0) =0,...,m) Return?(false, m)

[memmove], < |
|

[loclespec]s

41



Resolving the angelic choice
COnSider wmemmoveﬂr]r\——‘a @, r[[IOCIespec]]s]r;‘a < mmemmoveﬂr Dy [[IOClespec]]s_lr‘——‘a

false ,0,0or £p?

Return?(?, m) Jump?(r(x0) =0,...,m) Return?(false, m)

[loclespec]s

|
[memmove], < :
|

<

Return?(false, m)
[memmove] < [loclespec]s

41



Resolving the angelic choice
COnSider wmemmOVeﬂr]r\——‘a @, r[[IOCIGSpec]]s]r;‘a < mmemmOVeﬂr Dy [[IOClespec]]s_lr‘——‘a

false ,0,0or £p?
Return?(?,m) | Jump?(r(x0) =0,...,m) Return?(false, m)

[memmove], < | 4
|

[loclespec]s

<

Return?(false, m)
[memmove] < [loclespec]s
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Resolving the angelic choice
COnSider [HmemmOVeﬂr]r\——‘a @, r[[IOCIespec]]s]r;‘a < [HmemmOVe]]r Dy [[IOClespec]]s_lr\——‘a

false ,0,0or £p?

Return?(?,m) | Jump?(r(x0) =0,...,m)
[memmove], < | 4
|

Return?(false, m)

[loclespec]s

<

Angelic choice

_ ] Return?(false, m)
EHEVERILCERIEN [ memmove] - < [loclespec]s

implementation
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Non-determinism summary

implementation < specification

Angelic non-determinism Demonic non-determinism
Y in specification 3 in specification
1 in implementation V in implementation

Assumption about the environment Guarantee to the environment
Rely Guarantee
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Program main  n main() £ let x := yield(0) in print(x); let x := yield(0) in print(x); yield(0)

Library stream fn stream(n) £ yield(n); stream(n + 1);

Library yield

yield : ... save and restore registers, and switch stack ...

CORO-LINK

[[yi(i‘ldﬂa S |—M1-| r=2a D3 |—M2—| reg X |—M1 Dcoro M2_| r=3a
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Non-determinism in Spec

Spec(E) 3 p =

demonic angelic
=coind Vis(e);p | Ix : T;p(x) | Vx : T; p(x)
SIM-EX-R SIM-EX-L
JyeT.M = [p(y)]s VyeT. [p(y)]s =M
M < [3x : T;p(x)]s [Fx:T;p(x)]s =M
SIM-ALL-R SIM-ALL-L
VyeT.M < [p(y)]s JyeT. [p(y]s =M

M < [Vx : T; p(x)]s [Vx : T;p(x)]s <M

(e € E)
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Non-determinism in Spec

demonic angelic
\{ \d
Spec(E) 2 p :i=coind Vis(e);p | Ix: T;p(x) | Vx : T; p(x) (e € E)

SIM-EX-R SIM-EX-L

. FyeT.M=[p@®)]s VyeT. [p(y)]s =M
demonic: 3 [3x : T; p(x)]s [3x: T;p(x)]s < M VY and 3 behave
like the logical
angelic: Yy e T.M < [p(y)]s FyeT. [p(y)]s <M SERMIES

M < [Vx: T; p(x)]s [Vx: T;p(x)]s =M
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Operational semantics for angelic non-determinism

set of states

M = (S, —, ")

Definition of modules:

— € P(S X option(E) X P(S))

(3x: T;p(x)) —=s {p(y)} (fory e T)  (Vx: T;p(x)) —s {p(y) |y € T}

(vis(e); p) —s {p)



Operational semantics for angelic non-determinism

set of states  initial state

M = (S, —, o)

Definition of modules:

— € P(S X option(E) X P(S))

(3x: T;p(x)) —=s {p(y)} (fory e T)  (Vx: T;p(x)) —s {p(y) |y € T}

(vis(e); p) —s {p)



Operational semantics for angelic non-determinism

set of states  initial state

M = (S, —, o)

Definition of modules:

— € P(S X option(E) X P(S))

(3x: T;p(x)) —=s {p(y)} (fory e T)  (Vx: T;p(x)) —s {p(y) |y € T}

(vis(e); p) —s {p)



Operational semantics for angelic non-determinism

set of states  initial state

M = (S, —, )

transition relation

— € P(S X option(E) X P(S))

demonic
(3x: T;p(x)) —=s {p(y)} (fory € T)  (¥x:T;p(x)) —=s {p(y) |y € T}

Definition of modules:
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Refinement / Simulation

Ml < M2 = (Mla 0241) 5CO (MZJ O'R/Iz)

(Mla 0'1) =co (MZ: 0'2) écoincl

For each demonic choice in M,
e € x
VE,ZI. 01 =M, 21 — 322 09 —9M2 22 N

Vo, € 2. do] € 21. (My,07]) Zco (M, 0,)
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Ml < M2 = (Mla O'le) 5CO (MZJ Gj{ij’z)

(Mla 0'1) =co (MZ: 0'2) écoincl

For each demonic choice in M, exists a demonic choice in M,, s.t.
e € x
Ve, 1. 01 — M, 21 = d29. 09 — M, 29 A

Vo, € 2. do] € 21. (My,07]) Zco (M, 0,)
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