7, len

f

n

ident, id
label, |
dcls
fndefns
opt_tid
ef _sig

p

typ
fundef, fd
fn_body
fn

ge

)

integer

float

int

identifier

label

global variable declarations
function declarations
optional thread id

external signature

pointer



bitwise xor

signedness n= Signedness
|  Signed
|  Unsigned
intsize = Integer sizes
| I8
| 116
| 132
floatsize n= Float sizes
| F32
| F64
type, ty = Types
|  void the void type
| int (intsize, signedness) integer types
| float (floatsize) floating-point types
|  pointer (ty) pointer types (*ty)
| array (ty,len) array types (ty[len])
|  function (ty*,ty) function types
|  struct (id,¢) struct types
| union (id,¢) union types
|  comp_pointer (id) pointer to named struct or union
| Gy S
typelist, ty* = Type list
| mnil
| ty::ty*
fieldlist, ¢ n= Field lists
|  nil
| Gid,ty)::¢
unary_operation, op; = unary
] ! Boolean negation
| - Integer complement
| - opposite
binary_operation, op, = binary
|+ addition
| - subtraction
| multiplication
|/ division
| % modulo
| & bitwise and
| bitwise or
|



<< left shift

|

| > right shift

| == equality

| = not equal

| < less than

| > greater than

| <= less than equal

|  >= greater than equal

expr, e typed expression

aly expression

expr_descr, a basic expressions

| n integer literal
| f float literal
| id variable
| *e unary pointer dereference
| &e address-of
|  op e unary operation
| e1opye binary operation
| e type cast
| e1?ex:e3 conditional
] e1&&es sequential and
| erlley sequential or
| sizeof (ty) size of a type
| e.id access to a member of a struct or union
opt_lhs = optional lhs expression
|
| (vd:ty)=
opt_e = optional expression
|
| e
e* = expression list
atomic_statement, astmt = atomic
| CAS compare and swap
|  ATOMIC_INC locked inc
statement, s = statements
|  skip do nothing
| e1=ey assignment [lvalue = rvalue]
| opt_lhs e’ (e*) function or procedure call
| 51382 sequence
| if (eq1) then sy else s conditional



labeled _statements, s

arglist

varlist

fndefn_internal

program

val, v

extval, evl

(]

while (e) dos
do swhile (e)
for (s1;e9;83)8
break

continue
return opt_e
switch (e)ls

l:s

gotol
thread_create (e, )
opt_lhs astmt (e*)
mfence

default :s
casen:s;ls

ty id
ty id , arglist

ty id ; varlist

ty id Carglist) {varlist s}

dcls fndefns main =id

undef

extintn
extfloat f

nil
ViIiUS
8@ [v]

while

do while

for loop

break

continue

return

switch

labelled statement
goto

thread creation
atomic operation
mfence

labeled statements
default

labeled case

Argument lists

Local variable lists

function definition

programs

untyped values
integer value
floating point value
pointer
undef

external values
external integer value

external floating point value

value list



arg_list, args

evs

memory_chunk, c

mobject_kind

rmw_instr, rmw:

mem_event, me

event, ev

thread_event, te

opt_pty
opt_v
ps

ps PP

argument lists
nil
id"™ : - args

eventval list
nil
evl: : evs

Mint32

MObjStack

ADD v
CAS v v’
SET v

write p memory_chunk v
read p memory_chunk v
alloc p n mobject_kind
free p mobject_kind

mw p memory_chunk v rmwi

fence
calld evs
return typ evl
exitn
fail
thread events
ext event externally observable event
mem mem_event memory event
thread-local event
exit normal exit
start p vs thread start (bootstrap)

optional pointer/type pair

optional value
pointer list

environment



cont, Kg statement continuation

stop
[~ s2] - ks sequence
[while (e) do s]- ks while

do while

for loop, pending increment

for loop, pending condition evaluation
call awaiting args

switch protecting break

[doswhile (e)] - kg
[for(;ez; ©s3) 8|+ Ky
[for(; o e;83) s ks
lopt_lhs fd () |,] - k

[ switch kgl

[free ps; return opt_v] - ke

expr_cont, Ke

state, o

Vs

op. tyl*ty2—>ty 62] < Ke
) Optyl*ty2—>ty ]+ ke
()] ke
Wrey:es] - ke

] - Ke
*_tY ]

w ]
vW=1].k

opt_lhs ,ty (eM] -k

opt_lhs v¥(vs, e )] Ks
opt_lhs astmt(vs e*)] - ks
if (_%) then sy else s3]k
while (_.) do s] - kg

do s while (_¢)] - ks

T (5 —ep; 83) 8] - Ais
return | - kg

switch (L) Is] - K

thread_ create(,, )]k
thread create(p, )] -k

I-h

[op
-
[
[
-
-
[
[
[
[
[
[
[
[
[
[fo
[
[
[
[

lval (e) - ke,

€ e lp

v - Kelp

s Ks |p

VS * Kg

bind (fn,vs, args) - ks |,
alloc (vs,args) - K|,
opt_lhs ext ("P) - kg |,
opt_lths v - ks |,

expression continuations
unary operation
binary operation
binary operation

access to member of struct

load
assignment
assignment

call function
call args
atomic args

if

while

dowhile

for loop, pending test
funtion return
switch

thread creation
thread creation

states

Labelled Transitions (parameterised over ge)

; STEPCONSTINT
n . kel, — n-Kelp

STEPCONSTFLOAT

fW - kelp — [ telp



STEPVAREXPRBYVALUE

idW ke, — lval (id™) - [* %] s |,

plid = Some p

; STEPVARLOCAL
lval (id%) - Kelp, — P FKelp
p'id = None
Genv.find symbol ge id = Some p
. STEPVARGLOBAL
lval (id%) - Kelp, — D FKelp
access mode ty' = By value ¢
typ = type-of_chunk ¢
Val.has type v ¢
P p STEPLOADBYVALUE
ty' men (read p ¢ v)
p-[* W] ke lp V- Ke lp
access mode ty' = By reference \/ access mode ty’ = By nothing
- STEPLOADNOTBYVALUE
p W] Kelp — prkelp
STEPADDR
et - ke|, — 1val (e) - kelp
; P STEPECONDITION
e1?ex:e3 - Ko, — e - [[FVPeE 1oy 3] - Ko |
is_truev ty
7 STEPECONDITIONTRUE
v-[W7eies] kelp — €2 kelp
is_falsew ty
; STEPECONDITIONFALSE
v-[W7exies] - kelp — €3 Kelp
STEPDEREF
xety . Ke ’p — s e- [*fy] - Ke ‘p
STEPDEREFLVAL
lval (xe®) - ke|p, — e Kelp
STEPFIELD
e.id¥ - ke|, — 1val (e.idW) - [* W] ke,
typeof e=struct (id’, )
field offset id ¢ = OK §
. STEPFSTRUCT1
lval (e.idW) - ke |, — Lval (e) -[-- 0] Kelp
p’ = Ptr.add p (Int.repr §)
; STEPFSTRUCT2
pel-0] kelp — P kelp
typeof e=union (id’,®)
‘yp ¢ STEPFUNION
lval (e.idW) - ke |, —> 1val (e) - kel
v=Vint (Int.repr (sizeof ty’))
- 7 STEPSIZEOF
sizeof (ty)" - kelp — V- Kelp
STEPUNOP1
typeof
opy e ke lp — e [op"" ] ke,
sem unary operation op; v ty = Some v’
T STEPUNOP
vefopy ] kelp —> 0" kelp
STEPBINOP1
(61 opy 62)ty Ko ’p — e [7 Op;YPeof e1xtypeof ea—ty 62] - o ‘p
valid_arg opy, ty1 tys v = true
T g op T T = STEPBINOP2
v - [ opy e kelp — ex-[v opy ] Felp
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sem_binary_operation opy, v ty; va tys = Some v
7 STEPBINOP
y1xty2—ty

vy - (U1 0py J-kelp — v-Kelp
; STEPCASTI
(ty) e - Kel, — e [(ty) typeote]. k|,
cast v ty' ty v
STEPCAST2

v [AY) W] kelp — v Eelp

1o
ny = Int.repr 1

Int.repr O

; 7 STEPANDBOOL
e1&& e - ke |, — e1?7(ea? (i) : (ngW)™) :mgW™ - ke |
ng = Int.repr O
np = Int.repr 1
v STEPORBOOL
erllea - kel, — e?(m®): (ea?(m %) : (ngW)™)™ - ke |,
STEPTHREAD
thread_create(ey,e) - ks |, — e - [thread create(_, e2)] - Ks|,
STEPTHREADFN
p - [thread_create(_, e2)] - Ks|, —> ez -[thread_create(p, )] ks,
P e — STEPTHREADEVT
v - [thread_create(p, )] - ks, Po skip - ks |
STEPASSIGN1
e1=ex - Kg |, — 1lval (e1) - [[VPeofei=gy] . g |,
7 ; STEPASSIGN2
v - [7 y=e2] - Kg ’p — e - [/Ul y:f] - Kg ‘p
type_to_chunk f{y; = Some c
cast_value_to_chunk c¢ v; = 19
mem (write pj c v2) STEPASSIGN
1 .
v - [plt“:f] * Rs |p skip - Kg |p
STEPSEQ
s1382 Kslp — 5175 82] ks
; STEPCALL
opt_lhs e’ (e*) - ks |, —> € - [opt_lhs _tyPeofe’ (e*)] . kg,
Genv.find funct ge v = Some fd
type_of fundef fd = ty STEPC
TEPUALLARGSNONE
v - [opt_lhs % (nil)] - kg |, — nil-[opt_lhs fd () |,] - ks
STEPCALLARGS1
v-[opt_lhs W (e::e*)]-ks|p, —> e-[opt_lhs v¥W(nil, e*)] - ks,
STEPCALLARGS2
vi - [opt_lhs v¥(vs, e::e*)] - Ks|, — e [opt_lhs v (vs@[v], e¥)] - Ks|,
Genv.find funct ge v = Some fd
type_of _fundef fd = ty STEPCALLF
TEPUALLFE INISH
v’ - lopt_lhs v%¥(vs, nil)| - ks |, —> ws@[w'] - [opt_lhs fd () |,] - ks
STEPATOMIC

opt_lhs astmt(e::e*) - k|, —> e-[opt_lhs astmt(nil, e*)] - ks,

STEPATOMICARGS
v - [opt_lhs astmt(vs, e::e¥)] - Kks|, — e-[opt_lhs astmt(vs@[v], e*)] - ks |,

sem_atomic_statement astmt ( vs ++ v :: nil ) = Some (p, rmwi)
Val.has_type v’ (type_of_chunk Mint32)

STEPATOMICFINISHNONE

mem (rmw p Mint32 v/ rmuwi)

v - [ astmt(vs, nil)] - kg |, skip - Ks |



sem_atomic_statement astmt ( ws ++ v :: nil ) = Some (p, rmwi)
Val.has_type v’ (type_of_chunk Mint32)

- . STEPATOMICFINISHSOME
mem (rmw p Mint32 v’ rmwi)

v-[(id:ty)= astmt(vs, nil)] - Ks|, Gid:ty)=v"- ks,

STEPFENCE
mem fence .
mfence - ks |, ——— skip- ks,
- - STEPCONTINUE
continue - [_; s]-Ks|, — continue- K|,
STEPBREAK
break - [-; s| - ks|, —> break: kg,
- - STEPIFTHENELSE
if (e) thens; else sy - Kg|, — e-[if ((B¥Peof€) then s else S - K|,
is_truew ty
- STEPIFTHENELSETRUE
v-[if (%) then s else 2] - Ks|, — 51 Ks|p
is_falsev ty
- STEPIFTHENELSEFALSE
v-[if (%) then s else $2] - Ks|, — S2-Ksp
- - STEPWHILE
while (e)dos - ks|, —> e-[while () do s] - K],
is_truev (typeof e)
- yP - STEPWHILETRUE
v - [while (_.) do s]-Ks|, —> s-[while (e) do s]- K|,
is_falsev (typeof e)
- - STEPWHILEFALSE
v - [while (_) do s]-Ks|, — skip- ks,
- - - STEPCONTINUEWHILE
continue - [while (e) do s]:ks|, — while (e)dos: ks,
- - STEPBREAKWHILE
break - [while (e) do s|-ks|, — skip- ks,
. - STEPDOWHILE
doswhile (e) - ks |, —> s-[doswhile (e)] - ks,
is_truev (typeof e)
- - STEPDOWHILETRUE
v-[do s while (_¢)] - Ks|, — doswhile (e) - kg,
is_falsewv (typeof e)
STEPDOWHILEFALSE

v-[do s while ()] - Ks|, — skip- ks,

. . : STEPDOCONTINUEWHILE
continue - [do swhile (e)] -kg|, — e-[do s while (_.)]- ks,

- - STEPDOBREAKWHILE
break - [do swhile (e)] - Ks|, — skip- ks,
STEPFORINIT
for (si5e2;83)8 - Ks|p, —> s1-[for(; oex;s3) s]-kslp
- STEPFORCOND
skip - [for(; oep;s3) s|-hs|p — ex-[for (5 —e; 83) 8| - ks |p
is_truewv (typeof e3)
P 2 STEPFORTRUE
v-[for (5 _ey; 83) S| - Ks|p —> s-[for(;ex; ©s3) s|-kslp
is_falsewv (typeof e3)
yP 2 - STEPFORFALSE
V- [for ( ey 83) S| - Ks|p — skip- kg,
STEPFORINCR

skip - [for(;ex; ©s3) s|-ks|p, —> s3-[for(; oen;83) s]-hslp
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STEPFORBREAK

break - [for(;ex; ©s3) s|-ks|, —> skip- ks,
STEPFORCONTINUE

continue - [for(;ex; ©s3) s]-Kg|, — s3-[for(; oer;s3) s|-kslp

call cont ks = (Kcall None (Internal fn) p” kl)
fn.(fn_return) = Tvoid
ps = sorted pointers of env p
- STEPRETURNNONE
return - Kg |p/ — skip - [free ps; return None] - kg |p/

STEPRE"

mem (free p MObjStack) .
skip - [free ps; return opt_v] - kg |,

Sklp . [free p::ps; return 0pt7'U] * Rg |p

call cont ks = KL

get_fundef k. = Some (Internal fn)

fn.(fn_return) <> Tvoid
STEPRETURNSOME
returne - Kg|y — e-[return |- rKg|y

ps = sorted_pointers_of_env p
: STEPRETURNSOME1L
v-[return _| - ks|, —> skip-[free ps; return (Somev)] - ks |,
- - STEPSWITCH
switch (e)ls - kg|, — e-[switch (1) Is]- kg,
s = seq-of_labeled_statement (select_switch n Is)
: : STEPSELECTSWITCH
n-[switch (1) Is] - ks|, —> s- [switchrkgl |,
- - STEPBREAKSWITCH
break - [switchkgl |, — skip- kg,
- - - STEPCONTINUESWITCH
continue - [switchkgl [, — continue - kg,
STEPLABEL

l:s-kslp — s-Kslp

call cont ks = KL

get_fundef k. = (Some (Internal fn))
find_label [ fn.(fn_body) k. = Some (s’, k)
f 25 - STEPGOTO
gotol-kgl|, — s -K!|,

args = fn.(fn_params) ++ fn.(fn_vars)

d = Int 1

f nherna fn STEPFUNCTIONINTERNAL
vs - [opt_lhs fd () |p] - ks —> alloc (vs,args) - [opt_lhs fd () |p] - Ks |poppiy

n = Int.repr(sizeof ty)
STEPALLOCLOCAL

mem (alloc p n MObjStack)
alloc (vs, args) - Ks | e (idesp)

alloc (vs,id%: :args) - ks |,
args = fn.(fn_params)
fd = (Internal fn) STEPBIND ARGSS
TEPBIND R
alloc (vs,nil) - [opt_lhs fd (1) |y] - ks|,r — bind (fn,vs,args) - [opt_lhs fd () |y] - ks |y a

plid = Some p
type_to_chunk ty = (Some c)
cast_value_to_chunk c¢ v; = 1o

STEPBINDARGS

mem (write p c va) .
e P ey bind (fn,vs,args) - ks lp

bind (fn,vi::vs,idW: :args) - ks,

s=fn. (fn_body)
: - : STEPTRANSFERFUN
bind (fn,nil,nil) - ks|, — sk,
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true (* event_match (external function id targs ty) vs t vres -> %)
fd = Extermal id ty* ty

(]

= map val_of_eval evs

STEPEXTERNALCALL

ext (call id evs)
—_—

vs - [opt_lhs fd () |,] - ks opt_lhs ext (_VP) - kg,

Val.has_type v typ
fd = External id ty* ty
typ

v

= match (opttyp_of type ty) with | Some x => x | None => Ast.Tint end
val_of_eval euvl

STEPEXTERNALRE"
ext (return typ evl)

opt_lhs ext (_VP) - kg |, opt_lhs v - ks |,

plid = Some p
type_to_chunk {y = Some c
cast_value_to_chunk ¢ v; =

_ STEPEXTERNALSTORESOMELOCAL
mem (write p c va)

Gid:ty)=v1 - Ks|p skip - ks |,

plid = None
Genv.find_symbol ge id = Some p
type_to_chunk {y = Some c

cast_value_to_chunk ¢ v = o
STEPEXTERNALSTORESOMEGLOBAL

men (write p c vg)

Gid : ty)=v1 - Ks|p skip - ks |

STEPEXTERNALSTORENONE

V- Ks|p, — skip- ks,

- STEPSKIP
skip-[-; so] - Ks|p — 2 Ks|p
. 5 - STEPWHILELOOP
skip - [while (e) do s]-ks|, —> while (e)dos- ks,
- - - STEPDOWHILELOOP
skip - [doswhile (e)] - ks|, — e-[do s while ()] s,
STEPSKIPSWITCH

skip - [switchkgl |, — skip- ksl

call cont kg = [ fd( ) |y]- ki

; . , STEPRETURNNONEFINISH
skip - [free nil; return opt_v] - kg |,r — skip- K|y

type_to_chunk ty = (Some c¢)

p'Vid = Some p

call_cont ks = [(id:ty)= fd () |,]- K]
cast_value_to_chunk ¢ v; = 19

STEPRETURNSOMEFINISHLOCAL

mem (write p c v2)

skip - [free nil; return (Some v;)] - K|, skip - K} |y

type_to_chunk {y = (Some c¢)

p'Vid = None

Genv.find symbol ge id = Some p

call_cont ks = [(id:ty)= fd () |,]- KL

cast_value_to_chunk c v; = 19

S — STEPRETURNSOMEFINISHGLOBAL
skip - [free nil; return (Some v;)] - K|, pet skip - K} |y
STEPSTOP

skip - stop|, exit skip - stop|,

Definition rules: 94 good 0 bad
Definition rule clauses: 178 good 0 bad
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