Formal definition of the kernel type system

Dhruv C. Makwana

The formalisation is defined over a let-normalised version of the Core language of Cerberus. A proof of soundness of type checking is
given in a separate document.
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Al Commentary

In this document, we formalise “kernel CN”, which is essentially ordinary CN with no type and resource inference. In particular, we
assume that all universal quantifiers are explicitly instantiated, that all existential quantifiers have explicit witnesses, and all resource
manipulations have proof terms with linear/substructural types. However, we do not require proof terms for the logical properties, since
by construction all of the entailments fall into the SMT fragment. Since our inference algorithm can be extended to an elaboration
algorithm producing a fully-annotated program, kernel CN could serve as an intermediate representation for the CN compiler (which we
have formalised elaboration for iterated resource manipulation, though not footprint analysis). Moreover, the lack of inference makes it
a simpler language to prove type safety for.

The kernel CN is a calculus in A-normal form, with a bidirectional type system. Since we handle the majority of C, the entire system
is very large, and so we only provide commentary on the highlights.

A1l.1 Types and Terms

As in the paper, CN programs have both computational and logical terms. Every such term, computational or ghost, has a base type
B, which are things like unit, booleans, (mathematical) integers, locations, and records of other base types. Each C type 7 is mapped
to a corresponding base type — for example, Sint« = pointer. Logical terms are variously referred to as term, ptr (for pointers), value
(for pointees), iarg (for input-arguments), oarg (output-arguments, of type record or array of records), and iguard (for boolean guards
of iterated resources).

In Figure 1, we give the gram-

res = emp | term | pred | qpred | resy x resy | Jy: . res’ | if term then res; else reso mar of resource types (i.e., separation

pred ::= a(ptr, iargs)( oarg) logic predicates) and resource terms
qpred ::= (x; iguard){a(ptr + x x step, iargs)}(oarg ) (the proof terms used by the kernel
Core typechecker). The standard re-

res_term ::= emp | term | pred_term | qpred_term | (res_termy, res_termy) | pack (oarg, res_term') sources res can be an empty heap emp,

a boolean condition term, the separat-

r | fold res_term:pred | pred_ops : . . .
ing conjunction res; * resy, an existen-

pred_ops ::= explode (res_term) | implode (res_term,tag) | iterate (res_term,int) tial type 3 y: 8. res, and the disjunction
congeal (res_term,int) | break (res_term, term) | glue (res_term) if term then res; else ress. We use a
inj (res_term, ptr, step, x. iargs) | split (res_term, iguard) conditional rather than a traditional

disjunction to avoid backtracking dur-
ing typechecking.

Resource predicates have special
syntax to handle the division of their
arguments into inputs and outputs. An occurrence of a predicate is written a(ptr, iargs)(oarg). This is read as the predicate «, applied

Figure 1: Grammar of Resource Terms



to a pointer argument ptr and a list of other input arguments <args. The output argument oarg is highlighted and in a second set of
parentheses. Every predicate has exactly one output argument, of type record (with zero or more fields). A gpred represents the iterated
separating conjunction of predicate instances; it quantifies over integer indices z satisfying a guard iguard, and is with input arguments
targs and output oarg. It represents an instance of a beginning at ptr, and repeating every step bytes, for as long as the iguard is true.

Each resource type has introduction and elimination forms — e.g. 7es; * reso has pairing and pattern matching proof terms. The
standard resource types have the expected rules, and predicate types can be introduced by explicitly folding a predicate definition
fold res_term:pred, and unfolded via pattern-matching.

In addition, there are resource operations recording the resource-manipulation steps inference uses to successfully type a program. If
we suppress the book-keeping of checking that input arguments match, calculating indices, and updating output arguments, most of these
operations have simple intuitions. explode (res_term) and implode (res_term,tag) are operations on structs and their members; the first
takes an Owned (struct tag) and turns it into a Owned (7;) for each of of its members; the second does the inverse. iterate (res_term,int)
and congeal (res_term,int) function similarly, but for C’s fixed-size arrays, returning a quantified Owned (T) instead.

Morally, break has type gpred — gqpred * pred: it extracts a single predicate from a quantified one, and must return the remainder
as well because resource terms are linearly typed; glue has type gpred x pred — gqpred: it is the inverse to break; split has type
gpred * iquard — qpred * gpred: given a quantified predicate of index-guard iguard’, and an iguard, if iguard — iguard’ then it splits
the given quantified predicate into two disjoint parts (one of index-guard iguard and the other of iguard’ A —iguard); inj has type
pred * ptr = step * iargs — qpred: it turns a predicate a(ptr’,iargs’) into a quantified predicate, with iguard = (z = k), where
k = (ptr' — ptr)/step and iargs’ = k/xz(iargs). Because our inference algorithm does not support inferring merging arrays, there is no
inverse to split of type gpred x qpred — qpred.

A1l.2 Judgements and Example Rules

The contexts for the rules consist of four parts: (1) C containing the computational variables from the Core program; (2) £ containing
purely logical variables mentioned in specifications; (3) ®, the constraint context, containing a list of (non-quantified) SMT constraints;
and (4) R a linear context containing the resources available at that point during type-checking. Assuming a constraint context of
only non-quantified constraints is an acceptable simplification, because the elaboration pass can annotate terms with fully-instantiated
constraints, whose quantifiers were either supplied by lemmas, annotations or default instantiation.

We focus on the judgements for typing resource terms and memory actions. The judgement C; £; ®; R - res_term = res should be read
as “under a context of computational variables C, logical variables £, constraints ® and resources R, the resource term res_term synthesises
resource type res” (the highlighting shows the part of the judgement with an output mode). The judgement C; £; ®; R F res_term < res
reads similarly, replacing ‘synthesises’ with ‘checks against’.

We need both judgements because variables, folding, predicate operations are naturally typed as synthesising rules, whereas con-
straints, packing existentials, and conditional resources require checking. Furthermore, as we shall see soon, memory actions require a
synthesising judgement (to obtain and manipulate the output argument of Owned (7)), whereas top-level values (such as typing spines)
require checking judgements.



RES_CHK_IF_TRUE

smt (& = term)
C;L; ;R res_term < res;
C; L; ;R res_term < if term then res; else resy

RES_SYN_PRED

pred = a(ptr, iargii)(oarg)

a = ,:pointer, z;:0; ' , Yy:record tagj:ﬂj’.j — res € Globals

C; L; ®; RV res_term < [oarg/y, | iarg;[z; |, ptr/xz,](res)

C; L; ®; R fold res_term:pred = pred
ExpL_IS_ACTION_CREATE

ret = Yyp:pointer. term A 3 y:recordinit:bool value:f;. ret’ EXPL_IS_ACTION.LOAD

, y.init L.
ret’ = (yp —. y.value) x y.init = false A I

C; L; ®;- F create (pual, 7) = ret

C;L;®; R F res_term = term ﬂfi pvaly
smt (& = (term = pvaly) A (init = true))

ret = X y:0;. y = pvaly A (pvaly e pualy ) * I
C; L; ®; R I load (7, pvaly, -, res_term) = ret

EXPL_IS_ACTION_STORE

C,L;P; R res_term = term >, _

smt (® = term = pvaly) ExpL_Is_AcTiON_KILL_STATIC

C;L;®; R res_term = term >, _
smt (& = term = pval)
C; L;®; R Fkill (static T, pval, res_term) = X _unit. I

ret = X _unit. (pualy tor pualy ) I

C; L; ®; R I store (_, 7, pvaly, pvaly, _, res_term) = ret

Above is one of two rules for checking a conditional resource. Thanks to the ordered disjunction, the rule is simple: if the SMT solver
can statically prove term, then check the resource term against the res;. The converse (omitted) checks against resy if the SMT solver
can prove the negation of the condition; if neither is provable, the rules try to synthesise an under-determined conditional resource (the
only way this is possible is if res_term is a variable of an SMT-equivalent type).

The rule for folding predicates shown is simplified for presentation (omitting only the type checking of the all the predicate arguments,
and the exclusion of the Owned (7) predicate because it cannot be folded). The first line is a simple lookup based on the predicate name
of types of the arguments, and the “body” res of the predicate. The second checks res_term against the res with its arguments (supplied
by the fold term) substituted in.

The above rules for typing memory actions are also simplified for presentation. Allocating memory (which takes an alignment pval
and a C type 7) synthesises a return type ret representing: a newly created pointer (referred to in the type by the name y,), some omitted
constraints about alignment and representability (term), a logical value (y) representing the output argument of a points-to/Owned (7)
resource (which differs slightly from the implementation in that it additionally contains the initialisedness status), the resource itself
(Owned (7)(yp)(y) is pretty-printed in more familiar — notation), and a constraint that the points-to is not initialised.

Loading from a memory location requires a correctly typed resource term, and its output argument’s initialisedness status init to be
true. Because the types are linear, it not only returns the pointed-to value, but also the same permission it consumed.

Storing to a memory location is similar to loading: it requires a points-to permission, but without any constraints on its initialisedness.
The permission it returns reflects the fact that the pointee is definitely initialised, and that a new value is pointed to by this location.

De-allocating memory is the converse of allocating memory: a resource term is required, but not returned.



A1.3 Differences from Implementation

There are some minor differences between the implementation and the formalisation. The formalisation has a richer grammar of resources:
this means it can support tagged unions more succinctly and can open predicates in more cases. The formalisation assumes that iterated
resources output arguments have type array of records, whereas the implementation uses records of arrays.



A2 Types and Patterns

A2.1 Resource Related

‘CI) F cmp-min (iguard, iguard’) ~ opt_cmp_term| given constraints ® , iguard is potentially included in iguard’ (or vice-versa) with
ordering and minimum opt_cmp_term

I1G_CmP_EQ IG_CmpP_LT

smt (® = Vz. iguard < iguard’) smt (® = Vz. iguard — iguard”)
® - cmp_min (iguard, iguard') ~ Eq, iguard ® + cmp_min (iguard, iguard’) ~ Lt, iguard

IG-Cmp_GT IG_CwmP_NONE
smt (® = Vz. iguard’ — iguard)
® b cmpmin (iguard, iguard’) ~ Gt, iguard’ ~ ® = cmpmin (iguard, iguard') ~> None

@ + gpred_term C? gpred_term’ ~ opt_cmp| given constraints ® | gpred_term is potentially included in gpred_term’ (or vice-versa)
with ordering opt_cmp

Q_CMP_NAME_NEQ Q-CMP_PTRSTEP_NEQ

termy = (ptr = ptr') A (step = step’)
smt (& = —termy)
O+ (z; ){a(ptr + xxstep, )} E? (x; ){a(ptr’ + xxstep’, )} ~ None

a1 # az
D (5 ) {ae(-+-x, )} C? (5 ){ai(-+ -x_,_)} ~> None




Q_CmpP_IG_NEQ

termy = (ptr = ptr’) A\ (step = step’)
smt (P = termy)
® b cmp min (iguard, iguard’) ~ None
O + (z; iguard){a(ptr + xxstep, )} C7 (z; iguard’){a(ptr’ + xx step’, )} ~~ None

Q_CmP_IARG_NEQ

termy = (ptr = ptr') A (step = step’)
smt (& = termy)
® + cmp_min (iguard, iguard’) ~ cmp, iguard”
termg = iguard” — A(iarg; = iarg] )
smt (& = Jz. —termy)
O + (z;iguard){a(ptr + zxstep, )} C? (z; iguard’){a(ptr’ + zx step’, -)} ~» None

Q-CMP_COMPARABLE

termy = (ptr = ptr') A (step = step’)
smt (& = termy)
®  cmp_min (iguard, iguard’) ~ cmp, iguard”
— " 7/2
termg = iguard” — \(iarg; = iarg] )
smt (& = V. termy)
O + (z;iguard){a(ptr + xxstep, )} C7 (z; iguard’){a(ptr’ + xxstep’, )} ~ cmp

\<I> F res_req = res_req’ ~ bool\ resource equality: given constraints @, res_req and res_req’ are equal according to bool




REQ_EQ_PP_NAME_NEQ

ay # as

REQ_EQ_PP_TARG_NEQ

smt (P = — (ptrl = ptra A \(iarg, i = 1args ; ‘ )

O+ a(,-) = as(.,-) ~ false

REQ_EQ_PP_EQ

smt (® = ptry = ptro A N\(iargr; = iargs; ‘ )

® F a(ptry,iarg ;) = optre, iargy; ) ~» false

REQ EQ QQ-EQ
® + gpred_term C7 gpred_term’ ~ Eq

® + a(ptr, iarguz) = a(ptre, z'arggiz) ~ true

REQ_EQ_QQ_NEQ
® + gpred_term C7 gpred_term’ ~ opt_cmp

® + gpred_term = qpred_term’ ~~ false

[® F res = res'|

RES_EQ_PHI

smt (® = term <> term’)

REs_EqQ_EMmP
® - pred_term

resource equality: given constraints ®, res is equal to res’

® + gpred_term = qpred_term’ ~~ true

RES_EQ_PRED

pred_term’ ~ true

O Femp = emp O+ term = term/

REs_EQ_QPRED
O+ res; = res;

@+ gpred_term = qpred_term’ ~~ true D F resy i resy

RES_EQ_SEPCONJ

® - pred_term(_) = pred_term’(_)

RES_EQ_EXISTS

®F res = res’

® - gpred_term(-) = qpred_tern’(.) D+ resy * resy = res| * resh

® - Jident:B. res = Jident:B. res’



RES_EQ_ORDDISJ

smt (O = termy <> termy)
D, termy F resi1 = reso;
®, —~termy b reso; = resgs
O F if termy then res;; else resjg = if termso then resy; else resqgs

O+ simp.rec(res) ~ res’, bool\ partial-simplification of resources: given constraints ®, res partially simplifies (strips ifs) to res’

RES_SIMPREC_IF_TRUE RES_SIMPREC_IF_FALSE
smt (& = term) smt (® = —term)
® - simp_rec (resy) ~ res;, bool ® + simp_rec (resy) ~ resh, bool
® + simp_rec (if term then res; else resa) ~> res|, true ® - simp_rec (if term then res; else resy) ~> resy, true

RES_SIMPREC_SEPCONJ REs. SIMPREC.EXISTS

® + simp_rec(res;) ~ res], booly

. /
® - simp_rec (resp) ~ resh, bool I~ simprec (res) > Sl A

® + simp rec (Fy:f5. res) ~ Fy: 6. res’, bool

® - simp_rec (res; * resy) ~> res) x resy, booly||booly

RES_SIMPREC_NOCHANGE

® - simp_rec(res) ~» res, false

O F simp (res) ~ opt,res\ partial-simplification of resources: given constraints @, res attempts a partial simplification (strips ifs) to

opt_res




SiMpP_NOSIMP SIMP_SIMP
® - simp_rec (res) ~ res’, true

® F simp_rec(res) ~» res, false
¢ - simp (res) ~ res’

® + simp (res) ~» None

A2.2 Return Type Equality
return type equality: given constraints @, ret is equal to ret’

D F ret = ret’]
RET_EQ_END RET_EQ_ComP RET_EQ-LoG ReT_EQ_PHI
P - ret = ret’ D+ ret = ret’ smt (& = term <> term’)
O Jy:p.ret = Jy:6. ret’ @+ term A ret = term’ A ret’

PHI=TI X y:B. ret = Xy ret’

RET_EQ_RES

D+ res = res’

D F ret ret’
D - res x ret = res’ x ret’

A2.3 Patterns

\pat:ﬂ ~» Cwith term

10

computational pattern to context: pat and type 8 produces context C and constraint term



PAaT_CoMP_NO_SYM_ANNOT PAT_COMP_SYM_ANNOT Par_CoMP_NIL

28~ -with _ z:f:f ~ z:fwithz  Nilp3():listf ~» -withnil
Par_Comp_CONs PAar_Comp_TUPLE
paty:f ~» Cy with term pat;:B; ~ C; with term;

paty:list B ~» Cy with terms

Cons(paty, paty):1list f ~» C1,Cq with term; :: termy Tuple(pat; ):f; ~ C; with (ferm; )

PAT_COMP_ARRAY PAT_COMP_SPECIFIED
pat;:3 ~ C; with term; pat: ~» C with term
Array( pat; ' ):array (8 ~» El with [| term; ! 1] Specified(pat):5 ~ C with term

\ident,or,patzﬁ ~» C with term\ identifier-or-pattern to context: ident_or_pat and type 5 produces context C and constraint term

PAT_SYM_OR_PAT_SYM PAT_SYM_OR_PAT_PAT

pat:B ~~ C with term
v:ff ~ w:fwith o pat:3 ~ C with term

‘L’; ® I res_pat:res ~ L3, R/ ‘ resources pattern to context: given constraints ®, res_pat of type res produces contexts £'; ®'; R/

PAT_RES_MATCH_IF_TRUE

PAT_RES_MATCH_EMP PAT_RES_MATCH_PHI
smt (& = term)

L; @+ res_pat:resy ~ L;P;R
L;®F res_pat:if term then res; else resy ~ L; PR

L;®F emp:emp ~ 5+ L; P term:iterm ~~ L'; @ term; R’

11



PAaT_RES_MATcH_IF_FALSE PAT RES. MATCH VAR

smt (® = —term)
L;®F res_pat:resy ~ L;P;R

L; ® F res_pat:if term then res) else resg ~ L; O3 R

(replace res with res norm for normalised contexts)

L;®F rires ~» -5 rires

PAT_RES_MATCH_SEPCONJ
L; D F res_paty:resy ~ L1;P1;R1
L; D F res_paty:resy ~ Lo; Po; Ro
L; ® & (res_paty, res_paty):resy * resg ~» L1, Lo; P1, Po; R1, Ro

PAT_RES_MATCH_PACK
L,z:0; P & res_pat:x/y(res) ~ L; s R’
L;® - pack (z, res_pat):Jy:5. res ~ L', x:6; P, R/

PAT_RES_MATCH_FOLD
o # Owned (1)
Q= Tpio, Ty, Yio > res € Globals
L;® + res_pat:[oarg/y, [iarg;[z; |, ptr/z,)(res) ~ L; & R/
L; ® F fold (res_pat):a(ptr, iargs)(oarg) ~ L'; @', R’

C; L;® F ret_pat:ret ~ C'; L; @'; R" return pattern to context: given context C; L; ®, ret_pat and return type ret produces contexts
C/; ,C/, (I),, R/

PaT_RET_COMP

PAT_RET_EMPTY . )
ident_or_pat:58 ~~ C1 with termy

C-LDF T e C,Cy; L; @ F ret_pat:termy [y(ret) ~ Ca; La; Po; Ro
C; L; ® F comp ident_or_pat, ret_pat:3 y: 3. ret ~» Cq,Co; Lo; Po; Ro

12



PAaT_RET_LOG PAT_RET_PHI
C;L,x:0;® + ret_pat:x/y(ret) ~ Ca; La; Pa; Ro C:L;® + ret_pat:ret ~ C'; L/; D", R/
C;L;® + logx,ret_pat:3y:B. ret ~ Co;y: 3, Lo; Po; Ro C; L; ® & ret_pat:term A ret ~ C'; L' @' term; R/

PAT_RET_RES
L; @+ res_pat:res ~» L1;P1; R
C; L: D F ret_pat:ret ~ Co; Lo; Po; Ro
C;L;®F resres_pat, ret_pat:res * ret ~ Co; L1, Lo; $1, Po; R1, Ro

® + ret_pat:ret ~~ C'; L5 ®';R'|  return pattern to context: given constraints ®, ret_pat and return type ret produces contexts

C/; Ll, (I),, R/

PAT_RET’_AUx
1 @ & ret_pat:ret ~ C'; L' ;R
® + ret_pat:ret ~ C'; L' &'; R/

13



A3 Explicit System

A3.1 Pure Expressions

‘C F object _value = B‘ object value synthesises: given C, object_value synthesises type [

PURE_VAL_OBJ_INT PURE_VAL_OBJ_PTR PURE_VAL-OBJ_ARR

C F object_value; = Bi

'_ 7: t . K - . y
CFmem-int = integer  CF mem.pir = pointer C |- array ( specified object_value; ) = arrayf3

PURE_VAL_OBJ_STRUCT

—
struct tag & member;:T; € Globals

C Fmem_val; = [, '

C F (structtag){.member;:m;, = mem,val,-i } = struct tag

CF pval = | pure value synthesises: given C, pval synthesises type 3

PURE_VAL_VAR PURE_VAL_OBJ PURE_VAL_LOADED PURE.VAL UNIT  PURE.VAL TRUE
z:p €C C + object_value = C - object_value = 3
Crax=p C - object_value = 3 C I- specified object_value = CFUnit = unit  CF True = bool
P _VAL_T
PURE_VAL_FALSE PURE’VALfLIST URE-VAL UPLE_ PURE_VAL_CTOR_NIL
7
C I+ value; = B C F value; = B;

C - False = bool CEDNilj() = listp

Cl—ﬁ[valueii]:listﬂ Cl—(valueil)égi

14



PURE_VAL_CTOR_CONS

PURE_VAL_CTOR_TUPLE PURE_VAL_CTOR_ARRAY  PURE_VAL_CTOR_SPECIFIED
g t %? i fist ; C+ pval; = B; C I pvali = B C pval = B
A , — -k
C + Tuple(puval;' ) = B;' C - Array(pual;') = array f3 C F Specified(pval) =

C F Cons(pvaly, pvaly) = list

PURE_VAL_STRUCT

struct tag & member;:T; ' € Globals
C - pval; = B,

C F (structtag){.member; = pvalii } = struct tag

\C L O pexpr = pure,ret\ pure expression synthesises: given C; £; ®, pexpr synthesises a pure (non-resourceful) return type
pure_ret

PURE_EXPR_ARRAY_SHIFT
PURE_EXPR_VAL

CF pval =
C,L;PF pval = Y y:B.y = pval N I

C F pval; = pointer
C - pvalp = integer

C;L;® |- array_shift (pvaly, 7, pval) = X y:pointer. y = pval +pr (pvaly x size_of(7)) A I

PURE_EXPR_MEMBER_SHIFT
C - pval = pointer

struct tag & member;:T; ' € Globals

C; L; ® - member_shift (puval, tag, member;) = X y:pointer. y = pval 4, offset_of 1,5 (member;) A I

15



PURE_EXPR_NOT
C - pval; = integer

l_
C F pval = bool C F pvaly = integer

PURE_EXPR_ARITH_BINOP

C; L;® F not (pval) = X y:bool.y = - pval A I

Pure_ExPrR_REL_BINOP

C I pval; = integer
C t pvaly = integer

C; L;® F pvaly binop,e pvaly = X y:bool. y = (pvaly binop,e pvale) A I

PUure_ExPr_BooL_BINOP

C F pvaly = bool
C + pvaly, = bool

C; L; @ F pvaly binopgritn, pvaly, = X y:integer. y = (pvaly binopgrin pval) A I

PURE_EXPR_CALL

name: pure_fun = Tii — tpexpr € Globals
C: L;®:- F pual; ' :: pure_fun > pure_ret

C; L; @ F pvaly binoppeer pvale = X y:bool. y = (pvaly binoppee; pvaly) A I

PURE_EXPR_ASSERT_UNDEF
C F pval = bool
smt (® = pval)
C; L;® I assert_undef (pval, UB_name) = X yunit. y =unit A I

PURE_EXPR_BOOL_TO_INTEGER

C F pval = bool
C;L;® F bool to_integer (pval) = X y:integer. y = if pvalthen I else 0 A I

16

C; L; ® F name( pval; l) = pure_ret



PURE_EXPR_WRAPI

C I pval = integer
abbrev max_int, — min_int, + 1
abbrevy pval rem abbrev;

C; L;® + wrapI (7, pval) = Y y:integer. y = if abbrevy < max_int, then abbrevy else abbrevy — abbrev; A I

IC; L; ® F tpval < pure_ret] pure top-level value checks: given C; L; ®, tpval checks against pure_ret

PURE_ToP_VAL_DONE
Ck pval =
smt (& = poval/y(term))
C;L; P done pval <= X y:5. term A T

PURE_ToP_VAL_UNDEF PURE_ToP_VAL_ERROR

smt (& = false) smt ($ = false)
C;L; P+ undef UB_name <% .. NI C; L;® F error (string, pval) < ¥ .. _AN 1

IC; L; ® F tpexpr < pure_ret] pure top-level expression checks: given C; L; ®, tpexpr checks against pure_ret

PUre_Top_IF PURE_TOP_LET
C F pval = bool C; L;® F pexpr = X y1:f1. termy AT
C; L; P, pval = true & tpexpr; <= X y:[. term A T ident_or_pat:31 ~» C1 with term
C; L; ¥, pval = false F tpexpry < X y:[. term A I C,Cy; L; D, term/yi (termy) b tpexpr < X yo:5a. terma A I
C; L;® F if pval then tpexpr) else tpexprs <= X y:5. term A T C; L;® F letident_or_pat = pexpr in tpexpr <= X yo:F2. termo A 1

PURE_ToP_LETT
C; L;®F tpexpr; <= X y1:f1. termy A T
ident_or_pat:51 ~~ C1 with term
C,Cy; L; D, term/yi (termy) & tpexpr <= 3 yo:Fa. termg A T
C; L;® F letident_or_pat:pure_ret = tpexpr; in tpexprs <= 3 yo:fBa. termo A T
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PURE_TorP_CASE
CF pval = B

pat;:B1 ~» C; with term; ’

C,Ci; L; @, term; = pual F tpexpr; <= X yo:B2. terma A T’

C; L; ® I case pval of | pat; = tpexpr; ‘end = ¥ yo:0s. termg A T

A3.2 Resource Terms

IC; L; ®; R I pred_ops = res]

resource (q)predicate operation term synthesis: given C; £; ®; R, pred_ops synthesises resource res

RES_SYN_PREDOPS_ITERATE
C;L;®;RF res_term = ptr Haﬁﬁfﬁfym value
oarg|x].init = init[x]

oarg|z].value = value[x]

init
C;L; ®;R I iterate (res_term,n) = (kz.0 <z Az <n— 1= plr+ zxsize_of (1) oarﬁflm oarg [z].value)

RES_SYN_PREDOPS_CONGEAL
C; L; ®; R & res_term = (% z. iguard = ptr + xxsize_of (1) Oarg—[gf];mn oarg [x].value)
smt (& = Vz.iguard <> (0 <z Az <n-—1))
init[z] = oarg[z].init
value[z] = oarg[z].value

C; L; ®; R F congeal (res_term,n) = ptr Ha}fzgynr value
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RES_SYN_PREDOPS_EXPLODE
nit
C; L; ®;R &= res_term = ptr —rstruct tag value

struct tag & member;:T; ’ € Globals

[
inat. ber;
C; L; ;R I~ explode (res_term) = 3k (ptr +per offset_ofq4(member;) o »ﬁf:? ° value.member; )

RES_SYN_PREDOPS_IMPLODE
i

C; L;®; R F res_term = 3 (ptr; »ﬂzn value; )

struct tag & member;:T; ' € Globals

. PE— (]
nit.member; = init;

value.member; = valueii
ptr = ptro — offset_of 144 (membery)

smt (P = A(ptr = ptr; — offset_of g (member;) : )

C; L;®; R+ implode (res_term,tag) = ptr HstirTffét tag value

RES_SYN_PREDOPS_BREAK
C; L+ term = integer

C; L; ®; R & res_term = (x; iguard){a(ptr + z X step, iargs) } ( oarg )
smt (& = term/z(iguard))
gpred = (z;iguard N (z # term)){a(ptr + x x step, iargs) } ( oarg )
pred = a(ptr + (term x step), term/x(iargs))( oarg[term])

C; L; ®; R F break (res_term, term) = qpred * pred
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RES_SYN_PREDOPS_GLUE

C; L; ®; R F res_term = (x; iguard){a(ptr; + z X step, iarglii)}(oargl) * a(ptra, iarga i)(oargg)
term = (ptre — ptry)/step

smt (D = A((term/a(iarg:;)) = iargs; ' ))
C; L; ®; R glue (res_term) = (z; iguard V = = term){a(ptry + z x step, iarg ;') }(oarg, [term) := oargy)

RES_SYN_PREDOPS_INJ
C; L; ;R F res_term = a(ptry, iarggii)(oarg)
term = (ptre — ptry)/step

smt (& = A((term/z(iarg;;)) = iarge; ‘ )
C; Lt oarg = (3

C; L; ®; R+ inj (res_term, ptry, step, . iarg Z-) = (z;z = term){a(ptr; + zXxstep, iarg“i)}((default array f3)[term| := oarg)

RES_SYN_PREDOPS_SPLIT
C; L; ®; R res_term = (x; iguard’){a(ptr + zx step, iargs)}(oarg)
smt (P = V z. iguard — iguard’)
iguardy = iguard A —iguard

C; L;®; R F split (res_term, iguard) = (z; iguard){a(ptr + zx step, iargs)}(oarg) * (x; iguardy){a(ptr + x x step, iargs) }(oarg)

IC; £; ®; R I res_term = res| resource term synthesises: given C; £; ®; R, res_term synthesises resource res

RES_SYN_EMP RES_SYN_VAR RES_SYN_VARSIMP

® - simp (res) ~ None O - simp (res) ~ res’
C;L;®;rires -1 = res C;:L;®;rres = r = res’

C; L;P;- F emp = emp
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RES_SyYN_FoLD

RES_SYN_PRED pred_term = a(ptr, iarg; Z‘)

pred_term’ = «a(ptr’, mrgz(i) o # Owned (T)

: _
«a = z,:pointer, z;:8; , y:record tagjzﬁ§] — res € Globals

o = _:pointer, _:[; " _ € Globals ‘
C; L F ptr' = pointer C; L+ ptr = p01niter
C:LF iargl = B; C; L iarg; = f; A
® I pred_term = pred_term’ ~ true C; L+ oarg = record tagj:,ng
C; L; ®; :pred_term(oarg) b pred_term’ = pred_term(oarg) C; L;®; R b res_term < [oarg/y, [Wz |, ptr /2, (res)

C; L;®; R F fold res_term:pred_term(oarg) = pred_term( oarq)

RES_SYN_QPRED

gpred_term’ = (z; iguqrd’){a(ptr’ + T X step, iarggl)}

o = _:pointer, _:3; 'y ¢ Globals RES_SYN_PREDOPS
C; L+ ptr' = pointer C,;L;:D;RF pred_ops = res
C; L+ darg, = pi ! C;L;®;RF pred_ops = res

® + gpred_term = qpred_term’ ~~ true

C; L; ®; gpred_term(oarg) b gpred_term’ = qpred_term( oarg)

RES_SYN_SEPCONJ
C;L;:®; Ry F res_termy = res;
C;L;®; Ry F res_termg = r1esy

C; L; ®;R1, Ra F (res_termy, res_termg) = resy * ress

IC; L; ®; R F res_term < res| resource term checks: given C; £; ®; R, res_term checks against resource res
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RES_CHK_PHI RES_CHK_PAcCK RES_CHK_SEPCONJ

C;LtE oarg = B C;L; ®; R F res_termy < resy
C; L; D; R F res_term < oarg/y(res) C; L;®;Ro - res_terms < reso
C; L; ®; R F pack (oarg, res_term) <= Jy:0. res C; L;®; Ry, R - (res_termy, res_termg) < res) * resy

smt (® = term)
C;L;®;- F term < term

RES_CHK_IF_TRUE RES_CHK_IF_FALSE
smt (& = term) smt (® = —term)
C;L;®; R F res_term < res; C;L;P;RE res_term < resy
C;L;P; R F res_term < if term then res; else ress C;L;P; R F res_term < if term then res; else ress

RES_CHK_SWITCH

C;L;®; R F res_term = res
® - res = res’

C;L;®: R res_term <« res’

A3.3 Spine Judgement

IC; £; ®; R I spine :: fun > ret] function call spine checks: given C; £; ®; R, compatible spine, fun produces an ret
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ExpL_SpINE_COMP ExpL_SpiNE_LOG

Ck pval = C; Lt oarg = B
C- LD rel > ret C; L; ®; R+ spine :: pval /z(fun) > ret C; L; ®; R+ spine :: oarg/x(fun) > ret
C; L;®; R F pual, spine :: Il z:8. fun > ret C;L;®;RF oarg, spine :: ¥V x:8. fun > ret

EXPL_SPINE_RET

EXPL_SPINE_PHI EXPL_SPINE_RES

smt (& = term) C;L;D: Ry F res_term < res
C; L; ;R F spine :: fun > ret C; L; ®; Ry F spine :: fun > ret
C;L; ;R F spine :: term D fun > ret C;L;®;R1,Ro F res_term, spine :: res — fun > ret

A3.4 Indet. seq. expressions

IC; £; ®; R I action = ret| memory action synthesises: given C; £; ®; R, action synthesises return type ret

ExPL_IS_ACTION_CREATE

C t pval = integer
term = representable (7%,y,) A alignedI (pval,yp)

const-false

C;L;®;- F create (pval,7) = X yy:pointer. term A (y, >+ default f3;) * I

ExprL_Is_AcTION_LOAD
C - pvaly = pointer

C,L;®;RF res_term = term Efi value
smt (® = (term = pvaly) A (init = const true))

const-true

C; L; ®; R+ load (7, pvaly, -, res_term) = X y:B;. y = value A (pvaly ~— —,  wvalue) * I
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EXPL_IS_ACTION_STORE
C - pvaly = pointer
CF pvaly = 6,
smt ($ = representable (7, pval;))
C;L;®;RF res_term = term 5, _
smt (& = term = pvaly)

constr-true

C; L; ®; R+ store (_, 7, pvaly, pvaly, -, res_term) = X _unit. (pvaly ~ -  pvaly) * I

ExPL_IS_AcTION_KILL_STATIC

C t pval = pointer
C;L; ;R F res_term = term >, _
smt (& = term = pval)
C; L;®; R kill (static T, pval, res_term) = X _unit. I

IC; £; ®; R = memop = ret|] memory operation synthesises: given C; L; ®; R, memop synthesises return type ret

ExprL_Is_MEMoOP_REL_BINOP

C - pval; = pointer
C F pvalb = pointer

C; L; @; - = pvaly binop,e pvaly = X y:bool. y = (pvaly binop,e pval) A I

ExprL_Is_.MEMOP_INTFROMPTR

C - pval = pointer

C; L; ®;- - intFromPtr (71, 72, pval) = X y:integer. y = cast _ptr_to_int pval A I
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ExprL_Is_MEMOP_PTRFROMINT

C I pval = integer

C; L; ®;- I ptrFromInt (71, 72, pval) = X y:pointer. y = cast_int_to_ptr pval A I

ExpL_IsS_MEMOP_PTRVALIDFORDEREF
C F pval = pointer

C;L;D;RF res_term = term r@i value
smt (& = (term = pval) A (init = const true))

constrtrue

C; L;®; R - ptrValidForDeref (7, pval, res_term) = X y:bool. y = aligned (7, pval) A (pval —~ +—,  wvalue) * I

ExrL_IS_MEMOP_PTRWELLALIGNED

C - pval = pointer
C; L; ®;- I ptrWellAligned (7, pval) = X y:bool. y = aligned (7, pval) A I

ExPL_IS_.MEMOP_PTRARRAYSHIFT

C - pval; = pointer
C I pvalp = integer

C; L; ®;- - ptrArrayShift (pvah, T, pvah) = X y:pointer. y = pval +ptr (pvaly x size-of(7)) A I

IC; £; ®; R is_expr = ret| indet. seq. expression synthesises: given C; L; ®; R, is_expr synthesises return type ret

ExpL_Is_TVAL ExpL_IS_.MEMOP ExPL_IS_ACTION ExpPL_IS_NEG_ACTION

C;L;D;RF tval < ret C;L;®; R+ memop = ret C;L;®; R F action = ret C;L;®;RF action = ret
C; L;®; R F tval:ret = ret C; L; ®; R  memop (memop) = ret C;L;®;RtF action = ret C; L; ®; R F neg action = ret
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A3.5 Sequenced expressions

IC; £; ®; R seq_expr = ret] seq. expression synthesises: given C; L; ®; R, seq_expr synthesises return type ret

ExrPL_SEQ_CCALL ExrL_SEQ_PROC
ident:fun = % ° — texpr € Globals name: fun = T; ' — texpr € Globals
C; L;®; R\ spine_elem; ' :: fun > ret C; L;®; R+ spine_elem; ' :: fun > ret

C; L; ®; R+ ccall (7, ident, spine_elem; 1) = ret C; L; ®; R F pcall (name, spine_elem; Z) = ret

A3.6 Top-level Expressions

IC; £; ®; R I tval < ret] top-level value checks: given C; £; ®; R, tval checks against return type ret

ExprL_Tor_VAL_DONE ExprL_TorP_VAL_UNDEF ExpL_TorP_VAL_ERROR
C;L; ;R F ret_terms :: to_funret > I smt (¢ = false) smt (® = false)
C; L; ®; R F done (ret_terms) < ret C;L;®;- +undef UB_name < ret C; L; ®;- - error (string, pval) < ret

IC; £; ®; R I seq_texpr < ret] top-level seq. expression checks: given C; L; ®; R, seq_texpr checks against return type ret

ExpL_ToP_SEQ_LETP
C;L;®F pexpr = X y:5. term A 1
C; L;®; R F tval < ret ident_or_pat:3 ~» C1 with termy
C: L;:®: R | tval < ret C,C1; L; @, termy /y(term); R & texpr < ret
C; L; ®; R I letident_or_pat = pexpr in texpr < ret

ExpL_ToOP_SEQ_VAL
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ExpL_TorP_SEQ_LETTP ExpL_ToP_SEQ_LET

C; L;® | tpexpr < pure_ret C; L;®; R+ seq_expr = rety
ident_or_pat:5 ~~ Cq with termy ® - ret_pat:rety ~ C1;L1; P13 Ry
C,Cy; L; @, termy [y(term); R F texpr < ret C,C1; L, L1;P,D1; R, Ry & texpr < rety
C; L; ®; R F letident_or_pat:pure_ret = tpexpr in texpr < ret C:L;®D; R, R+ let ret_pat = seq_expr in texpr < rety

ExPL_ToP_SEQ_LETT EXPL-TOP_SEQ-CASE

C; L;D; R+ texpr) < rety Ct pval = By Z_
D F ret_pat:ret; ~ C1; L1; P13 Ry pat;:B1 ~» C; with term; _
C,C1; L, L1;P,D1; R, R I texpry < rety C,Ci: L;®, term; = pval; R F texpr; < ret '

C; L;®; R/, R & let ret_pat:ret; = texpr, in texpry < rety C; L;®; R - case puval of | pat; = texpr; ¢ end <« ret

ExpL_ToP_SEQ_IF ExpL_TorP_SEQ_RUN

C F pval = bool
C; L; P, pval = true; R - texpr, < ret
C; L; ®, pval = false; R I texpry < ret
C; L; ®; R F if pval then texpr; else texpry < ret

ident:fun = % ° — texpr € Globals
C:L;®:-F puval; ' = fun > false A I
C; L; ®; - F runident pval; "< falseAI

ExpL_TorP_SEQ_BOUND

C;L;®;R F is_texpr < ret
C; L; ®; R + bound [int](is_texpr) < ret

IC; L; ®; R F is_texpr < ret] top-level indet. seq. expression checks: given C; £; ®; R, is_texpr checks against return type ret
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ExpL_Topr_IS_LETS

C; L;®; R+ is_expr = rety
® + ret_pat:rety ~ C1;L1; P1; Ry
C,C1; L, L1;P,P1; R, R - texpr <= rety
C;L;®; R, R let strong ret_pat = is_expr in texpr < rety

IC; L; ®; R F texpr < ret] top-level expression checks: given C; L; ®; R, texpr checks against return type ret

ExprL_Topr_Is ExpL_ToP_SEQ
C;L; PR F is_texpr < ret C; L;®; R F seq-texpr < ret
C;L;®; R F is_texpr < ret C;L;®; R F seq_texpr < ret
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A4 Elaboration System

\(I) F pred_term €7 gpred_term ~~» opt_term| given constraints ®, pred_term is potentially a part of gpred_term at index opt_term

PINQ_IG_OrR_IARG_NEQ

PINQ_NaAME_NEQ term = (ptre — ptry)/step
termy = term/z(iguard)
aq 75 (&%)} i

OFar(L) €7 (5 ) {an(_+ %)} ~ Nome =

termg = N(idargy; = [term/z](iarga;) )
smt (& = - (termy A termy))

[

O + a(ptrsy, iarglii) €? (z; iguard){a(ptr1 + xx step, iarga; )} ~» None

PINQ_CowmP

term = (ptre — ptry)/step
termy = term/x(iguard)

termg = N(iargy; = [term/z](iargs ;) i)
smt (O = termy A terms)

[

D - a(ptre, z‘arglii) €? (z;iguard){a(ptry + zxstep,iarga; )} ~> term

‘<I> Fident:res —7 res_req ~ res,diﬁ‘ the difference between ident:res and requested res_req is res_diff

REs DirFrF_Ir_NONE RES_Dirr_PP_NONE

® + pred_term = pred_term’ ~ false

® - _:if term then res; else resy —! res_req ~~ None D - ,:pred,term’(,) —? pred_term ~ None
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RES_Dirr PP _ExAcCT RES_Dirr_PQ_NONE

® + pred_term = pred_term’ ~ true ® - pred_term €7 gpred_term ~» None

® - r:pred_term/(oarg) =7 pred_term ~> r and oarg O+ _gpred_term(_) =7 pred_term ~» None

REs_Dirr_PQ_REM

D F pred_term €7 gqpred_term ~~ term
gpred_term = (z;iguard){a(ptry + xXxstep, iargs)}
rem = (z;iguard A (z # term)){a(ptr + = X step, iargs) }( oarg)
® + rigpred_term(oarg) =7 pred_term ~» bind (ry, ro): rem * pred_term( oarg[term]) = break (r, term) for 1o & oarg[term| and 11 :rem

RES_DIirr_QP _NONE
D F pred_term €7 gpred_term ~~ None

O+ _pred_term(_) =7 gpred_term ~» None

REs_Dirr_QP_MORE

® F pred_term €7 qpred_term ~ term
qpred_term = (z;iguard){a(ptri + xxstep, iargs)}
smt (® = Jz. iguard A (z # term))
® = rpred_term(oarg) —7 qpred_term ~» oarg and (z; iguard A (z # term)){a(ptr; + z X step, iargs)}

RES_DIFF_QP_LAST

P - pred_term €7 qpred_term ~» term
gpred_term = (x;iguard){a(ptry + zx step, iargs)}
smt (& = Vz. - (iguard A (z # term)))
C;LtF oarg = B
® + ripred_term(oarg) =7 gpred_term ~» inj (r, ptri, step, . iargs) and (default array f)[term] := oarg
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RES_DIFF_QQ-NONE

® + gpred_term C? gpred_term’ ~ None
O+ _gpred_term/(_) =7 gqpred_term ~~ None

RES_Dirr_QQ_EQ
® + gpred_term’ C7 gpred_term ~ Eq
® - r:gpred_term(oarg) =7 gqpred_term’ ~~ r and oarg

REs_Dirr_QQ_LT
® + gpred_term’ C? gpred_term ~ Lt

gpred_term = (z;iguard){a(ptr + xzx step, iargs)}
gpred_term’ = (z; iguard”){a(ptr + xx step, iargs) }
rem = (z;iguard N —iguard’){a(ptr + z X step, iargs)}( oarg )
® - r:gpred_term(oarg) =7 gpred_term’ ~» bind (ry, r2):res = split (r,iguard’) for r & oarg[k] and ry:rem

\<I> Fidenti:res +7 res_terma:res_req & oargs ~~ res_term and oarg3\

combining identy:res, res_terms:res_req& oargs, results in
res_term oarqs

REs_CoMB_PQ
D F pred_term €7 gpred_term ~~ term

C; L+ oarg; = record tagizﬂii
C; L - oargs = arrayrecord tag;:5; ’

O+ ripred_term(oarg, ) +7 res_term:qpred_term & oargs ~~ glue ((res_term, r)) and oarga[term] := oarg

®; R F wf res_req ~ bind res_bind for res_term and oarg — E" ®; R fulfil well-formed request res_req (via res_bind ) for answer
res_term and oarg, with R’ leftover
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REQ_REJ

® F rires —7 res_req ~> None
;R - wf res_req ~ bind res_bind for res_term and oarg 4 R

O, R, r:res - wf res_req ~» bind res_bind for res_term and oarg 1 R, r:res

REQ_Acc_CLEAN

D+ rires =7 res_req ~> res_term and oarg

O, R, r:res - wf res_req ~~ bind - for res_term and oarg 41 R

REQ_Acc_REM

D F rires —7 res_req ~» bind res_pat; :res; = res_termy for r; & oarg and r5:rem

DR, r:res - wf res_req ~» bind res_pati:res; = res_termy,- for r and oarg 1 R, ra:rem

REQ_ACC_MORE

® F rires =7 res_reqy ~~ oarg; and res_reqo
®; R - wf res_rega ~» bind res_bindy for res_termg and oargs 4 R,
D F rires +7 res_termg:res_regs & oargs ~~ res_termg and oargs

®; R, rires - wf res_regqy ~» bind res_bind for res_termg and oargs 4 Ro

‘@;E F res_req ~~ bind res_bind for res_term and oarg E" ®: R (check well-formedness of and then) fulfil request res_req (via

res_bind ) for answer res_term and oarg, with R’ leftover
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REQ_WF_PRED

_ : Loy Fp—T)
« = _:pointer, ;:8; , vy :record tagj:ﬂj — res € Globals

C; L - ptr = pointer

C; Lt darg; = B ' ‘
®: R & wf a(ptr,iarg; ') ~ bind res_bind for res_term and oarg 4 R’

®; R+ a(ptr, iarg; Z) ~+ bind res_bind for res_term and oarg 1 R’

REQ_-WFr_QPRED

— . v Py
o = _:pointer, :8; ,y :record tagj:ﬁj — res € Globals

C; L ptr = pointer

C; L+ darg; = Bi '
;R & wf (z;iguard){a(ptr + zx step, iarg; ')} ~ bind res_bind for res_term and oarg - R/

®; R F (z; iguard){a(ptr + zx step, iarg; l)} ~ bind res_bind for res_term and oarg 4 R’

®: R &= if term then res; else resy ~ ident 4 R’ ‘ under-determined conditional resource request: ®; R fulfil request for if ferm then

res; else resy with synthesising ident and R’ leftover

IF_Acc IF_REJ

®; R F if term thenres; elseresy ~~ x 1 R

® F res = if term then res; else resy
®; R, z:res - if term then res) elseresy ~~ = - R, x:res

®: R, x:res b if term then res; elseresy ~» x 1R

arbirtrary resource and output-arg request: ®; R fulfil request

®; R calc yusingres ~ bind res_bind for res_term and oarg - R’
for resource res and output-arg y (via res_bind) with checking res_term and oarg, leaving resources R’
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OARG_EMPTY

®; R calc_usingemp ~~» bind - for emp and unit 4 R

OARG_RETURN

®; R+ calcyusing A(y.z; = termii) ~> bind - for term and { z; = termii} 1R

OARG_ENDIF_TRUE

smt (& = term)
®; R - calc yusingres; ~ bind res_bind for res_term and oarg 4 R’/

®; R - calcyusingif term then res; else resy ~ bind res_bind for res_term and oarg <4 R’

OARG_ENDIF_FALSE

smt (® = —term)
®; R - calc yusingresy ~ bind res_bind for res_term and oarg 4 R’

®; R - calcyusingif term then res; else resy ~ bind res_bind for res_term and oarg 4 R’

OARG_ENDIF_UNDERDET

®: R+ if term thenres; elseresy ~ z 41 R’

®; R I~ calc _usingif term then res; else resy ~ bind - for # and unit 4 R’
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OARG_MIDDLEIF

®; R - calc_usingif term then res; else resy ~~ bind res_bind for res_term and unit 4 R’
®; R+ calcyusingress ~ bind res_binds for res_terms and oarg 4 R”

®; R b calcyusing (if term then res; else resy) * ress ~» bind res_bind, res_binds for (res_term, res_termgs) and oarg - R

OARG_ASSERT

smt (® = term)
®; R calcyusingres ~ bind res_bind for res_term and oarg - R’

®; R F calcyusingterm * res ~ bind res_bind for (term, res_term) and oarg - R/

OARG_LETPRED

®; R F pred_term ~» bind res_bind; for res_term; and oarg’ 4 R’
®; R’ calcyusingoarg’/y'(res) ~» bind res_binds for res_terms and oarg 4 R”
res_term = pack (oarg’, (res_termy, res_terms))

®; R+ calcyusing 3y :record tagjzﬁg-j. pred_term(y') * res ~ bind res_bindy, res_binds for res_term and oarg + R”

OARG_LETQPRED

®; R - qpred_term ~ bind res_bind; for res_term; and oarg’ <4 R’
®; R’ calcyusingoarg’/y'(res) ~ bind res_bindy for res_termy and oarg 4 R”
res_term = pack (oarg’, (res_termy, res_terms))

®; R+ calcyusing 3y :array record tagj:5§J. qpred_term(y') * res ~» bind res_bindy, res_binds for res_term and oarg - R

‘C; L; ®; R F action ~ bind res_bind for action’: norm_ret - E" memory action elaboration: given C; L; ®; R, action elaborates (via

res_bind ) to action’:norm_ret, with R’ leftover
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ELAB_IS_ACTION_CREATE
C; L;®; R+ create (pval, 7) = ret
C; L; ®; R+ create (pval,7) ~ bind - for create (pval, 7):ret 4 R

ErAB_IS_ACTION_LOAD
C F pvaly = pointer
®; R + Owned (7)(pvaly) ~ bind res_bind for res_term and oarg - R/
smt (& = oarg.init = const,true)
ret = X y:0r.y = oarg.value A\ pt x I
C; L;®; R load (7, pvaly, -, -) ~ bind res_bind for load (7, pvaly, _, res_term):ret 4 R’

ELAB_IS_ACTION_STORE

C F pvaly = pointer

CF pval = B;

smt (® = representable (7, pvaly))

®; R + Owned (7)(pvaly) ~ bind res_bind for res_term and - - R’/

constrtrue

ret = ¥ _unit. (pvaly  —;  pual) x I

C;L;®; R | store (_, T, pvaly, pvaly, -, ) ~ bind res_bind for store (_, T, pvaly, pval, _, res_term):ret 4 R’

ELAB_IS_ACTION_KILL_STATIC
C t pvaly = pointer
®; R + Owned (7)(pval) ~ bind res_bind for res_term and _ 4 R’/
C;L;®; R F kill (staticT, pval,_ ) ~ bind res_bind forkill (static T, pval,res_term): X cunit.I 4 R’

‘C; L: ®; R memop ~ bind res_bind for memop’: norm_ret - K" memory operation elaboration: given C; L; ®; R, memop elaborates
to (via res_bind) to memop’:norm_ret, with R’ leftover
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EraB_Is_MEMOP_PTRVALIDFORDEREF
C - pvaly = pointer

®; R + Owned (7)(pvaly) ~» bind res_bind for res_term and oarg - R/
smt (® = oarg.init = const,true)

ret = Y y:bool.y = aligned (7, pvaly) A pt’ * I
C; L; ®; R - ptrValidForDeref (7, pvaly, ) ~ bind res_bind for ptrValidForDeref (7, pvaly, res_term):ret 4 R’

ELAB_IS_MEMOP_REST
C;L;®; R F memop = ret
C;L;:®; R+ memop ~ bind - for memop:ret 4 R

‘C; L;®;RF is_expr ~ bind res_bind for (is_expr’):ret 4 R'| indet. seq. expression elaboration: given C; L; ®; R, is_expr elaborates
(via res_bind) to is_expr’:ret, with R’ leftover

EvraB_Is_MEMOP
C;:L;®; R+ memop ~ bind res_bind for memop’:ret 4 R’
C; L; ®; R - memop (memop) ~ bind res_bind for (memop (memop’)):ret 4 R’

ELAB_IS_ACTION EvLAB_IsS_NEG_ACTION
C;:L;®; R+ action ~ bind res_bind for action’:ret 4 R’ C;:L;®; R+ action ~ bind res_bind for action’:ret 4 R’
C; L;®; R I~ action ~ bind res_bind for (action’):ret 4 R’ C; L; ®; R - neg action ~ bind res_bind for (neg action’):ret 4 R’
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EraB_Is_PAcK

a = xp:pointer, 15 ' , y:recordmj — res € Globals

CF pval = pointer

CF pval; = ;' ‘

®; R+ calcyusing[[pvali/z; |, pual/xp](res) ~ bind res_bind for res_term and oarg 4 R’
ret = ¥ _unit. a(pval,mi)(oarg) * T

C; L; ®; R + pack a(pval, pval; l) ~~ bind res_bind for (done (Unit, fold res_term:a(pval, pval; 2)( oarq)):ret):ret | R/

EraB_Is_UNPACK

a = xp:pointer, T35 ‘ , y:recordmj — res € Globals

C - pval = pointer

Ct+ pval; = B '

DR a(pval,mi) ~+ bind res_bind for res_term and oarg | R’

res’ = [oarg/y,[iargi/zil],ptr/xp](res)
ret = X _unit. res’ I

C; L; ®; R + unpack a(pval, pval; Z') ~+ bind fold (z):a(pval, pval; Z)( oarg) = res_term for (done (Unit, z):ret):ret 4 R’

C; L; ®; R+ spine :: fun ~» bind res_bind for spine’ and norm_ret R" spine elaboration: given C; £; ®; R, arguments spine and

function type fun elaborate (via res_bind ) to spine’ and result type norm_ret , with R’ leftover

ErLAB_SPINE_COMP

ELAB_SPINE_EMPTY CF pual = B

C; L; ®; R &= spine :: pval /z(fun) ~> bind res_bind for spine’ and ret 4 R/
C; L;®; R+ pual, spine :: TLz:f. fun ~> bind res_bind for pval, spine’ and ret R

C;L;P;RF :ret ~~ bind - for and ret 4 R
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ELAB_SPINE_LETPRED

®; R F pred_term ~» bind res_bind for res_term and oarg < R’
C; L; ®; R' F spine :: fun ~ bind res_bind’ for spine’ and ret 4 R"

C;L;®; R F spine :: Vy:recordtagjzﬁjj. pred_term(y) — fun ~» bind res_bind, res_bind’ for oarg, res_term, spine’ and ret 4 R”

ELAB_SPINE_LETQPRED

®; R - gqpred_term ~~ bind res_bind for res_term and oarg 4 R’
C; L; ®; R' F spine :: oarg/y(fun) ~» bind res_bind’ for spine’ and ret’ 4 R”

C; L; ®; R F spine :: V y:array record tagj:ﬁjj. qpred_term(y) — fun ~ bind res_bind, res_bind' for oarg, res_term, spine’ and ret R

ELAB_SPINE_MIDDLEIF

®; R calc_usingif term then res; else resy ~ bind res_bind for res_term and unit 4 R’
C; L;®; R F spine : fun ~» bind res_bind' for spine’ and ret RrR"

C; L; ®; R I spine :: if term then res; else resy — fun ~» bind res_bind, res_bind’ for res_term, spine’ and ret | R”

ELAB_SPINE_PHI

smt (& = term)
C; L; ®; R I spine :: fun ~ bind res_bind for spine’ and ret 4 R’
C; L; ®; R F spine :: term D fun ~» bind res_bind for spine’ and ret R

C; L; ®; R I~ seq_expr ~ bind res_bind for seq_expr’:norm_ret 4 R'| seq. expression elaboration: given C; L; ®; R, seq_expr

elaborates (via res_bind) to seq_expr’:norm_ret, with R’ leftover
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ELAB_SEQ_CCALL

ident: fun = ;' — texpr € Globals
C; L; ®; R | spine :: fun ~ bind res_bind for spine_elem; "and ret 4 R/

C; L; ®; R+ ccall (7,ident, spine) ~» bind res_bind for ccall (7, ident, spine_elem, i):@ 4R

ELAB_SEQ_PROC

name: fun = e texpr € Globals

C; L; ®; R | spine :: fun ~ bind res_bind for spine_elem; " and ret 4R

C; L; ®; R - pcall (name, spine) ~» bind res_bind for pcall (name, spine_elem; i):@ 4R

\CD F res ~~ res,pat\ resource normalisation by pat-matching: under constraints ® , res will produces a normalised resourced context if

it matches against res_pat

ErAB_RES_PAT_IF_TRUE

ErLaB_RES_PAT_EMPTY ELAB RES PAT PHI
smt (O = term)

D - res; ~> res_pat

® - emp ~~» emp ® | term ~~» term
® F if term then res; else reso ~» res_pat
ELAB_RES_PAT_IF_FALSE ELAB_RES_PAT_SEPCONJ
ELAB_RES_PAT_VAR
smt (& = —term) O F res; ~» res_paty

D F resy ~> res_paty

D |- resy ~» res_pat P res ~ r
® - if term then res; else reso ~> res_pat o O b resy * resy ~> (res_paty, res_pats)
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EraB_RES_PAT_PACK

L. &+ x/y(res) ~ res_pat

&+ Jy:6. res ~ pack (z, res_pat)

\(ID F ret ~ ret,pat\ return-value normalisation by pattern-matching: under constraints ® , ret will produce a normalised resourced
context if it matches against ret_pat

ELAB_RET_PAT_RES

ELAB_RET_PAT_I EraB_RET_PAT_LOG

1. _
5 © - res ~ DEERDAL 1.®F ret ~» ret_pat
LT 2. P+ ret ~ ret_pat

®Fdx:B.ret ~ 1 t_pat
® - res * ret ~ res res_pat, ret_pat @:f. ret ~ logw, ret_pa

IC; L; ®; R F is_texpr < ret ~ texpr] top-level indet. seq. expression elaboration: given C; L; ®; R, is_texpr elaborates to tezpr

EraB_Topr_IS_LETS
|.C; L;®; R & is_expr ~ bind res_bind for (is_expr’): X y:8. ret 4 R’
2.® F ret ~> ret_pat
3.® - compident_or_pat, ret_pat:¥ y:5. ret ~ Cy; L1; P13 Ry
L.C,C1; L, L L1; @, 9, ®1; R, Ry F texpr <= rety ~~ texpr’
5. texpr” = insert lets (res_bind,let strong comp ident_or_pat, ret_pat = is_expr’ in texpr’)

C; L; ®; R I let strong comp ident_or_pat = is_expr in texpr < rety ~ texpr”

C; L;®; R I tval < ret ~ bind res_bind for tval’ 4 R'|  top-level value elaboration: given C; L; ®; R, tval elaborates (via res_bind) to
tval’ with R’ leftover

41



EraB_Tor_VAL_DONE

C; L; ®; R+ ret_terms :: to_fun ret ~ bind res_bind for ret_terms’and I 4 R’
C; L; ®; R - done (ret_terms) < ret ~ bind res_bind for done (ret_terms’) 4 R’/

ELAaB_ToP_VAL_UNDEF

smt ($ = false)
C;L; ®; R Fundef UB_name < ret ~ bind - forundef UB_name 41 R

\CID;B ~ res,bmd‘ partial-simplification of resource context: given ®; R can partially simplify the resources using res_bind

ELAB_Stvp CTX_Sivp ELAB_SIMP_CTX_SKIP

ELAB_SiMP_CTX_EMPTY O simp (res) ~ res’ ,
O+ res’ ~~ res_pat ©F simp (res) ~ None
;- ®; R ~ res_bind ;R ~~ res_bind

- PR, _:res ~» res_bind
®: R, z:res ~ res_bind, res_pat:res’ = x [

\C 1 L; @R & seq_texpr < ret ~ seq_texpr’ \ top-level seq. expression elaboration: given C; L; ®; R, seq_texpr checks against ret and
elaborates to seq_texpr’

ErLaB_ToP_SEQ_TVAL

C;L; ®; R F tval <= ret ~» bind res_bind for tval’ - -
C; L; ®; R+ tval < ret ~ insert_lets (res_bind, tval)
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ELAB_TorP_SEQ_LETP

C;L; D pexpr = X y:B8.term A T
ident_or_pat:3 ~~ Cy with termy
C,Cy; L; @, termy /y(term); R b texpr < ret ~ texpr’

C; L; ®; R+ letident_or_pat = pexpr in texpr < ret ~ let ident_or_pat = pexpr in texpr’

ELAB_TorP_SEQ_LETTP
C; L; ® F tpexpr < pure_ret
ident_or_pat:B ~» Cy with termy
C,Cy; L; @, termy /y(term); R b texpr < ret ~ texpr’

C; L; ®; R+ letident_or_pat:pure_ret = tpexpr in texpr < ret ~~ let ident_or_pat:pure_ret = tpexpr in texpr’

ErLaB_ToP_SEQ_LET
C;L;®; R, F seq_expr ~ bind res_bind for seq_expr’: X y:[3. ret; 4 R
® - ret; ~ ret_pat
® - comp ident_or_pat, ret_pat:Y y:[3. rety ~ Cq; L1; ®1; RY
C,Ci; L, L1;®,P1; R, R, Ry &= texpr < rety ~ texpr’
seq_texpr” = insert_lets (res_bind,let compident_or_pat, ret_pat = seq_expr’ in texpr’)

C;L;®; R, Ry F let compident_or_pat = seq_expr in texpr < ret, ~ seq_texpr”

EraB_TorP_SEQ_LETT
C;L;®; R+ texpry < L y:B. rety ~ texpr]
D F rety ~ ret_pat
® |- comp ident_or_pat, ret_pat:¥ y:5. ret; ~» C1;L1; P13, Ry
C,C1; L, L1;D,P1; R, Ry b texpry < rety ~ texprd
seq_texpr” = let comp ident_or_pat, ret_pat:X y:[. ret; = texpr] in texprs
C; L;®; R, R let compident_or_pat:X y:. ret; = texpry in texpry < reto ~ seq_texpr”
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ELaB_TorP_SEQ_CASE

CF pval = B
pat;:B1 ~» C; with term;

D, term; = pval; R ~» res_bind; '

C,Ci; L; ®, term; = pval; R - insert_lets (res_bind;, texpr;) < ret ~~ teaspr{z

C; L; ®; R F case pval of | pat; = texpr; "end < ret ~ case pval of | pat; = texpr{l end

ELaB_ToP_SEQ_IF
C F pval = bool
P, pval = true; R ~~ res_bind;
C; L; @, pval = true; R, - insert_lets (res_bind, texpry) < ret ~ texpr]
®, pval = false; Ry ~» res_bindy
C; L;®,pval = false; R, I insert_lets (res_bindy, texprs) < ret ~~ texpry
C; L; ®; R I~ if pval then texpry else texpry < ret ~~ if pval then insert lets (res_bindy, texpr|) else insert_lets (res_binds, texprs)

EraB_TorP_SEQ_RuUN
ident: fun = T; ' — texpr € Globals
C: L; ;- + pual; ' i fun > false AT

C;L;®;- F runident pvalii < false A I ~ runident pvalii

ErLAB_ToP_SEQ_BOUND
C; L; ®; R & is_texpr < ret ~ insert_lets (res_bind, is_texpr’)
C; L; ®; R I~ bound [int](is_texpr) < ret ~ insert_lets (res_bind, bound [int](is_texpr’))

\C; L; ;R & texpr < ret ~ texpr’\ top-level expression elaboration: given C; L; ®; R, texpr checks against ret and elaborates to texpr’
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ELAB_TOP_SEQ EvraB_Topr_Is

C; L; ®; R F seq_texpr < ret ~ seq_texpr’ C;L;®; R b is_texpr < ret ~ texpr

C; L;P; R b seq_texpr < ret ~ seq_texpr’ C; L;P; R F is_texpr <= ret ~~ texpr
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A5 Operational Semantics

lpat = pval ~ @] computational value deconstruction: pat deconstructs pval to produce substitution o

SUBS_PAT_VALUE_NO_SYM_ANNOT SUBS_PAT_VALUE_SYM_ANNOT SuBS_PAT_VALUE_NIL

__=poal ~ - z:o=pval ~ pval/z  NilB() =NilpB() ~ -

SUBS_PAT_VALUE_CONS SuBS_PAT_VALUE_TUPLE

pat; = pval; ~ o1
paty = pvaly ~~ o9
Cons(paty, paty) = Cons(puvaly, pvaly) ~ [o1,09]

pat; = pval; ~ o ’

Tuple( pat; ') = Tuple( pval; i) ~ o7t ]

SUBS_PAT_VALUE_ARRAY SUBS_PAT_VALUE_SPECIFIED
pat; = pval; ~ o ' pat = pval ~ o
Array(pat; ') = Array(pual; ') ~ [57"] Specified(pat) = Specified(puval) ~ o

lident_or_pat = pval ~ o] computational value deconstruction: ident_or_pat deconstructs pval to produce substitution o

SUBS,PAT,VALUE7,SYM SUBS,PAT,VALUE7,PAT

pat = pval ~ o

z = pval ~ pval/x pat = pval — o

‘(h; res_pat = res_val) ~ (h’; cr>‘ resource term deconstruction: res_pat deconstructs res_val to produce substitution o
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SuBs_PAT_RES_EmMP SuBS_PAT_RES_PHI SUuBS_PAT_RES_VAR

(h;emp = emp) ~ (h;-)  (h;term = term) ~ (h;-)  (h;ident = res_val) ~+ (h; res_val/ident)

SuBs_PAT_RES_PATR SuBs_PAT_REs_PaAcCk

(h; res_paty = res_valy) ~» (hy; o1)

) _ s (D]
(hy: res_paty = res_valy) ~ (hy: 2) (h; res_pat = res_val) ~ (h'; o)

. N — ~ /. o
(h: (res_paty, res_pata) — (res_vals, res vab)) — (ha: [01,02]) (h; pack (ident, res_pat) = pack (oarg, res_val)) ~ (h'; [oarg/ident, o])

SuBS_PAT_RES_FoOLD

(h+ W' res_pat = def) ~ (h"; o)
(h + {pred_term(oarg) & def & h'}; fold (res_pat) = pred_term) ~ (h"; o)

‘(h; ret_pat; = ret_term; i) ~ (W' a)‘ return value deconstruction: ret_pat; deconstructs ret_val; to produce substitution o

SuBs_PAT_RET_COMP

SuBs_PAT_RET_EMPTY .
ident_or_pat = pval ~» o

s ) ~ (b ) (h; ret_pat; = ret,termii> ~ (h'5 )
(h; comp ident_or_pat = pval, ret_pat; = ret_term; ') ~ (a(h'); [o,¥])

SuBs_PAT_RET_LOG

(h; Tet_pal; = rel_term; ') ~ (I o)

(h;logy = oarg, ret_pat; = ret_term; Z} ~ (oarg/y(h'); [oarg/y, o])
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SuBS_PAT_RET_RES

(h; res_term) || (hy;res_val)
(h; res_pat = res_val) ~ (hy; o)

(he; Tet_pat; = ret_term; ") ~ (hs; )

(h;res res_pat = res_term, ret_pat; = ret_term; Z-) ~ (hs; [o,¢])

‘(h; T; = spine_elem; i} 2 fun > (b o ret>‘ function call spine: heap h and formal parameters z; assigned to spine_elem; for function
of type fun, produce new heap h’ substitution o and result type ret

SUBS_SPINE_COMP
SUBS_SPINE_EMPTY

(h; & = spine,elemii> i pual/z(fun) > (b o; ret)

{h; )z ret 3> (h; - ret) (hyx = pval, z; = spine_elem; ' ) = TLa:B. fun > (h'; [pval /z, 0] ; ret)

SUBS_SPINE_LOG

h; z; = s ine,elemii oarg/x(fun) > (h'; o ret
{h; p g ;05

(h; z = oarg, m; = spine_elem; ') =¥ z:f3. fun > (I'; [pval/x, o] ; ret)

SUBS_SPINE_RES
SUBS_SPINE_PHI

(h; res_term) | (h'; res_val)
(W'; z; = spine_elem; ') = fun > (h'; o; ret)

h; z; = s me,elemii 2 fun > (W o ret
{h; p :

(h; z; = spine_elem; ") :: term D fun > (h'; o; ret)

(h;x = res_term, z; = spine_elem; ') :: res — fun > (h"; [res_val/z, 0]; ret)

\(pea:p'r) — (tpexpr:pure,ret)\
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PE_TP_ARRAY_SHIFT

mem_ptr’ = mem_ptr 4+, (mem_int x size_of (7))
pure_ret = X y:pointer. y = mem_ptr +pe (mem_int x size_of(7)) A I

(array_shift (mem_ptr, 7, mem_int)) — (done mem_ptr’:pure_ret)

PE_TP_MEMBER_SHIFT
PE_TP_NOT_TRUE

mem_ptr’ = mem_ptr +p, offset_ofqq(member)
pure_ret = X y:pointer. y = mem_ptr +p, offset_of,q(member) A I (not (True)) — (done False:® y:bool. y — —True A I)
(member_shift (mem_ptr, tag, member)) — (done mem_ptr':pure_ret)

PE_TP_ARrRITH_BINOP

PE_TP_NOT_FALSE . . . .
mem_int = mem_int, binopgyitn, mem_ints

pure_ret = Y y:integer. y = mem_inty binopgrip mem_inta A T
(mem_inty binopgritn, mem_inty) — (done mem_int:pure_ret)

(not (False)) — (done True:¥ y:bool. y = ~False A I)

PE_TP_REL_BiNoP PE_TP_BooL_Binopr
bool_value = mem_int1 binop,.; mem_ints bool _value = bool_valuey binoppye; bool_values
pure_ret = X y:bool. y = mem_inty binop,e mem_inty N\ I pure_ret = X y:bool. y = bool_valuey binoppye bool_valuey N\ T
(mem_inty binop,e mem_inty) — (done bool_value:pure_ret) (bool _valuey binoppeer bool_values) — (done bool_value:pure_ret)
PE_TP_ASSERT_UNDEF PE_TP_BooOL_TO_INTEGER_TRUE

(assert_undef (True, UB_name)) — (doneUnit:¥ unit.I) (bool_to_integer (True)) — (done 1:¥ y:integer. y = 1 A I)
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PE_TP_BoOOL_TO_INTEGER_FALSE

(bool_to_integer (False)) —» (done0:X y:integer.y = 0 A I)

PE_TP_WRraprI
abbrevy = max_int, — min_int + 1
abbrevs = pval rem abbrev,
mem_int’ = if abbrevy < max_int, then abbrevy else abbrevy — abbrevy

pure_ret = Y y:integer. y = mem_int’' A I
(wrapI (1, mem_int)) — (done mem_int':pure_ret)

\(tpexpr) — (tpea:pr’)\

TP_TP_CASE

PE_TP_CALL

name: pure_fun = xTi — tpexpr € Globals
(5 x; = pval; l) it pure_fun > (-; o; pure_ret)

(name( pval; ")) — (o (tpexpr):pure_ret)

TP_TP_LET_SUB

at; = pval ~ 0o,
P =P ! ident_or_pat = pval ~ o

Vi < j. not (pat; = pval ~ o;)
: — (let ident_or_pat = pval in tpexpr) — (o (tpexpr))

(case pval of | pat; = tpeapr; end) — (0} (tpexpry))

TP_TP_LET_LET

(pexpr)y — (tpval:pure_ret)

(let ident_or_pat = pexpr in tpexpr) — (let ident_or_pat:pure_ret = tpval in tpexpr)

TP_TP_LeT_LETT

(pexpr) —> (tpexpry:pure_ret)

(let ident_or_pat = pexpr in tpexprs) — (let ident_or_pat:pure_ret = tpexpry in tpexprs)
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TP_TP_LETT_SUB
ident_or_pat = pval ~ o
(let ident_or_pat:pure_ret = done puval in tpexpr) — (o (tpexpr))

TP_TP_LETT_LETT
(tpexpr1) — (tpexpri)
(let ident_or_pat:pure_ret = tpexpr) in tpexpry) — (let ident_or_pat:pure_ret = tpexpr| in tpexprs)

TP_TP_Ir_TRUE TP_TP_Ir_FALSE

(if True then tpexpr) else tpexpry) —> (tpexpr;)  (if False then tpezpr; else tpexprs) — (tpexprs)

‘(h; pred_ops) |} (h'; res,val)‘ big-step resource (q)points-to operation reduction: (h; pred_ops) reduces to (h'; res_val)

PREDOPS_RESV_ITERATE

(h; res_term) | (b’ + {pred_term(oarg) & None}; pred_term)
pred_term = Owned (array n 7)(ptr)
gpred_term = (z;0 <z Az < n — 1){0wned (1) (ptr + = xsize_of (1))}
oarg'[z].init = oarg.init[x]
oarg'[z]).value = oarg.value|x]

(h;iterate (res_term,n)) |} (b’ + {qpred_term(oarg") & -}; qpred_term)
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PrREDOPS_RESV_CONGEAL

(h;res_term) | (' + {qpred_term(oarg) & -}; qpred _term)
gpred_term = (x;iguard){0wned (1) (ptr + xxsize_of(7))}
smt (- = Vz. iguard < (0 <z Az <n-—1))
pred_term = Owned (array n 7)(ptr)
oarg'init[x] = oarg[z].init
oarg’ .walue[z] = oarg[z].value
(h; congeal (res_term,n)) |} (b’ + {pred_term(oarg") & None}; pred_term)

PrREDOPS_RESV _EXPLODE

(h;res_term) | (h' + {pred & None}; pred_term)
pred = Owned (struct tag)(ptr)(oarg)

struct tag & member;:T; ' € Globals
ptr; = ptr + offset_of 44 (member;)
pred; = Owned (7;)(ptr;)( oarg;)
oarg;.init = oarg.init.member;
oarg;.value = oarg.value.member;

(h; explode (res_term)) || (h' + {pred; & None}i; ( pred_term; ' ))
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PREDOPS_RESV _IMPLODE

(h; res_term) | (h' + {pred_term;(oarg;) & None} '; ( pred_term; "))
struct tag & member;:T; ' € Globals

pred_term; = Owned (7;)(ptr;)

ptr = ptro — offset_ofq4(member)

smt (- = A(ptr = ptr; — offset_of ;44 (member;) )
pred_term = Owned (struct tag)(ptr)
oarg.init.member; = oarg;.init
oarg.value.member; = oarg;.value

(h; implode (res_term,tag)) | (b’ + {pred_term(oarg) & None}; pred_term)

PrREDOPS_RESV_BREAK

(h;res_term) | (h' + {qpred_term(oarg) & arr_def _heap}; gpred_term)
gpred_term = (z;iguard){a(ptr + zx step, iargs)}
smt (- = term/xz(iguard))
ptr’ = ptr +pie (term x step)
qpred_term’ = (z;iguard A (z # term)){a(ptr + zx step, iargs)}
pred_term = o(ptr’, term/xz(iargs))
(h; break (res_term, term)) |} (b’ + {gpred_term’(oarg) & arr_def _heap} + {pred_term(oarg[term)) & arr_def _heap[term]}; (gpred_term/, pred_term))

PREDOPS_RESV_GLUE
(h; res_term) | (b + {qpred_term(oarg) & arr_def _heap} + {pred_term(oarg") & opt_def _heap}; (qpred_term, pred_term))
gpred_term = (z; iguard){a(ptr + mxstep,wi)}
pred_term = oz(ptr’,frgz’-i)
term = (ptr’ — ptr)/size_of (1)

smt (- = A(term/z(iarg;) = iargl’-i )
gpred_term = (xz;iguard V x = term){a(ptr + z X step, iargs)}
(h; glue (res_term)) | (b' + {qpred_term( oarg[term] := oarg") & arr_def _heap|[term] := opt_def _heap}; qpred _term)
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PREDOPS_RESV _INJ

(h;res_term) | (h' + {pred_term(oarg) & opt_def _heap}; pred_term)
pred_term = a(ptry, iargy; )
term = (ptre — ptry)/step
smt (- = A(term/z(iarg: ;) = z’arggiZ ) '
gpred_term = (z;x = term){a(ptry + z xstep, iargy; ')}
- oarg = B
oarg’ = (default f)[term] := oarg
(h;inj (res_term, ptry, step, x. 1argy ")) I (W' + {qpred_term(oarg’) & -[term] := opt_def _heap}; qpred _term)

PrREDOPS_RESV_SpPLIT

(h;res_term) | (h' + {qpred_term(oarg) & arr_def _heap}; gpred_term)
qpred_term = (z;iguard’){a(ptr + z X step, iargs)}
smt (- = Vz. iguard — iguard’)
gpred_termy = (x; iguard){a(ptr + z x step, iargs)}
qpred_termy = (x;iguard’ A\ = iguard){a(ptr + x x step, iargs)}
(h; split (res_term, iguard)) |} (b’ + {qpred_termi(oarg) & arr_def _heap} + {qpred_terma(oarg) & arr_def _heap}; (gpred_termy, gpred_termsa))

[footprint_of res_valinh ~» hy rem hy| footprint of res_val in heap h is hy with hy remainder/frame

FoorpPrINT_EMP FOOTPRINT_TERM

footprint of empinh ~» - rem h  footprint_of terminh ~» - rem h

FOOTPRINT_PRED

footprint_of pred_term in h + {pred_term( oarg) & opt_def _heap} ~> {pred_term(oarg) & opt_def _heap} rem h
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FOoOTPRINT_QPRED

footprint_of gpred_term inh + {gpred_term(oarg) & arr_def _heap} ~~ {qpred_term(oarg) & arr_def _heap} rem h

FOOTPRINT_SEPPAIR
FOOTPRINT_PACK

footprint_of res_val; inh ~~ hy rem A’

footprint_of res_valy in A’ ~ hy rem h” footprint of res valinh ~ h' rem h”

footprint_of (res_valy, res_vab) inh ~ hy + hy rem " footprint_of pack (oarg, res_val) in h ~» h' rem h”

[(h; res_term) | (h;res_val)|  Dbig-step resource term reduction: (h;res_term) reduces to (h; res_val)

REST RESV VAL REST_RESV_SEPPAIR REST RESY PREDOPS

(h; res_termy) |} (hy; res_valy) (s pred_ops) | (W' res val)

: . hi; res_terma) | (ho; res_valy)
(h; res_val) || (h; res_val) WY 2 ’ : 7.
(h; (res_termy, res_terma)) | (he; (res_valy, res_valy)) (h pred-ops) 4 (W'; res_val)

REST_RESV_FoLD

(h; res_term) | (hy; def)
footprint_of def in h; ~» hy rem hg
(h; fold res_term:pred_term(oarg)) | (hs + {pred_term(oarg) & def & ha}; pred_term)

REST_RESV_PACK

(h;res_term) | (h'; res_val)
(h; pack (oarg, res_term)) |} (h'; pack (oarg, res_val))

[(h; action) — (h'; is_expr)|
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AcTION_IS_CREATE

fresh (mem_ptr)

representable (7%, mem_ptr) A alignedI (mem_int, mem_ptr)
const-false

pt = mem_ptr [ default 3,

const-false

ret = Yyp:pointer. term A (yp o default ;) * I
term = representable (T%,y,) A alignedI (mem_int,y,)

(h; create (mem_int, 7)) — (h + {pt & None}; done (mem _ptr, Owned (7)(mem_ptr)):ret)

ActioN_IS_LoAD
(h; res_term) | (b’ + {pt & None}; Owned (1) (term))

init
pt = term =55 pval
smt (- = term = mem_ptr A init = const, true)
const,true

ret = Y y:Br.y = pval A (mem_ptr — +—,  pval) * I

(h; load (1, mem_ptr, _, res_term)) — (h' + {pt & None}; done (pval, Owned (7)(mem_ptr)):ret)

ACTION_IS_STORE

(h;res_term) | (h' + {pt & None}; Owned (1) (term))
pt = term v, _

smt (- = term = mem_ptr)

smt (- = representable (7, pval))

const-true
= mem_ptr +—,  pval

pt
const-true
ret = ¥ _unit. (mem_ptr — —,  pval) * I

/

(h; store (_, 7, mem_ptr, pval, _, res_term)) — (h' + {pt’ & None}; done (Unit, Owned (7)(mem_ptr)):ret)
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AcTioN_Is_KILL_STATIC

(h;res_term) | (h' + {pt & None}; Owned (1) (term))
pt = term —, _
smt (- = term = mem_ptr)
ret = ¥ _munit. I
(h;kill (static 7, mem_ptr, res_term)) — (h’; done (Unit):ret)

[(h; memop) — (W is_expr)|

MeMoPr_Is_REL_BINOP MEeEMOP_IS_INTFROMPTR
bool_value = mem_int1 binop,.; mem_ints mem_int = cast_ptr_to_int mem_ptr
ret = X y:bool. y = bool_value N\ I ret = Y y:integer. y = mem_int A I
(h; mem_int; binop,e mem_inta) — (h;done (bool_value):ret) (h; intFromPtr (71, T2, mem_ptr)) — (h; done (mem_int):ret)

MEMOP_IS_PTRFROMINT

mem_ptr = cast_ptr_to_int mem_int
ret = X y:pointer.y = mem_ptr A\ I
(h; ptrFromInt (71, 72, mem_int)) — (h;done (mem_ptr):ret)

MEeEMOP_IS_PTRVALIDFORDEREF

(h;res_term) | (h' + {pt & None}; Owned (7)(term))

pt = term »ﬂﬁ value
bool_value = aligned (T, term)
smt (- = (term = mem_ptr) A (init = const, true))

const,true

ret = Y. y:bool.y = aligned (7, pval) A (mem_ptr — +—,  walue) * I
(h;ptrValidForDeref (7, mem_ptr, res_term)) — (h’ + {pt & None}; done (bool_value, Owned (7)(mem_ptr)):ret)
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MEMOP_IS_PTRWELLALIGNED

bool_value = aligned (7, mem _ptr)
ret = X y:bool. y = bool_value N I

(h;ptrWellAligned (7, mem_ptr)) — (h;done (bool_value):ret)

MEMOP_IS_PTRARRAYSHIFT
mem_ptr’ = mem_ptr 4+, (mem_int x size_of (7))
ret = X y:pointer. y = mem_ptr’' A I
(h;ptrArrayShift (mem_ptr, 7, mem_int)) — (h; done (mem_ptr'):ret)

[(h; is_expr) — (I'; is_expr’)]

Is_Is_-MEMOP Is_Is_AcTION Is_Is_NEG_ACTION
(h; memop) —> (h; tval:ret) (h; action) — (h'; tval:ret) (h; action) — (h'; tval:ret)
(h;memop (memop)) — (h; tval:ret) (h; action) — (h'; tval:ret) (h;neg action) — (h'; tval:ret)

[(h; seq_expr) — (I'; texpr:ret)]

SEQ_T_CCaALL SEQ_T_Proc
ident:fun = % ° — texpr € Globals name: fun = T; ' — texpr € Globals
(h; »; = spine_elem, Z> i fun > (W5 o5 ret) (h; z; = spine_elem, 1) i fun > (W5 o5 ret)
(h; ccall (r, ident,mi)) — (h'; o (texpr):ret) (h;pcall (name,mi» — (W5 o(texpr):ret)

[(h; seq_texpr) — (I'; texpr)]
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TSEQ_T_RUN TSEQ_T_CASE

ident: fun = le — texpr € Globals pat; = pval ~ o
(h; 7 = pval; ") :: fun > (W'; 0; false A T) Vi < j. not (pat; = pval ~ )
(h;runident pval; ') — (h'; o (texpr)) (h; case pval of | pat; = texpr; end) —» (h; o (texpry))

TSEQ_T_LETP_SUB

ident_or_pat = pval ~ o

(h;let ident_or_pat = pval in texpr) — (h;o(texpr))

TSEQ_T_LETP_LETP

(pexpr) — (tpval:pure_ret)

(h; let ident_or_pat = pexpr in texpr) — (h;let ident_or_pat:pure_ret = tpval in texpr)

TSEQ_T_LETP_LETTP
(pexpr)y — (tpexpr:pure_ret)

(h;let ident_or_pat = pexpr in texpr) — (h;let ident_or_pat:pure_ret = tpexpr in texpr)

TSEQ_T_LETTP_SUB

ident_or_pat = pval ~ o

(h;let ident_or_pat:pure_ret = done pval in texpr) — (h; o(texpr))

TSEQ_T_LETTP_LETTP
(tpexpr) — (tpexpr’)

(h;1let ident_or_pat:pure_ret = tpexpr in texpr) — (h; let ident_or_pat:pure_ret = tpexpr’ in texpr)
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TSEQ_T_LETT_SUB

(h; Tet_pat; = ret_term; ') ~ (I'; o)

(h;1let ret_pat; ':ret = done (ret_term; ") in texpr) — (h'; o(texpr))

TSEQ_T_LET_LETT

(h; seq_expr) — (h'; texpry:ret)

(h;1let ret_pat = seq_expr in texpry) — (h';let ret_pat:ret = texpry in texprs)

TSEQ_T_LETT_LETT TSEQ.T_IF_TRUE
(h; texpri) — (W'; texpr])
(h; let ret_pat:ret = texpry in texpry) — (h';let ret_pat:ret = texpr] in texprs)

(h; if True then texpr) else texpra) — (h; texpry)

TSEQ_T_IF_FALSE TSEQ_-T_BOUND

(h; if False then texpr| else texpry) — (h; texpry)  (h;bound [int|(is_texpr)) — (h;is_texpr)

[(h; is_texpr) — (I'; texpr))

TIs_.T_LETS_SUB

(h; Tet_pal; = ret_term; ') ~ (I o)

(h;1let strong ref_pat; ' = done (rel_term; z‘>:7’eif in texpr) — (h'; o (texpr))
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TIs_T_LETS_LETS
(h;is_expry — (h';is_expr’)
h;let strong ret_pat = is_expr in texpr) — (h'; let strong ret_pat = is_expr’ in texpr
g g

[(h; texpr) — (I'; tezpr’)|

T_T_TSEQ.T T_T_TIs_T
(h; seq_texpr)y — (h; texpr) (h;is_texpr) — (h'; texpr)
(h; seq_texpr)y — (h; texpr) (h;is_texpr) — (h'; texpr)
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A6 Miscellaneous

matching z;°

‘xﬁi i fun ~ Cy L; ;R | ret‘

Fun_Env_Cowmp
Tt fun ~ C L; ;R | ret

FuN_ENV_RET

and fun produces contexts C; L; ®; R and return type ret

Fun_Env_Loc
Tt fun ~ C; L PR | ret

sret s e | ret z, ;¢ B, fun ~ 2:8,C; L; ®; R | ret

z,

Fun_ENv_PHI
Tt fun ~ C; L; @R | ret

Tt aVaB. fun ~ Cyx:B,L; ®; R | ret

Fun_ENV_RES

it fun ~ C L PR | ret

;' term D fun ~» C; L;term, ®; R | ret z, %

C:Li®;REC LR

WEAK_CoNs_CoMP
C:L;d;RCC LR

WEAK_EMPTY

WEAK_ConNs_LoaG
C:L:D;RCEC LR

res = fun ~ C; L; ®; x:res, R | ret

context weakening: C; L; ®; R is stronger than C'; £'; ®'; R’

WEAK_CONS_PHI
C:L:D;RCEC; LR

SRR C,x:B;L; D, RCEC ,x:3; L ;9" R

WEAK_SKIP_COMP
C:L;:d;RCEC LR

WEAK_CONs_RES
C;L;d;RCEC LR

C:L,x:B;®;,RCC; L, x:8,9"; R

C;L; P, term;RCEC; L;d, term; R’

WEAK_SKIP_LOG
C;:L;d;RCEC LR

C;L; DR, x:res CTC; L@, R, x:res C;L;:D;RCC x5, LD R

WEAK_SKIP_PHI
CL,ORCC; LR
C:L;d;RCEC L, term; R
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\C; L;®;RE o< (CL; R)\ well-typed substitution: given C; £; ®; R, o checks against type (C; £;R). It is complicated by the fact
that substitutions are assumed to be sequential /telescoping.

SuBs_CHK_EMPTY SuBs_CHK_-COMP SuBs_CHK_LoG SuBS_CHK_RES

CF pval = C;LF term = C;L;®; R E res_term < res
CiL;®;-F[] <= (50) C; L;®;-F pual/z <= (x:58; ;) C;L;®;-F term/x < (- 1:58;-) C; L;®; R E res_term/z < (-;-; x:res)

SuBS_CHK_CONCAT
C; L;®;Ra = 9(0) <= (C2; L2;(RY))
CiL; DRy F 9 < (Ci;s L1;RY)
C; L;®;R1, R = [0, 0] <= (C1,Co; L1, L2;RY, RY)

IC;L; @+ h < R] heap typing: under context C; L; ®, heap h checks against context/type R

HeEAP_PRED_OWNED

HEAP_IF ® + pred = pred’
pred = ptr rﬁzﬁ value
C; L F init = bool-
C; L F value = B;
C; L;® - {pred & None} < _:pred’

HEAP_EMPTY
® |- if term thenres; else resy = if term/ then res| else res)

CL;PF -«

C;L; @+ {if term then res; else resy} <= _:if term’ then res; else res)
1 2
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HeAP_PRED_OTHER

® - pred_term(oarg) = pred_term’(oarg")
pred_term = a(ptr, iarg; Z)
a # Owned (T)
a = zp:pointer, z;:3; ’ , y:record tagj:ﬁ§] — res € Globals
C; L;®; R F def < [oarg/y, [iaTgi/xiz],ptr/$p](res)
C;L;®F heap < R
C; L; @+ {pred_term(oarg) & def & heap} < _:pred_term’( oarg")

HeEAaP_QPRED_OWNED

@+ gpred = qpred’
oarg [z].init

gpred =k x. iguard = ptr + xxsize of (1) . oarg[z].value
C; L; @+ {qpred & -} < _:gpred’

Hear_QPRED_OTHER

O + gpred_term(oarg) = qpred_term’( oarg’) HEAP_CONCAT

gpred_term’ = (z; iguard){a(ptr + z x step, iargs)} CL,PFAh<=R

« # Owned (7) C:L:®Fh <R

V. iguard = C; L; ® + {a(ptr, iargs)(oarg[z]) & arr_def _heap[z]} < _:a(ptr, iargs)(oarg|z]) C:L;dFh+H <R, R
C; L;® + {gpred_term(oarg) & arr_def _heap} < _:qpred_term’( oarg")

&+ h < R| heap typing: under context ®, heap h checks against context/type R

HeAP’_Aux

5P AhE<ER
dPHLE<=R
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P - res ~ res’| res is related to res’

REL_RES_EMP REL_RES_PHI
term ~ term’

Qremp~emp  F o term)

REL_RES_IF

term ~ term/

smt (D = term <> term’)
D | resy ~ res]

O - resy ~ resh

® |- if term thenres) else resy ~ if term’ then res| else res)

REL_RES_SEPCONJ

REL_RES_EXISTS

V term ~ term/. ® b term/y(res;) ~ term'/y'(res])

O - resy ~ res]
D |- resy ~ res)

O Jy:f.resy ~ Iy':f. resy

D b res) * resy ~ res| * resh

REL_RES_PRED

ptr ~ ptr’
iarg; ~ iarg; '
oarg ~ oarg’

¢ - aptr, iarg; Z)( oarg) ~ a(ptr’, iarg! Z)( oarg’)

iguard ~ iquard’
ptr ~ ptr’

iarg; ~ iarg, '
oarg ~ oarg’

REL_RES_QPRED

- (z;iguard){a(ptr + z x step, iarg; %)}( oarg) ~ (z'; iguard’){a(ptr’ + ' x step, iarg! z)}( oarg")
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® F fun ~ ret| fun is related to ret

REL_RET.I REL_RET_COMP REL_RET_LOG
Y term ~ pval. ® = term/y(fun) ~ pval/y'(ret) Y oarg ~ oarg'. ® = oarg/y(fun) ~ oarg’/y'(ret)
PHI~I O+ Ily:58. fun ~ X y':53. ret O+ VYy:B. fun ~ 3y":6. ret
REL_RET_PHI REL_RET_RES
term ~ term’ O+ res ~ res’
D+ fun ~ ret D F fun ~ ret
@+ term D fun ~ term’ A ret O+ res — fun ~ res’ * ret

H[spec]](opt,z’dent) = res| specification spec (with optional record opt_ident) represents resource res (opt_ident is present return when
a return is expected, absent when it is not)

SPEC_RES_NONE SPEC_RES_RETURN SPEC_RES_LETTERM
: : [spec](opt_ident) = res
[I(None) = emp  [return{z; = term;' };](y) = (A(y-zi = term; ")) [let y = term; spec](opt_ident) = term/y(res)

SPEC_RES_ASSERT SPEC_RES_ENDIF

[speci](opt_ident) = res;

t_ident) = .
Lspecl(opt ident) = res [speca](opt_ident) = resy

[assert (term); spec](opt-ident) = term x res [if (term){speci} else {speca}-](opt_ident) = if term then res; else resy
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SPEC_RES_MIDDLEIF
[speci](None) = res;
[speca] (None) = resy
[specs](opt_ident) = ress

[if (term){speci} else {specs}specs](opt_ident) = (if term then res; else resy) * ress

SPEC_RES_LETPRED

o = _:pointer, "', _:record tagj:ﬂjj — _ € Globals
[spec](opt_ident) = res

[let y = a(ptr, iargs); spec] (opt_ident) = 3 y:record tagjzﬁjj. a(ptr,iargs)(y) * res

gpred_term = (z;iguard){a(ptr + xx step, iargs)}
« = _:pointer, ,:,ii,,:record tagj:ﬁj] — _ € Globals
[spec](opt_ident) = res

SPEC_RES_LETQPRED

[Let y = gpred_term; spec](opt_ident) = 3 y:array record tagj:ﬁjj. (z; iguard){a(ptr + zx step, iargs)}(y) * res

H[spec]] = norm,ret\ specification spec represents normalised return type norm_ret

SPEC_NORMRET_NONE
[spec] = ret [spec] = ret

SPEC_NORMRET_LETTERM SPEC_NORMRET_ASSERT

[1=1 [Let y = term; spec]| = term/y(ret) [assert (term); spec] = term A ret
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SpEC_NORMRET_IF SPEC_NORMRET_LETPRED

[if (term){speci} else {speca}-](None) = res a = _:pointer, ', _:record tagjzﬁjj — _ € Globals
[specs] = ret [spec] = ret

[if (term){speci } else {specy}specs] = res * ret [let y = a(ptr, iargs); spec] = 3 y:record tag;:5; J a(ptr,iargs)(y) * ret

SPEC_NORMRET_LETQPRED
gpred_term = (x;iguard){a(ptr + xx step, iargs)}

a = _:pointer, 75 ', _:record tagj:ﬂj] — _ € Globals
[spec] = ret

[let y = gpred_term; spec] = 3 y:array record tagjzﬁjj. (z; iguard){a(ptr + z x step, iargs) }(y ) * ret

H[spec | ret] = norm,fun‘ specification spec represents normalised argument type norm_fun

SPEC_NORMARG _NONE SPEC_NORMARG_LETTERM SPEC_NORMARG_ASSERT

[spec | ret] = fun [spec | ret] = fun

[- | ret] = ret [let y = term; spec | ret] = term/y(fun) [assert (term); spec | ret] = term O fun

SPEC_NORMARG_IF
[if (term){spec;} else {speca}-](None) = res
[specs | ret] — fun
[if (term){spec1} else {speca}specs | ret] = res = fun
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SPEC_NORMARG_LETPRED

« = _:pointer, ,:,ii,,:record tagj:ﬁj] — _ € Globals
[spec | ret] = fun

[let y = a(ptr, iargs); spec | ret] = V y:record tagj:ﬁjj. a(ptr, iargs)(y) —* fun

SPEC_NORMARG_LETQPRED
gpred_term = (z;iguard){a(ptr + xx step, iargs)}

a = _:pointer, 7' "', :record tagjzﬁj] — _ € Globals
[spec | ret] = fun

[let y = gpred_term; spec | ret] = V y:array record tagj:ﬁjj. (w5 iguard){a(ptr + zxstep, iargs)}(y) —* fun

H[Tname( Ti%; ' ) requires spec; ensures specs] = norm,fun‘

user-defined C function specification represents normalised argument
type norm_fun

SPEC_USERDEF_CFUNC_BASE SpEC. USERDEF CFUNC. ARG
[speca] = ret

=t : —
[spect | £ y:B;. ret] = fun [rname(772; ") requires speci ensures specz] = fun

[rname() requires spec; ensures specy] = fun [rname(ry 21, 777" ) requires spec) ensures speco] = I 21:fy,. fun

j o —k
[[Predicate{ﬁjl- yj] b Bi ' Hspect] =o' = rp:p) " — res

user-defined resource predicate definition represents predicate

SPEC_PREDDEF_PRED
[spec](y) = res

[predicate { ] ng ta(pointer zy, B; ' ){spec}] = o = x,:pointer, a:izﬁii , y:record yj:6§J — res
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A7 Metvars and Grammar

ident, T, Tp, Y, Yp, Yf, -, abbrev, r

n, i, 7,k
impl_const
member

nat
mem_ptr
mem_val
mem_iv_c

UB_name
string, List

Q

mem_order, _
linux_mem_order

int, _, step

Sctypes_t, T

subscripts: p for pointers, f for functions
index variables

implementation-defined constant

C struct/union member name

Ott-hack, ignore (annotations)

OCaml arbitrary-width natural number
abstract pointer value

abstract memory value

Ott-hack, ignore (locations)

OCaml type for memory constraints on integer values
undefined behaviour

OCaml string

Ott-hack, ignore (OCaml type variable TY)
OCaml type for rational numbers

Ott-hack, ignore (OCaml Symbol.prefix)
OCaml type for memory order

OCaml type for Linux memory order
Ott-hack, ignore (OCaml type variable bt)

OCaml fixed-width integer
1

literal integer

sizeof(r) M

size of a C type

partial /relevant grammar of C types
arrayint T

fixed-length array of element type 7
int

C (signed) integer

T

pointer to type T
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tag, init, value

B, -

struct tag
C struct type

OCaml type for struct/union tag

ident

base types

unit

unit

bool

boolean

integer

integer

real

rational numbers?
pointer

location

struct tag

C structs
recordtagizﬂiZ

res. pred. output arguments
map 3 8/

map

array (8 M
array (integer-indexed map)
listf

list

Bi'

tuple

set [3

set

bool M
boolean from C type
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binop

8, M
of a C type

binary operators
+
addition
subtraction
*
multiplication
/
division
mod
modulus
rem
remainder

exponentiation

equality, defined both for integer and C types
I=

inequality, similiarly defined
>

greater than, similarly defined
<

less than, similarly defined
>=

greater than or equal to, similarly defined
<=

less than or equal to, similarly defined

/\

conjucntion

\/
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disjunction

binopgrith ::= arithmentic binary operators
|
|
|
| /
|
|
|
binop,¢; = relational binary operators
|
|
|
|
|
|

boolean binary operators
/\
\/

binop bool

mem_int memory integer value

1 M
0 M

object_value = C object values (inhabitants of object types), which can be read/stored
| mem_int
integer value
| mem_ptr
pointer value

73



loaded _value

value

bool_value

array (loaded _value; ' )
C array value

( struct ident){.member;:T; = mem_val;

C struct value
(unionident){.member = mem val}
C union value

potentially unspecified C object values
specified object_value
specified loaded value

Core values
object _value

C object value
loaded _value
loaded C object value
Unit

unit

True

boolean true
False
boolean false
Bl value; |

list

(value; ")
tuple

Core booleans
True

boolean true
False
boolean false

B!
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ctor_val

ctor_expr

name

pval

data constructors (values, do not reduce)
Nil 3

empty list

Cons

list cons

Tuple

tuple

Array

C fixed-size array (guaranteed to be non-empty)
Specified

non-unspecified loaded value

data constructors (expressions, do reduce)
IvCOMPL

bitwise complement

IvAND

bitwise AND

IvOR

bitwise OR

IvXOR

bitwise XOR

Fvfromint

cast integer to floating value
Ivfromfloat

cast floating to integer value

ident

Core identifier

impl_const
implementation-defined constant

pure values
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puals

tpval

ident_opt_3

ident

Core identifier

impl_const
implementation-defined constant
value

Core values

constrained ( mem_iv_c;, pval; )
constrained value

ctor_val( pval; ")

data constructor application

( struct ident){.member; = pval; '}
C struct expression
(unionident){.member = pval}

C union expression

o(pval)

substitution for pure values

list of pure values
pval; '
o(puals)

top-level pure values
done pval

pure done

undef UB_name
undefined behaviour
error (string, pval)
impl-defined static error

type annotated optional identifier
B
ident:f3

binders = {}
binders = ident
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pat = computational patterns
| ident_opt_3 binders = binders(ident_opt_j3)
| ctor_val(pat; ") binders = binders(pat; )

ident_or_pat identifier or pattern

| ident binders = ident
| pat binders = binders(pat)
z = OCaml arbitrary-width integer
| M
literal integer
| int M
| mem_int M
convert mem_int to an integer
| mem_ptr M

convert mem_ptr to an ptreger
| offset_ofyqq(member) M
offset of a struct member

| ptr.size M
size of a pointer
|  max_int, M
maximum value of int of type 7
|  min_int, M

minimum value of int of type 7

bool, _ = OCaml booleans

|  true

| false

| bool||bool’ M
lit n=

| ident
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arith_op

bool_op

z

z

Q

bool

unit
default 3
null

SMT term arithmetic operations
termy + termo

term; — terme

termy X terme

termy /terms

term; mod terms

term; rem terms

termyiTterms

termi binopgyitn terme M

SMT term boolean operations
A(term;")

V(Term; ')

term; — terms

termy <> terms M
- term

if termy then termg else termg
term; = termo

termy # termo M
termy binoppeer terms M

SMT term tuple constructor and projections

(term; ' )
term(int)
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struct_op

record_op

pointer_op

list_op

ct_pred

cmp_op

map_op

SMT term for struct field-projection
term.member

SMT term for record operations
{ident; = term; "}

term.ident

SMT term pointer operations
termy +ptr terms
cast_int_to_ptr ferm
cast_ptr_to_int term

SMT term list constructors and operations
nil

termy :: termo

tlterm

term(int)

SMT predicates for C-types
representable (7, term)
aligned (T, term)

alignedlI (termy, terms)

SMT term relational operations
term; < termg

term; < terms

termy binop, terms M

SMT term map operations

[ term; " |] M
array literal

termy [terma)]
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term, iguard, ptr, init, _, value, iarg, oarg

1a1gS, _

qterm

const term
termy [termg] := termsg
ident:S. term

SMT term grammar

lit

arith_op

bool__op

cmp_op

tuple_op

struct_op

record_op

pointer_op

list_op

ct_pred

map_op

string(termy, .., termy,)
(term) S
parentheses

o(term) M
substitute o in term

pvals M
tranlate pure values pvals into corresponding SMT term
const,bool M
term with structure corresponding to 7

list of terms (predicate input-arguments)

iarg;
o(iargs) M

quantified SMT terms

term
unquantified SMT term
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| Vident. term
universally quantified SMT term

| Jident. term
existentially quantified SMT term

| o(gqterm) M
substitute o into gterm

pred_term = predicate term/request
| a(ptr,iargs)
first parameter must be a pointer

gpred _term = quantifed predicate term/request
| (x;iguard){a(ptr + xx step,iargs)} bind x in iargs
iguard , ptr and step must be specified
|  eachgpred_term S

res_req 1= resource request
| pred_term
request a resource predicate
| qpred_term
request a quantified resource predicate

pred_name, « = names of predicates
|  Owned (1)
sep. logic points-to indexed by C type 7
| string
user-defined name

pred, points_to, pt = precise seperation-logic predicates
|  pred_term(oarg)
a predicate-type is simply the term with an output argument

| ptr A value S
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gpred, gpoints_to, qpt

res, _

res, rem

pretty-printing for points-to predicate Owned(7)(ptr, )&{ init, value }

quantified (integer-indexed) seperation logic predicate
gpred_term( oarg)
a gpredicate-type is simply the term with an array output argument

init
% . iguard = ptr 4+ xxsize_of (1) ow&lm oarg [x].value S

pretty-printing for quantified points-to predicate * xz. iguard =
Owned(T)(ptr + = xsize_of (1), oarg [x])

resources

emp

empty heap

term

logical assertion, implicitly with emp

pred

heap predicate

gpred

quantified (integer-indexed) heap predicate

res] * ress

seperating conjunction

* (7es; ) M
notation for nested sep. conj.

dident:[. res

existential

if term then res; else resy

conditional resource / ordered disjuction

o(res) M
substitute o in res

normalised resources
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opt_res

ret

y -

pure_ret

if ferm then res; else resy

conditional resource / ordered disjuction
pred

heap predicate

gpred

quantified (integer-indexed) heap predicate

optional resource
None
res

return types

Yident:[. ret

return a computational value
dident:[. ret

return a logical (output) value
res * ret

return a resource

term A ret

guarantee a constraint (post-condition)
I

end return list

o(ret) M
substitute o in ret

pure return types

Yident: . pure_ret

term A pure_ret

I

o(pure_ret) M
substitute o in pure_ret
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ret

pexrpr

normalised return types
Yident:(. ret

dident:[. ret

res * ret

term N ret

I

o(ret) M

pure expressions

pual

pure values

ctor_expr( pval; )

data constructor application
array_shift (pvaly, T, pval)

pointer array shift

member _shift (pval, ident, member)
pointer struct/union member shift
not (pval)

boolean not

pvaly binop pvals

binary operations

memberof (ident, member, pval)

C struct/union member access
name( pual; ")

pure function call

assert_undef (pval, UB_name)

if pval then UB for reason UB_name
bool_to_integer (puval)

convert boolean pwal to integer
conv_int (7, pval)

convert between different integer types
wrapI (7, pval)

wrap integer
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tpexpr

tpexpr_case_branch

m_kill_kind

pred_ops

o (peapr)
substitution for pure expressions

top-level pure expressions
tpval
top-level pure values

case pval of | tpexpr_case_branch; " end

pat matching

let ident_or_pat = pexpr in tpexpr

pure let

let ident_or_pat:pure_ret = tpexpr) in tpexprsy
annoted pure let

if pval then tpexpr; else tperprsy

pure if

o (tpexpr)

substitute o in tpexpr

pure top-level case expression branch
pat = tpexpr
top-level case expression branch

dynamic
staticT

(q)points-to operation terms
iterate (res_term,int)

bind binders(ident_or_pat) in tpexpr

bind binders(ident_or_pat) in tpexprs

bind binders(pat) in tpexpr

transform points-to-array into quantified points-to

congeal (res_term,int)

transform quantified points-to into points-to-array

explode (res_term)

transform points-to-struct into member points-tos
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res_term, _

implode (res_term,tag)

transform member points-tos into points-to-struct
break (res_term, term)

break a gpred into a qpred and a pred

glue (res_term)

glue a gpred and a pred (back) into a qpred

inj (res_term, ptr, step, x. iargs)

transform a pred into a singleton gpred

split (res_term, iguard)

split a gpred into two qpreds along iguard

resource terms

emp

empty heap

term

term for assertion

pred_term

heap predicate

gpred_term

quanitfied (integer-indexed) heap predicate
ident

variable

(res_term; ")

(nested) seperating-conjunction pair
pack (oarg, res_term)

packing for existentials

fold res_term:pred

fold into recursive res. pred.

pred_ops

(q)predicate operation terms
(res_term) S
parentheses

o(res_term) M
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substitution for resource terms

res_val, def = resource terms values
| emp
empty heap
|  term
term for assertion
| pred_term
heap predicate
| gpred_term
quanitfied (integer-indexed) heap predicate
| (res_val;")
(nested) seperating-conjunction pair
| pack(oarg, res_val)
packing for existentials
| (res-val)
parentheses
| o(res_val)
substitution for resource terms
action = memory actions
| create (pval,T)
|  create_readonly (puval, T, pvaly)
| alloc (pvaly, pvaly)
| kill (m_kill_kind, pval, res_term)
| store (bool, T, pvaly, pvaly, mem _order, res_term)
true means store is locking
| load (T, pval, mem_order, res_term)
| rmw (7, pualy, pvaly, pvals, mem_ordery, mem_orders)
|  fence(mem_order)
|  cmp_exch _strong (T, pvaly, pvale, pvals, mem_ordery, mem_orders)
|  cmp-exch_weak (T, pvaly, pvaly, pvals, mem_ordery, mem_ordersy)
|  linux_fence (linux_mem_order)
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| linux_load (7, pval, linuxz_mem_order)
|  linux store (7, pvaly, pvaly, linuxz_mem_order)
| linux_rmw (7, pvaly, pvaly, linux_mem_order)

polarity ::= polarities for memory actions

(pos) sequenced by let weak and let strong
| neg
only sequenced by let strong

pol_mem_action = memory actions with polarity
| polarity action

memop := operations involving the memory state
| pvaly binop,e pvaly
pointer relational binary operations
| pvaly —; pvaly
pointer subtraction
|  intFromPtr (11, T2, pval)
cast pointer value to integer value
|  ptrFromInt (11,72, pval)
cast integer value to pointer value
|  ptrValidForDeref (7, pval, res_term)
dereferencing validity predicate
|  ptrWellAligned (T, pval)
|  ptrArrayShift (pvali, T, pvaly)
| memcpy (pvaly, pvals, pvals)
| memcmp (pvaly, pvaly, pvals)
|  realloc (pvaly, pvaly, pvals)
|  va_start (pval, pval)
|  va_copy (pval)
|  va.arg(pval,T)
|  va_end(puval)
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ret_term, spine_elem = return values / spine element
| pval
pure computational value
| oarg
logical value
| res_term
resource term
o(ret_term) M
substitution for return values / spine elements

ret_terms, spine return values / spine

ret_term, ret_terms M

— T 1
ret_term,;

tval == (effectful) top-level values

|  dome (ret_terms)
end of top-level expression

|  undef UB_name
undefined behaviour

| error (string, pval)
impl-defined static error

| o(tval) M

substitution for top-level values

res_pat 1= resource patterns

|  emp binders = {}
empty heap

|  term binders = {}
logical assertion token

| ident binders = ident
variable

| fold(res_pat) binders = {}

unfold (recursive) predicate
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ret_pat

seq_expr

seq_texpr

(res_paty, res_paty)
seperating-conjunction pair
pack (ident, res_pat)
packing for existentials

return pat

comp ident_or_pat
computational pattern
logident

logical variable

res res_pat

resource pattern

ret_pat;'

sequence of return patterns

sequential (effectful) expressions
ccall (7, ident, spine)

C function call

pcall (name, spine)

procedure call

o(seq_expr)

sequential top-level (effectful) expressions
tval
(effectful) top-level values

runident pval; "

run from label

let ident_or_pat = pexpr in texpr

pure let

let ident_or_pat:pure_ret = tpexpr in texpr
annotated pure let

let ret_pat = seq_expr in texpr

bind return pats

binders = binders(res_pat;) U binders(res_paty)

binders = ident U binders(res_pat)

binders = binders(ident_or_pat)
binders = ident

binders = binders(res_pat)

binders = binders(ret_pat; l)

bind binders(ident_or_pat) in texpr
bind binders(ident_or_pat) in texpr

bind binders(ret_pat) in texpr
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texpr_case_branch

1S_expr

1s_texpr

let ret_pat:ret = texpr; in texpry bind binders(ret_pat) in texpry
annotated bind return pats

case pval of | texpr_case_branch, " end

pat matching

if pval then texpr) else texpry

conditional

bound [int](is_texpr)

limit scope of indet seq behaviour, absent at runtime
insert_lets (res_bind, seq_texpr) M

insert let expressions for binding resources

top-level case expression branch
pat = texpr bind binders(pat) in tezpr
top-level case expression branch

indet seq (effectful) expressions
tval:ret

(effectful) top-level values
memop (memop)

pointer op involving memory
pol_mem _action

memory action

pack a(puval, pvals)

fold a predicate

unpack a(pval, pvals)

unfold a predicate

indet seq top-level (effectful) expressions

let weak ret_pat = is_expr in texpr bind binders(ret_pat) in texpr
weak sequencing

let strong ret_pat = is_expr in texpr  bind binders(ret_pat) in texpr
strong sequencing
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texpr

pure_fun

fun

top-level (effectful) expressions

seq_texpr

sequential (effectful) expressions

15_texpr

indet seq (effectful) expressions
insert_lets (res_bind, texpr) M

insert let expressions for binding resources
o(texpr) M
substitute o in texpr

function types

Ilident:B. fun

assume a computational value
Vident:(. fun

assume a logical value

res = fun

assume a resource

term D fun

assume a constraint (pre-condition)

ret

return a value of type ret

to_fun ret M
change a return to an arugment type
o(fun) M

substitute o in fun

pure function types
Il ident:5. pure_fun
term D pure_fun
pure_ret

normalised function types
ident:B. fun
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opt_ident

spec_expr

assume a computational value
Vident:5. fun

assume a logcal value

res = fun

assume a resource

term D fun

assume a constraint (pre-condition)
ret

return a value of type ret

to_fun ret M

change a return to an arugment type
o(fun) M

substitute o in M

substitutions
ret_term/ident
sub ret_term for ident
577
sequential substitutions
M
empty substitution
o () M
apply o to all elements in

optional identifier
None
ident

expressions for specifications
term

pred_term

gpred_term
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spec == alternative, C-programmer friendly syntax for defining predicates and writing specifications

empty specification
| return {ident; = term; ' };
specify output arguments
| letident = spec_expr; spec
bind either terms, or output arguments of resource (q)predicates
|  assert (term); spec
assert specification
| if (term){spec;} else {speca}specs
conditional specification

user_def = syntax for user-defined predicates and function specifications (pre- and post-conditions)

|  predicate B]’ tagj] Yo By a; " ){spec}
Tname(T; T; ' ) requires spec; ensures specy
q

C = computational variable context
| ident:(
add to context
|Gl

concatenate contexts
empty context

L = logical variable context
| ident:S
add to context
—i

| L

concatenate contexts

empty context
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R, Rem, Fr

ty_extra

constraints environment
term
add to context
(}T’iz
concatenate contexts
M
empty context
(D) M
substitute o over all constraints in ®

resource environment

ident:res

add to context

Ez

concatenate contexts
M

empty context

o(R) M

substitute o over all SMT terms in all resource types in R

normalised resource env
ident:res
add to context

7

R.

EA )
concatenate contexts

M
empty context
o(R) M
substitute o over all SMT terms in all resource types in R

extra judgements for explicit and inference typing systems

smt (& = gterm)
check if gterm is SMT-provable in constraint context ®
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formula

ident: 3 € C
lookup type of ident in context C

structtag & memberi:ﬂZ € Globals
lookup types of struct tag fields in Globals

a = xi:ﬂiz — res € Globals

lookup body of resource predicate a in Globals

CF mem_al =

dependent on memory object model

C;LFterm =

omitted /assumed definition: term is (a) well-formed (b) annotated
with 3

pred_name; # pred_names

check if pred_name; and pred_names are unequal

Jjudgement

ty_extra

opsem_extra

misc_extra

res = res’

resource type abbreviation

res_term = res_term’

resource term abbreviation

ret = ret'

return type abbreviation

term = term’

SMT term / constraint abbrevation

texpr = texpr’

top-level expression abbrevation

name: pure_fun = x_ii — tpexpr € Globals
lookup type and body of pure function name in Globals
name:fun = T,;° ~ tezpr € Globals
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res_diff

res_bind

opt_term

cmp

lookup type and body of function name in Globals

resource difference

None

not possible to take a difference

res_term and oarg

request is satisfied exactly by res_term and the output argument is
oarg

oarg and res_req

request is satisfied partially with output argument oarg with remain-
ing res_req

bind res_pati:res; = res_termq for ident1 & oarg and idento: rem
deconstruct res_term:res using res_pati to satisfy request exactly
(using ident, and oarg) with remainder idento:rem

resource bindings

empty resource binding

res_pat:res = res_term

match res_term:res against res_pat
res_bind; ‘

concatenate resource bindings

optional SMT term
None
term

result of binary comparison
Lt

less-than

Eq

equals
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opt_cmp

opt_cmp_term

heap, h, f

opt_res_val_heap, opt_def _heap

arr_opt_res_val_heap, arr_def _heap

opsem_extra

Gt
greater-than

optional result of binary comparison
None
cmp

optional result of binary comparison and SMT term
None
cmp, term

heaps

{if term then res; else ress}
{pred & opt_def _heap}
{qpred & arr_def _heap}

heap; '

=L

o(heap)

optional resource term value
None

def & heap
arr_def _heap|term)|

array of optional resource term value

arr_def _heapy + arr_def _heapo
arr_def _heap[term] := opt_def _heap

extra judgements for operational semantics

Vi < j. not (pat; = pval ~ ;)
all patterns prior to j failed to match/deconstruct
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misc_extra

res_judge

fresh (mem_ptr)

create a fresh address mem ptr
term

arbitrary logical constraint

extra judgements for proof-related definitions

Vz.iguard = C;L;PHh <R

meta-logical quantification over heap-typing

Vterm ~ term’. ® & fun ~ ret

meta-logical quantification over related fun and ret

Y term ~ term’. ® F res ~ res’

meta-logical quantification over related res and res’

term ~ term’

omitted/assumed defintion: SMT terms term and term’ are related

® + cmp_min (iguard, iguard’) ~ opt_cmp_term

given constraints ® | iguard is potentially included in iguard’ (or
vice-versa) with ordering and minimum opt_cmp_term

® - gpred_term C? gpred_term’ ~~ opt_cmp

given constraints ® , gpred_term is potentially included in
gpred_term’ (or vice-versa) with ordering opt_cmp

® - res_req = res_req’ ~ bool

resource equality: given constraints ®, res_req and res_req’ are equal
according to bool

O+ res = res’

resource equality: given constraints ®, res is equal to res’

® + simp rec(res) ~ res’, bool

partial-simplification of resources: given constraints ®, res partially
simplifies (strips ifs) to res’

® + simp (res) ~ opt_res

partial-simplification of resources: given constraints @, res attempts
a partial simplification (strips ifs) to opt_res
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ret_judge

pat_judge

expl_pure

O+ ret = ret’
return type equality: given constraints @, ret is equal to ret’

pat:B ~ C with term

computational pattern to context: pat and type [ produces context
C and constraint term

ident_or_pat:f ~~ C with term

identifier-or-pattern to context: ident_or_pat and type [ produces
context C and constraint term

L;® - res_pat:res ~ L3 9", R/

resources pattern to context: given constraints ®, res_pat of type res
produces contexts £'; ®'; R’/

C;:L;® F ret_pat:ret ~ C'; L';®; R’

return pattern to context: given context C; L; ®, ret_pat and return
type ret produces contexts C'; L'; ®'; R/

® + ret_pat:ret ~ C'; L' @' R’

return pattern to context: given constraints ®, ret_pat and return
type ret produces contexts C'; L'; ®'; R/

C F object_value = [

object value synthesises: given C, object_value synthesises type [
Ckpval =

pure value synthesises: given C, pval synthesises type [

C;L;® | pexpr = pure_ret

pure expression synthesises: given C; L; ®, pexpr synthesises a pure
(non-resourceful) return type pure_ret

C; L; P F tpval <= pure_ret

pure top-level value checks: given C;L;®, tpval checks against
pure_ret
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expl_res

expl_spine

expl_is_expr

C; L;® F tpexpr < pure_ret
pure top-level expression checks: given C; L; ®, tpexpr checks against
pure_ret

C,L;®;RF pred_ops = res

resource (q)predicate operation term synthesis: given C;L;®;R,
pred_ops synthesises resource res

C;L;D;RF res_term = res

resource term synthesises: given C; L; ®; R, res_term synthesises re-
source res

C;L;P;RF res_term < res

resource term checks: given C; L; ®; R, res_term checks against re-
source res

C;L;®; R F spine :: fun > ret
function call spine checks: given C; L; ®; R, compatible spine, fun
produces an ret

C;L;®;RF action = ret

memory action synthesises: given C; L; ®; R, action synthesises re-
turn type ret

C;L;®; R F memop = ret

memory operation synthesises: given C; L; ®; R, memop synthesises
return type ret

C,L;®;RF is_expr = ret

indet. seq. expression synthesises: given C; L; ®;R, is_expr synthe-
sises return type ret
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expl_seq_expr

expl_top

inf_res

C;L;®;RF seq_expr = ret
seq. expression synthesises: given C; L; ®; R, seq_expr synthesises
return type ret

C;L;®;RF tval < ret

top-level value checks: given C; L; ®; R, tval checks against return
type ret

C;L;®; R F seq_texpr < ret

top-level seq. expression checks: given C; L; ®; 'R, seq_texpr checks
against return type ret

C;L;®; R F is_texpr < ret

top-level indet. seq. expression checks: given C; L; ®; R, is_texpr
checks against return type ret

C;L;P;RF texpr < ret

top-level expression checks: given C; L; ®;R, texpr checks against
return type ret

D F pred_term €7 qpred_term ~» opt_term

given constraints ®, pred_term is potentially a part of gpred_term at
index opt_term

D ident:res =7 res_req ~> res_diff

the difference between ident:res and requested res_req is res_diff

D | identy:res +7 res_terma:res_req & oargs ~~ res_term and oargs
combining identi:res, res_termo:res_req&oargs, results in res_term
0args

®; R F wf res_req ~ bind res_bind for res_term and oarg - R’
®: R fulfil well-formed request res_req (via res_bind) for answer
res_term and oarg, with R’ leftover
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| ®; R I res_req ~ bind res_bind for res_term and oarg 4 R’
®; R (check well-formedness of and then) fulfil request res_req (via
res_bind ) for answer res_term and oarg, with R’ leftover
| ®; R I if term then res; else resy ~ ident 4 R’
under-determined conditional resource request: ®;R fulfil request
for if term then res; else res; with synthesising ident and R’
leftover
| ®; R - calcyusingres ~ bind res_bind for res_term and oarg - R’
arbirtrary resource and output-arg request: ®; R fulfil request for re-
source res and output-arg y (via res_bind ) with checking res_term
and oarg, leaving resources R’
elab_is_expr BES
|  C;L;®;RF action ~ bind res_bind for action’:norm_ret 4 R’
memory action elaboration: given C; L; ®; R, action elaborates (via
res_bind ) to action’:norm_ret, with R leftover
|  C;L;®; R+ memop ~ bind res_bind for memop’:norm_ret 4 R’
memory operation elaboration: given C; L; ®; R, memop elaborates
to (via res_bind) to memop’:norm_ret, with R’ leftover
|  C;L;®;RF is_expr ~ bind res_bind for (is_expr’):ret 4 R/
indet. seq. expression elaboration: given C; L; ®; R, is_expr elabo-
rates (via res_bind) to is_expr’:ret, with R’ leftover
elab_spine =
|  C;L;®; R+ spine:: fun ~~ bind res_bind for spine’ and norm_ret 4 R/
spine elaboration: @m C; L;®; R, arguments spine and function
type fun elaborate (via res_bind ) to spine’ and result type norm_ret
, with R’ leftover
elab_seq_expr ES
|  C;L;®; R+ seq_expr ~» bind res_bind for seq_expr’:norm_ret 4 R’
seq. expression elaboration: given C;L; ®; R, seq_expr elaborates
(via res_bind) to seq_expr’:morm_ret, with R’ leftover
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elab_top

subs_judge

D F res ~> res_pat

resource normalisation by pat-matching: under constraints ® , res
will produces a normalised resourced context if it matches against
res_pat

D F ret ~~ ret_pat

return-value normalisation by pattern-matching: under constraints
® | ret will produce a normalised resourced context if it matches
against ret_pat

C; L;P; R F is_texpr < ret ~ texpr

top-level indet. seq. expression elaboration: given C;L;®;R,
is_texpr elaborates to texpr

C; L; ®; R+ tval <= ret ~ bind res_bind for tval’ 4 R’

top-level value elaboration: given C;L;®; R, tval elaborates (via
res_bind ) to tval’ with R’ leftover

P; R ~~ res_bind

partial-simplification of resource context: given ®;R can partially
simplify the resources using res_bind

C; L; ®; R & seq_texpr < ret ~ seq_texpr’

top-level seq. expression elaboration: given C; L; ®; R, seq_texpr
checks against ret and elaborates to seq_texpr’

C;:L;: D; R texpr < ret ~ texpr’

top-level expression elaboration: given C;L;®;R, texpr checks
against ret and elaborates to texpr’

pat = pval ~ o

computational value deconstruction: pat deconstructs pval to pro-
duce substitution o

ident_or_pat = pval ~ o

computational value deconstruction: ident_or_pat deconstructs pwval
to produce substitution o
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pure_opsem_defns

opsem_defns

(h; res_pat = res_val) ~ (h'; o)
resource term deconstruction: res_pat deconstructs res_val to pro-
duce substitution o

(h; Tet_pat; = rel_term; ") ~ (I; o)
return value deconstruction: ret_pat; deconstructs ret_val; to pro-
duce substitution o

(h; z; = spine_elem; " ) :: fun > (W; o; ret)

function call spine: heap h and formal parameters z; assigned to
spine_elem; for function of type fun, produce new heap h’ substitu-
tion o and result type ret

(pexpr) — (tpexpr:pure_ret)
(tpexpr) — (tpexpr’)

(h; pred_ops) | (h'; res_val)

big-step resource (q)points-to operation reduction: (h;pred_ops) re-
duces to (h'; res_val)

footprint_of res_valinh ~» h; rem hy

footprint of res_val in heap h is hy with hy remainder/frame

(h; res_term) | (h'; res_val)

big-step resource term reduction:  (h;res_term) reduces to
(h'; res_val)

(h; action) — (I'; is_expr)

(h; memop) — (h'; is_expr)

(h;is_expr) — (h';is_expr’)

(h; seq_expr) — (h'; texpr:ret)

(h; seq_texpr)y — (h'; texpr)

(h;is_texpr) — (h'; texpr)

(h; texpry — (h'; texpr’)
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proof _defns

spec_defns

Tt fun ~ C L PR | ret

matching 7;* and fun produces contexts C; £; ®; R and return type
ret

C:L;,o;REC; LR

context weakening: C; L; ®; R is stronger than C'; L'; ®"; R’
C;L;P;REo < (CL;R)

well-typed substitution: given C;L;®;R, o checks against type
(C; L;R). Tt is complicated by the fact that substitutions are as-
sumed to be sequential/telescoping.

C;L;PHFh <R

heap typing: under context C;L;®, heap h checks against con-
text/type R

PHAh<=R

heap typing: under context ®, heap h checks against context/type
R

® + res ~ res’

res is related to res’

D F fun ~ ret

fun is related to ret

[spec](opt_ident) = res

specification spec (with optional record opt_ident) represents re-
source res (opt_ident is present return when a return is expected,
absent when it is not)

[spec] = norm_ret

specification spec represents normalised return type norm_ret

[spec | ret] = norm_fun

specification spec represents normalised argument type norm_fun
[rname(7;2; ') requires speci ensures speca] = norm_fun
user-defined C function specification represents normalised argument
type norm_fun
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| [predicate {7 y;” a(Bim ){spect] =/ = By > res
user-defined resource predicate definition represents predicate
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