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FRAME RULE IN MONOTONE FLOYD - HOARE LOGIC EXTENSION

Separation logic is an extension of Floyd — Hoare logic, aimed at the specification and verification of programs with a main
focus on the representation of dynamic memory handling. Its main tool is the frame rule, which enables local proofs. Apply-
ing the composition-nominative approach to classical Floyd — Hoare logic, its monotone extension was developed. The main
advantages it offers are the use of nominative data to describe the state of the program and the consideration of partial pred-
icates. The main purpose of this research is to introduce the frame rule and pointer capabilities for monotone Floyd — Hoare
logic. This further extension adds support for local reasoning, which is crucial today when the complexity of software only
rises. Local reasoning means that a property of a part of the program can be proved separately and combined with proofs for
other components if specific conditions hold. For this purpose, the nominative data was enriched with the notion of an address.
New special compositions for storing and loading from dynamic memory were introduced. The logical connective separating
conjunction was redefined as a composition in program algebra. This composition was proved to be monotone. To extend the
proof of the program’s approximations to a complete proof, all compositions have to be monotone. Furthermore, rules for new
operators were added to the derivation system. Rules for storing to and loading from dynamic memory are modifications of the
rules for the assignment operator. The frame rule states that, with the help of a separating conjunction, a valid Hoare triple can
be augmented with an assertion for a part of the memory that was not modified by the program. It was shown that the classic
version of the rule, implemented within Separation logic, is not sound for a monotone extension. Conditions for a sound version
were presented. Investigation of possible restrictions on the operations with pointers, which will lead to constructive frame rule
conditions, is the aim of future research. Complex nominative data with dynamic memory is out of the scope of this paper and
should be considered separately.

Keywords: formal methods, software verification, program logic, nominative data, separation logic.
AMS 2020 classification: 03B70, 68Q60.

Introduction

Relevance of research. Software verification is a crucial part of software engineering as its main goal is ensuring the
correctness and quality of program systems. The main challenge within this domain remains the availability of efficient
tools supported by formal methods with sufficient expressiveness. Floyd — Hoare logic, after being introduced, became a
standard basis for formal verification. Different extensions were studied over the years (Apt, & Olderod, 2019), covering,
among others, parallel programs, complex data structures, etc. One such extension is the Separation logic. The main
advantages of the suggested approach were the operators introduced to handle assertions over dynamic memory and a
frame rule aimed at local reasoning. The importance of local reasoning is reinforced by the growing complexity of modern
software. Further development resulted in the introduction of numerous variants of the Separation logic (Reynolds, 2002),
covering different aspects of program systems. Among such variants of significant interest are the following:

» Separation Incorrectness logic (Raad et al!, 2020), which enriches the Incorrectness logic with tools for handling
dynamic memory. Incorrectness logic is a dual approach to Hoare logic, aimed at finding errors rather than proving
correctness in all states.

» Exact Separation Logic (Maksimovic et al), 2023), which combines in a single formal system over-approximation of
Separation logic, and under-approximation of Separation Incorrectness logic.

» Concurrent Separation Logic (O’Hearn, 2007), where disjoint memory areas are treated more in terms of parallel
programs, and communication is performed with the help of common memory.

» Dynamic Separation logic (De Boer, Hiep, & de Gouw, 2023), which combines Separation logic with dynamic logic,
that is, an approach of defining Floyd — Hoare logic as modal logic.

Monotone Floyd — Hoare logic extension (Nikitchenko et al., 2018) uses nominative data and partial mappings to prop-
erly describe the state of execution of a program and account for a possible non-terminating behavior. It is defined within
the composition-nominative approach (Shkilnyak, 2025), which also allows definitions in a semantic-syntactical manner.
Different types of complex nominative data were broadly studied for the monotone Floyd — Hoare logic extension, also cov-
ering such problems as the unambiguity of the complex names for such data. But at the same time, pointers and dynamic
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memory pose different challenges, such as aliasing, pointer arithmetics, and proving the exclusiveness of the memory ac-
cess. To handle such problems, notions of dynamic memory and disjoint areas of dynamic memory need to be adopted for
the monotone Floyd — Hoare logic extension. Combined with the frame rule variant, this would allow a program logic that
will have local reasoning and nominative data capabilities, together with monotone operators.

Lately, there has been a rise in interest in an under-approximating approach to program logic that is dual to an over-
approximating approach of the Floyd — Hoare logic. Logics that follow such an approach are aimed at finding the execution
that leads to an error, rather than at proving that executions starting in a proper initial state will be correct. Examples of
such logics are the Incorrectness logic (O’Hearn, 2019) and its Separation version (Raad et all, 2020). Even though under-
approximation is not considered for the monotone Floyd — Hoare logic extension, it is a topic for future investigation. This
proves that the frame rule and dynamic memory handling can be beneficial for a broad range of program logics.

The object of research is program logics that allow reasoning about the dynamic memory aspect of the programs and
complex data structures.

The aim and objectives of the research are to introduce a nominative data extension with pointers and dynamic memory,
provide the implementation of the frame rule of Separation logic within monotone Floyd — Hoare logic, and investigate
conditions for its soundness.

1. Main definitions and results
Monotone Floyd — Hoare logic is defined with a semantic-syntactic approach. This means that first semantics is intro-
duced as the following three-sorted program algebra:

< PrYA FnY A FPrg v, =, {Sh boeu vy, {SEYoeu vy, { @} eev, {32} oev, id, {AS” }aev, o, [F, WH, FH > .

Here Pr¥:4 : ND(V, A) %, Bool is a set of all partial mappings from nominative data N D(V, A) to a set of boolean values

Bool = {True, False} that represent semantics of boolean expressions in the program, Fn""4 : ND(V, A) 2, Aisasetof
all partial mappings from nominative data N D(V, A) to a set of values A that represent semantics of arithmetic expressions
in the program, FPrg"4 : ND(V,A) =+ ND(V, A) is a set of all partial mappings from nominative data ND(V, A) to
nominative data N D(V, A) that represent the semantics of program operators where nominative data models the current
state of the variables. At the same time, nominative data is defined as the set of all partial mappings from the set of the

names of the variables V' to a set of all possible values A: ND(V, A) : V 25 A.

Operators of the algebra are called compositions and denote the main constructs of the programming language. Super-
position operators { St }ser (v, {SF }wev () With parameter € U(V) correspond to the function or predicate calls, where
U(V) is the set of all finite sequences of different variable names. {'z}.cv is a parametric denaming operator used to re-
trieve the value of a variable. Compositions Vv, =, {3z }.cv represent respective logical connectives. On the program level,
compositions id, { AS”}.cv,e, [ F,W H are used to denote program constructs skip (idle operator), assignment operator,
sequential execution, if-then-else operator, and while-do operator accordingly. F'H is a special composition representing
the semantics of the Floyd — Hoare triple.

Nominative data has to be extended to allow reasoning about dynamic memory or the heap. We will use the same
assumptions as in classical Separation logic, namely: the set of all possible values is the same set that is used as addresses
for pointers; variables can be assigned either a value or an address. This leads us to the following definition.

Definition 1. Dynamic nominative data over a set of variable names V' and a set of addresses A is a partial mapping of the
type: DND(V,A): VU A 25 A.

For further convenience, the next notations will be used to denote the stack and heap parts of the dynamic nominative
data st € DND(V, A): stack(st) = st|v and heap(st) = st|a. Here st|y marks the restriction of the mapping st to a set V.
As dynamic nominative data represents a state of the program, both terms will be further used interchangeably.

Substituting nominative data with dynamic nominative data, we can introduce dynamic versions of the partial mapping
types: Pri,* : DND(V, A) %5 Bool, Fn};* : DND(V, A) 25 A, FPrg};* : DND(V, A) 25 DND(V, A).

Extension of most program algebra compositions on dynamic nominative data is straightforward and is omitted in this
paper. Only superpositions require consideration. To describe operations with a heap, new compositions of storing values
to and retrieving values from a specific address are introduced. We assume that to operate with an address, it has to
be first stored in some variable. This won't limit the expressiveness of a programming language, but it will help to make
address arithmetic expressions clearer. Also, as in the case of nominative data, only equitone predicates and functions are
considered for dynamic nominative data. Mapping f over dynamic nominative data is considered equitone if for any state
st, f(st) 4= Vst' D st : f(st') L= f(st). Here, f(st) | denotes that mapping f is defined on state st; f(st) 1 will be used
to indicate that mapping f is undefined on state st. Restriction of Prg’A and an’A to only equitone mapping is natural, as
it corresponds to the intuition that if information within a current state is sufficient to calculate a value of the expression of
a condition, this value should not change for any extension of the state.

Definition 2. Parametric store composition ST” of a type an’A 5 FPrgg’A with a parameter x € V can be defined on
arbitrary state as ST (f)(st) ~ stV|[st(z) — f(st)]. Here [v1 — a1,...,vn = an,al — af,...,an, — an,] is an explicit
form of dynamic nominative data representation for v1,...,v, € V and a1,...an,a1,...,a,,,af...a,, € A, where each
pair denotes either name-value or address-value in data. Overriding operator V is defined as follows: st Vst: = [l — all €
€ dom stz A sta(l) = a VI € dom st; \ dom stz A sti(l) = al. In other words, st = st1Vsta, the result of the application of
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the overriding operator will be the state (nominative data) in which variable and address mapping that was defined in the
right operand st. is retained together with all pairs from the left operator st, that are not defined in st».

Definition 3. Parametric load function LD? of a type FnE’A with a parameter = € V' can be defined on an arbitrary state in
the following way: LD*(st) ~ st(st(x)). Applying nominative data st to a variable x will yield the address stored in it, but
the second application will return the value stored at that address.

Definition 4. Parametric extended predicate superposition composition {Sf;i}gﬂe[](v) of a type Prl‘g’A X (Fn}:’,’A)”m LN

4 Pr;* with parameters v1, va, . . ., Un, u1,us, . . ., um € V can be defined on arbitrary state in the following way:

Sli;“il(p7 fiseo s [y g1y oy Gm)(st) = p(stV[vr = fi(st),...,von = fu(st),st(ur) — gi(st),..., st(um) — gm(st)]).

A common type of property that needs to be verified for programs that manipulate the heap deals with exclusive access
of certain program components to their own part of the heap. Separation conjunction is a logical connective introduced in
Separation logic to handle such assertions without the need for repeated explicit conditions describing parts of the heap
each component works with. Intuitively, it can be defined in the following way: formula P x @ holds for each configuration
where there are two disjoint subheaps, on one of which P holds and on another — @ holds. Let us give a formal definition
of two states having disjoint heaps with a shared stack.

Definition 5. Two states st1, st € DND(V, A) are considered disjoint configurations st1||v,a stz if stack(st2) = stack(st2)
and dom heap(st1) N dom heap(sta) = 0

If two states are disjoint, the overall state can be obtained by applying the override operator. Disjoint union will be used
as a name for the resulting operation.

Definition 6. State st € DN D(V, A) is called a disjoint union of two states sti, st € DND(V, A) (denoted st = sti & st2)
if St1||V7ASt2 and st = st1Vsts.

Based on the definition, the next properties of disjoint union can be obtained: st, @ sta = sto P st1, stack(st, @ stz) =
= stack(st1) = stack(stz), heap(st1 @ st2) = heap(st1) U heap(stz). Additionally, if st = st, & st2 we will use © to mark
the remainder of the heap: st1 = st & st and sts = st & st;.

With a formal means to describe states with the same stack but non-intersecting areas of dynamic memory, separation
conjunction composition can be introduced for program algebra monotone Floyd — Hoare logic extension with heap. For
convenience, it will be used in infix form.

Definition 7. Separation conjunction composition  of a type Pri,* x Pri;* % PrY# can be defined on the arbitrary state
in the following way:

True, iff exist st1, st2 such that st = st1 @ sta A P(st1) = True A Q(st2) = True;
P« Q(st) = < False, iff for every st1, st2 such that st = st1 @ st» it holds that P(st1) = False V Q(st2) = False;
1, otherwise.

Let us recall the definition of the monotone operator prior to presenting the results on whether the separation conjunction
composition is monotone. Monotonicity is treated in the sense of definedness.

Definition 8. A composition C : (Pri4)* x (Fn¥4)! x (FPrgl;*)™ 5 Pr%4 is called monotone over the first argument
if for any p,po,...,pk, 0’ € Priy?, fi, fo,..., fi € Fn};?, and pri,pra,...,prm € FPrg);” it holds that p C p’ implies
C(pap27 e 7pk7 f17 f27 R flaprlapr27 A ,me) g C(p/ap27 e 7pk7 f17 f27 R fhprhpr?a A ,me)- Here g iS ConSidered
for mappings as a set-theoretical relation over the graphs of respective mappings. A composition is called monotone if it is
monotone over every argument.

Lemma 1. Separation conjunction composition is monotone.

Proof. Monotonicity will be proved for the first argument of composition. Proof for another argument is similar.
Assume that property doesn’t hold, this means that 3P, P',Q € Pr);” suchthat P C P’ AP+ Q ¢ P’ x Q. The latter
is possible in the following cases:

* st € DND : PxQ(st) |=True A (P' xQ(st) J= FalseV P’ x Q(st) 1),
e st € DND : PxQ(st) = False A (P' x Q(st) = TrueV P’ x Q(st) 1).

Let us consider the first case. If P x Q(st) = True then by the definition of composition there should exist such
st1 and sty that P(st1) = True and Q(st2) = True and st = sti & sta. From P(st1) = True and P C P’ we obtain
P’(st1) = True and from definition of composition using P'(st1) = True, Q(st2) = True and st = st ® st2 we can
conclude that P’ x Q(st) {= True = P x Q(st) which contradicts with our assumption.

The second case, where P x Q(st) |= False, proof is similar. Using the definition of composition for every st; and
sta such that st = sty @ sto, either P(st1) = False or Q(st2) = False. If P(st1) = False, using P C P’ we obtain
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P’'(st1) = False. Finally, this proves we cannot find a pair of disjoint states such that at least one of P'(st1) = False
and Q(st2) = False won't hold. Thus, P’ x Q(st) |= False = P x Q(st), and in the second case, we also achieve a
contradiction.

Both cases were considered, which means that P+xQ C P’ x(Q and composition is monotone over the firstargument. [

Combining the given definition, we will obtain a three-sorted algebra that will define the semantics of the monotone
Floyd — Hoare logic extension with dynamic memory.

< PTE7A7 FnE’Aa FPng,A; V%, {Szﬂl/ }F,HGU(V)? {S}Z’u/ }?,EEU(V% {‘x}xEV7

{3z}sev,id, {AS" }oev, {ST  }acv,{LD" }yev,o, IF,WH,FH > .
The next step, after new compositions were defined and their properties were investigated, is to provide sound derivation
rules for a monotone Floyd — Hoare logic extension that operates with those compositions. Proof that existing rules remained

sound when moving from nominative data to dynamic nominative data is straightforward and also omitted in this paper.
The rule for store composition can be viewed as the modification of the rule for assignment composition:

R_ST

{S¢ (p, HIST=(H){p}

Lemma 2. Rule R_ST is sound.

Proof. The rule is sound if for valid premises — valid outcomes are derived. As in the rule, there are no premises — we need
to prove that triple {S'}é/ (p, /)}YST®(f){p} is valid. Triple {p}r{q} is considered valid if for every interpretation and for every
state st, such that p(st) = True, either r(st) 1 or q(r(st)) = True. In our case, based on the definition of superposition
composition, if S (p, f)(st) J= True then p(stV[st(z) — f(st)]) }= True. If program ST*(f) terminates for starting state
st, p(ST®(f)(st)) = p(stV]st(z) — f(st)]), which evaluates to True based on the previous assertion. This proves the
soundness of the rule. O

In the Separation logic frame, the rule for the derivation system is defined as follows:

{p}pr{r} _
R_FRAME_SEPW,ch(pr) N fu(q) = 0.

Where ch(pr) denotes variables that were changed by program pr and is defined inductively based on the structure of
pr, fu(q) is the list of free variables for predicate ¢. Such a variant of the rule is not sound for monotone Floyd — Hoare
logic extension. The reason behind this fact is that the introduced condition doesn’t account for complex pointer arithmetic
available in the general case. We will investigate restrictions in the semantic form that will address this issue. The main
idea behind condition ch(pr) N fv(q) = 0, together with the use of the separation conjunction, was to describe that when
there is an assertion about the part of the heap that the program doesn’t affect — it can be combined with any valid assertion
about the part of the heap that the program modifies.

Let us introduce tools to describe such aspects of the predicates and programs as the part of the heap affected by
them. As pointer arithmetic is not limited in our case, part of the heap affected by the program in terms of updating stored
values is a function over the state. It cannot be described by only considering the variables that the program updates. In
the general case, the definition of the required function can be seen below.

Definition 9. Memory footprint function for a program pr € FPrgg’A is a function of a type DN D(V, A) 25 24 that for an
arbitrary state st where pr(st) | is equal mem(pr)(st) = {ala € A A st(a) | Apr(st)(a) |# st(a)}, and mem(pr)(st) = 0
otherwise if program is not terminating on st.

The intuition behind the memory footprint function is the maximal heap area affected and changed by the program. It
doesn’t account for addresses that were updated in the process with the same value. In this case, a strict version of the
function can be introduced that considers not only the addresses that were changed by the program but also the addresses
that are required by the program to terminate.

Definition 10. A strict memory footprint function for a program pr € FPrgg’A is such a function of a type DN D(V, A) 104
that for an arbitrary state st, where pr(st) |, it can be defined as mem,(pr)(st) = |J Ai, where A; are all such sets of

3
addresses that retain(pr, st, A;)A=3A; C A; : retain(pr, st, A;) and retain(pr, st, A;) is a special notion for pr(st)|vya, =
= pr(stlvua,)|vua, A heap(stlyucaya,)) = heap(pr(st)|vu(aya,)), and mems(pr)(st) = 0 if program is not terminating on
st.

Remark 1. Based on the monotonicity of compositions it can be shown that the condition for A; also holds for their union and
any superset up to st, which means retain(pr, st, mems(pr)st) and for all A such that mem,(pr)st C A C dom heap(st) it
holds that retain(pr, st, A).

Remark 2. Itis obvious that for arbitrary st € DN D(V, A) and arbitrary pr € Prg);® mem(pr)(st) C mems(pr)(st).
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Restrictions on the memory modification capabilities for programs that are available within program algebra impact
whether the memory footprint function can be defined inductively based on the program structure.

Similarly to the programs, a general definition of a memory function for predicates can be given based on the intuitive
notion of an area of memory required for the predicate to be defined.

Definition 11. Memory footprint function for a predicate p € Prg‘A is a function of a type DND(V, A) L5 24 that for
an arbitrary state st where p(st) | it is equal mems(p)(st) = |J A , here A; are all such sets of addresses such that

p(stlvua,) 4= p(st) A ~3A; C A; : p(st|vua,) 1= p(st), and mem(p)(st) = 0 otherwise if predicate is not defined on st.

Using the notion of the memory footprint frame rule, modified semantical conditions can be introduced:

M s :p(s mems(pr)(s mem st) = ch(pr v =
R_FRAME WP st € DND(V, A)  plst) = (mems (pr)(st) (1 mem(a) (st) = 0), ch(pr) 1 fo(a) =0

Theorem 1. Rule R_FRAME is sound.

Proof. Assume that triple {p * q}pr{r = ¢} is not valid. This means that there exists such a state st that p x g(st) = True,
pr(st) is defined, and r * g(pr(st)) = False. If p x q(st) = True then from the definition of separating conjunction exist st;
and sty such that st = st1 @ sto, p(st1) = True, q(stz2) = True.

Consider sty = sta|vumem(q)(st), iN this case we can construct st; O st such that st; = st © stp. This state will
extend the heap of st; with the part of the heap of st2, not in st,. Based on the properties of compositions of the predicate
level p(st}) = True. q(sty) = True holds based on the definition of memory footprint of a predicate if we show that
sta|yumem(q)(st) = St2|vumem(q)(sta)- The latter is equal to mem(q)(st) N dom heap(st2) = mem(q)(st2) as heap part of
the state can be restricted only up to the list of its addresses. This statement is true if we consider that q(st2) = True,
stz = st|yvudom heap(sts)s 4(st) = True, and the definition of the memory footprint.

Next we shall prove that for any states st and st such that st! C st, stack(st) = stack(st!), pr(st) | and also
dom heap(st!) N mems(pr)(st) = O there exist the states st5, st{’, such that st = st{ @ st5, pr(st) = pr(sty) @ st{’,
stack(st{") = stack(pr(st)) and heap(sty") = heap(sty). In this case, st5 O st|vUmem. (pr)(st), Which means that conditions
from the definition of the strict memory footprint also hold for st5 and pr(st) = pr(sty) @ sti’.

It is easy to see that if st{ = st, then all the required conditions hold and st; = st; as st = st| @ sth. Thus,
pr(st) = pr(sty) @ sti’, stack(st!’) = stack(pr(st)), and heap(st{’) = heap(sty). Based on the definition of ch(pr),
stack(st")[v\chpry = stack(st)|yv\chpr)y = stack(sts)|v\cnpr)- AS ch(pr) N fu(q) = 0, we have fu(q) C V' \ ch(pr),
together with heap(sty’) = heap(sty) and stack(sty")|v\ch(pr) = stack(sts)|v\cnpr this gives us g(sti’) = q(sta) = True.
To show that r(pr(st})) = True we need to use the fact that {p}pr{r} holds for any state, and for state st, p(st1) = True
and pr(sty) |. From pr(st) = pr(st}) @ st!’, q(st{’) = True and r(pr(st})) = True we can obtain r x q(pr(st)) = True,
this contradicts with assumption, which proves that rule R_FRAME is sound. O

2. Examples

To showcase the frame rule for monotone Floyd — Hoare logic extension, we will use a simple example with a specifica-
tion of the stack data structure. This is a first-in-last-out data structure, assertions for two main operations — put a value on
top of the stack and retrieve a value from the top of the stack. Memory allocation and deallocation are not considered in this
example. The second stack and its properties are used to illustrate the frame rule and give another example of assertions
about data structures.

Example. Without any restriction on generality, we will use the set of lowercase letters of the Roman alphabet as variable
names V = {a,b, ..., 2z} and integer numbers as addresses A = Int = {...,—1,0,1, ... }. Basic predicates and functions
will include parametric predicates for relations greater, equals, and less, and parametric functions increment and decrement,
denoted respectively >, ., =¢.y, <z,y, € + +, and x — —. z and y are names of the variables that are used in mappings.
The stack data structure is presented by its top and bottom addresses; all addresses that are greater than the bottom and
less than the top are considered a part of the stack. To put a value on top of the stack — value is stored in the top address,
and the variable holding the top is incremented. Retrieving value is exactly opposite — if top is greater than bottom, return
the value at the top and decrement top. The stack is empty if the top address is equal to the bottom address. A stack is
considered invalid if its top address is less than the bottom address.

The subprograms and predicates described above can be defined semantically with the first parameter being a variable
storing the top address, and the second parameter being a variable storing the bottom address. pusha () ~ ST*(f) ®
e AS®(xz + +) pushes the value of the expression that represents function f to the top of the stack. pops,y,o ~ IF(>a,y,
ASY(LD%)e AS*(z— —),id) pops the top value of the stack to the variable v; if the stack is empty or invalid, it does nothing.
emptyq,y =z y, tnvalidy y ~<g .

Here are the properties of the stack data structure that can be proved: {empty.,, }pusha y(f){—emptye ,}, {emptye ., A
N =0 }POPz,y, v €MDYz y A =v,w} aNd {emptys, y tpushs y(f) ® Pops,yv{emptye,y A S (=vw, f)}. It is easy to define
memory footprints for push and pop: mems(pushaz,y(f))(st) = {st(x — —(st))}, mems(popz,y(f))(st) = {st(x + +(st))}.
Nominative data [z — 3,y — 1,1 +— 4,2 — 2] representing a simple stack with two values in it.

If we have another stack with top a and bottom b condition that this stack contains values in the ascending order can
be defined as ¢ = VeVf(>er A Zae A 25— S®Y(>4,y, LD, LDY). The frame rule cannot be used to prove that
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{emptys,y * ¢}pushg 4 (f) @ pops.y.o{(emptys y A S™ (=v,w, f)) * ¢}. The memory footprint of a predicate q is mem(q)(st) =

= {i € Int|b'(st) < i < d'(st)}. There is no guarantee that operations on the initial stack won’t overwrite values for
addresses of the second stack. One example is [z — 3,y — 1,1 +— 4,2+ 2,a— 5,b+— 3,3 +— 1,4 — 5]. This issue can
be handled by adding to the precondition assertion that the top address of the first stack is less than the bottom address of
the second, or vice versa.

The final Floyd — Hoare triple will be {(emptyz yA >b,2) *q}pushe,y (f) @ popz.y.o{(emptyz .y ASY (=v,w, f)) *q}. Shared
variable values within the separating conjunction and the absence of the restriction on the free variables of p in R_FRAME
made it possible to specify the needed condition. If we have another stack with top a and bottom b condition that the stack
contains values in ascending order can be defined as g = VeV f(>e.f A Zae A =5 ST (>4, LD, LDY). Frame rule
cannot be used to prove {empty. , * ¢}pusha.y (f) ® pope .y o{(eMmptys y A S (=v.w, f)) * ¢}. The memory footprint of the
predicate q is mem(q)(st) = {i € Int|b'(st) < i < a’(st)}. There is no guarantee that operations on the initial stack won’t
overwrite values for addresses of the second stack. The example for such astateis [z — 3,y — 1,1~ 4,2+— 2,a+— 5,
b+— 3,3+— 1,4~ 5]. This issue can be handled by adding to the precondition assertion that the top address of the first
stack is less than the bottom address of the second, or vice versa. The final Floyd — Hoare triple will be {(emptye,y A >b.)*q}
pushz y(f) ® popa,yv{(emptyz,y A S*(=v,w, f)) * q}. Shared variable values within the separating conjunction and the
absence of the restriction on the free variables of p in R_FRAME made it possible to specify the needed condition.

Discussion and conclusions

Dynamic nominative data was introduced, making it possible to define properties of the programs with pointers within the
composition-nominative approach. To represent basic operations with the heap, new compositions were defined, and their
monotonicity was proved. Similar results were achieved for the separation conjunction connective, which is the basis of the
frame rule and assertions over the heap. Overall, the conditions of the frame rule were investigated in terms of monotone
Floyd — Hoare logic extension, and a simple example of its application is provided. The updated conditions required new
means that describe a part of the heap affected by the program and a part of the heap needed for the predicate to be
defined. Basic properties of such memory mappings were presented.

Similar to what was achieved in already published papers, the introduction of the frame rule extended the capabilities
of monotone Floyd — Hoare logic extension for local reasoning. But it is worth mentioning that the construction of memory
footprints for special cases of logic, where address operations are restricted, is one of the directions of further research,
together with a weaker version of the frame rule, which has a less complex condition. Other open questions are working
with memory allocation and concurrency.

The general case of predicates over dynamic nominative data was considered. Further research is required to define
the properties of predicates needed for efficient computation of the memory footprint of the predicate. This could also lead
to the introduction of new logical connectives similar to the separating conjunction.

Authors’ contribution: Olena Shyshatska — conceptualization; Nataliia Rusina — methodology; Andrii Kryvolap — analysis of
sources, theoretical foundations of research.
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PAMKOBE NPABUIIO B MOHOTOHHOMY PO3LLMUPEHHI NOMKU ®NTOUOA — XOAPA

Jlozika po3dineHHs1 € po3wupeHHsIM ntociku ®nolida — Xoapa, cnpsimosaHuM Ha cneyugikayiro ma eepugpikayiro npo2pamMHuUX cucmem, 8 sIKux
euKopucmoegyemscsi duHamiuHa nam’same. I ocHo@HUM 3ac060M € paMKoee npasuso, ujo dae 3Mo2y npayroeamu 3 JI0KanbLHUMU O08edeHHSIMU.
MoHomoHHe po3wupeHHs noziku ®nolida — Xoapa 6ysio odepxaHo, UKOPUCMOBYHYU KOMMO3UYiliHO-HOMiHamueHul nidxid. OcHoeHi nepeeazu
ompumaHoi fio2iku nonsizalome y 3acmocyeaHHi HOMiHamueHux 0aHux 07151 onucy cmaHy npoapamu ma y po6omi 3 Yacmkoeumu npedukKamamu.
OcHoeHa Mema npornoHo8aHo20 A0ClideHHs1 — po3pobrieHHs1 paMKo80o20 fpaeusia ma 3acobie po6omu 3 ekalieHuUKamu Osisi MOHOMOHHOI J102iKu
®nolida — Xoapa. 3 oa2na0y Ha ye, soHa 6yna 36aza4eHa iHcmpymeHmamu Ons1 NiOMPUMKU fTokanbHux doeedeHb, W0 Had38uUYaliHO 8aXK/TUBO
Cb0200Hi, Kosnu cKkiiaBHicmb nNpoz2pamMHO20 3abe3neyeHHs1 nuwe 3pocmae. JlokanbHicmb O3HayYae, W0 esacmueicmb YacmuHU MPo2pamMu Moxe
6ymu dosedeHa oKpeMo ma rnoedHaHa 3 8/1acmueoCmMsIMU iHWUX KOMITOHEHMI8, SIKUW,0 8U3Ha4YeHi yMosu 8UKOHyrombCsi. [ins yb020 HoMiHamueHi
OaHi 6yno po3wupeHo noHsImmsim adpecu. lTpedcmaeneHo Hoei cneyianbHi KOMNO3uyii 36epexeHHs1 8 QUHaMIYHIl nam’sami i 3aeaHMa)xkeHHs1 3 Hel.
JloziyHa 38’s13ka eidokpemMsitoeasibHa KOH’IOHKYis1 6yna nepeeu3Ha4yeHa sik KOMINO3uuyisi 8 npo2pamHill anzebpi. [JoesedeHo, W0 maka KOMNo3uyis
€ MOHOMOHHow. Lljo6 Mamu mMoxnueicmb po3wupumu 0oeedeHHs1 Ons1 anpokcuMayili npoepamu 0o dosedeHHs1 Onsl NpozpamMu 3az2asioM, yci
Komno3uyii matomb 6ymu MoHomoHHuUmu. Kpim mozo, dodaHo npaeusna cucmemu eueody Onsi Hoeux onepamopie. lpaeuna Ons 36epizaHHs 6
duHaMiyHy nam’simb ma 3aeaHmaxeHHs1 3 Hel € Modugbikayieto npasuna Ans onepamopa NPUceocHHsi. Pamkoee npasuso — ye npasusno, sike 3a
donomMozoro 8iGoKpeMI08aIbHOT KOH FOHKUIT onucye, ik MOXHa po3wupumu icmuHHy mpiiiky Xoapa 3a dornomMo20r0 meepoeHHs O51s1 YaCMmuHU
nam’simi, sika He 6yna 3miHeHa npozpamoto. Byno nokaszaHo, w0 eapiaHm npasuna, peasnizoeaHull y no2iyi po30ineHHs, exe He € KOPEKMHUM Ons
MOHOMOHHO20 po3wupeHHsl. Bynu npedcmaeneHi ModudikoeaHi ymoeu, 3a sikux docsi2caembcsi KOopekmHicmb. Temoro malibymHix docnidxeHb
€ Moxnuei o6MexeHHs1 Ha onepayii 3 ekasieHuUKkamu, sIKi 0aromb MOXJIUGiCMb 3anpPonoHyeamu KOHCMPYKMUeHi yMoeu OJisi paMKo8o20 rnpaesuia.
IHwum eaxxnueum numMaHHAM, W0 euUxo0UMb 3a Mexi yielf cmammi, € po32s1510 euKOpUCMaHHsI CK1adHUX HOMiHaMueHuUx 0aHuUX pa3om 3 QuHaMmiy-
HOIO nam’ssmmio.

Knw4yoBi cnoBa: ¢opmansHi Memodu, sepucpikayisi 1C, npoepamHi noziku, HomiHamueHi 0aHi, nozika po30ineHHs.
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