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Verification of programs operating on heap-allocated data structures, for instance lists or trees, poses significant
challenges due to the potentially unbounded size of such data structures. We present time-indexed heap
invariants, a novel invariant-based heap encoding leveraging uninterpreted predicates and prophecy variables
to reduce verification of heap-manipulating programs to verification of programs over integers only. Our
encoding of heap is general and agnostic to specific data structures. To the best of our knowledge, our approach
is the first heap invariant-based method that achieves both soundness and completeness. We provide formal
proofs establishing the correctness of our encodings. Through an experimental evaluation, we demonstrate
that time-indexed heap invariants significantly extend the capability of existing verification tools, allowing
automatic verification of programs with heap that were previously out of reach for state-of-the-art tools.
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1 Introduction

The verification of programs operating on mutable, heap-allocated data structures is a long-standing
challenge in verification [10]. Automatic verification tools implement a plethora of methods to this
end, including techniques based on a representation of heap in first-order logic and the theory of
arrays [16, 35], methods based on separation logic and shape analysis [5, 12, 17, 18], or techniques
based on refinement types and liquid types [4, 9, 26, 34, 41, 47]. Despite the amount of research
that was invested, it is still easy, however, to find small and simple programs that are beyond the
capabilities of the state-of-the-art tools, as we illustrate in Section 2.

In this paper, we focus on methods inspired by refinement types, which have received attention in
particular in the context of verification using Constrained Horn Clauses (CHCs) [8, 9, 32, 41]. Such
methods are also called invariant-based, since they infer local invariants on the level of variables,
array cells, or heap objects, and this way derive that no assertion violation can happen in a program.
Refinement types and CHCs fit together well, since the type inference problem can naturally be
automated using an encoding as Horn clauses. This line of research has, among others, led to
methods that can infer universally quantified invariants for arrays [9, 41], universally quantified
invariants about objects on the heap [32], or the shape of heap data structures [51].
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More generally, invariant-based methods can be seen as a form of verification by transformation:
instead of inferring, for instance, a universally quantified formula capturing some property that
has to hold for all heaps that a program can construct, we infer a quantifier-free property that
uniformly has to hold for all objects that can occur on the heap. This change of perspective can be
described as a transformation that rewrites a program p to a program p’, in such a way that the
correctness of p’ implies the correctness of p, but the program p’ is easier to verify than p. The
existing invariant-based verification techniques have in common that they are sound (whenever
the transformed program p’ is correct, the original program p is correct) but not complete: it can
happen that p’ is incorrect even though p is correct. Incompleteness usually occurs because the
inferred invariants are local properties about individual heap objects (or variables, or array cells),
and therefore cannot express, for instance, global properties about the shape of the heap that might
be necessary to infer the correctness of a program.

We present, to the best of our knowledge, the first invariant-based verification approach for
programs with heap that is both sound and complete. The approach is based on time-indexed heap
invariants, a novel encoding of heap operations that completely eliminates the heap by deriving a
relation between read and write accesses to the heap. The program p’ after transformation operates
only on integers and can be verified automatically by off-the-shelf verification tools supporting
linear integer arithmetic and uninterpreted predicates [22, 50]." In our experiments, using the
verification tools SEAHORN [28] and TRICERA [22] as back-ends and programs from the SV-COMP
as benchmarks, we find that our approach is competitive with the best existing verification tools in
the SV-COMP c/ReachSafety-Heap category; in addition, it makes it possible to verify automatically
even challenging programs that are beyond the capabilities of state-of-the-art verification tools.

We present two different encodings with time-indexed heap invariants, both of which are
sound and complete, but differ in the precise way in which invariants are used to represent heap
operations. We also offer insights into modifying these base encodings in order to make the
encodings more verifier-friendly, by introducing and tracking additional variables to aid verification
tools in their computation of invariants. We precisely characterize which of those modifications
preserve completeness, and which modifications sacrifice completeness for performance in practice.

1.1 Contributions

The main contributions of this paper are:

(1) Time-indexed heap invariants, a novel heap encoding that reduces the correctness of programs
operating on mutable, heap-allocated data structures to the correctness of programs operating
on integers that are specified using uninterpreted predicates.

(2) Extensions to the base encoding that aim to make the verification scale to more problems,
while maintaining soundness and offering control over completeness.

(3) Proofs of soundness and completeness of the base encoding.

(4) A prototypical implementation of the verification approach in the tool TRICERAHI, extending
the open-source software model checker TRICERA.

(5) An experimental evaluation of the different time-indexed heap invariant encodings introduced
in the paper using benchmarks taken from the SV-COMP, as well as simple but challenging
crafted benchmarks. We release all artifacts and scripts to facilitate reproduction.

11t should be noted that the possibility of encoding arbitrary heap data structures using integers is obvious, using the
standard Go6del encodings from computability theory. Such encodings are, however, purely theoretical and not intended
for program verification, as complex nonlinear invariants would be needed for verifying even the simplest programs. Our
method, in contrast, is competitive with state-of-the-art verification tools.
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1.2 Organization of the Paper

This paper is organized as follows: Section 2 provides a motivating example to introduce and moti-
vate the encodings. Section 3 introduces the syntax and semantics of the language used throughout
the paper. Section 4 and Section 5 define the notion of time-indexed heap invariants, accompanied
by detailed proofs of correctness. Section 6 presents various extensions and approximations of
these encodings. Finally, we discuss our experimental evaluation in Section 7.

2 Motivating Example
The C program in Listing 1 is inspired by SV-COMP
benchmarks; it allocates and iterates over a singly- :
linked list, setting all nodes’ data fields to 2, then ‘; ) . o )
5| int main(int N) { // N is a program input
setting the last node’s data field to 3. The last node ¢ Node -head = (Node:) malloc(sizeof (Node)):
i . L 7| Node «cur = ;
points to NULL. The resulting shape of the list is s °
: : : 9 for (int i = 0; i < N; i++)
luuStrated n Flgure L 10 ccur7>ne>1<t = (N(ljde*) m;llocﬁsizeOF(Node));
The property verified (lines 19, 21) is that inner ! cur->data = 2;

12 cur = cur->next;

nodes hold value 2 and the last node value 3. Verify- 13|

typedef struct Node {
int data;
struct Node

«next; } Node;

. . . . . 14 ->data = 3; -> t = NULL;
ing this property is challenging for multiple reasons. 5| " **"° curmmnex
Since the size of the list is unbounded, bounded ap- 16| cur = head:
. . 17 while (cur != NULL) {
proaches do not work. The verification system must 18 if (cur»r(mxt 1= L) )
. . . 19 assert(cur->data == 2

come up with an invariant that not only reasons 2 else

21 assert(cur->data == 3);

about the shape of the list, but also about the node ;, s
values. This reasoning is made even more complex 2 boturn 0.
due to how the updates are spread out over multiple 25|}
program locations: the first node is allocated at line
6, continuing with further allocations and updates
inside the loop starting at line 9 (for N > 0), with a
final update to the last node at line 14.

We tried to verify this program using state-of-the-
art verification tools CPACHECKER [2, 7], PREDATORHP [29, 45], SEAHORN [28] and TRICERA [22],
and only PREDATORHP (the winner of MemSafety and ReachSafety-Heap categories at SV-COMP
2024 [6]) could show that it is safe. When the program updates become slightly more complicated,
making interval analysis insufficient (e.g., writing different values depending on a conditional),
PrREDATORHP also fails to verify the program. Our approach can verify both the initial program
and the more challenging variant using off-the-shelf verification tools that support uninterpreted
predicates in the input language, such as SEAHoRrN [28, 50] and TRICERA [22].

cur->next;

Listing 1. A C program allocating and iter-
ating over a linked list. The assertion checks
that the list can only have inner nodes with
the value 2, and a last node with the value 3.

2.1

The Language of the Encodings

For greater clarity and to facilitate simpler proofs,
we assume a simpler C-like language where all heap
operations take one of the following forms: *p = v
(a write), v = *p (a read) or p = alloc(v) (an
allocation). Furthermore, we introduce the value
defObj, available as a program variable with the
same name, in order to represent undefined objects
that are returned by invalid reads. (An invalid read
occurs when a program accesses memory that has

N nodes
head % @ NULL

Fig. 1. The final shape of the linked list created
in Listing 1 for positive N. For non-positive N,
the shape will contain only the last node with
the value 3.

either not been allocated or has been allocated but not yet initialised, for example, memory returned
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by a malloc operation in C.). The language also supports assert and assume statements with their
usual semantics [25].

Listing 2 is the result of normalizing the program in Listing 1 into this language. In Listing 2 we
introduce the operations read and write, which will be provided definitions by the encodings we
introduce. Intuitively, the semantics of v = read(p) corresponds to v = *p and the semantics of
write(p, v) to*p = v. The malloc operation is also replaced with a deterministic alloc function
that always succeeds and returns a fresh address, and the calls to malloc are replaced with calls to
alloc using the introduced defObj.

2.2 Trace-Based View of Heap Operations

Before presenting time-indexed heap invariants, we first provide the intuition through an idealized
trace-based view of heap operations. In this view the heap is treated as a chronological trace of
write operations. Whenever an object o is written to some address p, the trace is extended with the
tuple (p, 0). A read operation from address p returns the most recent tuple containing p from the
trace. Listing 3 provides an implementation for this encoding by defining read and write this way,
and using a variable H, representing the heap trace. (Listing 2 and Listing 3 can be combined to
obtain the complete trace-based encoding of the program in Listing 1.)

The trace-based encoding of the heap is sound, because every write operation is registered in the
trace. It is also complete, because the content of the heap at every address is known at all times.

The upper part of Figure 3 illustrates how the heap trace of the program in Listing 1 would
look like for N = 3. For instance, the write corresponding to the first malloc operation at line 6
(Listing 1) is recorded in the first cell at address 1 and an arbitrary object *. The second write arises
from the malloc operation at line 10, adding a new cell at address 2.

The trace encoding method introduces several challenges for safety proofs. First, because the
trace records every write, it often includes more information than needed to prove a property.
Second, the read operation introduces a loop. The proof of safety will often require complicated
invariants over the Trace datatype in the invariant of this loop, and of the loops of the original
program. These collectively complicate the proof and its automation.

2.3 Time-Indexed Heap Invariants

Time-indexed heap invariants overcome the limitations of the trace-based approach by requiring
invariants only over integers, which simplifies the verification process. In the trace-based encoding,
the heap trace contains all heap operations, even those that become irrelevant due to subsequent
overwrites, that the read operation iterates over. With time-indexed heap invariants, in contrast,
the introduced predicate only records the values when a read happens (the arrows in Figure 3).
Furthermore, time-indexed heap invariants use only basic types and do not use a loop for reads. The
program in Listing 2 can be verified using the encoding given in Listing 4. A variant of this program
where the written value is not constant (the value 2 at line 32 of Listing 2) but is conditionally
assigned, is currently beyond the reach of automatic verification tools including CPACHECKER and
PREDATORHP (the winner of SV-COMP 2024’s MemSafety category and ReachSafety-Heap sub-
category), but is verified within seconds on modern hardware using time-indexed heap invariants.

2.3.1 The Encoding. To eliminate the explicit heap trace, we employ two main techniques: un-
interpreted predicates [22, 50] and auxiliary variables including history variables [44] (recording
past accesses) and prophecy variables [1] (anticipating future accesses). Uninterpreted predicates
are a straightforward extension to verification tools based on CHCs, and are already supported by
SEaHoRrN [28, 50] and TrICERA [22], CHC-based verification tools for C programs. In particular,
the time-indexed heap invariants encoding introduces:
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1| typedef struct Node {

2 int data; 1| datatype Trace = Empty|Append(Trace,Node=, Node)

3 struct Node «next; 2| Trace H = Empty;

4|} Node; 3 .

5 4| Node read(void «p) {

6| // Prototypes for the read and write functions 5 Tréce curTrace = H;

7| Node read(void «p); 6 while (curTrace != Empty) curTrace match {

8| void write(void «p, Node v); 7 case Append(_, ptr, node) if ptr == p =>

9 8 return node;

10| void writeNode(Node «p, int data, Nodes next) { 9 case Append(nextTrace, _, _) =>

11 Node n; 10 curTrace = nextTrace;

12 n.data = data; 1} }

13| n.next = next; 12|}

14 write(p, n); 13 ) ) )

15] ) 14| void write(void «p, Node v) {

1 15 H = Append(H, p, Vv);

17| int cnt_alloc = 0; 16| }

18| void+ alloc(Node v) { . |

19|  void+ p = (void«) ++cnt_alloc; Listing 3. Trace-based encoding. For the sake of
20 i B . .

o "r";izfsppv) presentation, we represent the trace using a func-
22| } tional data-type with structural pattern matching
23 .

24| 1/ represents an invalid Node value to destructure the trace, instead of a more verbose
25| Node defObj; C equivalent.

26

27| int main(int N) { // N is the program input
28 Node =head = alloc(defObj);
29 Node scur = head;

1| unsigned int cnt = 0; // heap update counter
31 for (int i = 0; 1 < N; i++) { 2| Node last = defObj; // last object at last_addr
32 writeNode (cur, 2, alloc(defObj)); 3| void+ last_addr = «; // the last written addr
33 cur = read(cur).next; 4| int in = N; // program input
34 } 5| // we assume N is assigned to in at entry to main
35 writeNode (cur, 3, NULL); 6
36 7\ // uninterpreted predicate R
37 cur = head; 8 R(int in, int cnt_r, Node n);
38 while (cur != NULL) { 9
39 Node n = read(cur); 10| Node read(void «p) {
40 if(n.next != NULL) { 11 Node result;
41 assert(n.data == 2); 12 ++cnt;
42 } else { 13 if (last_addr == p) {
43 assert(n.data == 3); 14 assert(R(in, cnt, last));
44 } 15 result = last;
45 cur = n.next; 16 } else {
46 } 17 result = «; // assign nondet value to result
47 return 0; 18 assume (R(in, cnt, result));
48 } 19}
20 return result;
Listing 2. The program from Listing 1 thatis 21|}
22

rewritten to use the read and write functions ;| void write(void +p, Node v) {

from the encodings. The malloc function is also j‘; iflgiiS:_iédr == p & 0 < p <= cnt_alloc)
replaced with a deterministic alloc function |} '
that writes a default invalid object (defObj) to

the newly-allocated address.

Listing 4. Time-indexed heap invariant encoding.

Fig. 2. A sound and complete encoding for heap operations using traces (Listing 3) and uninterpreted
predicates (Listing 4). The program in Listing 1 is rewritten to be compatible with either encoding in Listing 2.

cnt: a history variable incremented at each read,

last_addr: a prophecy variable nondeterministically assigned to force the proof to consider
all addresses,

last: a history variable that tracks the object at last_addr during reads,

e in: a history variable that holds the program input value.

Uninterpreted predicates are declared similarly to function prototypes (e.g., R at line 8 of Listing 4)
and used solely in assert and assume statements. The semantics of an uninterpreted predicate P
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Time o
1
last_addr =1 R#4
last_addr = 2 R#5
last_addr = 3 R#6
last_addr = 4 - R#7

Fig. 3. For the program in Listing 1, the upper part of the diagram illustrates the heap trace for N = 3. In the
trace each cell corresponds to a write to the written (address — Node) pair. The Nodes are represented by the
rounded rectangles containing the values for the data and next fields respectively, with the number above
a node showing that node’s address. The lower part of the diagram shows the relationship between traces
and time-indexed heap invariants. In the latter encoding, last_addr implicitly quantifies over all possible
addresses. When last_addr matches the address being read, the last Node value residing at that address
is asserted to be an element of the uninterpreted predicate R, represented by the arrows in the diagram.
Due to the universal quantification, R is therefore required to be the union of these values. The reads can be
distinguished due to the unique counter value (in the diagram the numbers appended to R#). The reads R#1 -
R#3 happen at line 33 in Listing 2, and the rest of the reads happen at line 39.

corresponds to that of first-order logic: P represents an unknown set-theoretical relation over the
argument types of P. The meaning of an uninterpreted predicate is fixed throughout the program
execution, i.e., a program can test, using assert and assume, whether the relation represented by P
holds for given arguments, but it cannot modify the relation. In order to tell whether a program
execution succeeds in the presence of uninterpreted predicates, we therefore first have to define
the relation J (P) represented by every predicate P occurring in the program by assuming some
interpretation function 7. We say that a program involving uninterpreted predicates is safe if and
only if there is an interpretation of the uninterpreted predicates for which no assertion can fail.

An assert statement involving an uninterpreted predicate P asserts that the relation 7 (P)
includes the tuple of values given as arguments of P; otherwise, the execution of the assert
statement fails. In our encoding, the assert statement in line 14 of Listing 4 enforces that R holds
for the tuple consisting of program input in, the unique read identifier cnt, and the object stored
in variable last; the latter is the object written at the last write to last_addr.

Conversely, an assume statement blocks program execution (but does not fail) if an uninterpreted
predicate does not hold for the given arguments. In the encoding, the assume in line 18 is used
to query whether some value is present in R. For this, the variable result is first set to a non-
deterministic value. The assume then constrains the program to executions consistent with the
values represented by R.

The intention behind this encoding is to represent all values ever read from the heap using
the predicate R. Consider Figure 3, which illustrates executions of the program in Listing 1 for
a fixed input (N = 3). Because cnt increments with each read, each read operation is uniquely
identifiable (shown as R#1 — R#7 in the figure). The prophecy variable last_addr is set to a non-
deterministic value in the beginning of the program execution (line 3, Listing 4) and remains
unchanged throughout the execution; this forces the verification to consider all possible addresses.
Each chosen address corresponds to a sequence of write-read pairs, illustrated as separate rows
in the figure for the address values 1-4. Assertions involving the R predicate are made precisely
when last_addr matches the address p currently being read, and therefore precisely when the
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last variable contains the object that is supposed to be read. Thus, the assertions capture exactly
the relationship between the program input in, each unique read identifier cnt, and the object last
written to the address p. The assume statement at line 18 of Listing 4 is reached when the read
concerns an address that does not match last_addr, in which case the program will instead “read”
the value provided by the R relation. Consequently, each read operation has as one possible result
the object that was last written to address p.

2.3.2  Verifying the Example Program. Verification tools such as SEAHORN [28, 50] and TRICERA [22]
verify programs by inferring first-order logic formulas that can be substituted for the uninterpreted
predicates in the programs. Those formulas are inferred in conjunction with other annotations,
e.g., loop invariants, as annotations can depend on each other: choosing a particular interpretation
of the uninterpreted predicates might necessitate the right loop invariants, and vice versa.
Verification of the example succeeds with the following formula chosen for the time-indexed
invariant R, which can be computed automatically by SEAHORN, together with the corresponding
loop invariants (TRICERA can automatically verify a modified version of the example, see Section 5):

R(in,c,n) =(in<0Ac=1An.next =NULL An.data=3)V
(in>0A1<cAc<inAnnext=c+1)V (1)
(in>0Ain<cAc<2inAnnext=c—-in+1Andata=2)Vv
(in>0Ac=2in+1An.next =NULL A n.data = 3)

The formula considers four different cases. The first disjunct considers the case where the program
input N (stored as argument in) is negative; in this case, a list of length 1 is constructed and the
program calls function read only once in line 39 of Listing 2. This one call to read returns a Node
n with next pointer NULL and data field 3.

The second case covers the situation that in > 0, in which case the function read will be called
repeatedly in line 33. Those calls happen with the read count cnt_r € [1, in] and return Nodes n
with next pointer pointing to the respective next object cnt_r + 1 allocated in line 32. The value of
the data field is irrelevant in those reads, since data is overwritten in line 32 or 35; the data field
is therefore not mentioned in the second case.

The third case covers the first N calls to read in line 39, which return the list nodes with data
field 2 and next pointer pointing to the respective next node in the list.

Finally, the fourth case specifies the last call to read in line 39, which returns the last list node
with data field 3 and next pointer NULL and leads to termination of the second loop.

The invariant (1) captures the exact sequence of read op-
erations happening in the program, and this way makes it
possible to distinguish the list nodes with value 2 and the
last node with value 3. The solution is a linear arithmetic
formula and can effectively be found thanks to the inference
techniques implemented in verification systems and CHC
solvers; through the encoding, heap accesses are eliminated o _

. . . . . . . 10| void write(void «p, Node v) {
entirely, and verification is turned into a purely arithmetic 11| assert(1(p. v)):
problem. As we show formally in this paper, our encoding |
is complete and applicable for arbitrarily complex compu- Listing 5. Basic encoding following
tations, regardless of the shape of the heap data structures the space invariants approach.
constructed by the program.

// uninterpreted predicate I
I(void «p, Node n);

Node read(void =p) {
Node result = «; // nondet value
assume(I(p, result));
return result;

}

0 N O U R W

©

2.3.3 Comparison with Incomplete Invariant-Based Methods. Just like with loop invariants, the
complexity of the required time-indexed heap invariants depends on the program and the assertions
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to be verified. Solution (1) is relatively complex, as the program forces the verification tool to distin-
guish between list nodes at different indexes. In many practical cases, also simpler formulas suffice.
For instance, if lines 40-44 of Listing 2 are replaced by the simple assertion assert(n.data >= ),
then for successful verification it is enough to find the formula R(in, c,n) = (n.data > 0) that no
longer distinguishes between different read indexes.

The simpler program with assert(n.data >= @) can also be verified using incomplete invariant-
based methods. We compare with the space invariants encoding [32] from JayHorn [33], to which
our method is most closely related. The most basic version of the space invariants encoding can be
rephrased in terms of the implementations of read and write shown in Listing 5. The uninterpreted
predicate I represents an invariant to be satisfied by all data put on the heap; when writing to the
heap (a “push” in JAYHORN terminology), it is asserted that I holds for the address and object written
to, while reading (“pulling”) from the heap can assume I. The version of Listing 2 with lines 40-44
replaced by assert(n.data >= @) can be verified by setting I(p,n) = (n.data > 0), i.e., using
the same formula as with time-indexed heap invariants. More generally, any space invariant I
can be translated to a time-indexed heap invariant R by conjoining with I a formula relating the
program input in, the read counter c, and the accessed address p; programs that can be verified
using space invariants are therefore particularly simple to verify using our approach. Vice versa,
not every time-indexed heap invariant can be translated to a space invariant. While our encoding
with explicit read counters is able to represent the exact sequence of data values stored at every
address, space invariants have to summarize the possible values of objects at each address using
a single formula; space invariants are therefore not able to describe global properties involving
multiple objects on the heap either.

To increase the precision of space invariants, JAYHORN uses various refinements of the basic
encoding [32], some of which we discuss in Section 6. However, the encodings are all incomplete,
which means that correct programs exist that cannot be verified using any choice of invariant I;
for instance, in experiments with JayHor~N we found that no configuration was able to verify a
Java version of the (unmodified) program in Listing 2.

2.3.4  Properties of the Encoding. A program with uninterpreted predicates is safe if and only if
an interpretation of the predicates exists such that all assertions hold. The time-indexed heap
invariants encoding of a program is equi-safe to the original program, that is, it is both sound
and complete. The encoding explicitly records each read operation in the uninterpreted predicate
R across the executions corresponding to the different values assigned to last_addr. Since no
read goes unrecorded, soundness follows. The encoding is also complete, because in the strongest
interpretation of the predicate R for which none of the asserts in line 14 of Listing 4 can fail, the
predicate R exactly represents the values that would have been read in the original program; this
implies that no spurious errors can occur. We give a formal proof of this result in Section 4.2. It
is important to note, however, that the completeness result only holds when time-indexed heap
invariants encoding is applied to deterministic programs, i.e., programs whose execution is uniquely
determined by the value of the input variable in. The relation R could otherwise mix up the values
read during different unrelated executions of the program. As we discuss in Section 3.3, this is not
a restriction, since nondeterminism can always explicitly be modeled as part of the program input.

3 Preliminaries
3.1 Overview of UPLANG (Uninterpreted Predicate Language)

In order to provide a simple language to present our encodings and their proofs, we introduce
UPLANG, an imperative and deterministic language that integrates standard heap operations with
uninterpreted predicates. In UPLANG, assert and assume statements may be over concrete formulas
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Table 1. Theory of heaps operations and their interpretations as defined in [19].

Operation Signature Interpretation

nullAddress () — Addr O 0

emptyHeap () — Heap O €

allocate Heap X Obj — Heap x Addr (h,0) — <(h+[o],|h] +1)
hla—1] ifo0 < |hl,

read Heap X Addr — Obj (h,a) — la .] Ho= a._ Al
defObj otherwise.
hla—1 if 0 < |h|,

write Heap x Addr x Obj — Heap (h,a,o0) — la = o] if0<ax<h

h otherwise.

or over (applications of) uninterpreted predicates. The language’s semantics is built upon the theory
of heaps [19, 20] (see Table 1), as this theory provides sorts and operations (such as read, write and
allocate) similar to ours, along with well-defined formal semantics.

An uninterpreted predicate P(X) is a predicate whose interpretation is not fixed by the language
semantics. An interpretation I assigns to each uninterpreted predicate symbol P of arity n a subset
of S(11) X - - - X 8(t,), where each 7; corresponds to the type of the i-th argument of P, and S
is the sort interpretation function defined in Section 3.2. Interpretations form a complete lattice
ordered by the relation C, defined pointwise: given interpretations 73, 15, we have I3 C 1, iff for
every predicate P, 11 (P) C 1,(P).

3.2 Basic Notation and Definitions

In the rest of this paper, a program refers to a program written in UPLANG, whose syntax and
semantics are defined in Section 3.3. UPLANG has two basic types: integers (Int) and addresses (Addr).
For simplicity, these language types directly correspond to their mathematical counterparts given
by the sort interpretation function S, defined by S(Int) = Z and S(Addr) = N. In addition, the Obj
type allows defining non-recursive algebraic data-types (ADTs) [3] within the language, adding
support for product and sum types. The Obj type can, for instance, be declared as the union of all
types that can be on the heap, each of which can itself be an ADT type. We refer to [21] for an
example in the context of the theory of heaps. We interpret the Obj type as the object sort (Obj) in
the semantics. On the semantic side we also use the heap sort (Heap), interpreted as a sequence of
objects. Note that the operations (read, write, allocate) are distinct from the program statements
(read, write, alloc), and are semantic functions defined by the theory heaps as shown in Table 1.
The notation t; denotes the i component of a tuple .

A stack s maps variables to their values. The notation s(x) accesses the value of variable x,
and s[x — o] denotes the stack identical to s except that variable x maps to value v. The evaluation
of an expression e under stack s is denoted by [[e]|s. The function vars(p) returns the set of variables
in program p.

3.3 Syntax and Semantics of UPLANG

The syntax of UPLANG is given in Figure 4. In Figure 4, op includes standard arithmetic (+, —, X, /)
and logical (<, <, >, >, =, #, A, V) operators, while unary-op includes the unary operators (—, =). The
language also supports constructor (ctor), selector (sel) and tester (is-ctor) expressions for ADTs with
their semantics as defined in the SMT-LIB standard [3]. Pointer arithmetic over Addr variables is not
permitted. We use the shorthand “if e {Stmt}” for the statement “if e then {Stmt} else {skip}”.
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Types = Int | Addr | Obj
Variables p:7, x:1,y:7,2:7,...
Constants n € Z, null : Addr, defObj : Obj
Expressions e :=n|x | unary-op e | e op e | null | defObj | ctor(e,...,e) | sel(e) | is-ctor(e)
Statements Stmt :=x := e (x and e same type)
| p == alloc(e) | x = read(p) | write(p,e) (p: Addr)
| skip | Stmt; Stmt | if e then {Stmt} else {Stmt} | while e do {Stmt}

| assume(e) | assert(e) | assume(P(ey,...,e,)) | assert(P(ey,...,e,))

Fig. 4. The syntax of UPLANG. The language is deterministic and supports uninterpreted predicates that
can be used inside assert and assume statements. Pointer arithmetic (i.e., arithmetic manipulation of Addr
variables) is not permitted.

We define the (partial) big-step evaluation function 87 relative to the fixed interpretation I as
follows:
O7 : Stmt X Stack X Heap — {T, L(P,7)} X Stack X Heap

where T represents a successful evaluation and L (P, 0) represents a failed evaluation due to a failing
assertion over the atom P(d). We use a special 0-ary predicate symbol F to represent assertion
failures over expressions. The function d7 is partial because it is undefined for inputs where an
assume statement fails or a while statement does not terminate; the semantics is given in Table 2.

Definition 3.1 (Program Execution). Given an UPLANG program p, an interpretation 7 and an initial
configuration (s, ko), its execution is the derivation 87 (p, so, ho) = (0,57, hy), witho € {T, L(P,9)}.

Definition 3.2 (Safety). An UPLANG program p is safe if there is some 7 under which no execution
of p (with any initial configuration) results in an error. Formally,

3I. Vs € Stack. 57 (p, s,emptyHeap), # L(P,0) (for any predicate P and 9).

Definition 3.3 (Equi-safety). Two UPLANG programs p; and p, are equi-safe if p; is safe if and
only if p, is safe.

We call a translation E : Stmt — Stmt an encoding, and say that an encoding E is correct if for
every program p € Stmt, p and its encoding E(p) are equi-safe. Equi-safety implies both soundness
and completeness of the encoding. Specifically:

e Soundness: If the original program p is unsafe, then its encoding E(p) is also unsafe.
o Completeness: If the encoded program E(p) is unsafe, then the original program p is also
unsafe.

Handling of non-determinism. It can be observed that UPLANG programs are always deterministic,
which is a prerequisite of our encodings. To translate non-deterministic programs to UPLANG, we
therefore have to rewrite those programs, introducing additional program inputs to determinize
execution. This can be done using the following macro reading bits from an additional integer
input seed and setting x to an arbitrary value:

havoc(x) £ x == —(seed%2); seed = seed/2;
while seed%2 = 1 do {seed := seed/2;x := 2 X x + (seed%2); seed := seed/2};
seed := seed /2
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Table 2. The big-step operational semantics of UPLANG, defined using the partial big-step evaluation func-
tion 87, relative to the fixed interpretation 7. The definition for the while statement is given by a recursive
equation that unfolds the loop body until the guard becomes false. This equation determines 7 only for
terminating executions; for non-terminating loops or failed assume statements, § 7 is undefined. C, S, S1 and
Sy range over UPLANG statements, s over stacks, and h over heaps.

Statement C 67(C,s,h)

X =e (T, s[x - [e]s]. k)

p = alloc(e) let (W, a) = allocate(h, [e] ;) in (T, s[p > a], ')
x = read(p) (T, s[x + read(h,s(p))], h)

write(p, 6) (Ts S, Write(h>3(P)> I[e]]s))

skip (T.s.h)

Sl;Sz let (O’l,Sl,hl) = 5](51,8, h)

07(Sz, 51, h1) ifo, =T
67(Sa,s,h) iffe]s=0
67(S1,s,h) otherwise

. {(J.(P,z‘)),sl,hl) if o1 = L(P,3)

if e then {S;} else {S,}

(T.s,h) if[e]s =0
let (¢/,s",h") = 57(S,s, h)
hile e do {S
while ¢ do {5} (L(P,%),s', /') ifo’ = L(P,x) otherwise
5;(Cs, k)  ifo’ =T
© undefined if[e]s =0
assume(e
(T.s.h) otherwise
undefined if ([[e;[|s)! ¢ 7 (P)
assume(P(er..... en)) (T.s,h) otl(lltlerv&]gis)e (
rssert(e) (LF.O)sh) if[e], =0
e
(T, s, h) otherwise
L(P,(Jler]lss--->lenlls))ss.h) if (Jerlls,---s[lenlls) ¢ Z(P)
assert(P(e,.... en)) {ET s h)|[ b fer} ) oth[Lr;]f]ise ter}

As the bits are consumed from seed, calling the macro repeatedly produces a sequence of independent
havoced values determined by the initial value of seed. This ensures that every finite execution of a
non-deterministic program is modelled by some execution of the resulting deterministic program.

An alternative implementation, also discussed in Section 7.1, is to add arrays as a type and read
subsequent values from an input array. If non-deterministic values of different types are required,
the types can be boxed into a single algebraic data-type, or multiple arrays can be used, one for
each type. These arrays serve solely as sources of non-deterministic values and are never modified
by the program. We refer to the combination of the original program inputs and these additional
auxiliary inputs (either seed or array(s)) as the global input in. For simplicity, we treat in as a single
integer in our presentation.

Our encodings also introduce non-determinism themselves (line 17 in Listing 4). For consistency,
we use the havoc macro also to represent those statements. In principle, however, there is no need
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to keep the program after the encoding deterministic; since verification tools like SEAHORN and
TrICERA provide native support for havoc, it would be fine (and more efficient) to use such native
non-deterministic statements as part of our encoding.

3.4 Fixed-Point Interpretation of Predicates

In our correctness proofs, we will rely on the fact that the semantics of uninterpreted predicates
can also be defined through a fixed-point construction, deriving the strongest interpretation in
which all assert statements hold. We first define the immediate consequence operator that iteratively
refines predicate interpretations based on assertion failures.

Definition 3.4 (Immediate Consequence Operator). For program p, the immediate consequence
operator T, : Interps — Interps is defined as:

T,(I)(r) = Z(r) U {0 | 3s € Stack. 67 (p, s,emptyHeap),; = L(r,0)} (2)

where emptyHeap denotes the empty heap. For each predicate r, T, adds all value tuples o to a
given interpretation 7 that cause assertion failures when starting from emptyHeap.

LEMMA 3.5 (MoNoToNICITY OF T). For any program p, T, is monotonic: if Iy C I,, then T,(1;) C
Tp(ZL).

Proor. Assume I; C 1, (i.e, Vr. I;(r) C I(r)). Fix an arbitrary predicate r, for i € {1, 2} let
Q; = {a | 3s € Stack. (§7,(p,s,emptyHeap)); = L(r,0)} .

By (2), T, (Z;)(r) = 1;(r) UQ;. To show that T is monotonic, we need to show I3 (r)UQ; € I(r)UQ,.

Letd € I1(r) UQq.If 6 € I;(r), then 0 € I(r) since I; T I,. If 0 € Qy, there exists (s, h)
where 87, (p, s, h) results in L(r, 7). If o ¢ 1,(r), then under 73, the same execution would still result
in 1(r,0),s03 € Q,. Thus, 7;(r) UQ; C Ir(r) U Q. ]

Fixed-Point Construction. Starting from J, where Z,(r) = 0 for all predicates r, we iteratively
compute a sequence Iy, Iy, I, ... by Ty = T,(Z;). By Tarski’s fixed-point theorem [49], the mono-
tonicity of T guarantees the existence of a least fixed point 7* of T, which is the limit of this
sequence. All assertions of the form assert(r(d)) in the program hold under I*, as any violating
arguments ¢ would eventually have been included in 7 (r) by T. Other assertions, over concrete
program properties, not over uninterpreted predicates, may still fail under 7.

While our setting involves programs with uninterpreted predicates, the operator T mimics the
immediate consequence operator for CHCs [15], and the least fixed point in our setting corresponds
to the least model (or least solution) of a set of CHCs. In practice, programs with uninterpreted
predicates can be encoded into CHCs (this is supported by Horn-based model checkers Sea-
Horn [28, 50] and TRICERA [22]), allowing the use of off-the-shelf Horn solvers.

LEMMA 3.6 (SAFETY UNDER J *). Let p be an UPLANG program, and I'* be the least fixed point of the
immediate consequence operator T,. The program p is safe if and only if it is safe under 1*. Formally,

3I. Vs € Stack. 57 (p, s,emptyHeap), # L(P,0) (for any predicate P and o) (3)
if and only if
Vs € Stack. 57+ (p, s, emptyHeap); # L(P,3) (for any predicate P and 3). (4)

Proor. (=) Assume (3) for some 7. No assert statement fails in p under 7 for any initial
configuration. An assert statement can be (i) over uninterpreted predicates or (ii) over expressions.
Under the fixed point J ¥, no assert over an uninterpreted predicate can fail, therefore we only
need to show that no assert over an expression can fail under 7*. The evaluation of an assert
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over an expression can differ only if an assume statement over an uninterpreted predicate passes
for different predicate arguments under the two interpretations; however, this is not possible in a
deterministic program. Consider the statement assume(P(0)). If this statement passes under 7,
then under 7 it will pass too and the execution will continue under the same post-state. If the
assume fails the result is undefined, and no assert statement can fail.

(&) Assume (4). Choose I to be 7*, and this direction trivially holds. O

4 The Time-Indexed Heap Invariant Encoding R (Encg)

Given an UPLANG program p, the R encoding Encg rewrites p into an equi-safe UPLANG pro-
gram Encgr(p) that is free of Addr variables and the heap operations read, write and alloc. In p we
assume the variable in represents the (arbitrarily chosen) program input. Note that we assume in
includes any additional inputs, such as seed, that were introduced to make the program determinis-
tic (see Section 3.3). The encoding Encg introduces an uninterpreted predicate R with the signature
R : (in: Int, cnt : Int, obj : Obj) where the first argument is always the program input in, the second
argument is the cnt value of the read, and the third argument is the heap object of type Obj.

4.1 Rewriting p into Encr(p)
Encg rewrites p through the following steps (in order):

o First, all Addr variables in p are redeclared as Int variables with the same names. Casting of
Addr values is not needed, because only alloc and assign (:=) statements modify an Addr
variable (recall that arithmetic over Addr variables is not permitted). This step is needed,
because we model allocation by incrementing an Int variable (cnt ) and assigning its value
to the allocated variable. This mirrors the semantics of the Addr sort (interpreted as N) and
the allocate operation in the theory of heaps (Table 1). The resulting intermediate program is
not well-typed if it contains any heap operations, which will be fixed after the final rewriting
step.

o Next, the fresh auxiliary variables cnt ., cnt, last and lastaqq, are introduced, and some of
them are initialised by adding the statement in the “Initialisation” row of Table 3 for Encg to
the start of the program from the previous step. The uninitialised variable lastsqq Will be
assigned an arbitrary value by the stack in the initial configuration.

e Finally, rewrite rules are applied to replace occurrences of alloc, read, write in p with the
code snippets in the middle column of Table 3.

4.2 Correctness of Ency

We show the correctness of Encg by showing that given an UPLANG program p, p is equi-safe with
Encgr(p). The core observation used in the proof is that the relation R, obtained as the least fixed
point of the immediate consequence operator, correctly represents the values read from the heap.

We prove the correctness of Encg in multiple steps; the first step is to show that the relation R is
a partial function that maps the program inputs in and the read count cnt to the value that is read:

LEMMA 4.1 (FUNCTIONAL CONSISTENCY OF J *(R)). Let I* be the least fixed point of the immediate
consequence operator T, for an UPLANG program p = Encr(q) obtained as the R encoding of some
program q. Then I*(R) is a partial function from its first two arguments to its third argument:

Vg, n,v1,0;. ((g, n,v1) € I*(R) A (g,n,03) € I*(R)) = 01 = 0,. (5)

The lemma follows from the shape of the code snippet introduced by Encg for read statements
and can be proved by induction on the iteration count « in approximations 7, of the least fixed
point 7*. We use this lemma in the proof of Lemma 4.3.
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Table 3. Rewrite rules for the R (Encg) and RW (Encgry ) encodings. The rules are applied once to every
statement in the input program p, after redeclaring all Addr variables as Ints and adding auxiliary variables.

p statement Encg(p) statement Encgrw (p) statement

Initialisation cntgioe = 0; ent = 0; last := defObj cntgee = 0; cnt = 0; cntypy = 0;
t := 0; assert(W(in, 0, defObyj))

p = alloc(e) cntye = chtgyee+1; p = Chtgloc; Chtglioe = Chtglioe + 15 p = chtgioc
if lastagar = p {last = e} cnt := cnt+1;
assert(W(in, cnt, e));
if lastpqq, = p {cntjysy == cnt}
x = read(p) cnt = cnt+1; cnt == cnt+1;
if lastpqqr = p then { if lastaqqr = p then {
assert(R(in, cnt, last)); assert(R(in, cnt, cntyagy));
x := last t = cnt
} else { } else {
havoc(x); havoc(t);
assume(R(in, cnt, x)) assume(R(in, cnt, t))
} b
havoc(x);
assume (W (in, t,x));
write(p, e) if lastager = p A0 < p < cntgpoe { cnt == cnt+1;
last == e if 0 < p < entgpoe {
} assert(W (in, cnt, e))
if lastaqq = p {cntis = cnt};
¥

As the next step for proving the correctness of Encg, we introduce an intermediate encoding Ency,,
and show that p is equi-safe with Enc,(p). The purpose of this encoding is to introduce a counter
that is incremented by each encoded statement, which we use in the inductive proof of correctness
for Encg.

The Encoding Ency,. Given an UPLANG program p, Enc,(p) is obtained by introducing an Int
variable ¢, and before every statement S over one of {write, alloc, read} in p, inserting

¢ = c¢—1; assume(c > 0).

Starting from the same stack s with n = s(c), the executions of p and Enc,(p) will remain identical
up until the (n + 1)-th evaluation of any statement S over one of {write, alloc, read} (apart from
the value of ¢ in Enc,(p)), after which the evaluation of assume that was inserted right before S
will fail and program execution is stopped.

LEMMA 4.2 (Enc,, 1S CORRECT). Let p be an UPLANG program, and I some interpretation, then p
and Ency,(p) are equi-safe, i.e., p is safe if and only if Enc,(p) is safe.

Finally, we state the last lemma needed to show the correctness of Encg.

LEMMA 4.3 (PRESERVATION OF FINAL STATES BY Encg). Let p be an UPLANG program, and I'™* be the
least fixed point of T,,. We use abbreviations p* = Enc,(p) andp™ = Encr(p*), 57+ (p*, s, emptyHeap) =

Proc. ACM Program. Lang., Vol. 10, No. OOPSLA1, Article 120. Publication date: April 2026.



Sound and Complete Invariant-Based Heap Encodings 120:15

(01,51, h1), and 87+ (p™, s, emptyHeap) = (03, $2, h2). Then the following holds:
(,755 ¢stacks

—_—
o1 = 03 AYo € vars(p*). s1(v) = s2(v) A

Vs € Stack, a € Int. n = A a = s(last = .
s € Stack, a & Int.n =s(c) ha = sUlastadar) =y a) = sy(last) Ay = so(cntaiee)

Preads Pallocs

(6)

The lemma states that, for the same initial configuration (s, emptyHeap), both p* and p*™* will

result in the same outcome (¢,), with the same values for all common variables in the final

stacks (@sacks)» With the variable last holding the same object that is stored at lastagq, in the

final heap h; of p* (Preqds), and with the value of cntgy,. in p*™* matching the size of the heap hy

in p* (@aiocs)- The variable n is free and represents an arbitrary natural number; the lemma is proven

by induction on n. We will use this lemma in Theorem 4.4 to show that p* and p** are equi-safe
(Definition 3.3), which is a weaker claim.

THEOREM 4.4 (Encg 1s CORRECT). Let p be an UPLANG program. p and Encgr(p) are equi-safe.

Proor. Let p* = Enc,(p) and p™* = Encr(p*). By Lemma 4.2, p and p* are equi-safe, so it suffices
to show equi-safety between p* and p**. By Lemma 3.6, it suffices to show equi-safety under the
least interpretation 7 *.

By Lemma 4.3, for all s we have d7+(p*, s,emptyHeap); = 01 = 02 = d7+(p™, s, emptyHeap);.
That is, p* and p™* always have the same outcome for every initial stack s; therefore if one is safe,
the other will be safe too. By Lemma 4.2 and transitivity, this shows p and Encg(p) are equi-safe. O

5 The Time-Indexed Heap Invariant Encoding RW (Encgrw)

Using the R encoding it is sometimes difficult to express invariants only in terms of the cnt value
when a read happens, making invariant inference more difficult. The RW encoding (Encgy, right-
most column of Table 3) introduces an additional uninterpreted predicate W for write operations.
Unlike the R encoding, each write is also indexed using cnt, and the cnt value of the last writ-
ten object is stored along with the object. As opposed to only keeping track of the last written
value to some address (in the R encoding), using the additional W predicate we store the richer
object (last, cntj,s). The part of the encoding involving cntj, is the same as the R encoding,
with cntj,g replacing last. Like the R predicate, the W predicate is functionally consistent; the proof
is similar to the proof of Lemma 4.1. The W predicate is then used to look up the object residing at
that index.

Similarly to the R encoding, given an UPLANG program p, the RW encoding Encgy rewrites p
into an equi-safe UPLANG program Encgy (p) that is free of Addr variables and the heap operations
read, write and alloc. In p we assume the variable in represents the (arbitrary) program input.
The encoding Encry introduces the two uninterpreted predicates R : (in : Int, cnt : Int, cntj,g : Int)
and W : (in : Int, cnt : Int, obj : Obj), where the first argument to both predicates is always the
program input in, the second argument is the cnt value of the read or the write. The third argument
in R is the cnt value of the last write, and in W the last heap object of type Obj.

5.1 Rewriting p into Encgy (p)
Encgw rewrites p through the following steps (in order):

o The first step is the same as in the R encoding (i.e., converting Addres to Ints).
o Next, the fresh auxiliary variables cnty., cnt, cntjyg, lastags and t are introduced, and
some of them are initialised by adding the statement to the start of the program from the
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“Initialisation” row of Table 3 for Encgy to the start of the program from the previous step.
The RW encoding replaces last with cntj,g.
e Finally, the rewrite rules in the rightmost column of Table 3 are applied once.

5.2 Correctness of Encgy

The correctness of the Encgy encoding follows a similar argument to that of Encg. The proof relies
on showing that both R and W are partial functions in 7 *. An inductive argument then shows that
the two-step lookup process, using R to find a write-counter and W to find the corresponding data,
correctly simulates a heap read.

6 Approximations and Extensions

While the base Encg and Encgy encodings are both sound and complete, we explore several
approximations and extensions designed to enhance scalability and solver efficiency, while allowing
control over completeness through a controlled abstraction strategy.

6.1 Adding Supplementary Information to the Uninterpreted Predicates

One strategy to extend the base encodings (Encg and Encgy) is to augment the uninterpreted
predicates R, W with additional arguments. Those arguments can provide, in general, any informa-
tion that is uniquely determined by the other arguments, but that might be difficult to infer for
a verification system automatically. Such supplementary information does not affect the correct-
ness (soundness and completeness) of the encodings; however, it has the potential to significantly
simplify invariant inference. We provide two examples.

Adding Meta-Information. A simple kind of supplementary information that can be added to the
uninterpreted predicates is meta-data, for instance the control location of writes and reads to/from
the heap. Similar refinements were proposed also in the context of the space invariants encoding
to improve precision [32], where they required, however, a separate static analysis procedure for
determining the data-flow from write to read statements. In our framework, meta-data can be added
in a more elegant implicit way by extending the time-indexed heap invariants encoding. Adding
meta-data has no effect on the precision of our encoding, since the encoding is already complete,
but it can make life simpler for the back-end verification tool since simpler relational invariants
can be found.

We consider our R encoding, in which the uninterpreted predicate R initially has the signature
R : (in : Int, cnt : Int, obj : Obj). Suppose that C is a finite set representing the control locations
of the program to be transformed, such that every read, write, and alloc statement s has a
unique control location sz, € C. We extend the encoding by redefining the signature of R as
R : (in : Int,cnt : Int, obj : Obj, writer,. : C, readr,. : C), adding two arguments of type C for
specifying the control location of the write or alloc that put data on the heap, as well as the control
location of the read that is reading the data, respectively.

The transformation Encg in Table 3 can be extended
accordingly by adding a further variable last;,. that is
updated by the code snippets for write or alloc, record-
ing the control location at which the write occurred
(in conjunction with updating the last variable), and
by adding arguments for the control locations of the
write and read to the assert and assume statements in
the encoding of read, where ready,. € C is the control
location of the encoded read, as on the right.

cnt = cnt+1;
if lastpqqr = p then {
assert(R(in, cnt, last, lasty ., readioc));
x = last
} else {
havoc(x); havoc(l);
assume(R(in, cnt, x, I, ready o))

}
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The soundness of the augmented encoding follows directly from the fact that write and read
locations are uniquely determined by the values of the in and cnt variables; the added information
is redundant, but can often help the back-end solver to find simpler invariants [32]. For instance, in
the extended encoding, a time-indexed heap invariant could now state that some particular write
statement only writes data in the range [0, 10], or that a particular read statement can only read
data that was produced by certain write statements.

In Section 7 we call this the tagging extension, and denote it by subscripting encoding names
with T (e.g., Ry).

Adding Variables in Scope. Similarly, the values of global or local program variables can be added
as further arguments to the uninterpreted predicates. In the motivating example, for instance,
constant values were written to the heap, so the inferred invariants needed only to reason using
those constants. Consider a simple loop that writes the loop index to the heap at each iteration.
That is, the values written to the heap do not remain constant between the iterations of the loop. It
is still possible to derive the assigned value from the program input and the recorded cnt values;
however, with the loop index part of the invariant a much simpler invariant becomes expressible.

6.2 Controlled Abstraction

Another strategy is to deliberately use abstractions in exchange for improved solver performance.
This can generally be done by simply removing arguments of uninterpreted predicates. It is easy to
see that removing arguments is a program transformation that is sound but, in general, incomplete.
For instance, removing the precise counter values tracking heap accesses from the arguments
of the predicate R is an abstraction sacrificing completeness; however, in many cases, it can be
sufficient for the verification task to replace the precise identifiers with abstract information such as
control locations, or program variables as discussed earlier, giving rise to a systematic strategy for
constructing heap encodings: we start from one of the encodings that are sound and complete (Encg
or Encgyy), augment it with supplementary information (Section 6.1), and finally remove predicate
arguments that are deemed unnecessary. Every encoding constructed in this way is sound, while the
degree of incompleteness can be controlled depending on how much information is kept. Different
encodings presented in the literature (e.g., [32]) can be obtained in this way.

6.3 Tailoring the Encodings to Properties of Interest

It is possible to tailor the encodings to target different program properties, for instance to only
support checking functional safety or memory safety. Consider the encodings RWf and RWm,
shown in Table 4. Compared to the RW encoding, the RWf encoding omits the assert statement to
the W predicate during initialisation, and it does not write any object to newly allocated addresses®.
This encoding is correct only for memory-safe programs: programs in which it has already been
shown that all heap reads are from addresses that are allocated and initialised prior to that read (this
encoding is suitable for verification tasks in the ReachSafety-Heap category of SV-COMP [6]).

RWm is a variation of the RWf encoding, and it is tailored for checking the absence of invalid
pointer references. It does this by inserting assert statements into the encoded read and write
statements that fail when there are invalid accesses. The original assert statements of the program
can also be dropped if the only property of interest is the absence of invalid pointer dereferences.
Note that the RW-mem encoding cannot detect accesses to newly allocated but uninitialised
addresses, such as accessing the result of a malloc in C before writing to it.

Other extensions could, for instance, add support for the free operation, and check more
properties related to memory safety, such as lack of memory leaks and double free operations.

This is assuming C-like semantics where freshly-allocated locations are considered uninitialised.
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Table 4. Rewrite rules for the RWf (Encgryy fun) and RWm (Encrwmem) encodings. The rules are applied
similarly to R and RW encodings.

p statement

Encrw fun(p) statement

Encrwmem (p) statement

Initialisation cntgnoe = 0; cnt = 0; chtgoe == 0; cent := 0;
cntpe = 0;t = 0 cntpe = 0;t == 0
p = alloc(e) cntgoe = cntgee + 1; cntgiioe = Chtglioe + 1;
p = cntglioc P = cniglioc
x := read(p) cnt = cnt+1; cnt = cnt+1;
assert(0 < p < cntyjoc)
if lastaqq = p then { if lastaqqr = p then {
assert(R(in, cnt, cntyg)); assert(R(in, cnt, cntyeg));
I = cntjgg t = chnty
} else { } else {
havoc(t); havoc(t);
assume(R(in, cnt, t)) assume(R(in, cnt, t))
|8 |5
havoc(x); havoc(x);
assume(W (in, t,x)); assume(W (in, t,x));
write(p, e) cnt := cnt+1; cnt = cnt+1;

if 0 < p < entypoce {
assert(W (in, cnt, e))
if lastagay = p {cntiy = cnt};

}

if 0 < p < cntyyo. then {
assert(W (in, cnt, e))
if lastagay = p {cntiy == cnt};
} else {assert(0)}

We believe these are interesting research avenues to explore on their own, and that the equi-safe
encodings we provide serve as a framework to build upon.

6.4 Caching

Programs often access the same address repeatedly, which can make verification harder when
every access is modelled as a distinct heap operation. In [32] the authors carry out a data-flow
based analysis to minimise the number of heap interactions. We instead build a similar optimisation
directly into our encodings through a simple caching mechanism, requiring no external analysis.
The extension, which we denote using the subscript C in encoding names (e.g., R¢), introduces a

simple, one-element cache, but can be extended to any number of elements.
The extension adds two global variables: lastc,q4qy to

store the address of the last heap access, and lastcgg, cnt = cnt+1;

for the corresponding data. Every heap operation mod- if lastc,qq, = p then {

ifies the cache. The transformation for a read in the R¢ x = lastcgag

encoding is shown on the right. If the read address } else {

matches lastc,q4qr (a cache hit), the cached value is re- [...]// existing code for read
turned immediately. Otherwise (a cache miss), the origi- lastcagar = p; lastcggy = x
nal relational logic is executed, and the cache is updated }

with the new address and value. The write(p, e) and
alloc(p, e) operations are similarly extended to update lastc,4q, and lastcgy, with p and e.
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6.5 Handling Different Heap Regions and Object Types

Our encodings do not distinguish between different heap regions or types of objects. We carried out
our experiments using a single global heap and used algebraic data-types (ADTs) in order to support
multiple object types. A possible extension to make the approach more scalable is to assign each
heap region and object type an own set of predicates. This can be done through an external static
analysis to determine the different heap regions and object types on the heap. For instance, when
such an analysis can determine the type 7 of each pointer, the encoding can introduce a separate
set of heap operations for each type 7 (read,, write, etc.), each with its own set of predicates and
auxiliary variables.

7 Evaluation

To evaluate the time-indexed heap invariants approach, we conducted experiments using two
suites of benchmarks: a set of 22 manually crafted benchmarks, representing challenging heap-
manipulating programs, and a set of 132 benchmarks from the SV-COMP ReachSafety-Heap
category. Our evaluation aims at answering the following research questions:

RQ1: Can time-indexed heap invariants, in combination with off-the-shelf verification tools for
heap-free programs with uninterpreted predicates, be used to verify heap-manipulating
programs that are beyond the capabilities of existing tools?

RQ2: How do the different encoding variants affect verification performance?

RQ3: How does time-indexed heap invariants approach compare to state-of-the-art verification
tools on the standard SV-COMP benchmarks?

We implemented two distinct pipelines to investigate those questions. We describe the imple-
mentation of these pipelines next, followed by details of the experimental setup and the results.

7.1 Implementation

7.1.1  Semi-Automated Pipeline. For the crafted benchmark suite, we used a semi-automated process.
We first manually normalised the C source code to replace heap operations with corresponding
function calls (read(p),write(p, e),alloc(e)), and added annotations specifying input variables
and the heap object type. Automated scripts then applied the encodings to these normalised
programs, outputting C files with uninterpreted predicates that can be handled by the tools SEa-
Horn and TRICERA.

The goal of this pipeline is to demonstrate the viability of our approach using off-the-shelf tools
on a curated set of benchmarks consisting of singly-linked lists and trees, while controlling for
external factors that influence verification performance. In particular, TRICERA represents C structs
as algebraic data-types (ADTs), so updating a struct field involves reading the whole ADT, creating
anew ADT with the modified field and writing it back. These additional reads can make verification
harder, and are also problematic when a write happens directly after an allocation, as the read is
then to an uninitialised location, breaking the memory-safety assumption of the “fun” encoding (a
variant, detailed in Table 4, that targets functional safety and thus assumes all memory accesses are
valid). To avoid this, during normalisation we merge common alloc-write* patterns (e.g., struct
allocation and initialisation) into a single alloc.

7.1.2  TRICERAHI: Prototype in TRICERA. The second pipeline is a prototypical implementation of
our approach on top of the open-source verification tool TRICERA, called TRICERAH], replacing the
native heap model of TRICERA with our encodings. TRICERAHI is fully automatic and used for more
large-scale experiments with SV-COMP benchmarks. However, at the point of submitting the paper,
TrRICERAHI is still in a relatively early stage of development and does not include many relevant
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optimisations, like the merging of alloc-write* patterns that was applied in the semi-automated
pipeline. This is somewhat alleviated by the caching extension discussed in Section 6.4, which we
used in a subset of the encodings. We also adjusted the “fun” variants of the encodings to write an
initial object on allocation to make any potential reads after an allocation memory-safe.

Making Input Programs Deterministic. Our encodings require deterministic input programs, but
many SV-COMP benchmarks contain non-deterministic calls (e.g., nondet_int ()). We implemented
a Clang-based preprocessor to replace these calls with unique program input variables. For calls
that can be executed multiple times from the same location (e.g., inside a loop), we use mathematical
arrays as input variables with a corresponding counter that is incremented at each call. These input
variables are then passed as arguments to the time-indexed heap invariants.

Translation to Constrained Horn Clauses. CHC-based verification tools such as SEAHORN and
TRICERA translate input program into a set of Constrained Horn Clauses (CHCs) [8], using un-
interpreted predicates to represent program invariants. Our use of uninterpreted predicates in
assert and assume statements is already supported by both SEAHorN and TRICERA [22, 50]. An
assert(P(x)) statement asserts that P(x) must hold at that program location, which translates to
the predicate appearing in the head (the consequent) of a clause. Conversely, an assume (P (%))
statement constrains an execution path from a program location, which translates to the predi-
cate P(x) appearing in the body (the antecedent) of a CHC, in conjunction to the uninterpreted
predicate representing that program location. This implies the resulting CHCs will be non-linear,
i.e., at least two uninterpreted predicates will appear in the body of the CHC where the predicate
was assumed, which can make it harder for the CHC solver. Non-linear CHCs can also arise when
encoding other program constructs, such as function calls, where the predicates representing
function contracts are asserted and assumed at call sites. In our experiments with SEAHORN and
TRICERA we inline all non-recursive functions.

7.2 Benchmarks and Experimental Setup

All experiments for both pipelines were conducted on a Linux machine with an Intel Core i7-7800X
CPU @ 3.50GHz and 16 GB of RAM, with a wall-clock timeout of 900 seconds.

7.2.1  Semi-Automated Pipeline Benchmarks. The first suite consists of 22 benchmarks (14 safe, 8
unsafe) and was evaluated using the semi-automated pipeline. Among these, six benchmarks are
derived from three SV-COMP benchmarks (simple_and_skiplist_21v1l-1, simple_built_from_
end and tree-3), while the remaining 16 benchmarks are manually crafted, with most of them
involving unbounded singly-linked lists. We evaluated the three primary encodings: the base R
and RW encodings given in Table 3, and a specialised variant of the RW encoding, RW-fun, that
targets only functional safety properties that is given in Table 4. The None encoding refers to
unencoded programs.

SEAHORN (llvm14-nightly, 21-03-2025, using the options “pf -enable-nondet-init —inline”)
and TRICERA (version 0.3.2, using the options “-abstractPO -reachsafety -valid-deref”)
were executed on both encoded and unencoded benchmarks. CPACHECKER (version 4.0) and PRED-
ATORHP (version 3.1415) were evaluated only on the original, unencoded benchmarks since they do
not support uninterpreted predicates. The CPACHECKER and PREDATORHP tools were configured
to only check for explicit assertion failures (i.e., the ReachSafety category of SV-COMP) in both
pipelines, using the same options for these tools as in SV-COMP 2025’s ReachSafety-Heap category.

7.2.2  TRICERAHI Pipeline Benchmarks. The second suite is SV-COMP’s ReachSafety-Heap cat-
egory, which consists of 240 memory-safe benchmarks. Out of the original 240, we excluded
those that do not perform heap allocations (e.g., only use stack pointers) or use a fragment of C

Proc. ACM Program. Lang., Vol. 10, No. OOPSLA1, Article 120. Publication date: April 2026.



Sound and Complete Invariant-Based Heap Encodings 120:21

Table 5. Summary of the results for the manually normalised benchmarks. “Incorrect” represents a “Safe” or
“Unsafe” result reported by a tool that did not match the benchmark’s expected result. “Unknown” represents
timeouts, errors and unknown results returned by a tool.

Tool Encoding Safe Unsafe Unknown Total

CPA None 4 8 10 22
PrRED None 10 8 4 22
SEA  None 3 8 11 22
Tr1 None 4 8 10 22
SEA R 7 0 15 22
Tr1 R 7 8 7 22
SEA RW 2 0 20 22
Tr1 RW 7 8 7 22
SEA  RWf 12 0 10 22
TR  RWF 12 8 2 22

unsupported by TRICERAHI (e.g., function pointers), which resulted in 132 benchmarks. We evalu-
ated the unencoded benchmarks using CPACHECKER, PREDATORHP and TRICERA using the same
configuration for the unencoded benchmarks as in the semi-automated pipeline.

Using TrRICERAHI, we evaluated a broader range of encodings. These combine the base R and RW
encodings with several extensions, denoted by subscripts: “C” for caching and “T” for tagging. The
functional-safety variant is indicated by appending “-fun”. For example, RWfcr refers to the RW
encoding with both caching and tagging extensions applied to the functional-safety variant. The
caching extension adds a one-element cache to reduce redundant reads, while the tagging extension
incorporates control-flow location identifiers into the time-indexed heap invariants (Section 6).

7.3 Results and Discussion

We structure the results according to the research questions.

7.3.1  RQI: Verifying Challenging Heap Programs. A key question is whether time-indexed heap
invariants, combined with off-the-shelf verification tools, can be used to verify heap programs
beyond the capabilities of existing tools. The results for the curated benchmarks (Table 5, Table 6)
answer this positively: using a portfolio of our encodings with TRICERA and SEAHORN, we success-
fully verify all 22 crafted benchmarks. These include programs that require identifying complex
invariants involving the shape of heap-allocated data structures. In contrast, both CPACHECKER
and the native TRICERA solve only 12 benchmarks, and PREDATORHP times out on 4 benchmarks.

SEAHORN Counterexample Validation. We use SEAHORN’s unbounded verification engine (pf),
which may spuriously report that a program is unsafe. We therefore rely on SEAHORN’s counterex-
ample generation to validate unsafe results, and treat results that cannot be validated as unknown.
We use a wrapper script that automatically performs this validation. In the semi-automated pipeline,
SEaHORN is run on both base and encoded benchmarks; counterexample generation works for
unencoded benchmarks but currently fails for most encoded benchmarks, leading to 0 unsafe solved
instances for SEAHORN on encoded benchmarks. We have reported this issue to the SEAHORN
developers. When comparing against TRICERAHI, SEAHORN is run only on the base unencoded
benchmarks.
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Table 6. Comparison matrix for the manually normalised benchmarks. Each cell shows the number of (correct)
safe/unsafe benchmarks that could be solved by the configuration in the row of that cell, but not by the

configuration of its column.
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CPA - 0/0 1/0 1/0|3/8 1/0 3/8 1/0 0/8 0/0
PRED 6/0 — 7/0 6/0|5/8 50 88 50 0/8 0/0
SEA 0/0 0/0 — 0/0|2/8 0/0 2/8 0/0 0/8 0/0
TRI 1/0 0/0 1/0 — |3/8 0/0 3/8 0/0 0/8 0/0
R SEA 6/0 2/0 6/0 6/0| — 4/0 5/0 4/0 1/0 1/0
R Tr1 4/0 2/0 4/0 3/0 | 4/8 — 5/8 0/0 1/8 0/0
RWSEA 1/0 0/0 1/0 1/0|0/0 0/0 — 0/0 0/0 0/0
RWTrI 4/0 2/0 4/0 3/0|4/3 0/0 58 — 1/8 0/0
RWFSEa 8/0 2/0 9/0 80|6/0 60 1000 6/0 — 1/0
RWfTRI 80 2/0 9/0 8/0|6/8 5/0 10/8 5/0 1/8 —

7.3.2 RQ2: Effect of Encoding Variants. Table 5 (semi-automated) and Table 7 (TRICERAHI) compare
the different encoding variants. Among the three encodings evaluated in the semi-automated
pipeline (R, RW, and RWf), the RWf encoding achieves the strongest performance with TRICERA,
verifying 20 out of 22 benchmarks compared to 15 for both R and RW. The RWf encoding targets
memory-safe programs and, as detailed in Section 6, omits the initialisation and allocation asserts
to W, simplifying the invariants required by avoiding reasoning about uninitialised reads.

The base RWf encoding performs significantly worse in the fully-automated TRICERAHI pipeline
(39/132) than in the semi-automated pipeline (20/22). This is primarily due to TRICERAHI’s han-
dling of struct updates via ADTs, which introduces read-modify-write patterns that increase heap
interactions (see Section 7.1.2). The caching extension addresses this by reducing redundant reads:
RWfc solves 68 benchmarks, and with tagging (RWfcr), 74 benchmarks. Figure 5 visualises the
effect of the different encodings on both solving time and the number of solved instances, and
Table 8 shows the pairwise comparison between encodings.

7.3.3  RQ3: Comparison with State-of-the-Art. Table 7 and Table 8 present the SV-COMP results.
TrICERAHI with the RWfcr encoding verifies 5 safe benchmarks that none of the other tools (CPA-
CHECKER, PREDATORHP, SEAHORN, TRICERA) can handle. More specifically, it solves 8 benchmarks
that CPACHECKER cannot verify, 6 that PREDATORHP cannot verify, 42 that SEAHORN cannot verify,
and 45 that the native TRICERA cannot verify®.

In terms of solved instances, the best TRICERAHI configuration (RWfcr) solves 50 safe programs,
narrowly beating CPACHECKER’s 48, but behind PREDATORHP’s 71. For unsafe programs, TRICERAHI
(24) trails both CPAcHECKER and PREDATORHP (37 each). However, a virtual portfolio combining all
TrICERAHI encodings with base TRICERA solves 81 benchmarks (54 safe, 27 unsafe), approaching
CPACHECKER’s 85 (48 safe, 37 unsafe).

Our prototype TRICERAHI is at an early stage of development, and several directions could extend
its reach. Static analyses could minimise the number of heap interactions, which we observed to
have a significant effect when done manually in our crafted benchmarks. The caching extension

3Although not included in our experiments, we note that some of these benchmarks were also solved by other tools
participating in SV-COMP, in particular 2LS [38].
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Table 7. Summary of the results for the TRICERAHI pipeline of experiments. “V. Portfolio” rows are computed
virtually by taking the first result returned by TRICERAHI. “All - None” is the result of running all invariant
encodings in parallel, and “All” in addition runs TRICERA (the “None” encoding).

Tool Encoding Safe Unsafe Unknown Total
CPA None 48 37 47 132
PrED None 71 37 24 132
SEa None 13 25 94 132
Tr1 None 13 19 100 132
TriHI R 13 22 97 132
TriHI Re 28 25 79 132
TriHI Rt 16 22 94 132
TriHI RW 6 16 110 132
TriHI Rwr 10 20 102 132
TriHI RWer 35 23 74 132
TrIHI RWFf 17 22 93 132
TriHI RWfc 46 22 64 132
TriHI RWFr 11 20 101 132
TriHI RWfer 50 24 58 132
V. Portfolio All - None 53 26 53 132
V. Portfolio All 54 27 51 132

Table 8. Comparison matrix for the TRICERAHI pipeline of experiments. The first four rows/columns show the
results for the named tools, the rest show the results for our encodings implemented in TRICERAHI.

= O =~ S

= 2 2 oz . . = = =2 § YT Y T

O &~ o = ~ ~ < ~ ~ ~ ~ R~ ~ ~
CPA — 1/1 36/12 35/18|35/15 20/12 32/15 42/21 40/17 19/14 31/15 4/15 39/17 6/13
Prep 24/1 — 59/12 58/19|59/15 44/13 56/15 66/21 63/17 40/14 55/15 28/15 62/17 27/13
SEA 1/0 1/0 — 5/10| 8/6 3/6 6/6 8/10 8/7 2/6 5/6 2/7 8/7 1/5
Tr1 0/0 0/1 5/4 — 7/3 3/1 6/3 9/7 9/3 3/2 5/2 1/3 9/3 1/2
R 0/0 1/0 8/3 7/6 — 0/0 1/0 7/6 5/2 0/0 1/1 0/1 5/2 0/0
Re 0/0 1/1 18/6 18/7 |15/3 — 12/3 22/9 20/5 2/2 12/3 0/3 20/5 1/2
Rr 0/0 1/0 9/3 9/6 | 4/0 0/0 — 10/6 8/2 0/0 3/1 0/1 8/2 0/0
RW 0/0 1/0 1/1  2/4 | 0/0 0/0 0/0 — 0/0  0/0 0/0 0/1 0/0 0/0
Rwr 2/0 2/0 5/2 6/4 | 2/0 2/0 2/0 4/4 — 0/0 2/0 2/1 1/0 0/0
RWer 6/0 4/0 24/4 25/6 | 22/1 9/0 19/1 29/7 25/3 — 18/1 6/1 25/3 0/0
RWf 0/0 1/0 9/3 9/5 | 5/1 1/0 4/1 11/6 9/2 0/0 — /1 9/2  0/0
RWf- 2/0 3/0 35/4 34/6 |33/1 18/0 30/1 40/7 38/3 17/0 30/1 — 37/3 3/0
RWfr 2/0 2/0 6/2 7/4 | 3/0 3/0 3/0 5/4 2/0 1/0 3/0 2/1 — 0/0
RWfer 8/0 6/0 38/4 38/7 | 37/2 23/1 34/2 44/8 40/4 15/1 33/2 7/2 39/4 —

builds a similar optimisation directly into the encoding (though at a cost in verification complexity),
more than doubling the number of solved instances.
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Fig. 5. The plot shows base TRICERA and a selection of encodings using TRICERAHI to illustrate the impact of
encoding variations. For each timeout (x-axis), the y-axis shows how many benchmarks could be solved. "All"
is the virtual portfolio of all included encodings and base TRICERA.

TrICERAHI uses mathematical arrays as sources of non-deterministic values retrieved multiple
times, e.g., use of havoc(x) within loops. While this adds array arguments to the time-indexed heap
invariants (R, W), the experiments show that the required formulas about arrays are relatively easy
to find for a CHC solver. We believe that this is because the arrays are only read, never modified, and
the precise values present in the arrays are therefore immaterial for time-indexed heap invariants.

8 Related Work

Verification of heap-manipulating programs has inspired a variety of techniques that trade off
precision, automation, and annotation effort. We discuss the most closely related work.

CHC-Based Approaches. Many CHC-based approaches encode heaps using high-level theories
such as the theory of arrays [39] and less-commonly the theory of heaps [20]. The backends we
used in our implementation, SEAHORN and TRICERA, are examples of tools using these approaches.
Solving arrays typically require finding quantified invariants. Bjerner et al. present a method for
finding quantified invariants over arrays by guiding Horn solvers through constraints put on the
form of the proof [9]. In contrast, our approach encodes the heap using only integers. Monniaux
et al. present a method for transforming programs with arrays into nonlinear Horn clauses over
scalar variables [41]. While this approach is sound, it is incomplete.

The closest study (that also inspired our work) is by Kahsai et al. in the context of the verification
tool JayHoRN [32, 33], where uninterpreted predicates are used as space invariants, representing
the invariants of objects on heap. The space invariants approach itself was inspired by techniques
based on refinement types and liquid types [26, 47]. The space invariants encoding is incomplete,
but the authors provide several refinements to improve the precision of the analysis, similar
to the extensions we provide in Section 6. The space invariants approach can be seen as an
overapproximation of our approach.

Faella and Parlato present a CHC-based verification approach for tree-manipulating programs [24]:
the knitted-tree approach that models program executions as tree data structures, followed by en-
coding the trees as CHCs. Our encoding of heap is fundamentally different from knitted trees;
while we provide a general encoding of heap operations, agnostic of data structures, knitted trees
are a verification approach specific to trees in which the execution of a program is interpreted as a
traversal of the tree, associating intermediate program states with the tree nodes. In a sense, [24]
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and our approach have dual characteristics: where [24] inlines program executions in tree data
structures, our approach represents data structures sequentially as part of program executions.

In the context of modular verification through CHCs, Garcia-Contreras et. al [27] use a static
analysis to infer the size of heap used by a function, then represent this bounded memory using
a theory of finite maps. In [48] the authors use abstract interpretation [13, 14] and introduce a
composite abstract domain to infer relational object invariants in the presence of field updates
where such invariants temporarily do not hold. While such static analysis-based methods can be
powerful, they are inherently incomplete. Our experiments show that even without any additional
static analyses, our approach can already solve many challenging verification tasks, and could serve
as a foundation in such approaches. For instance in [27] when the static analysis fails to infer the
size of the heap, it will fall back to using unbounded arrays, for which our general heap encoding
provides a quantifier-free alternative.

Methods Based on Separation Logic and Shape Analysis. An alternative foundation for heap
verification is separation logic [43, 46], which extends Hoare logic with pointers and functions
to enable local reasoning about disjoint heaps. A long line of work on separation logic has led
to powerful verification tools and approaches such as VIPer [42] and the flow framework that
encodes global heap properties using local flow equations [36, 37, 40]. Separation logic tools often
require user-provided annotations to handle complex structures. In contrast, our approach is fully
automatic and avoids the need for manual annotations.

Another major approach is abstract interpretation of heap shapes, as exemplified by shape
analysis [11, 31] algorithms. Shape analyses automatically infer an over-approximation of all
possible heap configurations a program can create (often via graph-based abstractions of memory).
Modern shape analysers like PREDATOR [29, 45] and FORESTER [30] build on this idea, using automata
or graph rewriting to represent unbounded linked lists and trees. These methods are fully automatic
and can verify memory safety and some structural invariants without user input. However, the
abstractions may lead to false alarms. For instance PREDATORHP tries to work around this by
running an additional instance of PREDATOR without heap abstractions. This limitation arises
because shape domains often focus on heap topology and handle data content in a coarse way. For
instance PREDATOR uses an abstract domain for lists, and cannot handle programs with trees. It also
has limited support for non-pointer data. Our approach is not specialised to any particular domain.

9 Conclusion

We have introduced a sound and complete time-indexed heap invariants approach for verifying
safety properties of programs operating on mutable, heap-allocated data structures. Our encoding
replaces heap accesses with access-local invariants that are often easier for automated tools to infer
than global heap invariants, providing a complementary approach to existing heap verification
techniques. Our formal proofs establish the conditions under which such encodings remain sound
and complete, providing a solid theoretical foundation for future research. Through our experimental
evaluation, we showed that our approach can verify programs beyond the reach of current state-of-
the-art tools. The generality of our framework opens avenues for further investigation into different
encodings, abstractions, and optimisations. We also plan to investigate extensions to arrays, pointer
arithmetic, and concurrency; we believe these extensions are straightforward in theory, but further
research is needed to make them practical.

10 Data-Availability Statement

All materials, including the prototype tool TRICERAHI, our crafted benchmarks and other scripts
used in the experiments, are publicly available as part of an accompanying artifact at [23].
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