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Abstract. Static analysis plays a crucial role in program optimiza-
tion, bug detection, and automated testing. Dyck-reachability provides
a foundational formulation for static analysis, as Dyck grammars can
model critical properties such as field and context sensitivity, thus offer-
ing broad applicability. This paper shows that static analysis problems
modeled as Dyck-reachability on bidirected graphs can be encoded into
the EUF SMT theory; consequently, all such problems admit efficient
formulation and solution via EUF-based SMT solvers. By leveraging the
optimized nature of modern SMT solvers, our method achieves efficiency
comparable to state-of-the-art graph-based bidirected Dyck-reachability
algorithms while eliminating the need for developing complex special-
ized graph reachability algorithms. Our approach opens new avenues for
solving these classical static analysis problems, demonstrating the strong
potential of SMT solvers in encoding static analysis solutions.
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1 Introduction

Program analysis is essential for software engineering tasks such as optimiza-
tion [23], bug detection [20], and automated testing [36]. It enables automated
program understanding and is broadly categorized into dynamic and static
approaches. Dynamic methods (e.g., fuzzing [9] and runtime monitoring [22])
execute programs to analyze runtime behavior, offering precision but limited cov-
erage and the requirement of specific program execution environments. In con-
trast, static analysis examines code without execution by employing techniques
such as data-flow analysis [3] to over-approximate program behavior through
abstract models. These methods benefit from soundness, meaning they guar-
antee coverage of all possible program behaviors, but face inherent imprecision
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due to over-approximation. This imprecision can lead to false positives, and
improving precision typically compromises scalability, establishing a fundamen-
tal precision-scalability trade-off. Achieving an optimal balance between these
competing objectives remains both critical and challenging in practice.

Various static analysis problems including inter-procedural data-flow analy-
sis [35], alias analysis [43], and pointer analysis [39] can be formulated as context-
free language (CFL) reachability on graphs [34,35]. In this formulation, programs
are modeled as graphs (e.g., control-flow or field-access graphs), and the analysis
is framed as a reachability problem under path constraints: it checks for paths
where the sequence of edge labels belongs to a specified formal language for
instance, a language that requires balanced or matched operations. Constraints
such as function call-return consistency and memory load-store matching are
thus directly encoded. While providing a natural modeling framework, CFL-
reachability’s cubic time complexity [25] limits scalability, leading to approx-
imations such as bidirected Dyck-reachability. Defined by the Dyck language
grammar [21], this approach operates on bidirected graphs with matched open-
ing/closing labels, forming node equivalence relations that trade precision for
efficiency [44]. It has been successfully applied to field sensitivity in alias analy-
sis [44] and call-return matching in data dependence analysis [10,26,27].

The state-of-the-art bidirected Dyck-reachability algorithm achieves a worst-
case time complexity of O(m + n - a(n)), where n and m denote the number of
nodes and edges in the graph, respectively, and a(n) is the inverse Ackermann
function [2]. Its average-case complexity is O(m), making whole-program analysis
computationally tractable. In contrast, the LLVM compiler' employs an alterna-
tive algorithm for alias analysis via bidirected Dyck-reachability with complex-
ity O(n + mlogm) [44]. However, implementing static program analysis tools
remains challenging. Beyond frontend issues, developers must comprehend intri-
cate data structures and algorithmic details, such as the FDLL (Fast-Doubly-
Linked-List) used in graph-based approaches [44], and subsequently abstract
and implement the algorithms based on their understanding. This engineering
process is labor-intensive and error-prone.

Our key argument in this paper is that well-optimized logical reasoning
tools can significantly simplify the design and implementation of static analyses.
Inspired by the equivalence relation property of bidirected Dyck-reachability [44],
we propose an encoding of such problems using the Equality with Uninterpreted
Functions (EUF) SMT theory. This approach provides a straightforward imple-
mentation path while enabling direct utilization of highly optimized SMT solvers.
Although SAT/SMT techniques are well-established in areas like symbolic exe-
cution [5] and path-sensitive analysis [37], to our knowledge, we are the first
to apply SMT solving to static analyses modeled by bidirected Dyck-reachability,
such as pointer and alias analyses. Modern SMT solvers like Z3 [12], CVC5 [6],
and Yices [18] incorporate sophisticated algorithms and low-level optimizations,
making them ideal for reducing engineering effort while ensuring robustness.
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Our evaluation on two representative tasks demonstrates that this EUF-based
approach achieves comparable efficiency to an implementation [26] of the state-
of-the-art graph algorithm [10] for bidirected Dyck-reachability.

The main contributions of this paper are as follows.

— We propose to utilize SAT/SMT for more static analysis problems. Specifi-
cally, we propose a novel approach to solving static analysis problems modeled
as bidirected Dyck-reachability problems by EUF SMT theory, which covers
a lot of static analysis problems, such as alias and pointer analyses. Our app-
roach opens a new door to solving these classical static analysis problems and
their implementations.

— We show that any program analysis problem modeled by bidirected Dyck-
reachability can be reduced to solving formulas in the EUF SMT theory.

— We evaluated EUF SMT-based, graph-based, and Datalog-based approaches
on three static analysis tasks: field-sensitive alias analysis for Java appli-
cations and large-scale open-source C programs, and context-sensitive data
dependence analysis for Java programs. Experimental results demonstrate
that the best-performing SMT solvers, Yices [18], Plat-smt [19] and Egg [42],
achieve efficiency comparable to the optimal graph-based algorithm [10].
Notably, some SMT solvers exhibit even better performance in terms of query
overhead, highlighting their strong potential for static analysis tasks.

The rest of this paper is organized as follows. Section 2 introduces the neces-
sary background and motivation. Section 3 presents the reduction from bidirected
Dyck-reachability to EUF SMT solving. Section 4 provides experimental results.
Section 5 provides a discussion. Finally, Sect. 6 concludes the paper.

2 Preliminaries and Motivation

This section provides an overview of EUF SMT theory and bidirected Dyck-
reachability. Subsequently, by comparing the solving algorithms for both prob-
lems, we present the motivation for this work.

2.1 The Theory of Equality with Uninterpreted Functions

The theory of Equality with Uninterpreted Functions (EUF) is a core component
of SMT solvers like Z3 [12] and CVC5 [6], etc.. In EUF, uninterpreted functions
are defined by their signatures (names and input/output types) while omitting
semantic details. This abstraction preserves only the congruence property: iden-
tical inputs produce identical outputs.

The axioms of EUF logic include the three axioms of equivalence relations
and the congruence axiom, which states that functions with the same inputs
produce the same outputs.
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Ve, z=uw (reflexivity)
Ve,y. z=y—y==x (symmetry)
Vr,y,2. T=yAy=z—>x =2 (transitivity)
VI, y. /\ixi =y, — f(z) = f() (congruence)

Abstraction of functions as uninterpreted functions inevitably loses some
information. For example, if addition is abstracted as f, the commutative prop-
erty is not preserved: f(z,y) and f(y,z) are not considered equivalent under
EUF congruence, despite x + y = y + = for numbers. However, this paper lever-
ages the congruence property to model parenthesis matching in Dyck language
without incurring any precision loss.

We now illustrate the algorithm @ @ @ @
for solving EUF formulas through
an example. Consider the unsatisfi- f l f fl l f fl l f
able formula ¢ : ¢ = f(a) Ad =
fb) Aa = bAc # d Tts unsatisfi- @ @ 0 °
ability can be illustrated via the con-
struction of a congruence graph, as (a) (b) (c)
shown in Fig. 1. Graph nodes denote
terms, with directed edges (labeled Fig. 1. Solving EUF SMT Formulas Using
by function symbols, e.g., f) rep- Congruence Graphs.
resenting function applications, and
undirected red edges indicating term
equivalence. Figure 1a shows the initial graph with all terms and their functional
relationships. Subsequently, processing constraint ¢ = b introduces an equiva-
lence edge between a and b (Fig. 1b). By the congruence property (equivalent
inputs yield equivalent outputs), terms ¢ and d become equivalent. Consequently,
the graph is updated to Fig. 1c. This, however, contradicts the given assertion
¢ # d, thus proving the unsatisfiability of (.

In summary, this algorithm first processes all equivalence relations by itera-
tively (1) merging equivalent classes and (2) discovering new equivalences via the
congruence property, until a fixed point is reached. It then checks each inequal-
ity constraint to verify that its operands reside in distinct equivalence classes.

The formula is satisfiable if no inequality conflicts with any of the computed
equivalence classes; otherwise, it is unsatisfiable.

2.2 Bidirected Dyck-Reachability and Its Applications in Program
Analysis Tasks

The context-free language (CFL) reachability problem on graphs extends the
general graph reachability problem. We begin by the following definition:

Definition 1. (labeled graph) A labeled graph is defined as a tuple G = (V, E),
where V' is the set of vertices, and E =V x X x V is the set of edges, with X
being an alphabet.
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For simplicity, we introduce a function A : V' x V — X where A(u,v) = [ if
and only if (u,l,v) € E. Given a context-free grammar (CFG) G and a labeled
graph G, where L(G) represents the language accepted by the CFG G, we say
that two nodes u,v € V are CFL-reachable if and only if the following condition
holds:

Htl, to,...,tn € V/\(’U,, tl) . )\(tl, tg) s /\(tn,’l}) € L(Q) (1)

The Dyck language is a particular type of CFL. Its grammar is as fol-
lows, where X' = {e,lp,r0, - ,l;, 75, -} are the terminal symbols, S is the
start non-terminal symbol.

S —1Sro |-+ |l;Sri|---|SS|e (2)

The language defined by this grammar requires balanced matching between
terminal symbols, i.e., symbols [; and r; appear in pairs, such as in the case of
the parentheses matching language. Here, for every i, we refer to I; as opening
labels and r; as closing labels, with the notation I, = ri, 7 = l;j, and € = €.

Definition 2. (bidirected graph) A bidirectional graph G = (V, E) is a labeled
graph where (u,l,v) € E if and only if (v,l,u) € E.

Consider the Dyck-reachability problem on a general graph G. Relaxing G
into a bidirected graph G’ by adding reverse edges for each original edge (as
Definition 2) yields the bidirected Dyck-reachability problem. This formulation
constitutes a relaxation of the general Dyck-reachability problem, which may
introduce imprecision. Specifically, if a node pair is Dyck-reachable in graph G,
it remains Dyck-reachable in G’. However, the addition of bidirected edges may
enable reachability between node pairs that are not connected in the original

graph G, thus introducing imprecision. For example, consider the path a Lyl
c: a is Dyck-reachable to ¢, but ¢ is not Dyck-reachable to a in the original
graph. However, when relaxed to a bidirected graph (Definition 2), the added

edges a L pandb L ¢, making ¢ reachable from a.

Theorem 1. [/4] The bidirected Dyck-reachability relation is an equivalence
relation.

This theorem states that the bidirected Dyck-reachability relation is
reflexive (each node is Dyck-reachable to itself), symmetric (if nodes v and v
are Dyck-reachable, then so are v and u), and transitive (if nodes u and v, and
v and k are Dyck-reachable, then so are u and k).

Bidirected Dyck-reachability based field-sensitive alias analysis. Cur-
rently, many approaches utilize bidirected Dyck-reachability to model program
analysis problems[10,24,26-29,44]. Figure 2 shows an example of alias analysis.
Figure 2a shows a Java program, and Fig.2b illustrates this program’s corre-
sponding labeled bidirected graph. In the graph, nodes correspond to program
variables. Edges labeled with an opening labels represent field write operations,
while those with a closing labels represent field read operations, with distinct
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I class Tree { 9 ...
2 Tree fst; 10 a.fst = b; @ @
3 Tree snd; } 11 c.snd = a; -
4 void foo(){ 12 a.snd = f; H H H fstufst
5 Tree a, b; 13 d = c.snd; snd shd
6 Tree c, d; 14 e = d.fst; @ @ @
7 Tree e, f, g; 15 ¢ =g.fst; snd snd
8 16 h=hb;}
(b) Labeled bidirected graph for
(a) A Java program. alias analysis.

Fig. 2. Bidirected Dyck-reachability based field-sensitive alias analysis.

labels denoting different field accesses. For example, the statement a. fst=b
is encoded as an edge A(b,a) = fst. Consequently, aliases arising from field
accesses are represented by paths where opening and closing labels form matched
pairs, corresponding to Dyck-reachable paths in the graph. In Fig. 2b, nodes {a,
d} and {h, b, e} are Dyck-reachable, respectively (the equivalence class of each
variable with itself is omitted), and the variables in each equivalence class are
aliases in the original program.

Relaxing the graph to a bidirected graph introduces some approximation.
For example, consider the program statements a=c and a=b. Under Ander-
sen’s pointer analysis [4], b and c are not considered aliases, but in bidirected
Dyck-reachability based approach, b and c are considered aliases. However, the
bidirected Dyck-reachability-based approach is more efficient than Andersen’s
pointer analysis. To the best of our knowledge, the most efficient algorithm
for solving the bidirected Dyck-reachability problem may achieve linear time
complexity [10] in many cases, which is significantly more efficient than the
cubic lower bound [30] of Andersen’s pointer analysis.

In this example, field access operations are modeled via Dyck-reachability.
Similar matching properties exist in other program constructs, such as
call/return matching in function invocations and reference/dereference match-
ing in C programs. The Dyck-reachability modeling approach thus has broad
applications in program analysis problems.

2.3 Motivation

This subsection will first introduce the basic idea of the bidirected Dyck-
reachability solving algorithm. Then, we will compare this method with the
algorithm for computing the congruence closure of EUF SMT formulas on con-
gruence graphs, motivating our approach.

Figure 3a illustrates a bidirected graph in which the Dyck grammar requires
matching parentheses. By observing a Dyck-reachable path between nodes a and
¢, we deduce that a and ¢ are Dyck-reachable. Figure 3b depicts the subgraph
derived from Fig.3a by retaining only edges labeled with (. In this subgraph,
nodes a and ¢ have edges labeled with ( directed toward node b. According to
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@5 @ @)

Fig. 3. Bidirected graph and its subgraph containing only opening label edges.

the definition of a bidirected graph, the existence of such a configuration implies
that the complete edge relationship among these three nodes must include the
edges shown in Fig.3a. Moreover, Theorem 1 establishes that the bidirected
Dyck-reachability relation is an equivalence relation. Specifically, if nodes a and
c are Dyck-reachable, then every node Dyck-reachable from a must also be Dyck-
reachable from ¢, and conversely, every node Dyck-reachable from ¢ must be
Dyck-reachable from a. Therefore, nodes a and ¢ can be merged in the graph.
Similar to Strongly Connected Component (SCC), a Dyck Strongly Connected
Component (DSCC) [10] represents a set of mutually Dyck-reachable nodes,
forming a Dyck-reachable equivalence class.

Overall, the state-of-the-art algorithm for solving bidirected Dyck-
reachability [10,44] consists of two fundamental steps. The first step identifies
configurations where multiple nodes have edges with identical opening labels
directed toward a common node, as illustrated in Fig. 3b. The second step merges
these nodes into the same equivalence class. The process iterates these two steps
until no additional node pairs can be merged. As a result, all nodes within a
final equivalence class are mutually Dyck-reachable.

By examining this process, we observe an analogy with the congruence closure
algorithm used in EUF SMT solving. Specifically, edges labeled with opening
labels in bidirected graphs correspond to uninterpreted functions in EUF. The
rule for merging nodes based on bidirected Dyck-reachability corresponds to the
inference of new equivalence classes via the function congruence property in the
congruence closure algorithm. Consequently, the resulting DSCCs correspond to
the equivalence classes derived in EUF SMT solving.

Insight: For the bidirected Dyck-reachability problem, if we consider the
nodes in the graph as variables and edges with opening label as a function
relationship, each edge with an opening label can be encoded as an EUF SMT
formula. The equivalence classes obtained in EUF SMT solving correspond
to the sets of Dyck-reachable nodes in the bidirected graph.

3 EUF-based Dyck-Reachability Encoding

In this section, we will present a reduction of the bidirected Dyck-reachability
problem to the satisfiability problems of EUF SMT formulas. This demonstrates



EUF-based Solving Dyck-Reachability with Applications to Static Analysis 303

that all program analysis problems that can be modeled as bidirected Dyck-
reachability problem can also be encoded using EUF SMT formulas, allowing
them to be solved using SMT solvers.

3.1 Reduction

We present a reduction from the bidirected Dyck-reachability problem to the
satisfiability of EUF SMT formulas. We first outline the specifications of both
problems, then describe the reduction function that encodes any bidirected Dyck-
reachability instance into EUF SMT theory.

Bidirected Dyck-reachability problem.

— Input: A Dyck CFG G, a bidirected graph G = (V, E), and a pair of node

(u,v) .
— Output: v and v are Dyck-Reachable or not.

Satisfiability of EUF SMT formulas.

— Input: An EUF SMT formula.
— Output: SAT or UNSAT

Reduction function R. The reduction function R maps each instance of the
Dyck-reachability problem to an EUF SMT formula satisfiability problem. In
this mapping, graph nodes correspond to formula variables, each opening label
in X is represented as an uninterpreted function, and edges labeled with opening
labels or € are encoded as equations. The queried node pairs are represented as
inequalities between corresponding variables.

As shown in Algorithm 1,

Algorithm 1: Encoding(G, G) the algorithm encodes the input
Input: A CFG G, a labeled bidirected Dyck grammar G and labeled
graph G(V, E) graph G into an EUF SMT for-

Output: An EUF formula ¢gur. mula. The algorithm initializes

1 ¢gur <« True ¢rur to True (Line 1), then
2 foreach (s,l,t) € E do iterates over the edges E of G.
3 if [ is an opening label in G then For each edge (s,!,t) (Line 2),
4 L orur — orUF A (s = Fi(t)) the encoding depends on the
5 if I = € then edge label: opening parenthe-
_ sis [ is encoded as s = Fj(t

¢ L deUr — deUR A (5= 1) (Line 4), while € is encoded (ai
7 return ¢gyr s =t (Line 6). After processing

all edges, the resulting formula
¢rur contains approximately |E|/2 conjunctive equality constraints. The reach-
ability query for nodes w and v corresponds to checking the satisfiability of
orur A (u # v), denoted as R(G, G, u,v). The nodes u and v are Dyck-reachable
if and only if R(G, G, u,v) is unsatisfiable, completing the reduction function R.

The reduction algorithm has a time complexity of O(|E|). However, in prac-
tical applications such as field-sensitive alias analysis, a program can be encoded
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directly as an EUF formula without first being converted to an explicit graph
representation. Furthermore, the EUF SMT-based approach to bidirected Dyck-
reachability does not require explicit enumeration of all |V |? node pairs to deter-
mine reachability. SMT solvers utilizing the congruence closure algorithm [16,32]
first compute an equivalence closure from ¢gyr, which ezactly matches the clo-
sure derived by graph-based bidirected Dyck-reachability algorithms. Reacha-
bility queries are then handled via incremental solving: the base equivalence
closure is computed once by solving ¢rur, after which constraints like (u # v)
are pushed to check satisfiability for individual queries and subsequently popped
to reset the solver state.

Theorem 2. Let G be a Dyck grammar and G = (V, E) a bidirected graph. For
any nodes u,v € V, u and v are bidirected Dyck-reachable if and only if the EUF
formula R(G,G,u,v) is unsatisfiable.

Proof. Directionl : When (u,v) are Dyck-reachable in graph G, then
R(G, G, u,v) is unsatisfiable.

When (u,v) are Dyck-reachable in G, i.e., Jty,ta,...,th—1 € V. A(u,t1) -
At1,t2) -+« A(tn—1,v) € L(G), we let p represent this reachable path of length n
and Encoding(G,p) denote the formula generated by encoding p. We proceed by
induction on the path length n. Direction 1 holds when the nodes u and v are
the same, i.e., when n = 0. When n = 1, we have A(u,v) = ¢, and encoding this
edge yields u = v. This formula establishes the equivalence of u and v, indicating
that R(G, G, u,v) is unsatisfiable.

Assume that Direction 1 holds for n < k. For n = k, since p of length n is a
reachable path, the labels on p concatenate to form a well-parenthesized string.
According to the syntax of the Dyck language (Rule 2), there are two ways to
construct the path p:

1. There exists a well-parenthesized path p’ of length n—2, such that p = 1-p’-[;
2. There exist two well-parenthesized subpaths p; and py, both satisfying |p;| <
n and p = p; - pa.

By the induction hypothesis, FEncoding(G,p’), FEncoding(G,p1), and
Encoding(G,p2) can all be shown to establish the equivalence of their end-
point nodes. Furthermore, by the transitivity (Axiom transitivity) and congru-
ence (Axiom congruence) axioms, it follows that Encoding(G,p) forms a proof
sequence for u = v, thus R(G, G, u,v) is unsatisfiable.

Direction2 : If R(G,G,u,v) is unsatisfiable, then (u,v) are Dyck-
reachable in graph G.
When R(a,b) is unsatisfiable, there exists a proof sequence for v = v. Based on
this proof sequence, we can derive a Dyck-reachable path in the graph G from
u to v. The proof process is similar to that of Direction 1, and the complete
proof can be found in the full version of this paper [17].
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3.2 Example

In Sect. 2.2, field-sensitive alias analysis was modeled via Dyck-reachability.
In the previous subsection, we present a reduction from bidirected Dyck-
reachability problems to EUF SMT solving, demonstrating that EUF-based
methods can solve such problems. As an illustration, we now detail the cor-
responding EUF encoding approaches using the programs in Fig. 2.

The results from encoding the Java program in Fig.2a using EUF SMT
formulas are as follows:

h=bAb=Fi(a)Af=Fy(a)Na=Fr(c)ANc=Fi(g) Nd=Fr(c) ANe=Fi(d)

In this case, each program variable maps to a formula variable, and each
field is modeled as an uninterpreted function to represent field accesses. Pro-
gram statements are encoded as follows: assignments like h=b as equalities;
store operations like a. fst=b as b = Fj(a); and load operations like d=c. snd
as d = Fy(c). Solving the formula yields equivalence classes, e.g., {a,d} and
{h,b,e} (excluding trivial self-equivalences), matching the Dyck-reachability
results in Fig. 2b.

4 Experiment and Evaluation

Solving bidirected Dyck-reachability with EUF SMT solvers only requires design-
ing an appropriate encoding, leveraging their mature implementations and avoid-
ing the need for specialized algorithms. This section evaluates the efficiency of
our approach by comparing SMT-based, graph-based, and Datalog-based meth-
ods on static analysis tasks. A typical static analysis consists of two phases:
program analysis, which computes the complete analysis results (e.g., all alias
relations), and query resolution, which answers specific queries (e.g., determin-
ing whether two given variables are aliases). We evaluate all three approaches
from both perspectives, addressing the following research questions:

— RAQ1: Efficiency of analysis, i.e., given a program and a static analysis task,
how efficient is the SMT solver-based approach compared to the other two
approaches in completing the analysis?

— RQ2: Efficiency of querying, i.e., after completing analysis, how efficient is
the SMT solver-based approach compared to the other two approaches in
answering specific queries?

4.1 Experimental Setup

Baseline. We use graph-based and Datalog-based approaches as baselines.
The graph-based baselines include: FD by Zhang et al. [44] with complexity
O(n+m-logm), and Optimal by Chatterjee et al. [10] with worst-case complex-
ity O(m + n - a(n)). We use the open-source implementation from Krishna et
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al. [26], which focuses on dynamic bidirected Dyck-reachability and implements
both algorithms. For fairness, we compiled the code with -O3 optimization,
whereas the original compilation commands in [26] used no optimization flags.

Datalog tools are also widely used in static analysis, computing relational
closures by deriving new facts from initial facts according to analysis rules. For
our experiments, we selected two well-known Datalog tools as baselines: Soufflé
[15] and Bddbddb [41].

SMT solvers. SMT solvers are widely used in program analysis and verification,
with EUF theory playing a central role as it bridges different theories in com-
bined theory solving [31]. To solve EUF formulas, SMT solvers typically employ
congruence closure algorithms [13,16,32,33] (core procedures are outlined in
Sect. 2.1, though implementations vary). The following SMT solvers were used
in our experiments for EUF formula solving:

— Z3 [12]: A high-performance C++ SMT solver from Microsoft Research, is
widely adopted in academia and industry. Given its significant impact, we
selected Z3 for EUF SMT solving in our experiments.

— CVCS5 [6]: A well-known SMT solver developed in C++ by Stanford Univer-
sity and the University of lowa, it demonstrated outstanding performance in
the QF_UF category at SMT-COMP 2024 [38].

— Yices [18]: Yices, developed in C by SRI International, is an efficient SMT
solver that excelled in the SMT-COMP 2024 competition [38], winning both
the Single Query Track and the Incremental Track in the QF_UF category.

— Plat-smt [19]: Plat-smt, a Rust-based QF_UF SMT solver, employs
Egg’s [42] implementation for congruence closure solving and demonstrated
strong performance in that category at SMT-COMP 2024 [38].

— Egg [42]: Egg is a Rust-based tool for equality saturation that uses e-graphs
as its core data structure to support congruence closure for deriving equiva-
lence classes. It innovatively introduces a rebuilding operation that maximizes
equivalence class merging while delaying the upward search for congruent
terms, significantly improving computational efficiency.

Benchmarks. The application of Dyck- Table ) 1. Field-sensitive Alias
reachability in static analysis is well-established Analysis for Java Programs

[10,24,26-29,44], including the baseline tools benchmark | #Locs()| #Nodes| #Eidacs | #Labels
used in our experiments. Our initial benchmarks on 20836608 23008 |1at0
are drawn from these prior works. For further csipss 11— Joio0d 1065 |1o4s
evaluation, we added 10 widely-used open-source s [13—[atest [sozt aten
C programs. The transformation from program Tinte—1oe— ot zoo1e {1738
to graph/EUF formulas incurs minimal over- ;ldh 11%3 g{:éé %ES g%

head, as it requires only a single pass over the
intermediate representation. Benchmark details
are provided below.
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Field-sensitive alias analysis for Java.
Existing work on bidirected Dyck-reachability Table 2. Field-sensitive Alias
[10,26,27,44] has selected the DaCapo 2006 [8] Analysis for C Programs

benchmark for field-sensitive alias analysis tasks, benchmmark | Locs(K) | #Nordes] #Eges | #Labels
which have been modeled as bidirected Dyck- T TRE e e ot
reachability problems [44]. Table 1 shows the v fao5—Jasoris Jotzore Jors
statistical information for the graphs, including alies 265 [sasssa | 105705 |36
the lines of code (#Locs in thousands), the num- o {oenea a

ber of nodes (#Nodes), edges (#Edges), and Tommia |3 |150%08
variable fields (#Labels) in each graph.

Field-sensitive alias analysis for C Programs. To further evaluate our
approach, we selected 10 real-world C programs, including several large-scale
ones, as shown in Table 2. We used lotus’s [14] encoding scheme to convert these
C programs into graph representations. In this encoding, labels capture not only
field accesses but also pointer dereference and reference operations.

Context-sensitive data dependence analysis. Tab.l‘? 3. Context-
Data dependency analysis focuses on identifying Def- Sensitive  Data  Depen-
Use chains in programs, with applications in various dpence Analysis for Java
static analysis tasks. Context sensitivity requires dis- rograms

tinguishing between different function calls, where a  benchmark #rocs) [ #Nodes | #Edgen | #Labels

btree 1811 1757 801

necessary condition for a valid call is the matching ‘aeac |10 w20 |27 2167

compiler |9 4189 4101 1646

of call and return. Existing work models this require- onpees 10 s s i
ment using bidirected Dyck-reachability [10,26,27]. It 2% e
builds upon an approach from [40] that represents ‘eiowerd o dors 13969 |1596

mpegaudio | 40 9650 9931 3564
2 899 809 376

SPECjvm2008 benchmark programs [1] as bidirected

1686 1561 690

931 834 389

graphs. In this paper, we adopt the same bidirected

4583 4429 1782

graph representation following [10]. Table3 summa-

5493 5367 2165

3891 3792 1520

rizes the statistical information of the graphs derived

23922 |24391 9128

from these programs, where (#Labels) denotes the
number of function calls in each program.

Evaluation method. This paper experimentally investigates the efficiency
of three approaches: SMT solver-based, graph-based, and Datalog-based
approaches. The input for the graph-based method is a graph derived from the
compilation of the target program, and the graph models we evaluate are from
[27] and [26]. To ensure a unified testing standard, the inputs for both the SMT
solver-based approach and the Datalog tools are derived from this graph model.

For the SMT solver-based method, the input is a standard SMT-LIB [7]
format file. We convert the existing graph file into an SMT formula using Algo-
rithm 1, with the logic set to QF_UF. The querying functionality is implemented
via incremental solving. For instance, to check the equivalence of two variables
(u,v)—i.e., whether nodes u and v are Dyck-reachable—the commands (push 1),
(assert (not (= u v))), (check-sat), and (pop 1) are appended to the SMT-LIB
file. An UNSAT result indicates that v and v are equivalent.
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The experiments were conducted on a desktop running Ubuntu 22.04,
equipped with an i7-9700 3.00GHz CPU and 16GB of RAM. Each experiment
was performed three times, and the reported results are the averages.

4.2 Efficiency of Analysis

This section evaluates SMT-based, graph-based, and Datalog-based methods for
computing all equivalence classes, using the programs in Tables 1-3. Results in
Tables 4-6 distinguish parsing and solving time (denoted as parsing + solving)
for graph-based and SMT tools, with gray values in parentheses showing 10,000-
query times. Plat-smt solves each formula immediately upon parsing, interleaving
the two phases; the total time is therefore reported. The red-highlighted numbers
in the figures indicate the total time (parsing + solving) and query time for
the best-performing tool in each category. Since Datalog tools such as Soufflé
and Bddbddb explicitly store all relation pairs—requiring O(n?) storage for n
elements in an equivalence class—their analysis and query efficiency is more than
two orders of magnitude slower. We therefore omit their results in this section;
detailed experimental results can be found in the full version of this paper [17].

Table 4. Results of field-sensitive alias analysis for Java programs, showing total anal-
ysis time (Parsing+Solving, ms) and total time for 10k queries (ms, in parentheses).
Best results are highlighted in red. TO = Time Out (10 minutes).

b " Graph based(ms) SMT based(ms)
#FD #£0ptimal #23 #CVC5 #Yices #Plat-smt #Egg

antlr 29.3+10.4(6.0)  16.0+4.8 (6.1)  67.0+431.4 (380.1)  175.84+209.2 (199.3)  25.048.6 (28.3) 26.41 (11.8) 20.5+10.9 (1.0)
bloat 32.9+11.2(6.1)  17.746.1 (5.9)  75.14558.7 (119.0)  154.9+245.7 (506.9)  27.549.5 (30.1) 29.82 (11.8) 24.4+13.1 (1.2)
chart 65.4425.2(6.7)  54.9+14.2(6.2) 152.44294.5 (670.1)  310.14511.1 (551.8)  53.8417.9 (30.0) 64.31 (15.0) 50.8428.8 (1.2)
eclipse 30.7410.4(6.1)  28.7+5.8 (6.2)  71.5+462.6 (351.6)  143.14219.9 (505.1)  26.3+9.0 (27.7) 34.77 (11.7) 24.7+11.6 (1.0)
fop 59.4+21.6(6.6)  46.7+11.7(6.1) 138.4+1403.9 ( 7.7) 280.6+437.9 (539.3)  46.9+16.8 (29.5) 56.37 (15.0) 46.4+25.5 (1.0)
hsqldb 27.749.7 (6.0) 153444 (6.1)  64.64+408.4 (361.5)  130.04194.2 (181.5)  27.249.2 (28.7)  20.57 (15.7) 19.4+11.1 (\ 2)
jython 34.7412.4(6.1)  18.3+7.0 (6.0)  76.3+642.4 (125.9)  162.7+260.7 (© ) 28.3+10.1 (28.8) 32.92 (11.6) 26.1+14.7 (1.2)
luindex 37.5410.0(6.0)  14.9+5.3 (6.1)  66.5+102.4 (372.1)  136.9+205.4 (191.5)  22.6+8.5 (20.1) 28.54 (11.8) 21.44+11.6 (1.1)
lusearch 32.8+10.1(6.1) 158454 (6.3)  69.0+107.3 (375.5)  138.3+213.9 (195.5)  26.04+8.5 (25.1) 29.91 (11.7) 21.6+11.7 (1.0)
pnd 38.9411.2(6.0)  16.845.6 (5.9)  69.6+471.8 (103.7)  144.94225.1 (505.1)  25.149.3 (20.2) 302 (15.0) 22 4+123<\ )
xalan 28.4+10.1(6.0)  21.14+4.8 (6.4)  63.74362.5 (361.9)  129.7+193.0 (4183.1)  22.64+8.3 (27.1) 26.21 (11.9) 19.3+11.1 (1.2)
Total Time417.7+142.3 (67.7) 266.2+75.0(67.6) 914.2+5246.1(1757.1) 1906.9+2916.1 (5610.5) 331.2+115.6 (317.5) 389.0 (161) 297.0+162.3 (45.1)

The data in Tables 4-6 indicate that Optimal achieves the best performance
in both total and solving time across nearly all benchmarks. The sole exception
is in Table 5, where Plat-smt slightly outperforms Optimal in total time (3.29s
vs. 3.348). Among the SMT solvers, Yices, Plat-smt, and Egg demonstrate per-
formance comparable to Optimal across the three benchmarks. Specifically, Plat-
smt achieves 88% of Optimal’s efficiency in Table4 (389 ms vs. 341.2 ms), while
Yices reaches 65% of Optimal’s solving efficiency in the same table (115.6 ms
vs. 75 ms) and 90% in Table5 (1.67s vs. 1.51s). Compared to the second-best
graph-based algorithm FD, Yices and Plat-smt outperform FD in both solving
and total time in Tables4 and 5, although they perform slightly worse than
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Table 5. Results of field-sensitive alias analysis for C programs, showing total analysis
time (Parsing+Solving, s) and total time for 10k queries (s, in parentheses). Best results
are highlighted in red. TO = Time Out (10 minutes).

benchmark Graph-based(s) SMT-based(s)
#FD #0ptimal H#Z3 #CVC5 #Yices #Plat-smt #Egg

git 0.77+1.11 (0.007) 0.44:0.32 (0.007) 2.32485.69 (1.422) 3.85+11.78 (20.286) 0.83+0.43 (0.033) 0.74 (0.016) 0.6+0.5 (0.004)

libssh2.a  0.140.12 (0.007) 0.0640.03 (0.007) 0.264+7.13 (1.203)  0.494+1.15 (0.812) 0.08+0.04 (0.029)0.09 (0.015) 0.0940.06 (0.00)
tmux 0.2440.3 (0.008) 0.1240.1 (0.008) 0.61417.51 (2.537) 1.1443.69 (9.615)  0.2140.1 (0.033) 0.21 (0.017) 0.23+0.14 (0.001)
vin 0.74+1.16 (0.009) 0.3940.38 (0.009) 1.76+38.26 (7.219) 3.59+10.93 (32.387) 0.75+0.38 (0.033) 0.72 (0.018) 0.56-+0.47 (0.005)
lighttpd  0.0740.09 (0.007)0.04+40.03 (0.006) 0.16+2.68 (0.873)  0.3441.01 (2.204) 0.06+0.03 (0.030) 0.06 (0.015) 0.06+0.04 (0.004)
sqlite3 0.49+0.73 (0.009) 0.2640.22 (0.00%) 1.314-63.69 (1.923) 2.37+7.57 (45.547) 0.48+0.24 (0.038) 0.47 (0.017) 0.4840.32 (0.004)
strace 0.2140.26 (0.005) 0.140.08 (0.007) 0.5540.65 (2.13)  0.95+2.86 (2.272) 0.17+0.07 (0.042) 0.17 (0.017) 0.13+0.11 (0.004)
wrk 0.54+0.75 (0.009) 0.2940.22 (0.008) 1.4456.88 (5.944) 2.62+8.28 (17.034) 0.54+0.25 (0.035) 0.52 (0.018) 0.5+0.32 (0.004)
darknet 0.1440.17 (0.007)0.0740.05 (0.007) 0.3143.23 (1.422)  0.6+1.77 (1.346)  0.1140.04 (0.033) 0.12 (0.016) 0.140.06 (0.00)
libxml2.a 0.2340.31 (0.008) 0.1240.1 (0.008) 0.61+16.71 (2.467) 1.124+3.52 (3.747)  0.2240.1 (0.034) 0.2 (0.016) 0.21+40.14 (0.004)

Total Time 3.52+5.0 (0.079) 1.83+1.51 (0.075)9.204292.4 (30.11) 17.08452.57 (119.25) 3.4541.67 (0.31) 3.29 (0.165) 2.9642.16 (0.04)

Table 6. Results of context-sensitive data dependence analysis for Java programs,
showing total analysis time (Parsing+Solving, ms) and total time for 10k queries (ms,
in parentheses). Best results are highlighted in red. TO = Time Out (10 minutes).

o . Graph based(ms) SMT based(ms)
HFD #0ptinal #73 #CVC5 #Yices #Plat-smt #Egg

btree 2.940.2 (8.6) 2.640.3 (5.0) 8.2+7.5 (156.4) 13.2419.4 (512.3) 2.3+1.2 (20.1) 6.02 (17.1)  1.941.3 (1.3)
check 6.840.6 (5.0) 63407 (5.1)  25.9+25.1 (201.7) 60.8463.1 ('" D) TA43.2 (33.5) 1252 (112)  7.243.4 (1.1)
compiler 5.540.5 (6.2) 79408 (5.3) 2414225 (157.6) 29.0446.9 (533.6) 5.242.6 (30.7)  13.73 (112)  17.244.0 (1.2)
compress 5.940.5 (5.3) 7.940.8 (5.3) 13.74+19.8 (186.5) 31.6+49.5 (523.3) 5.4+42.6 (30.0) 13.82 (14.3)  7.742.9 (1.0)
crypto 9.141.0 (5.7) 84410 (5.0)  18.2435.7 (218.3) 45.7476.7 (591.2) 8.044.2 (31.1) 1638 (115)  9.143.6 (3.9)
derby 9.040.8 (5.1) 73409 (5.1)  23.7427.2 (214.2) 47.84+70.1 (510.6) 78439 (31.0) 888 (147)  15.4+4.2 (1.3)
helloworld  5.7+0.4 (6.1) 47406 (5.0)  13.3+20.1 (157.1) 7 51425 (30.8) 517 (144) 54423 (12)
npegaudio 126413 (6.0) 106413 (5.1)  34.3+47.6 (250.8) 69.9+121.5 (551.7) 12.045.9 (30.1) 1246 (11.5)  12.6+5.4 (1.3)
mushroom 2.340.2 (4.7) 0.8+0.1 (1.8) 6.343.6 (143.7) 12.2410.7 (487.1) 3.4+1.3 (30.2) 0.97 (14.5)  2.5+1.7 (‘ 6)
parser 2.840.2 (5.1) 1.540.2 (1.9) 8.0+6.4 (156.1) 28.3+18.3 (193.3) 7.64+3.4 (31.7) 185 (15.1) 51424 (6.1)
sample 1.240.1 (4.9) 0.840.1 (1.8) 6.5+3.5 (150.1) 14.6+11.8 (488.1) 3.441.6 (31.3) 102 (143)  1.841.3 (5.0)
scimark 6.240.5 (7.2) 41405 (5.1)  15.5+22.0 (190.6) 53.4+52.1 (528.9) 174459 (315) 573 (113)  10.8+3.2 (1.1)
startup 8.040.7 (6.0) 5.240.7 (5.2)  35.4+27.3 (208.6) 38.4467.0 (572.5) 14.5+4.9 (30.1) 68/1( 1) 13.944.5 (1.1)
sunflow 5.540.5 (7.9) 35404 (5.0)  12.7+18.2 (185.7) 30.9+42.4 (526.0) 6.4+42.9 (30.5) 5.56 (11.8) 54421 (5.3)
xml 377470 (6.1) 236453 (5.7)  83.64904 (152.1)  184.94347.1 (580.3)  46.9413.0 (30.0)  39.1 (11.7)  32.0+16.1 (1.3)

Total Time 121.04+14.43 (91.1)95.15+13.8(76.7) 329.334376.9 (3101.5) 692.26+1040.98 (8059.5) 152.314+59.07 (166.1) 150.03 (220.6) 148.22458.42 (68)

FD in Table6 yet remain within the same order of magnitude. Notably, Egg is
more than twice as fast as FD in Table5, although it performs slightly worse
on other benchmarks. In contrast, Z3 and CVC5 exhibit relatively poor perfor-
mance across all benchmarks. We now analyze the factors contributing to these
performance differences.

Chatterjee et al. [10] established that Optimal solves the bidirected Dyck-
reachability problem with complexity O(m + n - a(n)), proving its optimality.
In contrast, known congruence closure algorithms for EUF have complexity
O(n-logn) [16,32,33]. However, since encoding bidirected Dyck-reachability into
EUF formulas produces formulas that contain only unary functions with a con-
stant number of function symbols, congruence closure algorithms can achieve
lower complexity under this constraint. In Sect.5.2, we provide a brief com-
parison between the congruence closure implementation in Egg [42] and the
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Optimal algorithm. We show that Egg’s implementation also attains a complex-
ity of O(m + n - a(n)) under the same restriction, and we highlight the notable
similarities in their algorithmic designs.

Algorithmic design choices significantly impact performance. First, regard-
ing implementation languages, experiments on union-find sequences show that C
and C++ implementations are roughly twice as fast as their Rust counterpart.
This directly explains the two-fold performance gap between Egg and Optimal,
despite their shared asymptotic complexity. Detailed results and analysis are pro-
vided in Sect.5.1. Moreover, various tools employ distinct optimization strate-
gies. For instance, Egg uses a rebuilding operation that performs unions first,
followed by a single-level upward search for congruent terms, thereby lower-
ing amortized complexity. Yices, on the other hand, flattens EUF formulas into
terms of depth at most two [33]. This allows immediate equivalence detection
after merging variables: once z and y are merged via x = y, terms such as f(x)
and f(y) are directly recognized as equal, enabling m and n (from m = f(x)
and n = f(y)) to be merged without explicit congruence-finding steps.

Answer to RQ1: On the tasks of field-sensitive alias analysis and context-
sensitive data dependence analysis, SMT solvers such as Yices, Plat-smit,
and Egg achieve performance comparable to the best graph-based algorithm,
Optimal. These results demonstrate the high solving efficiency of the EUF
SMT-based approach, confirming its suitability for practical static analysis.

4.3 Efficiency of Querying

In this section, we compare the efficiency of SMT-based and graph-based meth-
ods for answering a specific type of queries (i.e., the equivalence of two variables).
For each program, we generated 10 query sequences with lengths ranging from
1,000 to 10,000 in increments of 1,000, where approximately 50% of the vari-
able pairs are Dyck-reachable. In Tables4—6, the gray numbers in parentheses
report the time per 10,000 queries. Figure 4 plots the trend of query time as query
sequence length increases across the three benchmarks; each point shows a tool’s
average query time for a given length across all programs in that benchmark.
Complete results can be found in the full version of this paper [17].

We first compared the query results of the SMT solver-based methods with
graph-based methods, and across tens of thousands of queries, both produced
identical results, providing experimental support for Theorem 2. The results in
Tables 4-6 show that Egg achieves the best performance, with speedups of up
to 1.88 x (0.04s vs. 0.075s) compared to graph-based methods in Table5. As
shown in Fig. 4, the query time of every tool grows linearly with the query length.
While Plat-smt and Yices perform slightly worse than graph-based tools, their
average per-query overhead remains within the same order of magnitude. In
contrast, Z3 and CVC5 are noticeably slower; nonetheless, their average per-
query time remains within an acceptable range.
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Fig. 4. Average query time for different analysis types

Answer to RQ2: In terms of query efficiency, Eqgg outperforms graph-
based methods. Although performance varies among solvers, the average per-
query overhead remains within acceptable limits. This demonstrates the high
efficiency of the EUF SMT-based approach in query processing, making it
directly applicable to practical static analysis tasks.

5 Discussion

Since the union-find operation is fundamental to congruence closure, this section
presents the performance of various tools on union-find sequences, along with a
concise comparison between the algorithms of the Optimal and Egg tools.

5.1 Experimental Results on Union-Find Sequences

This experiment evaluates the performance of various tools on Union-Find
sequences, highlighting differences in implementation approaches and program-
ming languages. For a set of 50,000 variables, we randomly generated equality
equations ranging from 5,000 to 25,000 in increments of 5,000. These equations
involve only variable equalities (representable as e-labeled edges in graph-based
tools) and contain no function applications. All results, averaged over three runs
and reported in milliseconds, are presented in Table 7.

We first examine the effect of implementation language. Each tool our C++4-
based unionfind, Yices (in C), and Egg (in Rust)implements the classic Union-
Find algorithm with path compression and union by rank [11]. The experiments
reveal that the C and C++ implementations perform with comparable efficiency,
and both outperform the Rust version by more than a factor of two.

Regarding algorithmic implementations, graph-based tools model Union-
Find equations as graph edges, use reachability algorithms to identify equiv-
alence classes, and then merge them via standard Union-Find structures, which
hinders the overall efficiency. SMT solvers typically employ linked-list-based



312 Y. Du et al.

Table 7. Results on Union-Find sequences of varying lengths, showing total analysis
time (Parsing+Solving, ms). Best results are highlighted in red.

Length #FD(C++) #O0ptimal(C++)#unionfind(C++) #Z3(C++) #CVC5(C++) #VYices(C) #Plat-smt(Rust) #Egg(Rust)

5000 15.16+8.11 6.134+2.95 2.12+1.81 22.53+10.11 33.66+50.97 6.02+1.48 7.05 1.47+3.23
10000 20.65+15.13 11.07+7.56 4.234-3.33 48.0+21.24 64.53+123.3 12.45+2.88 13.64 3.49+47.37
15000 31.02+23.93 16.8+11.65 6.7245.02 57.48+33.49 120.19+198.31 46.99+5.13 18.02 5.4+10.74
20000 46.79+33.15 20.86+17.59 8.6445.95 70.39+49.9 126.58+285.8  22.26+6.01 23.88 7.68+13.07
25000 49.71+43.27 25.87+22.2 10.79+7.03 80.58+76.83  151.884+375.4  29.47+6.57 31.76 10.91+16.2
Total Time 163.344-123.59  80.73+61.96 32.49+23.13 278.98+191.57 496.84+1033.78 117.20+-22.06 94.37 28.95+50.61

Union-Find algorithms to support backtracking, forgoing path compression and
incurring O(nlogn) complexity—leading to degraded performance. In contrast,
Yices adopts a hybrid strategy: it applies the optimized Union-Find algorithm
for processing pure equalities and switches to a linked-list representation for
congruence-derived equivalence classes to enable backtracking, thereby achiev-
ing the highest efficiency.

5.2 Comparison of Optimal and Egg

This section provides a concise comparison between the congruence-closure
algorithms in Optimal and Egg. The core procedures of the bidirected Dyck-
reachability and congruence-closure algorithms are essentially identical, as both
consist of two main steps noted in Sect.2.3: (1) merging reachable/equivalent
nodes, e.g., via union(a, b); and (2) identifying newly reachable/equivalent nodes
by examining the predecessor/parent sets of the merged nodes. The algorithm
repeats these steps until a fixed point is reached, thereby computing the congru-
ence closure.

The basic operations include union(a,b), merging the predecessor/parent
sets of find(a) and find(b), and searching for congruent terms in the merged
set. Both Optimal and Egg store predecessor/parent sets using maps, where
elements are representatives of equivalence classes. Because the number of edge-
label /function types is constant, these sets also have constant size—note, how-
ever, that if functions with arity greater than one are allowed, the size of parent
sets can no longer be bounded by a constant. Consequently, both merging the
parent sets and searching for congruent terms require only O(1) time.

Optimal uses a worklist that stores pending unions, processes them each
iteration, and adds newly discovered equivalent nodes to the worklist for the
next round. This corresponds to Egg’s rebuilding operation, which accumulates
multiple unions and then performs a batch upward search for congruent terms
via the rebuild function only one level upwarditerating to completion. Rebuild-
ing thereby avoids many redundant upward merges, significantly accelerating
congruence-closure computation.

In both algorithms, nodes in the worklist to be processed are preprocessed
by applying find to obtain their equivalence-class representatives, eliminating
duplicates and redundant operations. Chatterjee et al. [10] proved (Lemma 3.4)
that Optimal executes O(m) union-find operations. A similar argument shows
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Egg also uses O(m) union-find operations. Moreover, because the number of
edge-label /function types is constant, a sparse graph with m = O(n) can be
constructed in O(m) preprocessing time [10]—a step required by Egg as well.
Hence, both algorithms achieve a worst-case time complexity of O(m+mn-a(n)).

Although designed for different problem domains, the two algorithms exhibit
a striking consistency in their underlying principles. This consistency is formally
revealed by our proposed encoding of bidirected Dyck-reachability into EUF
formulas, as introduced in this paper.

6 Conclusion and Future Work

This paper presents a novel static analysis approach that leverages SAT/SMT
solvers. We demonstrate that the EUF theory can encode all problems solv-
able by bidirected Dyck-reachability, thereby offering a unified framework for
various static analysis tasks. Empirically, our SMT-based method achieves effi-
ciency comparable to state-of-the-art graph-based algorithms, with some solvers
exhibiting superior query performance. The combined ease of modeling program
semantics in EUF and the efficiency of modern solvers underscore the practi-
cal viability of this SMT-based paradigm. Further exploration of this paradigm
could be a promising direction for future research.

In the future, we plan to further explore the application of SAT/SMT solvers
to static analysis. This includes investigating a broader range of problems solv-
able by EUF SMT theory, examining connections between other SMT theories
and static analysis problems, and exploring the potential of SMT solvers as
general-purpose static analysis tools.

Data Availability. Our artifact is available at the following URL: https://
zenodo.org/records/18630949
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