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Abstract—Modern circuit design process increasingly adopts
high-level hardware construction languages and parameterized
design methodologies to shorten development cycles and maintain
high reusability, in contrast to traditional hardware description
languages. Such designs often involve complex datapath with
arithmetic operations, wide bit-vectors, and on-chip memories,
whose scale and level of modeling often pose significant challenges
to formal datapath verification. Traditional bit-level SAT sweeping
techniques lack the necessary abstraction and adaptability that are
required to establish equivalence at a higher level. In this paper, we
propose FORWORD, a novel word-level sweeping verification engine
tailored explicitly to formal datapath verification. FORWORD inte-
grates randomized and constraint-driven word-level simulations,
leveraging adaptive optimization to dynamically refine equivalent
candidates identified during simulation. Experimental results
demonstrate that FORWORD significantly outperforms state-of-the-
art bit-level SAT sweeping engines and the monolithic SMT solving
method, thanks to its enhanced capability in effectively identifying
equivalent pairs. To the best of our knowledge, FORWORD is the
first word-level sweeping engine explicitly designed for datapath
verification, offering improved efficiency and adaptability to
modern circuit designs.

Index Terms—formal methods, datapath verification, word-level
sweeping, equivalence checking

I. INTRODUCTION

Datapath verification is not merely a technical necessity
but also a critical safeguard for modern digital circuit design,
directly determining the correctness and reliability of hard-
ware systems. In safety-critical domains, even subtle datapath
flaws can cascade into system-wide failures, causing substantial
damage. As circuits grow increasingly complex, driven by ag-
gressive performance targets, sophisticated functionalities, and
stringent power constraints, ensuring datapath correctness has
become more and more challenging. The escalating complexity
amplifies the risk of hidden logic errors, making efficient and
scalable verification methodologies indispensable to ensure the
integrity of contemporary hardware designs.

Modern hardware design frameworks such as Chisel [1],
SpinalHDL [2] and high-level synthesis [3] enable designers to
build circuits from parameterized high-level modules that intro-
duce intricate semantic constructs, which are inherently chal-
lenging for bit-level verification methods due to their limited
abstraction capabilities and prohibitive computational overhead.

SAT sweeping [4] has long served as an important ver-
ification method, which operates at the bit-level via And-
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Inverter Graphs (AIGs), taking advantage of structural hashing,
simulation, and SAT solving. It merges structurally identical
subgraphs and use simulation to rapidly identify candidate
equivalences, which are then refined by SAT checks, signif-
icantly reducing redundant logic and streamlines equivalence
checking processes. Despite its wide adoption, SAT sweeping
faces fundamental limitations when verifying modern highly
abstracted circuit designs, where semantics often extend beyond
the bit level.

To address these challenges, verification has increasingly
shifted from bit-level SAT reasoning to word-level Satisfiability
Modulo Theories (SMT) solving. SMT solvers [5–8] inher-
ently support reasoning at the word-level and handle complex
semantics effectively. Nevertheless, existing SMT-based ap-
proaches lack the mechanisms of identifying equivalent nodes
and the strategies of reducing the functional redundancy. To
overcome this limitation, we propose a generalized word-level
equivalence checking framework that supports a broader range
of operators, combining the dynamic redundancy elimination
strength of SAT sweeping with the abstract semantic reasoning
capabilities of SMT solvers. This approach efficiently simplifies
circuit representations by recognizing word-level equivalences,
thereby enabling more scalable datapath verification.

In summary, this paper makes the following contributions:

• We introduce FORWORD, a novel and scalable framework
that implements a word-level sweeping method, providing
efficient equivalence checking for modern datapath verifi-
cation.

• We design a highly efficient method to generate simulation
stimuli especially for the constrained circuits. Leveraging
a combination of techniques including constraint analy-
sis, simulated annealing and solution recombination, the
method gives a good starting point to the random simula-
tion in equivalence detection.

• We develop a hybrid candidate reordering strategy within
the FORWORD framework that significantly reduces SMT
solver invocations, thereby improving the overall effi-
ciency of the verification process.

• We collect a comprehensive benchmark suite1 for formal
datapath verification, encompassing a diverse range of
arithmetic designs to enable reproducible evaluation and
foster further research in this domain.

1https://github.com/yangziyiiii/FORWORD/tree/main/benchmark



This paper is structured as follows. Section II presents the
background of SAT sweeping and word-level circuit modeling.
Section III motivates word-level sweeping with a simple ex-
ample. Section IV introduces our new word-level equivalence
checking method, with experimental evaluation in Section V.
Finally, we discuss related work in Section VI and conclude
the paper in Section VII.

II. BACKGROUND

A. SAT Sweeping

SAT sweeping has historically served as a foundational
technique for combinational equivalence checking. It primarily
operates on And-Inverter Graphs (AIGs) and employs tech-
niques like structural hashing, bit-level simulation, and SAT
solving. Structural hashing groups structurally identical sub-
graphs to simplify the circuit representations. Bit-level simula-
tion assigns random input values to quickly identify potentially
equivalent nodes based on the result of simulation, and SAT-
based refinement employs SAT solvers to rigorously verify
node equivalences. When the solver identifies a pair of nodes
as inequivalent, the input assignment that can distinguish the
pair is then integrated into subsequent simulations to refine
node equivalence detection. Conversely, if the solver finds the
constructed miter, a logical structure asserting the difference
between two candidate nodes, to be unsatisfiable, it confirms
their equivalence and the two subgraphs with distinct structures
can then be unified. This helps to reduce circuit redundancy,
compress the logic representation, and accelerate downstream
formal verification tasks such as equivalence checking and
property checking.

B. BTOR2: a Word-Level Model

The recent evolution of hardware modeling formats, exem-
plified by BTOR2 [9], underscores a shift toward word-level
reasoning in design and verification. BTOR2 representation
models circuits using the bit-vector and array theories. It
supports rich constructs such as fixed-width logic and arith-
metic operations, bit manipulations, and array read / write
operations, making it well-suited for SMT-based verification.
Tools like Yosys [10] can be used to translate Verilog into
BTOR2 models, preserving word-level semantics. This not only
improves compatibility with SMT solvers such as Bitwuzla [5],
but also enables higher-level reasoning during verification. An
example of a circuit design represented using Verilog and
BTOR2 format is shown by Figure 1.

III. A MOTIVATING EXAMPLE

In datapath verification, traditional bit-level SAT sweeping
has been widely used: signals are flattened into individual
bits and equivalence is checked at that granularity. While
effective for low-level redundancy removal, it discards high-
level semantics such as arithmetic relations. The loss of such
semantics often leads to harder SAT instances, increasing solver
runtime and necessitating additional optimization strategies. To
illustrate this limitation, let’s consider the verification of a
datapath with multiplication.

(b)(a)

1 sort bitvec 3
2 input 1 a
3 input 1 b
4 sort bitvec 1
5 input 4 cin
6 add 1 2 3
7 uext 1 5 2
8 add 1 6 7
9 output 8 sum

module adder (
  input  [2:0] a,
  input  [2:0] b,
  input        cin,
  output [2:0] sum
);
assign sum
  = a + b + cin;
endmodule
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Fig. 1. Different circuit representations: (a) Verilog and (b) BTOR2

Generally speaking, multiplication is usually difficult for
SAT solvers, as shown by Figure 2(a), where we compare
a range of state-of-the-art verification tools, including Bitwu-
zla [5], ABC &cec [11], Hybrid-CEC [12] and Kissat [13].
Except for Bitwuzla, all other tools work at the bit-level
and are equipped with variants of SAT sweeping algorithms
working either on the AIGs or on the CNF formulas. Bit-
level tools such as ABC exhibit severe scalability degradation
as bit-width increases. While verification of the 5-bit instance
completes within milliseconds, the runtime for 8-bit and 10-
bit instances escalates sharply, and for the 16-bit instance its
runtime approaches the one-hour time limit. On the other hand,
Bitwuzla enjoys the benefit of a higher level of abstraction,
whose runtime is not affected by the bit-width of the instances.

Despite the word-level abstraction, the state-of-the-art SMT
solvers for bit-vectors, such as Bitwuzla, lack the mech-
anisms to identify and exploit equivalence information. In
our applications, we often encounter multi-functional datapaths
which can perform various related computations, for example,
a multiplier with selective pre- and post-processing steps,
such as signed or unsigned bit-width extension, masking, and
result clamping, which are controllable by external inputs.
A simple example is shown in Figure 3(a). When verifying
the functionality of such datapath, the verification engineers
are usually provided with several golden models describing
single computing functions in different use cases. Therefore,
the equivalence checking tasks will take place under various
additional constraints. For example, Figure 3(b) shows a single-
functionality reference model which will be used to check the
case when no additional pre- and post-processing are enabled.
For a tool equipped with the sweeping technique (such as
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Fig. 2. Verification runtime in different scenarios when (a) word-level SMT
solving prevails vs. (b) bit-level sweeping in Kissat is more effective
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Fig. 3. An example of verifying a multi-functional unit under additional
constraints

Kissat), it is able to identify internal equivalent points between
the implementation and the specification under constraints and
therefore, it takes the shortest time for this example.

This example motivates the need for hybrid techniques that
can combine the scalability of word-level reasoning with the
strength of bit-level equivalence discovery, thereby addressing
both high-level hardware modeling semantics and redundancy
elimination in a unified framework.

IV. METHODOLOGY

This section presents our verification framework, FORWORD,
which leverages word-level reasoning and various heuristics
and strategies to address the scalability limitations of conven-
tional bit-level verification approaches. Figure 4 provides an
overview of the framework.

A. Overview of the FORWORD Framework

Usually for datapath verification, an implementation circuit
and a specification are provided to check for equivalence.
They are either mitered in a unified BTOR2 (Scenario 1 in
Figure 4) or are separated (Scenario 2). For sequential circuits,
unrolling may be necessary to obtain the complete input-output
relation for verification. Then an initial SMT formula will
be constructed, whose satisfiability indicates (in)equivalence.
Additional constraints may also be provided that set the
controlling input to check for conditional equivalence. Because
typically the SMT formulas are structured as abstract syntax
trees (ASTs) in the SMT solvers, in the following context, we
will indistinguishably use SMT expressions and AST nodes to
refer to the SMT formulas/terms.
FORWORD performs word-level simplifications by unifying

equivalent sub-expressions. The overall algorithm is shown in
Algorithm 1. It traverses the SMT formula representing the
check in post order. During the traversal, FORWORD computes
simulation values and hash signatures for each node t based
on its children (Line 7-12). This bottom-up traversal ensures
that each node is evaluated only after all of its children
are processed. For nodes with the same simulation results,
FORWORD performs an SMT checking to validate their equiva-
lence (Line 13-14). Confirmed equivalent nodes are merged and
reused across the circuit (Line 15 and Line 6). Disproved pairs
yield counter-examples, which are taken as new simulation
vectors, refining quality of simulation over time (Line 18-20).
After completing the traversal, the framework applies the root-
node substitution to simplify the original SMT formula before

performing final check (Line 23-24). In the implementation, we
don’t explicitly compute structural hash to check for structural
isomorphism. This is because the underlying SMT solver
(i.e., Bitwuzla) is already equipped with such function that
automatically unifies structurally isomorphic SMT terms.

In the following subsections, We will highlight the features
of FORWORD in more details.

Algorithm 1 The whole FORWORD Procedure
Require: The SMT formula to check r, a constraint Ccons ,

initial simulation vector Vsim
Ensure: Verification result: SAT or UNSAT

1: Initialize:
2: Simulation result S : T → Bw (T is the set of terms)
3: Hash table H : Bw → 2T

4: Substitution map θ : T → T
5: for all t ∈ PostOrder(r) do
6: Substitute t’s children using θ
7: if t is a leaf node then
8: S(t)← Vsim(t)
9: else

10: S(t)← fop(S(t1), S(t2), . . . ) ▷ Evaluate based on
operator semantics and children t1, t2, ...

11: end if
12: H(S(t))← H(S(t)) ∪ {t}
13: for all t′ ∈ H(S(t)) where t′ ̸= t do
14: if SMT(Ccons ∧ t ̸= t′) = UNSAT then
15: θ(t)← t′ ▷ Merge equivalent terms
16: break
17: else
18: Extract model µ from solver
19: Vsim ← Vsim ∪ µ
20: Update S and H
21: end if
22: end for
23: end for
24: Apply substitution: r ← θ(r)
25: return SMT(Ccons ∧ r)

B. Word-Level Simulation

The word-level simulation phase conducts constraint- and
heuristic-guided adaptive simulation to efficiently identify po-
tential equivalence relations among AST nodes. While bit-
level simulation on AIGs only needs to handle AND gates
and inverters, word-level simulation in FORWORD must support
the full semantics of the bit-vector and array theory, including
arithmetic operations like addition and subtraction, logic op-
erations such as bit-wise AND and OR, bit manipulation such
as concatenation and extraction, etc. FORWORD implements the
simulation semantics of these operators following their formal
definitions, ensuring accuracy across diverse circuit structures.

1) Generation of Simulation Stimuli: FORWORD begins with
random simulation to identify sub-formulas that likely belong
to the same equivalence class. However, for tightly constrained
problems, purely random stimuli often fail to satisfy all con-
straints, leading to invalid input patterns that erroneously distin-
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Fig. 4. Overview and details of the FORWORD flow. The left side illustrates the overall simplification pipeline: larger subgraphs are progressively replaced with
equivalent smaller ones, reducing AST depth and size, thereby shrinking the solver’s problem scope. The right side details our simulation procedure: we use
constraint- and heuristic-guided adaptive methods to generate stimuli, compute scores for candidate pairs, and apply a heuristic reordering policy followed by a
lightweight filter so that the solver is invoked first on the most promising pairs.

guish equivalent SMT expressions. To solve this problem, we
propose the following strategies to generate constraint-aware
simulation stimuli:

Lightweight constraint analysis captures simple constraint
patterns such as v1 = v2 (two input variables are equal) and
v1 = c1 (an input is set to some constants). When generating
input vectors for simulation, for the constrained variable pair
in v1 = v2, only one of v1 or v2 is given randomized values,
while the other just takes its copy. For constraints in the
form of v1 = c1, v1 will be forced to take the specified
constant value. It enables targeted stimulus generation without
significant overhead.

Simulated annealing (SA) search and solution recombi-
nation are used to handle complex constraint structures. For
complex constraints, we integrate a simulated annealing (SA)
mutation process. Let C be the set of constraints and, for an
input assignment x ∈ {0, 1}n, we define the satisfaction indica-
tor sc(x) ∈ {0, 1} for each c ∈ C. The coverage of constraints
and the corresponding energy function are defined as:

cov(x) = 1
|C|

∑
c∈C

sc(x), E(x) = |C| −
∑
c∈C

sc(x). (1)

We warm-start with an assignment x(0) that satisfies the
simple equality/constant-binding constraints. Then at iteration
k, a neighbor x′ is generated from x by position-biased bit-
flip that toggles a small number of bits drawn preferentially
from variables appearing in currently unsatisfied constraints.
Acceptance follows the Metropolis rule with a geometric cool-
ing schedule:

∆E := E(x′)− E(x), 0 < ρ < 1

Pacc = exp
(
−max{0,∆E}/T

)
, T ← ρ T

(2)

The search terminates when a target coverage is reached
or the budget on iterations is exhausted. To further diversify
the input pattern, we also apply a lightweight mutation step:
given two high-coverage solutions xa, xb collected along the
SA trajectory, we form x̃ = xa ⊕ xb (bitwise XOR) as
a new input pattern. The constraint-aware stimuli generation
consistently produces higher-quality input patterns than purely
random simulation, with only a limited increase in runtime.

2) Array Handling: Arrays are commonly used in BTOR2
to model memory elements. In FORWORD, we build the index–
value map to simulate arrays. The initial condition for an array
is typically specified as layered write operations in BTOR2,
which are extracted and recorded as the initial content of the
index–value map.

For array variables appear in the SMT formula, if any pair of
them have the same index and element sort, we will compare
their index–value maps. If the two contain identical entries
for all indices, one will be substituted for the other via the
global substitution map θ. This substitution avoids maintaining
redundant arrays with equivalent functional behavior, reducing
representation sizes without requiring any SMT checking.

During simulation, we also make use of these stored index–
value maps to evaluate the terms that reads from an array using
the SMT “select” operator. For the SMT “store” operator, a
temporary index–value map will be created to capture the write
semantics.

C. Candidate Reordering Heuristics

To reduce the time required to validate pairs of equivalent
candidates in Algorithm 1 (Lines 13–15), we reorder candidates
that share identical simulation signatures using two lightweight
structural similarities.



Vertex-Edge Overlap (VEO): As BTOR2 can be viewed as
a directed acyclic graph (DAG) G = (V,E), for the two SMT
terms to compare, we first employ depth-first search (DFS)
to systematically enumerate vertices and record edges of the
two terms from their roots to leaves. To facilitate structural
comparison, each vertex and edge is assigned a canonical hash
signature. Since the exact computation of VEO can be costly,
we approximate it via a weighted combination of vertex and
edge Jaccard indices, yielding a scalable similarity measure.

Formally, let V1, V2 denote the vertex sets and E1, E2 denote
the edge sets of two DAGs. The vertex overlap and edge overlap
are defined using Jaccard indices, and the overall VEO score
is obtained as their weighted combination:

v overlap =
|V1 ∩ V2|

|V1|+ |V2| − |V1 ∩ V2|

e overlap =
|E1 ∩ E2|

|E1|+ |E2| − |E1 ∩ E2|
VEO = α v overlap + (1− α) e overlap.

(3)

Position-aware WL features: Weisfeiler–Lehman (WL) re-
finement, a classical graph isomorphism heuristic, propagates
labels across neighborhoods to summarize the structural context
of a root r over increasing radii. This process yields a multi-
scale fingerprint ΦH(r) that encodes operator and bit-width
patterns around r, independent of naming conventions.

To compare two roots r1 and r2, we define the WL similarity
as the weighted cosine between their fingerprints:

sWL(r1, r2) =

〈
ΦH(r1), ΦH(r2)

〉
∥ΦH(r1)∥2 ∥ΦH(r2)∥2

. (4)

Intuitively, a high sWL implies that the two cones exhibit
similar local-to-midrange AST structure, making WL a
permutation-invariant and name-agnostic indicator of subgraph
resemblance. We use this metric to prioritize candidate pairs
and prune the search space, while limiting its application on
very large graphs where neighborhood aggregation becomes
costly.

D. Equivalent Candidate Filtering

When checking the candidates with the same simulation
result, to avoid unnecessary solver overhead, we further apply
a structural filter to quickly discard node pairs that are unlikely
to match. The filter checks the AST size of the two SMT
terms. If the difference is greater than 5×, we will skip this
pair and solver invocations are only triggered for candidates
with high-confidence. Furthermore, when the terms in H(S(t))
exceeds 100 candidates, rather than exhaustively validating all
candidate pairs, the tool will sample a subset of candidates with
the highest expected impact on structural reduction, measured
by the difference in tree depth and the number of fan-outs.
This approach ensures that solver resources are directed toward
equivalences that offer the greatest simplification benefit. A
configurable threshold (i.e. 50 equivalent pairs per iteration)
further bounds the number of solver invocations, maintaining
scalability without compromising simplification quality.

Leveraging the above techniques, FORWORD provides a
word-level constraint-aware simulation framework for datapath
verification. It systematically discovers, selectively checks and
merges equivalent sub-terms to prune redundancy in the SMT
formulation to reduce solver effort. The next section will report
the resulting performance gains.

V. EXPERIMENT

A. Environment Setting

We implement the proposed FORWORD framework in C++
utilizing SMT-Switch [14] to interface with the SMT solver
Bitwuzla [5]. All experiments are conducted on a server
running Ubuntu 20.04.4 LTS, equipped with dual Intel Xeon
Platinum 8375C processors and 256 GB of RAM.

B. Benchmark

We evaluate the performance and scalability of FORWORD
on a diverse set of hardware designs, comprising arithmetic
datapath modules, cryptographic engines, designs generated
from high-level synthesis, etc. In total, the benchmark suite
contains 511 cases. The evaluation targets two verification
scenarios: (1) conditional equivalence checking (Cond-EC) and
(2) unconditional equivalence checking (Uncond-EC).

C. Tools in comparison

For comparison, we include (1) the latest bit-level SAT
sweeping method implemented in ABC [11], invoked via the
command “&cec -m”, (2) a hybrid combinational equivalence
checking engine Hybrid-CEC [12] that combines SAT sweep-
ing and exact probability-based simulation, (3) the latest bit-
level SAT solver Kissat [13] and (4) monolithic SMT solving
using the same Bitwuzla solver. These tools represent state-
of-the-art approaches at the bit and word levels.

D. Results and Analysis
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Fig. 5. Performance improvement using modern heuristic techniques

The experimental results are (partially) presented in Table I.
Due to space limit, we only report representative cases from
each design set in the table. The complete results are available
at https://figshare.com/s/e9ce05892872001f42f9. As circuits are
mitered, there is only one primary output (PO), representing the
(in)equivalence. To provide an approximate characterization of
circuit size and inherent solving difficulty, we list the maximum
bit-width and the abstract syntax tree (AST) size. The reported
speedup denotes the ratio between the runtime of FORWORD
and the fastest runtime among the four baseline tools.



TABLE I
RESULTS OF EXPERIMENTS (RUNTIMES ARE MEASURED IN SECONDS)

Benchmark Max-Bitwidth AST node size PI/PO ABC Kissat HybridCEC Bitwuzla Ours Speedup

Uncond EC

AES comb 128 6396 494/1 23.99 249.40 > 3600 > 3600 5.09 4.71
AES iter 128 12222 619/1 > 3600 > 3600 > 3600 > 3600 3.12 > 1153.84
AES pipeline 128 11096 6281/1 > 3600 > 3600 > 3600 > 3600 3.10 > 1161.29
HLS SEC 1 32 166538 379/1 598.49 > 3600 > 3600 68.97 20.45 3.37
HLS SEC 2 32 216691 695/1 942.57 > 3600 > 3600 6.83 2.33 2.93
HLS SEC 3 32 347748 462/1 837.79 2365.81 > 3600 9.99 3.55 2.81
HLS SEC loop 1 32 243820 436/1 626.27 3226.20 > 3600 7.79 2.35 3.31
HLS SEC loop 2 32 179224 424/1 711.81 > 3600 > 3600 5.60 1.97 2.84
HLS SEC loop 3 32 243387 632/1 1226.32 > 3600 > 3600 8.07 2.73 2.96

Cond-EC

Mul modified 32 94 3/1 > 3600 52.87 593.11 > 3600 0.11 480.64
Div modified 32 94 3/1 > 3600 592.31 > 3600 697.05 0.15 3948.73
SPI 1 32 4895 650/1 82.90 16.46 58.01 20.50 13.17 1.25
SPI 2 32 4838 650/1 64.54 18.65 65.21 29.17 17.16 1.09
SPI 3 32 4853 650/1 71.43 22.08 54.28 17.78 13.35 1.33
ILA Piccolo ADDI 32 75893 149/1 > 3600 > 3600 > 3600 489.76 251.71 1.95
ILA Piccolo SRA 32 84232 150/1 > 3600 > 3600 > 3600 671.62 299.70 2.24
ILA Piccolo ORI 32 82946 149/1 > 3600 > 3600 > 3600 1887.45 231.73 8.15
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Fig. 6. Two word-level methods runtime comparison

We highlight several key observations:

Overall efficiency gains: FORWORD achieves substantial run-
time reductions across all benchmarks. On average, we observe
an overall geometric mean speedup of 11.11× compared to the
best-performing baseline. Notably, the runtime of FORWORD
includes both the preprocessing stage and the final solving stage
by Bitwuzla. In most cases, preprocessing is lightweight,
typically completed within milliseconds and never exceeding
two seconds.

Effectiveness of candidate reordering: Our heuristic strate-
gies significantly reduce the number of solver calls during the
sweeping process. We conducted an ablation study with the
heuristics disabled (the baseline) and enabled. As illustrated in
Figure 5, the heuristics lead to a reduction of approximately
60.62% in total solver invocations and 63.06% in cumulative
solver runtime. This directly translates into notable improve-
ments in end-to-end verification efficiency.

Advantages on datapath-intensive designs: On large-scale
and computation-intensive designs, such as the HLS SEC
benchmarks, the benefits of word-level reasoning become par-
ticularly pronounced. These circuits contain a high density
of arithmetic operators, which induce significant blow-ups in

AIG and CNF encodings at the bit-level. By contrast, word-
level reasoning preserves structural compactness, enabling both
Bitwuzla and FORWORD to outperform bit-level tools by a
wide margin. Moreover, FORWORD consistently identifies more
equivalences than Bitwuzla, leading to further reductions in
total solving time.

Scalability across benchmarks: Figure 6 compares solving
times between the baseline Bitwuzla and our proposed
FORWORD across all 511 test cases. The results show that
FORWORD outperforms Bitwuzla on the majority of in-
stances, confirming the scalability of our framework across a
diverse range of datapath-oriented verification tasks.

VI. RELATED WORK

At the bit level, recent efforts have also focused on strength-
ening simulation and exploiting parallelism. For example,
SimGen [15] improves equivalence detection by generating
simulation patterns via ATPG techniques rather than random
vectors, reducing unnecessary SAT calls. ParallelCEC [16]
accelerates the classic CEC flow by partitioning miters and
sweeping tasks across threads, achieving significant multi-core
speedups compared to sequential baselines.

This paper focuses on bringing the sweeping technique into
the word-level SMT solving, preserving arithmetic semantics
that bit-level approaches lose. Unfortunately, ATPG-style
pattern generation is not directly applicable in this setting, as
there is no gate-level netlist at this higher abstraction level.
Unlike ParallelCEC, which emphasizes parallel scalability,
we focus on improving single-thread performance. These
improvements are complementary—future parallel word-level
sweeping engines can also benefit directly from stronger
single-thread performance.

VII. CONCLUSION

This paper presents FORWORD, a word-level SMT simplifica-
tion framework tailored for the verification of modern datapath
designs. Experiments show that FORWORD effectively reduces
solving time on a range of test cases, outperforming existing
bit-level and word-level methods.
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