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Abstract—SAT-based verification is a common technique used
by industry practitioners to find bugs in computer systems. How-
ever, these systems are rarely designed in a single step: instead,
designers repeatedly make small modifications, reverifying after
each change. With current tools, this reverification step takes
as long as a full, from-scratch verification, even if the design
has only been modified slightly. We propose a novel SAT-based
verification technique that performs significantly better than the
naı̈ve approach in the setting of evolving systems. The key idea
is to reuse information learned during the verification of earlier
versions of the system to speed up the verification of later versions.
We instantiate our technique in a bounded model checking tool for
SystemVerilog code and apply it to a new benchmark set based on
real edit history for a set of open source RISC-V cores. This new
benchmark set is now publicly available for further research on
verification of evolving systems. Our tool, PrediCore, significantly
improves the time required to verify properties on later versions
of the cores compared to the current state-of-the-art, verify-from-
scratch approach.

Index Terms—evolving systems, bounded model checking

I. INTRODUCTION

Hardware and software systems continue to grow larger,
more complex, and more widely used in the modern world.
Ensuring the correctness of such systems is essential for the
safety and security of these applications. Formal verification is
one powerful tool for addressing this challenge.

Formal techniques provide strong guarantees, but they are
also computationally expensive. One understudied way to
reduce the cost of formal verification is to reuse previous
computational effort when solving a similar problem.

Large systems are rarely written and verified only once.
Instead, systems evolve, adding new features, refactoring code,
and fixing bugs over time. Existing formal workflows are not
designed to leverage this ‘evolving systems’ reality. Verifying
a slightly modified version of the system takes just as long
as verifying the system from scratch, even if very little of the
design has changed since the last verification run.

This paper introduces a methodology for reusing verification
effort. Assuming we have two designs, where the second
(today’s design) has evolved from the first (yesterday’s design)
via a small set of changes, we propose to verify today’s design
by leveraging what was learned from verifying yesterday’s
design. We focus on verification queries encoded as proposi-
tional satisfiability (SAT) problems. After verifying yesterday’s
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design, we ask the SAT solver for an unsat core, a subset of
the original problem sufficient for proving the property. The
anticore is the complement of the unsat core, i.e., the set of
clauses that are irrelevant for proving the property. Our key
idea is to remove clauses that were part of yesterday’s anticore
when verifying today’s design. However, due to changes in the
design, the variable names in the formula representing today’s
design may be very different from those in yesterday’s design.
Hence, we also introduce an algorithm to recover a mapping
between variables in the two formulas.

We apply our method to SAT-based bounded model checking
(BMC) problems. To test our approach, we created a new
benchmark set based on open source RISC-V cores [1]. Our
benchmarks are based on the real evolution of these cores using
their edit history. We show that our technique significantly
accelerates design reverification on these benchmarks.

To summarize, the paper makes the following contributions:
• a new technique for finding shared structure between

Boolean formulas;
• a new BMC algorithm designed for evolving systems;
• a new benchmark set based on the evolution of real

hardware designs; and
• an evaluation of our technique on these benchmarks,

demonstrating its effectiveness.
The rest of this paper contains relevant background in-

formation (Section II), a motivating example (Section III),
our algorithm for faster reverification (Section IV), an in-
stantiation of that algorithm in a bounded model checking
tool (Section V), evaluation of our tool (Section VII), related
work (Section VIII), and a conclusion (Section IX).

II. BACKGROUND

SAT Solvers. Many important problems can be reduced to
determining whether there exists an assignment to each variable
in a Boolean formula (either true or false) under which the
entire formula evaluates to true. This is known as the Boolean
satisfiability, or SAT, problem, and solvers for this problem are
called SAT solvers. Since the turn of the century, there has been
steady progress on improving their efficiency, and modern SAT
solvers can solve large problems with millions of clauses and
variables [2]. SAT solvers take as input a formula in conjunctive
normal form (CNF), i.e., a conjunction of disjunctions (clauses)
of variables or their negations, and either return a satisfying
assignment, report that none exists, or do not terminate if the
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problem is too difficult. If no solution exists, the problem is
unsatisfiable, and many solvers can produce an unsat core,
a subset of clauses in the CNF formula that are together
unsatisfiable. The unsat core captures which constraints are
essential to the proof of unsatisfiability found by the solver.
Bounded Model Checking. One major application for SAT
solvers is bounded model checking (BMC) [3]. Given a hard-
ware or software system and a property, a BMC tool creates a
Boolean formula representing whether the property holds after
running the system on a symbolic input for a specified number
of steps k, known as the unrolling bound. Each bit of state in the
original system is represented by a set of Boolean variables, one
for each time step up to k. Satisfying assignments correspond to
inputs that violate the property (bugs). If a SAT solver reports
the Boolean formula is unsatisfiable, this means that the system
cannot violate the property in k or fewer steps. Because a SAT
solver is used, we can extract unsat cores from BMC instances.
And-Inverter Graphs. And-inverter graphs (AIGs) [4]–[6] are
frequently used to represent Boolean formulas derived from
hardware or software systems. AIGs are useful because they
have more structure than formulas in CNF, while being low-
erable into CNF without introducing new variables. Formally,
an AIG is a rooted, directed, and acyclic graph whose leaves
represent variables and whose interior nodes (called gates)
represent the conjunction of their children. Each gate has
exactly two children. Any edge in the AIG can be inverted,
meaning that the parent node operates on the logical negation
of the child node. Section V-A will use the AIG to identify
structure shared between similar verification problems.

III. MOTIVATING EXAMPLE

This section describes our technique at a high level.

A. Solving the Initial Problem

Imagine a complex circuit, buried within which are two
signals, a1 and a2, each based on a different encoding of a
ternary logical ‘and’ operation. A Boolean formula checking
that a1 and a2 must be equivalent might look like this:1

(a1 ̸= a2) ∧ (a1 = (x ∧ b1)) ∧ (b1 = (y ∧ z))

∧ (a2 = (b2 ∧ z)) ∧ (b2 = (x ∧ y))

∧ ϕ1(x, y, z) ∧ ϕ2(x, y, z) ∧ ϕ3(x, y, z) ∧ · · ·

The extra ϕ formulas are constraints produced during the
translation of the circuit that are not semantically relevant to
the property being verified: they might represent control or data
circuits that are not related to the property.

Importantly, although the clauses ϕ1, ϕ2, . . . are not used
when proving the formula unsatisfiable, neither the tool that
encodes the circuit into a formula nor the SAT solver that
receives the formula can typically determine which clauses
are irrelevant up front. It is only after a complete proof of
unsatisfiability has been found that this becomes clear.

Suppose a SAT solver reports that this formula is unsatisfi-
able, i.e., the signals are indeed equivalent as expected. We can

1For brevity, and without affecting the validity of the approach, we use =
and ̸= instead of representing everything in CNF.

then ask the solver for an unsat core; in this example, it might
return the first five constraints:

(a1 ̸= a2) ∧ (a1 = (x ∧ b1)) ∧ (b1 = (y ∧ z))

∧ (a2 = (b2 ∧ z)) ∧ (b2 = (x ∧ y)),

as they alone are already unsatisfiable.

B. Predicting an Unsat Core

Now, suppose the developer makes a small change to some
irrelevant part of the design, e.g., they add an extra register to
the register file. They may then want to reverify the equivalence
of the two ternary ‘and’ operations to check that the modifica-
tion has not introduced a bug. Constructing a new SAT instance
from the modified circuit might produce a Boolean formula of
the following form:

(a1 ̸= a2) ∧ (a1 = (x ∧ b1)) ∧ (b1 = (y ∧ z))

∧ (a2 = (b2 ∧ z)) ∧ (b2 = (x ∧ y))

∧ ϕ′
1(x, y, z) ∧ ϕ2(x, y, z) ∧ ϕ3(x, y, z) ∧ · · ·

Here, ϕ′
1 differs from the original ϕ1 because details of the

register file implementation have been modified.
To reverify the property, the standard approach would be

simply to call a SAT solver on the new formula. The goal of
this paper is to speed up this second check of the modified
circuit by leveraging information from the first check made on
the original version of the circuit.

More specifically, we use the unsat core from the original
formula to predict a subset of clauses in the modified formula
that are sufficient to prove unsatisfiability (the predicted core)
and then run the SAT solver on only that subset of clauses. If
the solver reports that the predicted core is unsatisfiable, then
clearly, the full instance must be as well. If the prediction fails
(the predicted core is satisfiable), we fall back to running the
solver on the full instance.

To form the predicted core, we first remove the clauses in the
unsat core from the original formula to form the anticore, i.e., a
set of clauses that were not needed to prove unsatisfiability. In
our example, the anticore consists of ϕ1, ϕ2, and ϕ3. We then
remove from the modified formula any clauses that are identical
to those in the anticore of the original formula; in the example,
we would remove ϕ2 and ϕ3. Note that we cannot remove ϕ′

1

because it is not identical to ϕ1. Thus, for our example, the
predicted core would be:

(a1 ̸= a2) ∧ (a1 = (x ∧ b1)) ∧ (b1 = (y ∧ z))

∧ (a2 = (b2 ∧ z)) ∧ (b2 = (x ∧ y))

∧ ϕ′
1(x, y, z).

Note that in this simple example, the entire unsat core is still
present; hence, it would be more efficient to only use those
clauses, i.e., to exclude ϕ′

1 as well. However, in real designs,
we have found that it is much less likely for the unsat core to
remain unchanged. This is why we remove clauses predicted to
be unnecessary instead of keeping clauses that are necessary;
it is safer to keep a clause if we are unsure about whether it
will be useful or not.
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C. Mapping Between Formulas

In reality, the situation is a bit more complicated. Tools that
translate verification problems into SAT instances often perturb
the assignment of variable names in unpredictable ways. Hence,
the modified Boolean formula might look more like:

(a6 = (m ∧ b1)) ∧ (b1 = (n ∧ q))

∧ (a3 = (b4 ∧ q)) ∧ (b4 = (m ∧ n)) ∧ (a6 ̸= a3)

∧ ϕ′
1(m,n, q) ∧ ϕ2(m,n, q) ∧ ϕ3(m,n, q) ∧ · · · .

Notice that this formula has a syntactically similar structure but
uses different variable names. Hence, we first rename variables
to maximize syntactic similarity with the original formula, then
construct the predicted core as before.

IV. APPROACH

Our general approach for SAT-based checking of evolving
systems has two stages: the initial stage (Algorithm 1) and the
post-modification stage (Algorithm 2). For simplicity, we only
focus on a fixed unrolling bound for the problem instance.

Algorithm 1: Initial stage
Input: Problem instance prob; CNF encoder ENCODE;

SAT solver SOLVE.
1 cnf← ENCODE(prob);
2 res, core← SOLVE(cnf);
3 if res is sat then Return ;
4 anticore← cnf \ core;
5 Save prob, cnf, anticore for later use;

A. Initial Stage

In the initial run (Algorithm 1), we solve the problem and, if
the result is unsatisfiable, store some information to help speed
up subsequent runs. Specifically, in addition to the problem and
its CNF encoding, we store the anticore, the set of clauses not
in the unsat core. Intuitively, these clauses are extraneous: they
are not needed to prove unsatisfiability.

B. Post-Modification Stage

Now, suppose we modify the problem and redo the verifi-
cation. Algorithm 2 uses the anticore stored during the initial
stage to speed up solving the modified problem. We predict
that the core of the modified problem prob′ consists of all
clauses that do not appear in the initial stage’s anticore. If the
prediction fails, we fall back to solving the full formula.

Importantly, before constructing the predicted core, Algo-
rithm 2 renames the variables in the anticore to increase the
number of syntactically identical clauses in the two formulas
(i.e., in cnf and cnf′). Two clauses are considered syntactically
identical if they contain exactly the same variables (even
if they are in a different order). This step makes use of
the MAPCNFVARS function, which takes as input the two
problems and produces a mapping between the encoded CNF
variables. We explain an efficient mapping algorithm for an
instantiation of this technique for BMC of hardware designs
in Section V-A. Soundness is straightforward.

Algorithm 2: Post-modification stage
Input: Problem instance prob′; CNF encoder

ENCODE; SAT solver SOLVE. prob, cnf, and
anticore from a previous run of Algorithm 1.

1 cnf′ ← ENCODE(prob′);
2 map← MAPCNFVARS(prob, prob′, cnf, cnf′);
3 anticore′pred ← RENAMEVARS(anticore, map);
4 core′pred ← cnf′ \ anticore′pred ;
5 if SOLVE(core′pred) is unsat then
6 Return Verified/unsat;
7 Return SOLVE(cnf′);

Theorem 1. Regardless of the mapping found by
MAPCNFVARS, if Algorithm 2 returns ‘unsat’, then cnf′ (i.e.,
ENCODE(prob′)) is indeed unsatisfiable.

Proof. Suppose the algorithm reaches line 6, i.e., core′pred is
unsatisfiable. Line 4 defines core′pred to be a subset of the
clauses in cnf′; hence, if core′pred has no solution, we know
cnf′ has no solution as well.

V. INSTANTIATION IN A SYSTEMVERILOG BMC TOOL

This section shows how to instantiate the algorithms in Sec-
tion IV in a working BMC pipeline for SystemVerilog code.
We implement ENCODE using Yosys [7] and SOLVE using
CaDiCaL [8]. MAPCNFVARS is explained in Section V-A
below. Section V-B then describes a number of optimizations
that further boost performance. Our implementation is provided
as a publicly available tool, PrediCore [9].

A. Implementation of MAPCNFVARS

MAPCNFVARS is given two problem instances and must
find a mapping from the variables in the initial problem to
those in the modified problem that maximizes the number
of syntactically identical clauses in the two formulas. BMC
encoders produce a large number of variables, so a brute-force
approach does not scale. Instead, we use a two-phase greedy
approach, in which a partial mapping is gradually extended
according to a small number of rules. The two phases are: (i)
selecting an initial set of mapped variables to seed the mapping;
and (ii) incrementally extending an existing (partial) mapping.

To construct the initial variable mapping, we take advantage
of the symbol table produced by Yosys during encoding, which
matches variables in the high-level SystemVerilog code with
variables in the low-level Boolean formula representation. (Our
tool uses Yosys, but any encoder that produces a similar symbol
table would suffice.) If the symbol table assigns the same
symbol to both CNF variable a from the initial problem and b
from the modified problem, then we include a mapping from a
to b in our initial mapping. Unfortunately, only a few variables
(empirically, about 10%) can be mapped in this way.

Thus, we need a second approach to expand the mapping. We
use two rules which are applied repeatedly until a fixed point is
reached. These rules operate on an AIG representation provided
by Yosys as an intermediate output in AIGER format [4].
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Fig. 1: Illustrations of the two variable mapping rules. Variables
in the initial AIG are labeled a, b, c, while variables in the
post-modification AIG are labeled x, y, z. A blue edge a→ x,
indicates a mapping from variable a to x. Mappings already
present before executing the rule are shown with solid lines,
while those added by the rule are shown as dashed lines.

The first rule (Figure 1a) finds gates in the initial AIG where
two out of the three variables making up the gate already have
mappings to corresponding variables in a gate in the post-
modification AIG. In this case, we extend the mapping to also
include the last remaining variable.

The second rule (Figure 1b) finds mapped variables with a
unique parent in the initial AIG graph. If the corresponding
variable in the post-modification AIG also has a unique parent,
those parents are mapped to each other.

We apply rule 1 wherever possible, then rule 2 whenever
possible, repeating these two steps until a fixed point is reached.
In our evaluation we usually observed close to 90% of the
clauses in the final CNF were identical after applying these
rules.

B. Other Optimizations

We implemented several additional optimizations to speed
up the general framework described above. After the initial
stage, we store the anticore extracted from the initial problem
in a binary hashmap to avoid deserializing during the post-
modification stage. Also, we do the mapping on the original
circuit to minimize the number of variables that the mapping
algorithm must consider, then duplicate for every unroll level.

VI. BENCHMARK SET

The lack of a realistic benchmark set has been an obstacle for
evaluating techniques for model checking of evolving systems.
Typically, hardware designs (not to mention their edit histories)
are proprietary, and companies are extremely selective about
who can access them. The Hardware Model Checking Com-
petition (HWMCC) [10] contains an open library of problems,
but unfortunately, no edit history is available for them.2

This paper introduces what is, to our knowledge, the first
large-scale set of benchmarks based on actual edit histories
of real-world hardware designs. Our benchmarks are extracted
from the RISC-V Formal project [1], which contains formal
verification wrappers for several different open-source CPU

2Analogous work on unbounded model checking [11] has resorted to using
random corruptions of HWMCC benchmarks, which runs the risk of producing
unrealistic hardware design edits and potentially misleading results.

cores. Each CPU has a set of formal checks, which ensure
that the design properly implements the RISC-V instruction
set architecture and satisfies other design-specific guarantees.

Out of five CPUs supported by the RISC-V Formal project,
we extracted benchmarks based on the three (nerv, picorv,
and serv) that are represented directly in SystemVerilog (the
other two [12], [13] require a Scala preprocessor). The nerv,
picorv, and serv CPUs have, respectively, 151, 87, and 43
associated formal properties, and 55, 148, and 229 relevant
commits in their git histories. nerv [14] is a naı̈ve educational
CPU, picorv [15] is a size-optimized CPU, and serv is
described as “the world’s smallest RISC-V CPU” [16]. While
we provide the serv benchmark results in our artifact, the
checks for this benchmark are all trivial (under 10s), so we do
not discuss it further in this paper.

For each CPU–commit–formal check pair, we used Yosys
0.38 to extract a bounded model checking instance with 50
unrolls and CaDiCaL 1.9.4 to test the satisfiability of the
instance. The results are shown in Figure 2. Each column
corresponds to a single commit point in the CPU core’s source
repository. The different fills indicate how many of the formal
verification checks pass (unsatisfiable), fail (satisfiable), time
out, or are ill-formed. Some are ill-formed because the core
is developed independently of the formal checks, so there are
commit points where the formal checks reference signals that
do not exist or have the wrong type (especially for commits
made before the formal checks were introduced). Both cores
show a clear evolution in their edit histories, with more formal
checks passing over time as functionality is added and bugs are
fixed. 3

Each benchmark is a formal property paired with two consec-
utive commit points, but only if the property passes (the formula
is unsatisfiable) at both commit points. We also ignore pairs of
commit points for which the AIG files are identical (as simple
caching can solve the reverification effort problem in such
cases). This leaves 1248 and 1029 pairs for nerv and picorv,
respectively. Our benchmark set is publicly available [9].

VII. EVALUATION

This section reports on an evaluation of our approach on the
benchmark set described in Section VI. We ran our evaluation
on a large compute cluster, with each benchmark instance
running on an AMD 7502 CPU with 32 GB of memory.

Table I shows the amount of time spent in each phase of
the tool, separated by whether the core is correctly predicted
or not. ‘Ours Total’ is the average time required in the post-
modification phase, comparable with the ‘Baseline Time’ of
directly solving the problem using CaDiCaL. When the core is
correctly predicted (n-correct, p-correct), the average
time is significantly reduced (2.3× for nerv and 3.6× for
picorv). When the predicted core is satisfiable, our technique

3For nerv, a few checks fail even on its latest commit. This is due to a
mismatch in port naming between the latest version on the nerv repository and
the expected names used by the RISC-V formal repository’s checks. This does
not occur on the main RISC-V formal repository’s checks of nerv because
they use a fork of nerv that is maintained separately and does not have this
naming mismatch issue.
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Fig. 2: Summary of passing formal checks over time for the nerv (left) and picorv (right) CPU designs. Dotted (white)
corresponds to ill-formed; striped (red) corresponds to not passing (satisfiable); solid (green) corresponds to passing (unsatisfiable).

TABLE I: Experimental results. Times are averages in seconds. Rows with ‘correct’ and ‘incorrect’ include only instances whose
predicted core is unsatisfiable and satisfiable, respectively. Initial ‘Solve’ is the time to solve the initial CNF. ‘Anticore’ is the time
to store the anticore. ‘Map’ is the time to compute the mapping. ‘Pred’ is the time to predict the unsat core. Post-Modification
‘Solve’ is the time to solve the predicted core. ‘Re-Solve’ is the time to solve the full post-modification problem, incurred if the
predicted core is satisfiable. ‘Ours Total’ is the total time needed for our technique to check the post-modification core. ‘Baseline
Time’ is the time for CaDiCaL to solve the full post-modification problem (without core generation).

Initial Post-Modification

Core Which Count Solve Anticore Map Pred Solve Re-Solve Ours Total Baseline Time Ours Speedup

nerv
n-all 1248 29.1 4.6 1.9 3.7 7.0 11.1 23.8 28.5 1.2×

n-correct 779 30.4 4.4 1.8 3.6 6.6 0.0 12.1 28.1 2.3×
n-incorrect 469 26.8 4.8 2.0 3.9 7.5 29.6 43.3 29.1 0.7×

picorv
p-all 1029 125.9 3.5 2.2 2.4 16.7 36.7 58.2 90.7 1.6×

p-correct 734 121.6 3.4 2.1 2.5 20.0 0.0 24.8 88.6 3.6×
p-incorrect 295 136.7 3.6 2.2 2.4 8.2 127.9 141.3 95.9 0.7×

must re-solve the entire problem on top of the work to map,
predict the core, and solve the predicted core. Hence, the
n-incorrect and p-incorrect instances always take
longer than the baseline.4 Importantly, in the rows that take
both into account (n-total and p-total), there is still
an overall speedup (1.2× for nerv and 1.6× for picorv),
indicating that despite the incorrect predictions, the approach
still leads to improvement overall.

Note that these speedups do not include the time taken to
process the anticore, because this can be done in an overnight
(i.e., “offline”) period, where we only require information about
the initial problem instance we already have, not the new
instance we are trying to do a quick verification of. Thus,
processing the anticore does not contribute to verification time
latency (minimizing latency is our primary goal). Importantly,
even when including that time (1.0× for nerv and 1.5× for
picorv), we see the improved verification latency does not come
at the expense of additional end-to-end compute.

Figure 3 visualizes the results as a scatter plot. Each point
corresponds to a single property and commit. The horizontal
axis is the baseline time. The vertical axis is the time it takes
using our approach. Points below the y = x line represent
speedup; points above represent slowdown. The two main
clusters of points on these scatter plots correspond to whether
or not the prediction is correct. The cluster with a large
speedup corresponds to instances where the predicted core was
unsatisfiable. The rest of the points have a slight slowdown

4Note that if additional compute resources are available, the cost of an
incorrect prediction can be eliminated by running our approach in parallel with
the baseline. We report the more conservative sequential performance here.
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Fig. 3: Scatterplot: each point compares the time to verify a
single property at a single commit, either using our approach
(vertical axis, seconds) or not (horizontal axis, seconds).

(right above the y = x line). These are instances where the
core was incorrectly predicted, thus requiring re-solving the full
problem. The slowdown comes from the overhead of computing
and solving the predicted core.

It is worth pointing out that our evaluation suggests that
the benefit of our technique grows as the problems become
more difficult. We can see this in the scatter plot—the distance
between the clusters grows as the problems get more difficult—
and in the table, where the harder picorv benchmarks are
sped up on the whole much more from our approach.

These results suggest that overall, our approach is effective at
reducing the latency of post-modification verification. They also
suggest that future work on more accurately predicting the unsat
core could yield significant further performance improvements,
even if it requires slightly longer to compute the prediction.
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VIII. RELATED WORK

Green [17] caches unsatisfiable subformulas to immediately
determine that later queries are unsatisfiable if the later con-
straints are a superset of any of those known-unsatisfiable
subformulas. They also have a canonicalization pass that serves
a similar purpose to our mapping stage. However, their canon-
icalization pass seems specific to high-level linear arithmetic
SMT formulas, whereas our hardware model checking setting
involves low-level Boolean problems. They use a syntactic
slicing operation on the SMT formula rather than our proposal
to use the unsat core produced by the SAT solver. We ran
some preliminary experiments with their slicing technique and
found that our CNF files have already been sliced by the Yosys
encoder. Furthermore, our approach of removing clauses from
the anticore allows us to speed up the subsequent solving time
even if the new formula does not contain the entirety of the
previous unsatisfiable core.

Many techniques focus on calling the solver fewer times,
whereas we try to call the solver on an easier version of
the problem, so our work is, largely, complementary to these
approaches. Sorbot [18] operates on high-level relational logic
specifications (vs. our low-level AIG and CNF), assumes
variable names do not change, and requires the user of the
tool to provide, ahead of time, a list of ways that the system
might change in the future. FLAIR [19] speeds up BMC of
evolving systems in a specific domain (Android application
interactions) and does not seem immediately generalizable.
Platinum [20] speeds up model checking problems written in
the Alloy language [21] by splitting each problem into inde-
pendent subproblems that do not share variables; this approach
does not directly apply to our setting, as our CNF formulas
usually are not decomposable into independent subproblems.
iAlloy [22] relies on complicated a source-level analysis.

eVolCheck [23] proposes an efficient BMC technique for
evolving software. It relies on source-level information to break
up the program into functions and compute summaries of each
function; functions that are unchanged (along with their depen-
dencies) need not update their summaries. It is not immediately
clear what the analog for function summaries would be in the
context of large hardware circuits. Also, our approach requires
significantly less insight into the front-end/source level.

Our approach is complementary to the well-studied area of
incremental bounded model checking. In incremental BMC, the
system being checked stays unmodified but the unroll bound is
gradually increased [24]–[27]. In system evolution (our setting),
the system being checked is modified between checks.

Beyer et al. [28] propose a technique to speed up unbounded
model checking of device drivers in the program evolution
setting. They primarily reuse information about abstraction
precision, which is not relevant in our bounded model checking
scenario. They introduce a benchmark set for software evolu-
tion, while we focus on hardware evolution.

Chockler et al. [11] and FuseIC3 [29] speed up unbounded
model checking of hardware by attempting to reuse IC3 invari-
ants learned on earlier versions of the system. The bounded
model checking setting does not have explicit invariants in the

IC3 sense, so it is not clear that their approach can be directly
adapted. The only realistic, non-proprietary benchmarks that
they evaluate on involve the same hardware designs with
different parameters, rather than our benchmark set which
features a sequence of real modifications to a single design.
Both tools aim to reduce the number of SAT queries, while we
aim to reduce the solve time of a single query.

The fact that solvers can be slowed down by the introduction
of unnecessary clauses is well-known [30]. NeuroCore [31]
also works by predicting the unsat core. Because they are
focused on general-purpose SAT solving, rather than the system
evolution setting we consider here, their technique requires
both modifications to state-of-the-art solvers and 20 GPUs for
training. In the system evolution setting, our method is much
simpler and treats solvers as a black box.

Unsatisfiable cores have also been shown to be useful in other
problems, e.g., speeding up MaxSAT solving on a sequence
of related problems [32]–[36]. Our approach for renaming
AIG nodes is related to symmetry-finding and canonicalization
techniques [37], [38]. Our approach prioritizes speed, while
those works can provide higher precision.

Große and Drechsler [39] consider the complementary set-
ting where properties change over time rather than the design.

IX. CONCLUSION

We proposed a way to reuse information learned while
verifying an earlier version of a system to speed up verification
of later, modified versions. We instantiated our technique in a
tool for bounded model checking of hardware designs written in
SystemVerilog and evaluated it on a new benchmark set based
on real edit histories of multiple open source RISC-V CPUs.
Our technique achieves significant speedups, especially for the
hardest-to-verify instances in our benchmark set.

A natural direction for future work is to develop additional
heuristics for predicting what clauses will be in the core,
thereby hopefully reducing how often we must fall back to
solving the full CNF formula. In addition, we could try to
use information obtained while solving the predicted core to
speed up solving the full CNF (we have experimented, e.g.,
with adding clauses learned while solving the predicted core,
but this naı̈ve idea does not seem to help).

Our benchmark set could be used to evaluate a variety of
different tools that operate on hardware designs during their
evolution, such as existing work on unbounded model checking
of hardware. Typical work in this area evaluates on proprietary
designs (unreproducible outside that particular company) or
random corruptions of HWMCC benchmarks [11], [29]; our
benchmarks provide a more realistic sequence of edits.

We would also like to extend our technique to support
word-level model checking tools targeting satisfiability modulo
theories (SMT) [40] rather than CNF. Our general approach
of predicting the unsatisfiable core could still be applied to
SMT-based bounded model checking, but a specific mapping
algorithm would need to be designed for SMT formulas.

Finally, we could apply our approach to other settings such
as BMC of software, which would require a mapping algorithm
designed for the structure of software programs.
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