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Abstract
The propositional satisfiability (SAT) solver Kissat supports a relatively narrow feature set in favor
of bare-metal performance and targeted improvements to core solving techniques, which helped
it dominate the International SAT Competition since 2024. However, many applications rely on
advanced SAT solver features such as incremental interaction schemes, finding direct consequences
of assumed literals, or expressive proof logging that allows for real-time checking. This system
description reports on how we successfully adapted Kissat’s award-winning techniques to the full-
featured incremental SAT solver CaDiCaL, including clausal congruence closure, clausal equivalence
sweeping, and bounded variable addition. The main challenge was to support efficient linear proof
production with hints. We further extended CaDiCaL’s API to extract implied literals under
assumptions and applied advanced deterministic scheduling of inprocessing based on the ticks metric
for approximating cache line accesses. Experiments confirm the benefits of these efforts.
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1 Introduction

This system description presents CaDiCaL 3.0, focusing on the most important additions
on top of the widely used CaDiCaL 2.0 [10]. The source code of the new version 3.0 reached
64 KLOC of C++ compared to 46 KLOC for the old version 2.0. These additions improve
performance considerably without compromising on usability. We further introduce the
highly sought feature of allowing users to extract implied literals under assumptions.

Our efforts on CaDiCaL 3.0 are motivated by the success of our bare-metal SAT solver
Kissat [11] in the SAT Competition 2024, where Kissat took first place in all categories of
the main track. We attribute this success to the addition of new inprocessing algorithms,
which include a novel integrated inprocessing version of bounded variable addition (BVA) [11],
improved lucky phases (actually ported from CaDiCaL to Kissat and extended [11], now
ported back), improved vivification [11,50], clausal equivalence sweeping [13], binary backbone
extraction [32], fast bounded variable elimination during preprocessing [11], and, last but
not least, clausal congruence closure [12].
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Table 1 Contributions and Feature Comparison with selected SAT solvers. [∗] = this paper

Proofs Algorithms API Robustness
Solver Format Congruence[12] Sweeping[13] BVA[45] Implied[59] Scheduling

Glucose [2] LRUP [20,28] – – – ✓ –
CryptoMiniSat [55] FRAT [4] XORs[57] – ✓ – conflicts

Lingeling [8] DRUP [38] simpleprobing[12] BCE[36] – ✓ conflicts
Kissat [11] DRAT [58] ✓ ✓ ✓ – ticks

CaDiCaL 2.0 [10] LRUP [20,49] – – – IPASIR-UP conflicts
LIDRUP [28] [26, 27]

CaDiCaL 3.0 [∗] LRAT [20, ∗]
✓[∗] ✓[∗] ✓[∗] ✓[∗] ticks[∗]

LIDRUPE[∗]

In addition, Kissat implements precise scheduling of interleaving inprocessing algorithms
and more precise interleaving stable and unstable mode during search (focusing on satisfiable
and unsatisfiable inputs respectively [48]). This scheduling relies on the “ticks” metric, which
deterministically and precisely approximates run-time, while CaDiCaL 2.0 uses the more
fluctuating metrics of conflicts and propagations varying greatly between the two modes.

We succeeded to lift all these distinguishing techniques available in Kissat to CaDiCaL.
Since bounded variable addition introduces extension variables, we describe a new API
contract for incremental SAT solving that allows for extension variables. To the best of our
knowledge, this makes CaDiCaL the first incremental proof-producing SAT solver that goes
beyond resolution. Besides maintaining CaDiCaL’s rich incremental API, the real challenge
was the continued support of producing linear resolution (LRAT) proofs [21] with hints in
form of antecedents, a unique feature of CaDiCaL. These proofs can readily be used for
interpolation, take almost no overhead to produce, and can be checked much faster than
proofs produced by other state-of-the-art solvers, which (among other uses) makes CaDiCaL
a key technology for massively parallel SAT solving with proof-backed results [46,53,54].

Table 1 lists related SAT solvers, Glucose [2], CryptoMiniSat [55], and Lingeling [8],
with similar incremental features. Below are Kissat [11] and the previous CaDiCaL 2.0 [10].
They yield the new version CaDiCaL 3.0. The table focuses on the new features, split into
four categories, with the most challenging feature LRAT Proofs first, second the major part
on new inprocessing Algorithms, third the API extension “implied”, and last scheduling
for improving Robustness of solving. The paper structure follows this categorization.

Besides the algorithmic improvements listed in Table 1 and on top of those already
mentioned above, we have lifted in version 3.0 several additional useful techniques from Kissat
to CaDiCaL, including, for instance, semantic definition mining for variable elimination [31].
As these techniques require no effort on extending proof generation, porting them from
Kissat was straightforward, and we refer to Kissat’s system descriptions [11] for details.

2 Proofs

Certifying SAT solvers through proofs has a long history [35, 37]. The most common
proof formats, DRUP [38] (resolution based) and its extension DRAT [58] (resolution with
redundant asymmetric tautologies), date back to 2013 and have been the standard for the
SAT Competition until 2023. Proof checking of DRAT proofs, however, is very expensive,
even compared to solving. To address this issue, more efficient and trustworthy checking
flows were developed, with LRAT [20] and GRAT [43] and with intermediate formats like
FRAT [3, 4] and VeriPB [19] (a different format altogether based on pseudo-boolean proofs).
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Table 2 Comparison of different proof formats.

id DIMACS [44] DRUP [38] LRUP [20] LIDRUP [28] (without i-lines)

p cnf 2 4 -1 0 5 -1 0 4 3 0 q 0
1 1 2 0 d -1 2 0 5 d 3 4 0 l 5 -1 0 4 3 0
2 1 -2 0 d -1 -2 0 6 2 0 5 1 0 d 3 4 0
3 -1 2 0 2 0 7 0 5 6 2 0 l 6 2 0 5 1 0
4 -1 -2 0 0 l 7 0 5 6 2 0

s UNSATISFIABLE
u 0 7 0

In 2023, CaDiCaL was extended to support logging proofs in the LRAT format or,
more precisely, the LRUP subset [49]. Table 2 illustrates some of the proof formats that
CaDiCaL 3.0 supports today. The first column shows a small formula defined in the
DIMACS format [44] and the other columns present the differences between the DRUP [38]
and LRUP [20]. While DRUP proofs simply list each learned and deleted clause, LRUP refers
to clauses by identifiers (id) and provides additional hints on how learned clauses are derived.

The first proof formats for incremental SAT solving have been devised only recently,
namely IDRUP [29] and LIDRUP [28] (see Table 2, for a truncated example). They are based
on DRUP and LRUP respectively, as the soundness argument of unconditional RAT-based
clause addition breaks when adding clauses incrementally [25]. LIDRUP extends LRUP (as
IDRUP extends DRUP) by including the interactions of the user during the solving process
(such as extracting cores). Even if RAT is incompatible, we showed [30] that these formats
can be extended by variable addition, yielding LIDRUPE (Sect. 4).

To the best of our knowledge, CaDiCaL 3.0 is the only solver to support both detailed
and incremental proofs with extension variables, requiring substantial implementation effort
for clausal congruence closure (Sect. 3) and a new proof format LIDRUPE for bounded
variable addition (BVA) (Sect. 4). We also support extracting implied literals (Sect. 5).

3 Clausal Congruence and Equivalence Sweeping

A recently added key feature of Kissat is clausal congruence closure [12]. It detects AND,
XOR, and ITE (if-then-else) gates encoded in the CNF formula. When two gates of the same
type have the same inputs, the output variables are semantically identical and can be merged,
i.e., all occurrences of one can be rewritten to the other. This simplifies the extracted gates,
potentially leading to more equivalences or even units. The congruence closure algorithm
exhaustively detects and merges equivalent variables, learns the corresponding clauses and
simplifies the gates through rewriting and unit propagation. The challenge was producing
LRAT clauses for various corner cases without updating their reasons in each step.

Clausal equivalence sweeping [13] is another approach for finding equivalences within the
formula. It mirrors hybrid SAT sweeping algorithms for the equivalence checking problem of
circuits but works directly on the CNF. It employs a second SAT solver, which can focus on a
subset of the formula. This “nested SAT solving” is the biggest advantage over prior attempts
at adapting circuit-level SAT sweeping, such as blocked clause decomposition (BCE [6,36]).

Following Kissat, we use the lightweight incremental subsolver Kitten [31] and ported
clausal equivalence sweeping [13] accordingly. During the integration of Kitten in CaDiCaL,
we fixed minor issues that did not occur in Kissat due to more restrictive usage. The
integration also required adjustments to the Kitten API to produce correct LRAT proofs.
As Kissat only supports DRUP, it can use implicit reasoning for units and equivalences. For
CaDiCaL, we instead have to give fixed variables to Kitten as unit clauses and further
need to explicitly apply equivalence substitutions between rounds of the sweeping algorithm.

SAT 2026
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Table 3 Small example with a single BVA simplification, introducing -5 := (1 & 3).

id DIMACS [44] DRAT [58] LRAT [20] LIDRUPE [∗] (without i-lines)

p cnf 4 4 1 5 0 5 1 5 0 0 q 0
1 1 2 0 3 5 0 6 3 5 0 0 l 5 1 5 0 0
2 2 3 0 -1 -3 -5 0 7 -1 -3 -5 0 -5 -6 0 l 6 3 5 0 0
3 3 4 0 2 -5 0 8 2 -5 0 1 2 7 0 l 7 -1 -3 -5 0 -5 -6 0
4 4 1 0 4 -5 0 9 4 -5 0 3 4 7 0 l 8 2 -5 0 1 2 7 0

d -1 -3 -5 0 9 d 7 1 2 3 4 0 l 9 4 -5 0 3 4 7 0
d 1 2 0 d 7 1 2 3 4 0
d 2 3 0 s SATISFIABLE
d 3 4 0 m 1 2 3 4 0
d 4 1 0 [∗] = this paper

4 Bounded Variable Addition

Bounded Variable Addition (BVA), originally devised in 2012 [45], uses extended resolution
(or RAT reasoning) to reencode parts of the formula. It had a big resurgence in the SAT
Competition 2023 [7]. The winner Sbva-CaDiCaL sc2023 [33] used a BVA preprocessor in
combination with CaDiCaL 1.5.3, which motivated us to also add BVA to Kissat for the
SAT Competition 2024 [11] as inprocessing. Porting this to CaDiCaL is challenging.

Unconditional RAT addition is not compatible with incremental reasoning [25]. It is
compatible however, if we restrict RAT addition to latent witness variables, i.e., internal
extension variables which do not occur in input nor in temporarily eliminated clauses [30].
Accordingly we extend LIDRUP to LIDRUPE and ensure correct handling of variables with a
new API contract: For each new external variable the user has to ask the solver for a new
variable index. Thus the solver can maintain a consecutive range of variables where user and
latent variables are interleaved arbitrarily. This required various changes to API contracts
and tooling, especially to our testing infrastructure with Mobical [10] and to proof checkers
(Lrat-Trim [18, 49], Lidrup-Check [28], Idrup-Check [28]).

Consider the example proofs in different formats in Table 3. We have four binary input
clauses that we replace via a BVA step – introducing clauses with ids 5, 6, 8 and 9. Note
that these new clauses resolve on the fresh variable 5 to get back clauses 1–4. As such, we
essentially invert a variable elimination step on variable 5. In the proofs, there are three
steps that are not plain resolution steps. The first two derived clauses (ids 5, 6) are pure on
the new variable 5, meaning that 5 is not contained negatively in the formula. This pure RAT
step is denoted by empty antecedents in the LRAT proof. The third derived helper clause
with id 7 is blocked on the new variable (literal -5), meaning that all possible resolvents on
variable 5 are tautologies. To prove entailment for this (blocked clause) RAT addition we
need those negated ids in the LRAT proof (each one in general requiring a proof entailment
by further positive ids). The remaining extension clauses (ids 8, 9) are derived by resolution.

Our extension LIDRUPE (last column) adopts the syntax of LRAT but needs to check that
the API contract is kept, i.e. that latent variables introduced in lemma clauses (l-lines) never
occur in input clauses (i-lines) nor queries (q-lines). Proof checking also ensures that latent
variables used as witness literals for RAT steps are not passive (do not occur in weakened
clauses, i.e., not yet restored) [24,28,30].
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[∗] = this paper

Figure 1 Simplified internal state-transition-graph of a SAT solver (on the left) and a proof
produced by a call to propagate followed by an implied call (on the right).

5 Implied Literals

In many use cases of SAT solvers, e.g., MaxSAT preprocessing [40], SMT preprocessing, or
backbone extraction [16], it is important to compute “immediate” consequences of a set of
literals with respect to a formula, rather than searching for a complete model. To this extent
incremental SAT solvers like MiniSat [23], Glucose [2], or the PySAT interface [39,41],
typically provide users with a way to run limited searches (i.e., only propagate) on a given set
of assumptions. As of yet, CaDiCaL supported this only through a laborious way through
IPASIR-UP [26]. CaDiCaL 3.0 now features a propagate function in its external interface.

Fig. 1 shows the adapted main internal state graph of CaDiCaL 3.0 with the new
propagation functionality. After initialization, users can add clauses (via add) and assume
literals (via assume as in [23]) to define their problem. Then, they can trigger the (potentially
restricted) search of the solver by calling solve, propagate, or simplify. Each query can
return either SATISFIABLE, UNSATISFIABLE, or UNKNOWN (see dashed edges in Fig. 1).

Based on the returned answer, users can query either the model or the core through
the standard val resp. failed functions [5]. In case of an UNKNOWN result, starting from
CaDiCaL 3.0, users can obtain implied literals via a new implied call (as in Lingeling [8]).
Note, that this “implied” set of literals is in general only a subset of all logically entailed
literals (in contrast to backbones [16]), i.e., the solver ignores eliminated variables and clauses.

We extended the LIDRUPE proof format accordingly: Instead of restricted tracing to
the new propagation calls, we standardized handling of queries returning UNKNOWN, which
also applies to preprocessing calls and asynchronously terminated search calls. As Fig. 1
illustrates, when neither a model nor a contradiction is found by the solver, LIDRUPE reports
an “s UNKNOWN” line and propagated literals start with the prefix “e” (short for entrailed).

6 Robust Scheduling

Tuning SAT solvers is non-trivial [9]. For instance, CaDiCaL (and Kissat) have many
different search heuristics, including two different search modes, alternating stable and
unstable search after the ideas of Chanseok Oh [48]. Additionally, they employ a wide range
of pre- and inprocessing techniques [17]. Usefulness and run-time cost of these techniques
vary wildly between benchmarks and are further hard to predict. To control and ultimately
improve robustness, i.e., reduce solving time variance, we want a precise deterministic metric
to restrict the time spent on different techniques and in different search modes. Classical
metrics in SAT solving are based on the number of conflicts encountered or the number of
propagations (number of unit-propagations of assigned variables).

SAT 2026
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1 # include " cadical .hpp"
2 # include <cassert >
3
4 CaDiCaL :: Solver * solver = new CaDiCaL :: Solver ();
5
6 int main () {
7 solver ->set (" binary ", 0);
8 solver ->set (" lidrup ", 1);
9 solver -> trace_proof (" propagate . lidrup ");

10 solver ->set (" flushproof ", 1);
11
12 enum { TIE = 1, SHIRT = 2, HAT = 3 };
13 solver -> declare_more_variables (3);
14
15 solver ->add (-TIE), solver ->add ( SHIRT ), solver ->add (0);
16 solver ->add (TIE), solver ->add ( SHIRT ), solver ->add (0);
17 solver ->add (-TIE), solver ->add (- SHIRT ), solver ->add (0);
18 solver ->add (TIE), solver ->add ( SHIRT ), solver ->add (HAT), solver ->add (0);
19
20 solver -> assume (-TIE );
21 int res = solver -> propagate ();
22 assert (res == 0);
23
24 std :: vector <int > implicants ;
25 solver -> implied ( implicants );
26 assert ( implicants .size () > 0 && implicants .size () < 3);
27
28 solver -> assume (TIE );
29 res = solver -> propagate ();
30 assert (res == 20);
31 assert (solver -> failed (TIE ));
32
33 solver -> assume ( SHIRT );
34 solver -> assume (HAT );
35 res = solver -> propagate ();
36 assert (res == 10);
37 assert (solver ->val(TIE) == -1);
38
39 return 0;
40 }

1 i 1 -1 2 0
2 i 2 1 2 0
3 i 3 -1 -2 0
4 i 4 1 2 3 0
5 q -1 0
6 s UNKNOWN
7 e -1 2 0
8 q 1 0
9 l 5 -1 0 1 3 0

10 l 6 2 0 5 2 0
11 s UNSATISFIABLE
12 u 1 0 5 0
13 q 2 3 0
14 s SATISFIABLE
15 m -1 2 3 0

Figure 2 This example illustrates the new incremental propagation interface of CaDiCaL 3.0,
which identifies logical consequences of assumptions without launching a complete CDCL search.
Lines 7–10 configure CaDiCaL to trace a non-binary LIDRUP proof to a file (the output of which
is shown in the lower figure). In lines 12-18 a formula over three variables (TIE, SHIRT, and HAT)
is constructed in order to encode a dress-code related logic puzzle. Note that variables must be
explicitly declared prior to their use (see line 13), due to the new BVA support in CaDiCaL 3.0.
The constructed formula is propagated under three different sets of assumptions:
1. Propagate assuming -TIE (lines 20–21): This query leads neither to a contradiction nor to a

full assignment. However, as line 7 of the produced proof indicates, unit propagation correctly
enforces SHIRT to be true in that query.

2. Propagate assuming TIE (lines 28–29): The solver identifies a contradiction during unit propaga-
tion, thus it accordingly returns UNSATISFIABLE. The proof confirms TIE as a failed assumption
of this query (line 12).

3. Propagate assuming SHIRT and HAT: Unit propagation derives that TIE must be false. Conse-
quently, the solver manages to deduce that the formula is satisfiable even without performing a
full search. The resulting model is shown at line 15 of the produced proof.

.
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However, these metrics do not correlate well with actual time spent. For instance during
unstable search with very frequent restarts the propagation rate (per second) can dramatically
decrease compared to the stable mode with rare restarts, and accordingly for the conflict rate.
Different clause variable ratios or different ranges of LBD levels [1] have similar influences.

Like many other solvers (cf. Tbl. 1), our previous version CaDiCaL 2.0 used conflicts
to schedule different modes and inprocessing techniques. It further relied on counting
propagations to limit the effort spent within individual inprocessing techniques. As argued
above (and shown in our experiments) this leads to substantial variations in time allocated
to different techniques and makes the split between stable/unstable search less balanced.

To counter this effect, Kissat introduced ticks [14], as an approximation to the number
of cache line accesses, focusing on the hotspot of execution (usually unit-propagation).
Scheduling stable and unstable search based on ticks balances the ratio of time spent in the
two modes, bringing it closer to 50%. The ticks metric is also used to limit time spent on
inprocessing versus solving. It was also effective in making parallel SAT solvers deterministic
in the DPS framework [47]. We further argue that counting cache line accesses instead of
the memory accesses (Knuth’s “mems” [42]) is more accurate. For instance during unit-
propagation of binary clauses the other literal is stored in the watch list. Data of consecutively
propagated binary clauses resides in the same cache line, and hence can be accessed at no
cost, in contrast to dereferencing large clauses, distributed randomly in memory.

The new version of CaDiCaL 3.0 computes and makes use of ticks during search and
most inprocessing techniques. We first added ticks counting to obvious hotspots, then
determined outliers and iteratively adapted ticks computation through profiling. As a
side effect, we also achieved a better understanding of algorithm costs, e.g., scheduling in
vivification turned out to be more expensive than expected and had to be limited for large
benchmarks. Ticks are also used to ensure even distribution between stable and unstable
modes: the first (unstable) mode phase is limited by conflicts, ticks spent are measured and
scaled to limit the time spent in subsequent stable and unstable search mode phases.

0 1000 2000 3000 4000 5000

24
0

26
0

28
0

30
0

32
0

34
0

SAT Competition 2025 − All Instances

340  ae−kissat−mab−2025
334  kissat−sc2024
326  cadical−3.0
307  cadical−2.0

Figure 3 We compare uncertified solving of the winners of the SAT Competitions from 2024 and
2025, i.e., Kissat sc2024 [11] and AE Kissat MAB sc2025 [22], against CaDiCaL 2.0 [10] and
the new CaDiCaL 3.0 on the 400 benchmarks from the SAT Competition 2025 without proofs.

SAT 2026
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168  kissat−sc2024
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166  cadical−3.0−certified+
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152  cadical−2.0−certified
146  kissat−sc2024−certified
146  kissat−sc2024−certified+
138  ae−kissat−mab−2025−certified

Figure 4 We report total time for (1) solving without proof production, (2) “certified” solving
with the unverified proof checkers Lrat-Trim [18] resp. Dpr-Trim [34], and (3) “certified with
verified checker” solving (certified+) with Cake-Lpr [56]. Certification, in both cases, includes
solving, proof production and proof checking, and additionally for kissat-sc2024-certified+ the time
needed to elaborate DRAT proofs from Kissat into LRAT proofs before checking with Cake-Lpr.

7 Experiments

Our experiments were conducted on 16-core AMD EPYC 7343 CPUs running at 3.30 GHz
and we used all 400 problems from the SAT Competition 2025. For individual runs we
enforced a time limit of 5000 seconds. Experimental data is available on Zenodo [51].

In Fig. 3 we compare CaDiCaL 3.0 with CaDiCaL 2.0 and the two variants of Kissat
winning the last two SAT competitions in 2024 and 2025. Indeed CaDiCaL 3.0 performs
much better than CaDiCaL 2.0, but lacks slightly behind the two considered variants of
Kissat. Focusing on unsatisfiable instances in Fig. 4, however, it even wins. We further show
the results of running the considered CaDiCaL and Kissat solvers with proof production
and then proof checking (certified) using the proof checker Lrat-Trim [18] or Dpr-Trim [34]
and, in addition, with the verified proof checker Cake-Lpr [56] (certified+).

To use Cake-Lpr for Kissat we have to elaborate its DRAT proofs into LRAT with
Dpr-Trim first, as only CaDiCaL supports LRAT directly, while Kissat can only produce
DRAT proofs. The results confirm, that LRAT proof checking is instant, while checking DRAT
proofs can take more than a factor of 100 the time needed for solving.

Furthermore, we evaluate robustness of our new approach using ticks, with respect to
the alternation of unstable and stable search (Fig. 5). With ticks mode alternation is more
balanced, even though we can observe a slight imbalance towards unstable mode, especially
as CaDiCaL starts in unstable mode. There are clearly fewer extreme cases.

Lastly we run CaDiCaL 3.0 on incremental benchmarks with our bounded model
checker CaMiCaL [25] on all the AIGER benchmarks from the Hardware Model Checking
Competition 2025 [15,52]. Using CaDiCaL 2.0 as backend SAT solver to CaMiCaL solved
141 507 bounds in 5 000 s, while the new version solves 141 931, underlining that incremental
performance improved slightly with CaDiCaL 3.0 on one of the most important industrial
applications of incremental SAT solving.
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Figure 5 Solving is split into search and simplification through pre- and inprocessing. Furthermore,
searching is split into stable and unstable mode. An important goal of using ticks is to balance the
time spent in these two modes. Thus we compare the relative search-only time spent in these modes
for CaDiCaL 2.0 (magenta triangles pointing downwards – using conflicts) and CaDiCaL 3.0
(red triangles pointing upwards – using ticks). Each triangle corresponds to one of the 400 SAT
Competition 2025 benchmarks. The x-coordinate gives the total time of the solver spent in both
modes and the y-coordinate the fraction spent in unstable mode, i.e., on the 50% line the same
time is spent in each mode. Unsolved instances are non-filled triangles. For each solver version, we
highlight the region between the 25th and 75th percentiles, containing half of all instances.

8 Conclusion

We successfully extended CaDiCaL with clausal congruence closure, clausal equivalence
sweeping, and bounded variable addition, while continuing to support efficient linear proof
production with hints. Scheduling based on ticks makes the solver more robust. Further
improving incremental solving and closing the gap between CaDiCaL and Kissat on
satisfiable instances is left to future work.
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