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Abstract
Planning as Satisfiability Modulo Theories (SMT) has been
shown to be a competitive approach for solving numeric plan-
ning problems, leveraging the expressiveness of SMT to han-
dle numeric variables and constraints. Being able to set more
than one action in a single timestep is crucial for performance,
allowing short makespan plans and reducing the number of
solver queries required. However, encoding action interfer-
ence constraints can cause significant formula size blow-up,
with mutex constraints dominating the encoding size and
limiting scalability. In this paper we present a tool that im-
plements a lazy approach to handling action interference in
planning as SMT, exploiting recent developments in solver
technology to integrate custom propagators directly into the
SMT solver’s search process. Rather than eagerly encoding
all interference constraints upfront, our propagators add mu-
tex clauses on demand, generating them only when the solver
attempts to execute two mutually interfering actions in par-
allel. Experimental evaluation on standard numeric planning
benchmarks demonstrates that our lazy approach is signifi-
cantly more scalable than the eager approach while maintain-
ing correctness, leading to improved solver performance and
making this tool a competitive planner in the numeric setting.

Code — https://github.com/udg-lai/ICAPS26-Mutex-On-
Demand-SMT

Introduction and Related Work
Planning as SAT (Kautz, Selman, and others 1992) is a clas-
sic approach for solving planning problems by translating
planning problem instances into propositional Boolean for-
mulas. This approach has been extended to use Satisfia-
bility Modulo Theories (SMT) (Barrett and Tinelli 2018),
which generalizes SAT by supporting reasoning over first
order theories, making it particularly suitable for numeric
planning problems with continuous or discrete numeric vari-
ables. Over the years, numerous systems have adopted plan-
ning as SMT (Hoffmann et al. 2007; Cardellini, Giunchiglia,
and Maratea 2024; Bofill, Espasa, and Villaret 2016; Scala
et al. 2016; Leofante 2023; Sapena, Onaindia, and Marzal
2024; Tosello, Valentini, and Micheli 2025).

A critical design decision in planning as SAT/SMT is
whether to allow multiple actions to execute in parallel
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within a single timestep. Permitting parallel actions signif-
icantly improves performance by reducing plan makespan
and the number of solver queries required. However, this
requires the explicit encoding of interference constraints,
commonly called mutex constraints, to prevent interfer-
ing actions from executing simultaneously. A standard ap-
proach (Rintanen, Heljanko, and Niemelä 2006) is to pre-
compute an interference graph between all pairs of actions
and encode all possible interference constraints upfront,
sometimes leading to a formula size blow-up that can dom-
inate the encoding and limit scalability, particularly for do-
mains with many potentially interfering actions.

A different approach is possible using lemmas on de-
mand (De Moura, Rueß, and Sorea 2002; Barrett, Dill, and
Stump 2002). Rather than eagerly encoding all constraints,
we can start with a relaxation of the problem and iteratively
refine it by adding constraints only when violated by can-
didate solutions. Recent advances in SAT/SMT solver tech-
nology, notably IPASIR-UP (Fazekas et al. 2023) and Z3’s
user propagator interface (Bjørner, Eisenhofer, and Kovács
2023), now enable fine-grained integration of custom rea-
soning procedures directly into the solver’s search process,
making lazy constraint generation practical and efficient.

In this paper, we present a lazy approach for handling
action interference in planning as SMT, exploiting custom
propagators to monitor the solver’s assignments and gener-
ate mutex clauses on demand. Instead of eagerly computing
and encoding the full interference graph as done in (Bofill,
Espasa, and Villaret 2016), our propagators allow us to lazily
compute interferences and add mutex constraints only when
the solver attempts to schedule two interfering actions in the
same timestep. This strategy reduces formula size dramat-
ically while maintaining soundness and completeness. We
concentrate on numeric planning, where determining inter-
ference between actions is more difficult than in the propo-
sitional case, and hence our approach can lead to a greater
improvement. Our main contributions are a novel planning-
as-SMT solver for PDDL2.1 (excluding temporal extensions
and metric optimisations) that uses custom propagators to
generate mutex constraints lazily rather than encoding them
upfront, and an experimental evaluation demonstrating that
this lazy approach significantly outperforms the eager base-
line in both scalability and solving performance.
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Background
A numeric planning problem can be defined as a tuple
(V,A, I,G), where V is a set of state variables (either nu-
meric or Boolean), A is a set of actions, I is the initial state
and G is the goal. A state is a valuation over V , i.e., a func-
tion mapping each variable v ∈ V to a value in its domain
({true, false} in the Boolean case). The goal is a set of
states, usually defined as a set of propositions that a goal
state must satisfy. Actions a = ⟨Pre,Eff ⟩ ∈ A are defined
as pairs of preconditions and effects. Preconditions describe
which are the requirements on the state to execute the ac-
tion, whilst effects describe how the state is updated after
its execution. Preconditions and effects are typically given
as sets of literals in the Boolean case. In the numeric set-
ting, preconditions are generalized to sets of (in)equalities
and effects are generalized to sets of assignments ⟨v, exp⟩,
where v is a variable and exp is an expression of the corre-
sponding type. For example, increasing a variable v by one
is represented by the pair ⟨v, v + 1⟩, indicating that v + 1 is
the value that v will hold in the next state. The state resulting
from executing an action a in state s is denoted by a(s). The
new state is defined by assigning new values to the variables
according to the effects, and retaining the values of the vari-
ables not updated by any of the effects. A sequential plan
of length n for a planning problem is a sequence of actions
a1; a2; . . . ; an such that an(. . . (a2(a1(I))) . . . ) |= G.

In the planning as SAT/SMT approach, a planning prob-
lem is solved by considering a sequence of formulas ϕ0, ϕ1,
ϕ2, . . . , where ϕi encodes the existence of a plan of length i.
The solving procedure proceeds by testing the satisfiabil-
ity of ϕ0, ϕ1, ϕ2, and so on, until a satisfiable formula ϕn

is found. In this approach, variables need to be replicated
for each timestep, e.g., at denotes if action a is executed at
time t. Then, the standard encoding of a plan of length T
goes as follows (Rintanen 2021). First of all, it is stated that
the execution of an action at timestep t implies its precondi-
tions to be satisfied at time t and its effects to be satisfied at
time t+ 1: for every a = ⟨Pre,Eff ⟩ ∈ A and t ∈ 0..T − 1,
we have at → Pret and at → Eff t+1, where Pret and
Eff t+1 denote the corresponding encodings for the precon-
dition and the effects (with equalities like vt+1 = vt + 1
for assignments ⟨v, v + 1⟩) on the time-indexed state vari-
ables. Moreover, a change in the value of a state variable v
at timestep t+ 1 can occur only if an action that can change
this value is executed at timestep t: for every variable v ∈ V
and t ∈ 0..T − 1, we have the frame axiom vt ̸= vt+1 →∨
{at | a = ⟨Pre,Eff ⟩ ∈ A, ⟨v, exp⟩ ∈ Eff }. To ensure

that exactly one action is executed in each timestep t, an
exactly-one constraint over the action execution variables of
each timestep is also added. Finally, it is stated that the initial
state holds at time 0 and that the goal holds at time T .

A parallel plan of length n can be defined similarly to a se-
quential plan where, instead of having a sequence of actions,
we have a sequence of sets of actions σ1;σ2; . . . ;σn such
that order(σ1); order(σ2); . . . ; order(σn) is a sequential
plan, where order(σi) is an ordering function which seri-
alizes the set σi into a sequence of actions. Actions in the
same set σi are said to occur in parallel. Then, the plan-

ning as SAT/SMT approach for parallel plans is the same
as for sequential plans, but now each formula encodes the
existence of a parallel plan of certain length where, at each
step, several actions can occur simultaneously (the exactly-
one constraint over the action execution variables of each
timestep is removed). However, it is required that actions
scheduled in parallel can still be serialized.

In the ∀-step semantics (Kautz and Selman 1996) parallel
actions can be ordered with respect to any total order, i.e., no
two actions aj , ak in each σi are interfering (that is, execut-
ing aj neither falsifies the precondition of ak nor changes
any of its effects, and vice versa). In the numeric setting,
a less restrictive notion of interference can be defined based
on the commutativity of effects on numeric variables (Bofill,
Espasa, and Villaret 2021). To ensure serialization of actions
scheduled in parallel, a mutex clause ¬aij ∨¬aik is added for
each pair of interfering actions aj and ak and timestep i. The
∃-step semantics (Dimopoulos, Nebel, and Koehler 1997;
Rintanen, Heljanko, and Niemelä 2006) weakens the ∀-step
requirements, by only requiring the existence of some order-
ing of the actions that results in a valid sequential plan.

There are other semantics, such as the relaxed ∃-step se-
mantics (Wehrle and Rintanen 2007) and the relaxed relaxed
∃-step semantics (Balyo 2013), which progressively relax
the applicability requirements on parallel actions.

Interference between actions is usually determined by in-
specting the literals that occur in their preconditions and ef-
fects at compile time. However, such syntactic checks tend
to overestimate interference, especially when numeric func-
tions are present. Recent works (Bofill, Espasa, and Vil-
laret 2021) alleviate this problem by checking interference
semantically, looking for (un)satisfiability of interference
conditions by calling a SMT solver at compile time. Note
that the potential number of interferences between actions
is quadratic in the number of actions, so it can result in a
quadratic number of mutexes. In numeric planning, when
using a semantic notion of interference, the number of inter-
ferences can be significantly reduced. Interferences between
actions can be represented in a graph.

Definition 1 (Disabling Graph) Given a planning problem
P = (V,A, I,G), a disabling graph for P is a directed
graph G = (V,E), where V = A and (aj , ak) ∈ E if aj
interferes with ak.

In the previous definition, the notion of interference must
be adapted for the semantics considered but, in any case, an
edge from aj to ak will mean that the action aj cannot im-
mediately precede ak in a valid sequential plan. Under the ∀-
step semantics, a mutex clause is added for every pair of in-
terfering actions, i.e., if (aj , ak) ∈ E or (ak, aj) ∈ E, then a
mutex ¬aij ∨¬aik is added for each timestep i. However, un-
der the ∃-step semantics, if G has no cycles, then a set of ac-
tions scheduled in parallel can be ordered to form a valid se-
quential plan according to any topological sort of the reverse
of G. Therefore, mutexes can be added only to prevent cy-
cles among actions in the same timestep. To this end, a sim-
ple approach is to set an arbitrary order between actions and
add a mutex for a pair of actions aj and ak if (aj , ak) ∈ E
and aj < ak (Rintanen, Heljanko, and Niemelä 2006).
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Lazy Mutexes and Interferences
The number of mutexes typically dominates the size of the
formula. In this section we describe two propagators that
avoid this overhead by generating mutexes on-demand dur-
ing search, rather than encoding them all in advance. The
propagators adhere to the API provided by the Z3 SMT
solver (Bjørner, Eisenhofer, and Kovács 2023). More con-
cretely, the propagators implement the fixed function of
the API, receiving a callback whenever the solver decides to
assign a value to an action variable at, and keep track of the
set of active actions At

active = {a ∈ A | at = true} for
each timestep t, by using the push and pop endpoints.

Lazy Forall Propagator Since in the ∀-step semantics no
two actions in the same timestep can interfere, after each as-
signment to an action variable at to true , we check if there is
either an outgoing or incoming edge in the disabling graph
G = (V,E) between a and any of the already active ac-
tions in timestep t. If that is the case, a conflict is thrown.
The solver will then process the conflict, learn a clause and
backtrack. Algorithm 1 illustrates this approach.

Algorithm 1: Forall Propagator

Require: Action variable assignment (at, v); current active
actions At

active; disabling graph G = (V,E)
Ensure: Conflicts generated if interference detected

1: if v = false then
2: return ∅
3: end if
4: At

active ← At
active ∪ {a}

5: for ai ∈ At
active \ {a} do

6: if (a, ai) ∈ E ∨ (ai, a) ∈ E then
7: generate conflict({at, ati})
8: end if
9: end for

Exists Propagator To enforce the ∃-step semantics, the
exists propagator implements existential quantification se-
mantics: actions can execute in parallel if there exists at least
one ordering under which they do not interfere. This is more
permissive than forall semantics. The propagator uses cycle
detection in the disabling graph to identify when no valid
ordering exists among a set of active actions.

After assigning an action variable at to true , we add
it to the set At

active. Then, given the static (i.e., built at
compile time) disabling graph G = (V,E), we dynami-
cally build the disabling digraph Gt = (At

active, E
t) where

Et = {(aj , ak) ∈ E | aj , ak ∈ At
active}. Finally, a conflict

is generated if a cycle is detected in Gt.
Algorithm 2 illustrates this approach. A subgraph of the

disabling graph G induced by the active actions at timestep t
is built by the build disabling graph function. Then, the
function detect cycle dfs performs a depth-first search to
find cycles. If one exists, no valid serialisation of the active
actions is possible, and a conflict is generated with all the
actions present in the cycle. Note that an advantage of this
approach is that cycles are broken optimally during search.
That is, while the eager approach commits to arbitrary mutex

Algorithm 2: Exists Propagator

Require: Action variable assignment (at, v); current active
actions At

active; disabling graph G = (V,E)
Ensure: Conflict generated if cycle detected

1: if v = false then
2: return ∅
3: end if
4: At

active ← At
active ∪ {a}

5: Gt ← build disabling graph(G,At
active)

6: cycle← detect cycle dfs(Gt)
7: if cycle ̸= ∅ then
8: generate conflict({ati | ai ∈ cycle})
9: end if

constraints upfront, potentially excluding valid parallel exe-
cutions, this propagator lets the solver explore all possible
ways to break the cycles, preserving step-optimality.

Lazy Interference In the previous algorithms we assumed
that the disabling graph was already precomputed. However,
we can remove this restriction and consider different strate-
gies for when this computation needs to occur. We distin-
guish two approaches: the eager and the lazy approaches. In
the eager approach, the disabling graph is computed a pri-
ori between all pairs of actions before search begins. This,
in turn, enables two possibilities: either the complete set of
mutex constraints is added directly to the encoding (the clas-
sical methodology adopted by previous work such as (Rin-
tanen, Heljanko, and Niemelä 2006; Bofill, Espasa, and Vil-
laret 2016)), or a propagator can query the precomputed
graph during search using constant-time edge lookups. In
contrast, the lazy approach starts with an empty graph and
computes an edge only when the solver assigns two actions
to the same timestep. This defers the cost of interference
checking to search time, avoiding the upfront quadratic com-
putation and reducing memory usage when only a fraction of
action pairs are ever considered together.

Experimental Results
Our planner has been implemented on top the Unified
Planning library (Micheli et al. 2025) and the Z3 SMT
solver (De Moura and Bjørner 2008). We used an AMD
EPYC 7763 64-Core Processor@2.4GHz and, to stress-test
scalability, we restricted each task to one CPU core, 1 hour
timeout and 2GB of memory. We use the 2023 Numeric IPC
domains (Taitler et al. 2024) plus depots, petrobras, satel-
lite, settlers and zenotravel, capped at 20 instances each. Af-
ter filtering trivial instances (solved by all planners in under
5 seconds) and unsolvable ones (not solved by any planner),
we obtain 417 challenging instances across 24 domains. We
compare against ENHSP (Scala et al. 2020), run via Uni-
fied Planning with default configuration (GBFS with hadd),
and Patty (Cardellini, Giunchiglia, and Maratea 2024), as a
representative sample of state-of-the-art numeric planners.
Since our benchmark extends beyond Patty’s original evalu-
ation, its parser encountered 180 errors across several do-
mains, mainly due to unsupported equality predicates be-

364



tween objects. We nonetheless retain Patty given its rele-
vance and performance.

For both the ∀ and the ∃-step semantics, in our experi-
ments we consider the following variants: eager uses the
syntactic notion of interference with the disabling graph
computed a priori and all mutexes encoded at the start, im-
plementing the method adopted by previous works (Rin-
tanen, Heljanko, and Niemelä 2006; Bofill, Espasa, and
Villaret 2016) and serving as a baseline; lazy also uses
the syntactic notion of interference but computes each in-
terference on demand, starting a graph with no mutexes
and adding them during propagation; eager-semantic-chain
employs the semantic notion of interference and encod-
ing from (Bofill, Espasa, and Villaret 2021), with the dis-
abling graph computed a priori and all mutexes encoded at
the start; finally, lazy-semantic-chain follows the same ap-
proach but with lazy computation. We remark that all ea-
ger approaches reported do not use the propagators. Table 1

Planner Solved Error TO MO
forall-eager 113 0 183 121
forall-lazy 142 0 243 32
forall-eager-semantic-chain 137 0 190 90
forall-lazy-semantic-chain 147 0 192 78
exists-eager 130 0 197 90
exists-lazy 147 0 234 36
exists-eager-semantic-chain 156 0 187 74
exists-lazy-semantic-chain 163 0 177 77
ENHSP 167 0 234 16
Patty 134 180 49 54

Table 1: Accumulated results for 417 instances. Solver indi-
cates solved instances; Error refers to parsing errors; TO and
MO denote time-outs and memory-outs, respectively.

summarises the results. Our lazy approach shows competi-
tive performance with state-of-the-art numeric planners. The
best-performing variant, exists-lazy-semantic-chain, solves
163 instances, only 4 instances behind ENHSP. Patty solves
134 instances, but it should be noted that Patty’s parser does
not support certain PDDL constructs present in our bench-
mark set, preventing it from attempting all considered in-
stances. On the domains it can parse, Patty demonstrates
strong performance, particularly excelling on families such
as block-grouping and hydropower where its pattern-based
approach proves highly effective. The lazy mutex genera-
tion consistently improves performance over the eager base-
line across all configurations. In the ∃ semantics, the lazy
variant solves 147 instances compared to 130 for the eager.
The improvement is even more pronounced for the ∀-step
semantics (142 versus 113). This pattern holds when com-
bined with semantic interference checking: 163 versus 156
on the ∃-step semantics, and 147 versus 137 with the ∀-step
semantics.

An additional advantage of the lazy approach lies in mem-
ory consumption, where the eager ∀-step semantics gen-
erates 121 memory-outs (MO) compared to only 32 for
the lazy approach. Similarly, the lazy ∃-step produces 90
versus 36 memory-outs. This reduction in memory usage
explains the coverage improvements: by avoiding the up-
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Figure 1: Survival plot showing cumulative solving time
across instances, ordered by difficulty. Lazy variants con-
sistently outperform their eager counterparts.

front encoding of the complete interference graph, the lazy
approach can handle larger problem instances that would
otherwise exhaust available memory. A key advantage of
our propagator-based approach is that mutex constraints be-
come part of the solver’s conflict analysis and clause learn-
ing mechanism, allowing the solver to forget some of the
clauses when they are no longer relevant. Figure 1 illus-
trates the performance characteristics of the different ap-
proaches. Our best variant establishes a competitive nu-
meric planner with existing planners, where a virtual best
solver (vbs) would substantially outperform either in isola-
tion. More concretely, if we consider an oracle that always
chooses the best performing planner from our encodings and
ENHSP, the resulting planner would solve 300 instances.

When comparing lazy semantic with syntactic eager ∃-
step, most domains see only 0.02% to 19% of the mutexes
that would be generated eagerly. This reduction is achieved
by generating constraints only when needed and eliminating
spurious mutexes through semantic interference checking.
Note though that most cycles detected by the ∃-step propa-
gator have sizes between 2 and 5 actions.

Conclusions

The main contribution of this work lies in a scalable imple-
mentation of established semantics for parallelism (Rinta-
nen, Heljanko, and Niemelä 2006; Bofill, Espasa, and Vil-
laret 2021), achieved through a lazy approach to mutex con-
straint generation for numeric planning as SMT, exploiting
custom propagators to add the interference constraints on
demand. Our evaluation demonstrates consistent improve-
ments over eager variants, with dramatic reductions in both
mutex constraints generated and memory exhaustion. The
lazy approach also preserves step-optimality by deferring
cycle-breaking decisions to the solver.
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