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Abstract

Numeric planning extends classical planning with integer-
valued state variables, supporting compact models for many
real-world problems, but restricting which planners can be
used. Compiling numeric tasks into classical ones is there-
fore an attractive way to reuse the mature ecosystem of clas-
sical planning, and recent work has shown that, with the
right encoding, classical planners can be competitive with na-
tive numeric planners. We propose an alternative compilation
strategy that delegates arithmetic reasoning to a constraint-
programming solver at compilation time. From each of these
assignments, a new instantiated action with plain Boolean
preconditions and effects is produced. We implement this
idea in two compilations: Integer Representation (IR), which
encodes integer values as objects, and Logarithmic Represen-
tation (LR), which encodes them as bits. Both compilations
rely on a per-instance bound analysis that can produce tighter
compiled problems than the uniform domain bounds used in
prior work. On the numeric domains of the latest International
Planning Competition, both IR and LR compilations are com-
petitive with prior classical-planning compilations.

1 Introduction and Related Work

Numeric planning extends classical planning with state vari-
ables that take numeric values, allowing compact and natu-
ral models of resources, capacities, and quantities that per-
vade real-world problems (Fox and Long 2003). Formally, a
numeric planning problem is a tuple Il = (F, N, A, Z,G),
where F is a set of Boolean fluents, A\ is a set of numeric
fluents, A is a set of actions, Z is the initial state, and G is the
goal. A state is a valuation over F U that assigns each flu-
ent a value in its domain. Each action a = (Pre, Eff) € A
consists of a precondition Pre, a conjunction of literals
over F and (in)equalities over A/ (e.g., f > 5) that must
hold for a to be applicable, and an effect Eff, a set of as-
signments (v, exp) specifying the next-state value (exp) of
each updated fluent (v); for example, (f, f + 1) encodes
increase f 1. Executing a in a state s yields the state a(s)
in which the fluents touched by Eff take the new values and
the rest are unchanged. A goal G is a conjunction of liter-
als over F and (in)equalities over /. A sequential plan is
a sequence ai;...;a, such that a,(...(a1(2))...) E G.
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We focus on the bounded integer fragment, in which every
numeric fluent ranges over a finite integer domain; on this
fragment, numeric planning is decidable (Gigante and Scala
2023). Over this simple representation of the problem, we
will also consider a lifted representation (Corréa and Gia-
como 2024), allowing parameterized families of variables
and actions with finite types. In addition, to aid our transfor-
mations we will also make use of conditional effects (Nebel
2000) and axioms (Thiébaux, Hoffmann, and Nebel 2005).

Native numeric planners such as ENHSP (Scala, Haslum,
and Thiébaux 2016) can solve such tasks directly. At the
same time, decades of work on classical planning have pro-
duced a rich and mature ecosystem of heuristics, search al-
gorithms, and engineering-grade implementations, and com-
piling numeric problems into classical ones is an attractive
way to bring this broad toolbox to bear on numeric domains.
Recent work has made this idea concrete: Gigante and Scala
(2023) showed that bounded numeric planning admits a
polynomial-size compilation into classical planning that pre-
serves plan length, and Bonassi, Percassi, and Scala (2025)
subsequently introduced three practical compilations within
the Unified Planning (UP) framework (Micheli et al. 2025):
ONE-HOT, which encodes each integer value as a Boolean
fluent, and two binary encodings, BLAST and BLAST v,
which represent integer values as bit vectors and simulate
arithmetic through conditional effects and axioms. Their ex-
periments show that with the right representational choices,
classical planners can become competitive with native nu-
meric ones. A common feature of these compilations is that
they encode arithmetic propositionally inside the compiled
actions, materializing operations such as addition as a full
adder over Boolean fluents.

We propose a different strategy: using CP-SAT, the
Google OR-Tools constraint programming solver (Perron
and Furnon 2024), we enumerate at compilation time all
consistent value assignments to the fluents that each action
touches. Each solution becomes an instantiated action whose
preconditions and effects are plain Booleans, with no re-
maining trace of the original arithmetic. The compiled prob-
lem can then be solved by any classical planner supporting
axioms (Thiébaux, Hoffmann, and Nebel 2005), a feature
we exploit to encode complex goals.

We implement this idea in two compilations, both im-
plemented as compilation passes within UP: Integer Rep-



resentation (IR), which encodes integer values as objects,
and Logarithmic Representation (LR), which encodes them
as bits. Both rely on a per-instance bound analysis that can
produce tighter compiled problems than the uniform domain
bounds used in prior work. We evaluate the two compi-
lations on the numeric domains of the latest International
Planning Competition (IPC-23) (Taitler et al. 2024), com-
paring against the three compilations of Bonassi, Percassi,
and Scala (2025) and the native numeric planner ENHSP.
Our results show that delegating arithmetic to CP-SAT at
compile time is not only a practical design choice, but also
competitive with existing approaches.

2 Compilations

We present two compilations from numeric to classical plan-
ning, both implemented as compilation passes within the UP
framework. Our goal is to produce, for each numeric in-
stance, an equivalent classical planning problem in which
preconditions and effects contain no arithmetic. The key
idea is to delegate arithmetic reasoning to OR-Tools CP-SAT
at compilation time: for every action containing arithmetic,
CP-SAT enumerates all consistent value assignments to the
fluents involved, and from each solution we instantiate a par-
ticular classical action with the corresponding values, yield-
ing plain Boolean preconditions and effects.

We first describe a naive version of this compilation (Sec-
tion 2.1) and then present a sequence of refinements that
make it practical (Section 2.2).

2.1 Naive compilation

The two compilations, Integer Representation (IR) and Log-
arithmic Representation (LR), share the same pipeline and
differ in how integer fluents are represented and, as a con-
sequence, in how some effects are handled (Sections 2.3
and 2.4). Before compilation, we eliminate any numeric flu-
ent that does not appear in preconditions, goals, or as the
source of any other fluent’s value: such fluent values do not
affect plan validity. We say that an arithmetic expression
is compound if it involves arithmetic operators or numeric
comparisons. The naive compilation transforms the numeric
problem into three steps:

Fluent transformation Each integer fluent is replaced by
a set of object fluents (in IR) or Boolean fluents that rep-
resent the bits of the numeric fluent (in LR). Non-integer
fluents are copied unchanged.

Action transformation For each action a containing any
compound arithmetic expression, we build a constraint satis-
faction problem (CSP) with all its preconditions, effects, and
bounds of the numeric fluents occurring in the action. CP-
SAT enumerates every assignment to the fluents and param-
eters involved that satisfy the built CSP. From each CP-SAT
solution o we generate an instantiation of a, denoted by a,,
by 1) replacing the precondition of a with a conjunction of
the assignments stated in o; 2) replacing the effects (v, e) by
(v,0(e)), where o (e) is the evaluation of e under o, with ex-
pressions resolved and simplified at compilation time when-
ever possible. Actions without any compound arithmetic ex-

pressions are just updated with their fluents transformed into
the chosen representation.

For instance, consider an action a = (f > 3, (f, f — 1)),
where f has bounds [0, 5]. CP-SAT enumerates the assign-
ments f € {3,4,5}, resulting in three instantiated actions
af—3,0f5—4,a5—5. Bach instantiated action has a precon-
dition that fixes the value of f and an assignment effect
that sets f to its decremented value (e.g., a;=3 = (f =

3,(£.2))-

Goal transformation We deal with goals that are a con-
junction of subgoals. Atomic subgoals, consisting of a sin-
gle Boolean fluent, are left unchanged. All other subgoals
are compiled into derived Boolean fluents via PDDL axioms
as follows: For each non-atomic subgoal, we distinguish two
cases. If it contains no compound arithmetic expressions, we
introduce an axiom whose body is the subgoal directly. If
it does contain compound arithmetic expressions, we con-
struct a CSP from the subgoal together with the bounds of
the numeric fluents it involves. We then enumerate all sat-
isfying assignments using CP-SAT and introduce an axiom
whose body is the disjunction of those assignments. In both
cases, the original subgoal is replaced by its corresponding
derived fluent. The resulting goal is therefore a conjunction
of atomic subgoals and derived fluents. We found empiri-
cally that this representation benefits the classical planner.

This naive scheme is correct, but produces compiled prob-
lems much larger than necessary.

2.2 Refinements

We introduce two refinements that reduce the size of
the compiled problem while preserving equivalence. Algo-
rithm 1 shows the resulting pipeline.

Integer fluent equalities Treating an equality between
two integer fluents f = g as arithmetic would force CP-SAT
to enumerate all pairs of consistent values, which could lead
to a blow-up in the size of the compiled problem. We ex-
clude such equalities from the arithmetic category and keep
them as direct fluent comparisons between their correspond-
ing representations: object-typed in IR, bit-by-bit in LR.

Classifying effects into dependent or independent In
the naive scheme, every fluent appearing in an effect of an
action with arithmetic is instantiated by the solutions given
by CP-SAT, even the fluents of the effects whose next-state
value has no relation to any precondition. Consider an ac-
tion with the precondition f > 3 and effects (f, f — 1) and
(9, 9+ 1), where f and g are integer fluents. The naive com-
pilation produces |[dom(f)| x |dom(g)| instantiated actions,
while only the values of f are actually constrained by the
precondition. This is wasteful: CP-SAT multiplies solutions
by the range of fluents that appear only in the effects, pro-
ducing many instantiated actions that differ only in values
irrelevant to the precondition. To address this, we classify
the effects of each action as dependent if some numeric flu-
ent appearing in the next-state value also appears in some
precondition, and independent otherwise.

This classification opens the door to obtaining a more suc-
cinct way of instantiating actions. The two compilations ex-



Algorithm 1: Numeric-to-Classical Compilation

Require: Numeric planning problem I = (F, N, A, Z,G)
Ensure: Classical planning problem IT'

1 1T+ (0,0,0,0,0)

2: > Fluent transformation

3: forall f € FUN do

4: if f is a bounded integer fluent then

5 [1b, ub] <~ BOUNDSOEF(f)

6: IR: add object-typed fluent f” over {nsp, ..., 0y} to I’

7: LR: add £ = [log,(ub — Ib + 1)] Boolean fluents
f07"'7fk71 to IT

8: else

9: add f to IT’

10:  endif

11: end for

12: > Action transformation
13: foralla € Ado

14:  if a has no compound arithmetic expressions then

15: add a to IT" with transformed fluents

16:  else

17: dep_eff , ind_eff < CLASSEFF(a)

18: arith_pre, non_arith_pre < CLASSPREC(a)

19: IR: ¥ <~ CPSATENUM (arith_pre, dep_eff)

20: LR: ¥ <« CPSATENUM(arith_pre, dep_eff U
ind_eff)

21: forall o € ¥ do

22: create instantiated action a.

23: add non_arith_pre to a,

24: IR: expand ind_eff as conditional effects

25: add a, to IT

26: end for

27:  endif

28: end for

29: > Goal transformation
30: forall g € G do
31:  if g is atomic then

32: add g to IT"’s goal

33:  else

34 > Axiom body: CP-SAT solutions for g if g is arithmetic
35: add derived fluent AXIOMFOR(g) to I1"’s goal

36:  endif

37: end for

38: return IT

ploit it differently: IR removes independent effects from the
CP-SAT call and expands them as conditional effects on the
instantiated actions, which is compact under an object-based
representation. LR keeps independent effects inside the CP-
SAT call, since expanding them as conditional effects over
bit assignments would be too costly for the classical planner.

2.3 Integer Representation (IR)

IR maps each integer fluent with domain [Ib, ub] to an object-
typed fluent over a new user-type Number, where objects n;
represent integer values i € [Ib, ub]. A global range covering
all integer fluents in the problem is precomputed statically,
with one object per used value to keep the set compact.
Because integer values are represented as objects, inde-
pendent effects are expanded as conditional effects. For ex-
ample, with f in [0, 3] and the effect {f, f + J), IR gener-
ates the following conditional effects: [/ = ng > (f',n1),

f=mn1>(f' n2),and f’ = mny > (f n3).

After IR, an additional pass using the UP USERTYPE-
FLUENTSREMOVER compiler is required to eliminate the
Number object-typed fluents, since most classical planners
do not natively support fluents of user types.

2.4 Logarithmic Representation (LR)

LR maps each integer fluent f with domain [Ib, ub] to k =
[log,(ub—1b+1)] Boolean fluents fy, ..., fx—1. The value
v is encoded as the binary representation of v — [b, shifting
the domain to start at zero. For example, with f in [2, 5],
LR uses £ = 2 Boolean fluents fj, fi. The value v = 4 is
encoded as the binary representation of 4 — 2 = 2, namely

(fo, f1) = (0, 1).

2.5 Comparison to prior compilations

Our two compilations relate naturally to the three encod-
ings of Bonassi, Percassi, and Scala (2025): IR adopts
an object-based representation similar to their ONE-HOT,
while LR adopts a binary representation similar to BLAST
and BLAST y. The key difference lies in how arithmetic is
handled. BLAST and BLAST y encode each numeric effect
as a set of conditional effects (and axioms, in BLAST ) that
explicitly simulate a full adder over the bit representation.
In contrast, we delegate arithmetic reasoning to CP-SAT at
compilation time: each new action is instantiated from a sin-
gle CP-SAT solution and contains plain Boolean precon-
ditions and effects. The second difference concerns fluent
bounds. We compute these bounds per instance through a
static analysis of the PDDL: for each numeric fluent, the
bound is the maximum of its initial value, any threshold ap-
pearing in the goal, and the largest constant operand of its
modifying actions. This is a conservative approximation of
the reachable values from the initial state of each instance:
smaller instances of a domain produce smaller bounds and
more compact compiled problems. By contrast, Bonassi,
Percassi, and Scala (2025) use uniform domain bounds de-
rived from the largest constant appearing in any instance of
the domain.

3 Experimental Evaluation

The experiments were conducted on an AMD EPYC 9755
processor at 2.70 GHz, with a time limit of 1800 seconds
and a memory limit of 8 GB per run (for joint compilation
and solving), matching the experimental setup of (Bonassi,
Percassi, and Scala 2025).

We evaluate our compilations on the numeric domains
from the latest International Planning Competition (IPC-23).
This benchmark contains a mix of strongly numeric (SN)
and mildly numeric (MN) domains, based on the propor-
tion of numeric variables relative to the total number of
variables, indicated by 91. We compare our two compila-
tions, IR and LR, against the three compilations of Bonassi,
Percassi, and Scala (2025): ONE-HOT (O), BLAST (B)
and BLAST» (Bx), which are obtained by running their
publicly available implementation. We also include ENHSP
with the M(3h||3n) configuration from the work by (Chen
and Thiébaux 2024) as a reference native numeric planner.



Table 1: Coverage results and domain features. 91: domain numericity, |Az|: arithmetic lifted actions,

Fy|: numeric fluents,

maz: largest absolute integer constant in the input problem. |Az|, |F%|, and max reported as a range [min, max] when they
vary across the 20 instances, otherwise as a single number. Bold indicates overall best, underline the best among compilations.

*Domain provided as PDDL with grounded actions.

\ \ LAMA-First
Domain (#) | N |Az| | Fz| max | O B Bx | IR LR | M
BGrouping (20) | 1.0 4 2 [5. 100] 2 2 2 | 19 11 | 18
Counters (20) 1.0 2 1 [8, 80] 6 5 5 |15 6 | 10
Watering (20) 1.0 10 7 [29, 124] 0o 0 4 2 0 | 20
Farmland (20) 1.0 2 2 [1400,12600] | O 0 4 0 0 | 20
MTrader (20) 0.94 4 3 10000 0 0 0 0 0 | 20
Sailing (20) 0.88 8 2 [740, 966] 0o 0 5 0 0 | 20
Pathways* (20) | 0.7 [44,767]  [27,447) 4, 8] o o0 13 | 3 3 4
Sugar® (20) 064  [126,167]  [36,41] [15, 30] 18 13 14 | 14 10| 13
YN (160) | - - - - | 23 20 47 | 53 30 | 125
Settlers (20) 0.41 24 6 10 16 17 17 | 14 17 | 5
Expedition (20) | 0.39 4 2 1000 0o 0 4 0 2 7
HPower (20) 0.32 2 3 [20200,41000] | O O 8 0 0 | 20
Rovers (20) 0.12 9 1 80 6 6 15 | 14 15 | 16
MPrime (20)* 0.08  [68,17595]  [6,37] 3, 12] 20 20 20 | 10 11 | 19
Delivery (20) 0.02 2 1 (5, 20] 19 20 20 | 20 20 | 20
v (120) | - - - - | 64 63 84 | 58 65 | 87
3 (280) | - - - - | 87 83 131 | 111 95 | 212

The runtime of each compilation method includes both the
compilation time and the planner search time. In all ex-
periments based on compilations from numeric to classical
planning, we use Fast Downward (Helmert 2006) (LAMA-
first) (Richter and Westphal 2010) as the classical planner.

Table 1 summarizes key domain characteristics that help
explain the results: the number of arithmetic actions (|Az|),
the number of numeric fluents (| F%|) and the maximum flu-
ent bound per instance. The relative coverage of IR and LR
depends less on the strongly/mildly numeric distinction than
on two structural properties of the instance: the size of the
fluent bounds and the number of lifted arithmetic actions.

In domains where both factors are manageable, our com-
pilations achieve strong coverage. BGrouping and Counters
combine very small bounds with compact action sets, allow-
ing IR to solve nearly all instances. On these domains, per-
instance bounds are particularly effective: smaller instances
of a domain produce smaller bounds, keeping the compiled
problem compact. In mildly numeric domains, BLAST »
leads overall, but IR and LR remain competitive in Settlers,
Rovers, and Delivery, where the combined size of bounds
and actions stays within reach of the CP-SAT enumeration.

The domains where IR and LR compilations fail reveal
two distinct bottlenecks. First, large fluent bounds make CP-
SAT enumeration produce problems too large for the planner
within the time limit. This affects Farmland, HPower, Sail-
ing, MTrader, Watering, and Expedition, where IR and LR
solve few or no instances. Second, the number of actions
with numeric fluents determines how many times CP-SAT
must run during compilation. On MPrime, these grow sub-
stantially with instance size, leading to combinatorial blow-

up despite small bounds. Pathways and Sugar show a similar
pattern on a smaller scale.

4 Conclusions and Future Work

We presented two compilations from numeric to classical
planning that delegate arithmetic reasoning to a constraint
solver at compilation time, achieving competitive coverage
on the IPC-23 numeric benchmarks.

A reachability-based bound analysis (Kuroiwa, Shleyf-
man, and Beck 2023) would produce tighter per-instance
bounds and make the compilations tractable in more do-
mains. A second direction for future work focuses on how
arithmetic comparisons are encoded in LR. Currently, CP-
SAT expands comparisons such as a > b into the disjunc-
tion of all bit assignments that satisfy them, which grows
exponentially with the bit width of the fluents involved. A
more efficient encoding would compare the bits of a and b,
from the most significant onward, producing a much smaller
encoding.

Finally, our compilations apply the same refinements
to every domain and instance, but the best strategy may
vary. For example, when bounds are small, enumerating all
consistent value assignments via CP-SAT is cheap; when
bounds are large, encoding via derived fluents may scale bet-
ter. A natural direction is to make these decisions adaptive,
choosing per domain, or even per action, which refinement
to apply, based on a static analysis of the instance.

More broadly, our approach opens the door to express-
ing constraints that are difficult or impossible to handle with
current planners, by leveraging the full expressivity of the
constraint solver at compilation time.
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