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Abstract
Planning domains are usually represented in first-order logic.
However, historically, most of the planners have been using
grounded problem representations. Since grounding can lead
to a combinatorial explosion, and thus make some problems
intractable, the community has developed techniques to deal
with hard-to-ground problems. Those techniques include, for
example, splitting action schemas, or partially grounding ac-
tions to relevant instantiations for the goal at hand. Recently,
a new family of planners which work directly on lifted rep-
resentations has emerged. However, most of these so-called
lifted planners still rely on grounding to some extent. With
the aim of broadening the range of approaches to lifted plan-
ning, in this work we present a satisfiability-based lifted plan-
ner that works on first-order representations and does not rely
on grounding at all. We encode the lifted planning task into a
quantifier-free formula with uninterpreted functions, in first-
order logic with equality. Despite showing higher solving
times than the state-of-the art, the planner proves to consume
very little memory and is competitive on hard-to-ground in-
stances.

Introduction
The representation of planning problems is usually done in
first-order logic. However, most of the planners work on
grounded representations, i.e., on equivalent formulations
where all predicates are instantiated with the available ob-
jects. The rationale for grounding is mainly the simplicity
and efficiency of the techniques it allows.

The most prominent approaches to AI planning are based
on heuristic search, where the initial state is expanded to-
wards promising successor states, or on satisfiability testing,
where propositional Boolean formulas are used to encode
the existence of a plan of a certain length. In both cases,
grounding can be a bottleneck, since it often results in a pro-
hibitively large set of elements.

Several techniques have been developed to mitigate the
effect of grounding. For example, the Fast Downward plan-
ner (Helmert 2009) overapproximates the ground predicates
and actions that can be useful for finding a plan in state-
space search using the delete-free relaxation of the problem.
This sometimes removes from consideration a large num-
ber of ground elements. In the context of satisfiability-based
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planning, a well-known way to avoid full grounding is to
split action schemas, as proposed in (Robinson et al. 2009).

More recently, planners working on lifted representations
have been developed. However, most of them do not per-
form deduction directly on the lifted representation, but
rather some kind of grounding on-demand during state-
space search. There also exist satisfiability-based lifted plan-
ners. In this context, LiSAT (Höller and Behnke 2022) is
state-of-the-art. This solver uses a state-less lifted represen-
tation of the problem, that is finally encoded into a propo-
sitional formula encoding a sequence of steps of a plan.
Q-Planner (Shaik and van de Pol 2022) is a lifted planner
encoding planning problems to quantified Boolean formu-
las (QBF). For a survey on lifted planners, see (Corrêa and
De Giacomo 2024).

In this paper we present a satisfiability-based lifted plan-
ner that encodes planning tasks into SMT formulas, main-
taining a lifted representation also in solving time.

Planning Graphs
Since the inception of the Graphplan algorithm (Blum and
Furst 1995), many planners have been using planning graphs
to guide their search. A planning graph is a layered directed
graph, alternating proposition and action layers. Roughly,
proposition layers contain the propositions that are possibly
true at a given time step (e.g., the initial step), while action
layers contain the actions whose preconditions are satisfied
by propositions in the previous layer. Edges represent rela-
tions between actions and propositions. In the STRIPS set-
ting, actions are connected by edges to their preconditions
in the previous propositions layer, and to their effects in the
next propositions layer (add and delete effects are differen-
tiated using two kinds of edges). An important part of plan-
ning graph analysis is to deal with exclusion relationships
between actions, i.e., to determine whether two actions can-
not belong to the same plan.

Although planning graphs are mostly used in search-
based planners, Kautz, McAllester, and Selman showed that
they are quite similar to propositional formulas and, in
fact, they can be automatically translated to SAT (Kautz,
McAllester, and Selman 1996). Therefore, they have also
been used in some satisfiability-based planners (Kautz and
Selman 1998; Kautz, Selman, and Hoffmann 2006).



Planning graphs are typically built on grounded represen-
tations and, although they are not exactly state-space graphs,
in the sense that not all possible instantiations of actions and
facts are present in them, they tend to suffer from combi-
natorial explosion. To mitigate the combinatorial explosion
and tackle hard-to-ground planning problems, we propose
to use a lifted planning graph. The basic idea is to represent
the planning problem with a planning graph with first-order
predicates for actions and facts, and to encode that graph into
a first order formula to be solved by a SMT solver instead of
a SAT solver.

Lifted Planning on Quantifier-Free
First-Order Formulas

In this section we explain how to build a lifted planning
graph, for a plan of a certain length, and describe a possi-
ble translation of it into SMT. We restrict ourselves to the
STRIPS formalism and to length optimal sequential plans.

In (Blum and Furst 1997) it is pointed out that the size
of the graph can be unnecessarily large if there are many
irrelevant facts in the initial conditions. This could be mit-
igated by beginning with a regression analysis going back-
ward from the goals to determine if any initial conditions
may be thrown out, although this regression analysis can
require some time. Making Graphplan goal directed, i.e.,
building it backwards from the goal, was first explored
in (Kambhampati, Parker, and Lambrecht 1997). The width
of the graph will depend mainly on the branching factor.
Forward construction will be problematic when there are
many applicable actions, while backward construction will
be problematic when there are many relevant actions. Nev-
ertheless, we propose to build the graph backwards from
the goal. The rationale is that this normally results in a
smaller graph, if we keep arguments uninstantiated when
possible. As an example, consider a typical blocks domain
with pickup, putdown, stack and unstack operators.
By going backwards, given a fact like (clear b1)we can
generate the following edges from lifted actions having that
fact as an add effect, where ?x and ?y are variables:

(stack b1 ?y)

(putdown b1)

(unstack ?x b1)

(clear b1)

That is, b1will become clear, if it was not already, after
stacking it on top of some other object, or putting it down,
or unstacking any other object on top of it. There is no need
to specify what these other objects are. In other words, each
of the effects can be obtained in different ways.

On the contrary, building a lifted graph going forward is
not an easy task. In particular, from ground facts we are go-
ing to get ground actions, since all preconditions are neces-
sary to activate an operator and, therefore, there will be no
free variables in the action. For example:

(arm-empty)

(ontable b1)

(clear b1)

(pickup b1)

From Lifted Planning Graphs to SMT Formulae
We build the planning graph recursively from the goal. We
set the last propositions layer to contain the ground facts
from the goal, and seek for action schemas having these facts
as possible add effects. We add those lifted actions to the ac-
tions layer before the goal, and connect them to the goal facts
with the corresponding variable bindings. Then we create a
propositions layer preceding that actions layer, containing
all their (lifted) preconditions, together the previous goal,
and proceed recursively taking them as the new goal. It is
worth noting that goals are propagated to the previous lay-
ers, since we do not know in advance in which step they will
be achieved.

The graph is constructed for a given number of levels n.
Then we proceed to translate the resulting graph to a SMT
formula which will be satisfiable if and only if there exists a
sequential plan of length n. Our planner will construct those
graphs for n = 0, 1, 2, . . . and check for satisfiability of the
resulting formulas in order to find a length optimal plan.

The translation goes as follows. Predicates are declared as
Boolean functions with integer arguments. The ones that oc-
cur in effects, i.e., the fluents, are moreover indexed by time.
Action schemas are declared as Boolean constants, indexed
by time. As we explain below, the concrete values of their
arguments will be captured by frame axioms.

Integer variables are introduced for every predicate and
action argument. Variables for arguments of actions can be
shared between actions, since we allow only one action to
be executed at each time step.

We start by asserting the goal, i.e., the facts in the last
propositions layer. Moreover, for each propositions layer in
the planning graph, we assert a set of frame axioms: for each
proposition in the layer, either it was already true in the pre-
vious step of the plan or some of the actions having it as an
add effect has been executed in the previous step, with the
corresponding binding of variables. It is worth noting that,
since we are not considering negative preconditions, frame
axioms explaining the reason for some fact becoming false
are not necessary.

For each actions layer, we assert that exactly one action
is executed, and that their preconditions and effects are im-
plied. Variables are not instantiated, since they will be in-
stantiated by the frame axioms.

Finally, we need to assert the initial facts. An important is-
sue is avoiding the combinatorial explosion due to the closed
world assumption. Naively asserting the negation of any fact
which does not hold initially can represent 99% of the en-
tire formula in some hard-to-ground domains. So, instead of
asserting all those negated facts, we only negate the ground
facts that occur in the first propositions layer and do not hold
initially. For non-ground predicates, we constrain the values
of their variables to the ones in the initial facts, or negate the
predicate in case no initial fact is an instance of them.

Additional Considerations
Modern SMT solvers add support for datatypes, including
enumerated types. Therefore, integer variables could be re-
placed by enumerated types. However, we observed that do-
ing so slightly degrades performance. Another alternative



could be using uninterpreted sorts. However, in our context,
using uninterpreted sorts has the problem of having to state
explicitly that all values of each sort are different which, in
case of problems with many objects, can cause a big over-
head in the formula. On the contrary, all integer values are
different by definition.

Example
We illustrate our approach with a toy example. Con-
sider the following simplified domain blocksworld (with
putdown and unstack operators removed).

(define (domain blocksworld)
(:requirements :strips)
(:predicates (clear ?x)

(on-table ?x)
(arm-empty)
(holding ?x)
(on ?x ?y))

(:action pickup
:parameters (?x)
:precondition (and (clear ?x)
(on-table ?x) (arm-empty))
:effect (and (holding ?x) (not (clear ?x))
(not (on-table ?x)) (not (arm-empty))))

(:action stack
:parameters (?x ?y)
:precondition (and (clear ?y)
(holding ?x))
:effect (and (arm-empty) (clear ?x)
(on ?x ?y) (not (clear ?y))
(not (holding ?x)))))

Consider the following toy problem on this domain.

(define (problem blocks-toy)
(:domain blocksworld)

(:objects b1 b2 b3)
(:init

(arm-empty)
(on-table b1)
(clear b1)
(on-table b2)
(clear b2)
(on-table b3)
(clear b3))

(:goal (and (on b2 b1))))

The SMT formula for a 2-steps plan would be the follow-
ing.

(set-logic QF_UFIDL)
(set-option :produce-models true)

;; Predicates
(declare-fun clear_0 (Int) Bool)
(declare-fun clear_1 (Int) Bool)
(declare-fun clear_2 (Int) Bool)
(declare-fun on-table_0 (Int) Bool)
(declare-fun on-table_1 (Int) Bool)
(declare-fun on-table_2 (Int) Bool)
(declare-fun arm-empty_0 () Bool)
(declare-fun arm-empty_1 () Bool)

(declare-fun arm-empty_2 () Bool)
(declare-fun holding_0 (Int) Bool)
(declare-fun holding_1 (Int) Bool)
(declare-fun holding_2 (Int) Bool)
(declare-fun on_0 (Int Int) Bool)
(declare-fun on_1 (Int Int) Bool)
(declare-fun on_2 (Int Int) Bool)

;; Actions variables
(declare-const _pickup_?x_0 Bool)
(declare-const _stack_?x_?y_0 Bool)
(declare-const _stack_?x_?y_1 Bool)

;; Objects’ variables
(declare-const ?x_1 Int)
(declare-const ?x_0 Int)
(declare-const ?y_1 Int)
(declare-const ?y_0 Int)

;; Goal
(assert (and (on_2 2 1)))

;; Planning graph
;; Level 1

;; Frame axioms
(assert (or (not (on_2 2 1)) (on_1 2 1)
(and _stack_?x_?y_1
(= ?x_1 2) (= ?y_1 1))))

;; At most one action per level

;; At least one action per level
(assert (or _stack_?x_?y_1))

;; Actions preconditions and effects
(assert (=> _stack_?x_?y_1
(and (holding_1 ?x_1) (clear_1 ?y_1))))

(assert (=> _stack_?x_?y_1
(and (on_2 ?x_1 ?y_1) arm-empty_2
(clear_2 ?x_1))))

(assert (=> _stack_?x_?y_1
(and (not (holding_2 ?x_1))
(not (clear_2 ?y_1)))))

;; Level 0

;; Frame axioms
(assert (or (not (on_1 2 1)) (on_0 2 1)
(and _stack_?x_?y_0 (= ?x_0 2)
(= ?y_0 1))))

(assert (or (not (holding_1 ?x_1))
(holding_0 ?x_1) (and _pickup_?x_0
(= ?x_0 ?x_1))))

(assert (or (not (clear_1 ?y_1))
(clear_0 ?y_1) (and _stack_?x_?y_0
(= ?x_0 ?y_1))))

;; At most one action per level
(assert (not (and _pickup_?x_0
_stack_?x_?y_0)))

;; At least one action per level
(assert (or _pickup_?x_0 _stack_?x_?y_0))



;; Actions preconditions and effects
(assert (=> _pickup_?x_0
(and (on-table_0 ?x_0)
arm-empty_0 (clear_0 ?x_0))))

(assert (=> _pickup_?x_0
(holding_1 ?x_0)))

(assert (=> _pickup_?x_0
(and (not (on-table_1 ?x_0))
(not arm-empty_1) (not (clear_1 ?x_0)))))

(assert (=> _stack_?x_?y_0
(and (holding_0 ?x_0) (clear_0 ?y_0))))

(assert (=> _stack_?x_?y_0
(and (on_1 ?x_0 ?y_0) arm-empty_1
(clear_1 ?x_0))))

(assert (=> _stack_?x_?y_0
(and (not (holding_1 ?x_0))
(not (clear_1 ?y_0)))))

;; Lifted initial state
(assert (not (holding_0 ?x_1)))
(assert (or (not (on-table_0 ?x_0))
(= ?x_0 1) (= ?x_0 2) (= ?x_0 3)))

(assert arm-empty_0)
(assert (or (not (clear_0 ?x_0))
(= ?x_0 1) (= ?x_0 2) (= ?x_0 3)))

(assert (not (holding_0 ?x_0)))
(assert (or (not (clear_0 ?y_0))
(= ?y_0 1) (= ?y_0 2) (= ?y_0 3)))

(assert (or (not (clear_0 ?y_1))
(= ?y_1 1) (= ?y_1 2) (= ?y_1 3)))

(assert (not (on_0 2 1)))

(check-sat)
(get-model)
(exit)

Experimental Evaluation
We report on experiments on the compilation of hard-to-
ground domains available at https://github.com/abcorrea/
htg-domains. The experiments were conducted on an In-
tel Xeon E-2234 CPU@3.60GHz, with a memory limit of
16GB and a time limit of 1 hour. For the SMT solver
we used CVC5 (Barbosa et al. 2022) v1.3.0 with CADI-
CAL (Biere et al. 2024) v3.0.0. We compare our domain-
Agnostic Lifted Planning System ALPS against the state-
of-the-art satisfiability-based lifted planner LiSAT (Höller
and Behnke 2022), the QBF-based planner without ground-
ing Q-Planner (Shaik and van de Pol 2022), and the state-
of-the-art satisfiability-based grounded planner Madagascar
(M) (Rintanen 2014) without invariant computation nor par-
allelism.

Table 1 shows the coverage results for the considered
planners on the aforementioned benchmarks. We exclude the
domains with negative preconditions and equality, as we cur-
rently do not support them, as well as the domains that no
planner was able to solve with the given memory and time
limits. We observe that the coverage of our approximation
is not far from that of LiSAT. It is worth noting that LiSAT
translates the lifted planning problem into a SAT formula,
while we keep solving a SMT formula, with the correspond-
ing overhead in execution time. Moreover, the results are
pretty good, given the simplicity of our encoding.
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blocksworld-large-simple (40) 40 40 1 3
childsnack-contents (144) 12 24 8 1
logistics-large-simple (40) 25 35 0 0
pipesworld-tankage-nosplit (50) 19 25 0 6
visitall-multidimensional (180) 99 111 10 40
Coverage (454) 195 235 19 50

Table 1: Number of solved instances.
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blocksworld-large-simple (40) 40 40 1 3
childsnack-contents (144) 12 24 8 1
logistics-large-simple (40) 29 35 0 0
pipesworld-tankage-nosplit (50) 19 25 0 6
visitall-multidimensional (180) 99 111 10 40
Coverage (454) 199 235 19 50

Table 2: Number of solved instances with type deduction.

There exist some domains which include static predi-
cates, i.e., predicates that occur in preconditions but not
in effects. Those predicates are used for typing. For
example, in the logistics-large-simple domain,
we have the truck, location, airplane, city,
and airport static unary predicates. Similarly, in the
pipesworld-tankage-nosplit domain, we have
the unitary and not-unitary static unary predi-
cates. Those predicates can be erased in a preprocess
step. By removing those predicates and adding the pred-
icate names as types of the qualified objects, we get
an equivalent but simplified formulation of the prob-
lem which, in our case, results in shorter solving times.
This approach allowed us to solve 4 more instances in
the logistics-large-simple domain, but the same
number in the pipesworld-tankage-nosplit do-
main. Table 2 shows the results with type deduction.

Future Work
As future work, we plan to add support for negative pre-
conditions as well as equality predicates. In terms of perfor-
mance, a possible improvement could be to use the CVC5
API in order to solve the problem incrementally, instead
of generating independently solved formulas for each plan
length, as we currently do. Also, a major challenge is to
adapt our approach for parallel plans, since the performance
of our approach degrades rapidly with plan length. On the
other hand, since SMT is well suited to numeric plans, it is
also worth considering an extension of our approach to nu-
meric planning. Finally, the translation of our lifted formulas
to SAT could also be explored.
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