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Abstract

Action reversibility, that is, whether it is possible to undo ef-
fects of an action by other actions, has been studied in classi-
cal planning and, recently, in non-deterministic planning. In
this paper, we formalize the notions of method and primitive
task reversibility in the context of hierarchical task network
(HTN) planning and provide complexity results. On top of
that, we introduce various notions of reachability in the HTN
setting, for which the reachability is still an unexplored area
(in contrast to classical planning, in which reachability is well
studied) We divide the reachability into two classes based
on two perspectives, one restricting the allowed progression
rules (i.e., reachability using executions of primitive tasks, or
reachability using decompositions of compound tasks), and
the other focusing on the desired target (i.e., a state, inde-
pendently on a task network; a task network, independently
of a state; or both at once). We show that the complexity of
these problems varies significantly, ranging from EXPTIME-
complete to constant-time. We also show that the introduced
reversibility problems exhibit theoretical properties and com-
plexity results analogous to the broader reachability classes.

Introduction

Hierarchical task network (HTN) planning is a framework
for deliberating about a goal at multiple levels of abstrac-
tion by means of breaking down tasks into smaller subtasks.
This hierarchical structure allows one to specify “how” to
achieve a goal (i.e., a procedural form of reasoning). In
contrast, classical planning only allows specifying “what”
needs to be achieved (i.e., a declarative form of reason-
ing) (Bercher, Alford, and Holler 2019; Ghallab, Nau, and
Traverso 2016; Erol, Hendler, and Nau 1994). The intro-
duction of the hierarchy, while increasing the expressivity
(Holler et al. 2014), makes the problem undecidable in the
general case (Erol, Hendler, and Nau 1994). This undecid-
ability result has prompted researchers to identify decidable
subclasses that preserve expressive power, and one well-
studied example is the total-order restriction (Yousefi et al.
2025; Schreiber 2021; Bartak et al. 2021; Behnke, Holler,
and Biundo 2018; Erol, Hendler, and Nau 1994).

In the literature, the notion of action reversibility refers
to whether the effects of an action can be “undone” or “re-
verted” by the application of (other) actions. Early work by
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Eiter, Erdem, and Faber (2007, 2008) formally defined ac-
tion reversals in a logic-based framework, analyzing com-
plexity, and proposing reverse plan libraries for efficient re-
covery. Inspired by the former works, Weber et al. (2012,
2013) modeled a cloud management system as a planning
domain and applied similar reasoning to cloud management
tools to ensure safety by detecting reversible and irreversible
commands. Later, a more general notion of (non-uniform)
reversibility has been tackled by compiling the problem into
contingent planning (Daum et al. 2016). In recent years, the
work of Morak et al. (2020) unified the different notions
of reversibility into one framework, called S-reversibility. It
proposed notions of uniform and universal action reversibil-
ity, which were later researched in more detail by several
works in the deterministic, classical planning setting (Chrpa,
Faber, and Morak 2021; Faber, Morak, and Chrpa 2022;
Faber and Morak 2025) and also generalized and investi-
gated under Fully Observable Non-Deterministic (FOND)
setting (Med et al. 2024, 2025).

Apart from the verification of safe operations (Weber
et al. 2012, 2013), reversibility can classify action risks
and generate recovery plans for cyber attacks (Boddy et al.
2005). Reversibility is particularly valuable for online plan-
ning (Cserna et al. 2018), environments with exogenous
events (Chrpa, Pilat, and Med 2021; Chrpa and Karpas
2024), or in non-deterministic planning by verifying that
agents can recover from undesirable effects (Camacho,
Muise, and Mcllraith 2016) and can determine the safety
of deterministic replanning in unknown states (Yoon, Fern,
and Givan 2007). Furthermore, reversibility analysis sup-
ports post-planning optimization by detecting redundant ac-
tion cycles or inverse actions (Chrpa, McCluskey, and Os-
borne 2012a; Med and Chrpa 2022).

In this paper, we introduce the notions of hierarchical re-
versibility and reachability, in conjunction with the standard
state-based reachability—a notion well-studied in classical
planning, but absent in hierarchical task network (HTN) for-
malisms up to date. We motivate the questions investigated
by the following, among others: 1) Goal-reachability is a
special class of general reachability. Thus, one can ask ques-
tions like “can this one particular task be refined?” or “can
we undo an internal state of the planner?” Such questions
are answered in our formalization. 2) Reversibility might
be more important in HTN planning than classical plan-



ning as the cost of replanning and plan repair is signifi-
cantly higher in these settings (Zaidins et al. 2025). This
stems from the commitment to refining a task, which can-
not be easily thrown away without breaking the hierarchy.
Thus, a preprocessing step to find reversible tasks might al-
low for better performance at runtime. 3) Learning on the fly
is a popular approach to solving HTN problems (Patra et al.
2021). A reversibility analysis allows avoiding dead-ends in
this approach.

The paper integrates previously investigated action re-
versibility definitions into the totally-ordered HTN (TO-
HTN) context, specifically introducing two variants: method
reversibility and primitive task reversibility. Furthermore,
we divide reversibility and reachability into two classes
based on two perspectives, one restricting the allowed pro-
gression rules (i.e., reachability using executions of primi-
tive tasks application only, or reachability using decompo-
sitions of compound tasks only, or under regular progres-
sion), and the other focusing on the desired target (i.e., a
state, independently of a task network; a task network, inde-
pendently of a state; or both at once) allowing us to capture
broader spectrum of forms of state-hierarchical reversibility
and reachability.

Then, we investigate how hard it is to decide on the pro-
posed notions. We show that the computational complexity
of defined notions of reversibility under progression follows
the pattern known from non-hierarchical settings where (ac-
tion) reversibility has been studied in the past, that is “as
hard as planning”. This is done by reducing the solvabil-
ity of the TOHTN planning problem, which is known to be
EXPTIME-complete (Erol, Hendler, and Nau 1994), to the
action reversibility, which yields its EXPTIME-hardness. We
follow with the compilation of reachability problems to the
TOHTN planning problem solvability, yielding the blueprint
on how to solve a reachability with existing tools and show-
ing that reachability is “not harder than planning”. Later, we
(formally) discuss the link between reversibility and reacha-
bility that has already been discussed earlier in more depth,
which allows us to infer the EXPTIME membership for re-
versibility questions and EXPTIME-hardness for reachabil-
ity. Along with the investigation of the intractable problems,
we prove that some variants are trivially or polynomially de-
cidable. With such results, we complete the tightly-bounded
complexity landscape.

Preliminaries

In this work, we use standard definitions such as string,
word, alphabet, and language. We denote X * for the Kleene
closure of an alphabet X, w;ws for the concatenation of two
words wy and wo (Hopcroft, Motwani, and Ullman 2007).

The following definitions are based on the formalization
provided by Yousefi et al. (2025). For a simple example of
HTN planning we refer the reader to the work of Bercher,
Alford, and Holler (2019). Now, we start with the definition
of TOHTN planning domain.

Definition 1. Let A and C be sets, and A U C be the al-
phabet. A (TOHTN planning) domain is a tuple' D =

"For brevity, we have omitted the explicit mapping function §

(F, A, C, M) where:

» F'is a finite set of facts,

e C, A, CN A = 0, are disjoint finite sets of compound
and primitive task names, respectively,

* M C C x (AU CQC)* is a finite set of totally ordered
decomposition methods.

The set of all task names of a planning domain D, AU C, is
denoted as T (D).

For a domain D, whenever it is clear to which domain we
refer, we write 7T instead of T'(D).

In contrast to traditional, classical planning, HTN plan-
ning induces additional constraints on the implicitly en-
coded state transition system. The additional constraints are
enforced by the fact that the planner no longer has the free-
dom to execute every applicable action, as (for example) is
the case in classical planning. Instead, we are provided an
initial task network that we need to “perform”.

A task network is a finite string of compound and prim-
itive task names. In TOHTN, the task network is a totally-
ordered sequence of arbitrary tasks that are waiting to be
decomposed (if composed) or executed (if primitive).

Definition 2. A totally ordered task network tn of a domain
D is a word (or a string) over the alphabet T (D), formally,
tn = (t;)!" € T(D)*. Fork € No, 1 < k < [tn], we

|tn]

denote k-th symbol t), of the task network tn = (t;);,_ as
tn, ie. tng) = tk. Furthermore, we write t € tn to de-
note that a task name t is contained in a task network tn;
formally, t € tn if and only if t = tny, for some k € N,
1 <k < |tn|. We write t ¢ tn otherwise.

In this work, whenever clear, we refer to “task name” by
“task” only. Also, the notation tn in this work refers to a
single “task network”, not to a concatenation of two words
t and n. Lastly, note that if there are multiple occurrences
of t in tn, then there are multiple k for which ¢t = tnp. In
other words, the notation ¢ € ¢tn does not refer to a specific
occurrence, but rather states that there is at least one ¢ in tn.

Given a domain D = (F,A,C,M), for each primi-
tive task name a € A, the corresponding action is a tuple
(pre(a),add(a), del(a)) where pre(a) C F denotes the pre-
conditions that must hold to be able to execute the action,
and add(a) C F,del(a) C F, with add(a) N del(a) = 0,
denote the add and delete effects of a, respectively.! An ac-
tion @ € A is executable in state s € 2 if and only if
pre(a) C s. If a primitive action p € A is executable in
a state s € 2%, the resulting state is defined as (s,a) =
(s \ del(a)) U add(a) and is undefined otherwise.

As already stated, in HTN planning, the planner can only
“perform” tasks that are ordered before any other task. Un-
der total order HTN such a task is the first task of the net-
work.

Compound tasks induce the task hierarchy. As the name
suggests, they are tasks consisting of potentially (several)
additional tasks. To “process” a compound task c away, we
need to substitute it using some method (c,w) € M that

(which maps primitive task names to the preconditions and effects)
from the domain D known from other works (Hoéller et al. 2020a).



describes one of the substitution rules for the task ¢ in D.
However, as we need to follow left-to-right progression, to
do such a substitution, the task needs to be ordered first.

Definition 3. Let D = (F,A,C,M) be a TOHTN do-
main, tn € T(D)* be a non-empty task network, and m =
(c,w) € M be a method. We say that the method m is de-
composable in tn if c = tny).

If one decomposes a compound task ¢ with a method m =

(c,w) in a task network where c¢ is decomposable, the (first)
occurrence of ¢ is (simply) substituted with w.
Definition 4. Let D = (F,A,C, M) be a domain, m =
(c,w) € M be a method, with ¢ € T(D), and tny € T(D)*
be a task network such that tny = cw for w € T(D)*.
The result of a decomposition of c with w by m, denoted as
tny —¢ tng, is the task network tny = ww.

The decomposability and decomposition of a method in a
state-task network pair (s, tn) is defined analogously.

The action execution works analogously. The primitive
task is applicable if and only if it is executable and the task
is ordered first.

Definition 5. Let D = (F, A, C, M) be a TOHTN domain,
s € 2F be a state, tn € (AU C)* be a task network, and
p € A be a primitive action. We say that the primitive action
p is applicable in (s, tn) if and only if p is executable in s
and p = tnyy).

Definition 6. Let D = (F, A,C, M) be a TOHTN domain,
s € 2 be a state, tn be a task network and p € A be a prim-
itive task which is applicable in (s, tn). The result of an ap-
plication of p in (s, tn), denoted as (s,tn) —, (s',tn’),
is a state-task network pair (s',tn'y = (v(s,p), (tn[i])y:"zl>.

Note that the execution of a primitive task is equivalent to
the action application in the classical planning setting.

As the task network can “begin” with a primitive or com-
pound task, and as we strictly need to “process” the tasks
in the left-to-right manner, given the definitions of primitive
task applicability and compound task decomposition, we can
now define the progressions of a task network (Holler et al.
2020b) which captures all possible cases.

Definition 7. Let s € 2F be a state, tn be a task network.
The pair (s,tn) is said to be progressed into (s’ tn'), de-
noted as (s, tn) ~ (s’ tn’), if and only if:
* tny is a compound task c € C and there exist a method
m = (¢,w) € M such that (s,tn) —¢, (s, tn’), or
* tnyy is a primitive task p € A such that (s,tn)
(s',tn').

Effectively, progression always “processes” away the first
task. It either changes the state and pops the task from the
task network, or it keeps the state untouched and substitutes
the compound task with another task network.

The progression provides us with a way to achieve
one state-task network pair from another. Similar to non-
hierarchical settings, this is referred to as reachability.
Definition 8. We say that (s, tn’) is reachable from (s, tn),
denoted as (s,tn) ~* (s',tn’), if and only if (s',tn'} is
in the reflexive and transitive closure of ~ starting in state-
task network pair (s, tn).

In this paper, we use a standard definition of TOHTN
planning problem with goal conditions. Note that in most
of state of the art, the goal conditions are not present. Yet,
it is well known that the two are interchangeable (Geier and
Bercher 2011).

Definition 9. A (TOHTN planning) problem is a tuple P =
((F,A,C,M),sr,tn;, G) where:

* (F,A,C, M) is a (TOHIN planning) domain D,
o s; € 2F be an initial state,

* tny € T(D)* is an initial task network,

* GG C F are the goal conditions.

Typically, the aim in HTN planning is to refine the initial
compound task to the empty task network (i.e., perform all
tasks). However, in our setting with goal conditions, we also
require that the resulting state satisfies given goal conditions.

Definition 10. Let P = ((F,A,C,M),s1,tn;,G) be a
planning problem. We say that the problem is solvable if and
only if there exists a state s' € 2¥ and a sequence of pro-
gressions ~* such that G C s’ and (sy,tn;) ~* (s',€),
where € is an empty task network.

Reachability

In this section, we define two classes of reachability restric-
tions: first, we restrict the allowed progression options, then
we restrict what exactly we want to reach.

We start with restricting possible refinement operators.
Obviously, not restricting anything here makes the most
sense since this is exactly what progression planners will
have available. As for allowing only some of the refinement
options: We do not have any practical motivation for them
yet, but believe it’s important to analyse the whole matrix of
possibilities, just for understanding their interplay and iden-
tifying what contributes to hardness. Besides, hard special
cases might prove useful for reductions.

Throughout this work, whenever we use the symbol >, we
refer to one of the following types of progression rules (un-
less stated otherwise): substitution —, application — or (un-
restricted) progression ~-. Conditions (ii) and (iii) are for-
mulated this way for convenience, as Definition 12 clarifies.

Definition 11. Let D = (F, A, C, M) be a TOHTN domain,
(s,tn) € 2F' x T(D)* and (s',tn') € 2F x T(D)* be state-
task network pairs. Let > € {~,+—,—} be a progression
rule. Then, we say that (s’ tn'} is >-reachable from (s, tn) if
and only if there exists a state-task network pair (s" ,tn") €
2F % T(D)* such that:

(i) (s",tn"") is in the reflexive and transitive closure of >
starting in (s, tn), also denoted (s, tn) b* (s”,tn’),
(ii) s = s', and
(iii) tn/' = tn'.

The second class of restrictions defines what search node
elements we actually care about. Ignoring task networks and
just checking whether a certain state can be reached has ob-
vious applications in heuristic search (Holler et al. 2020b)
and pruning (Olz and Bercher 2023): if we know that a cer-
tain action occurs somewhere in the current task network,
or will be introduced later (e.g., because it was identified



tn-focused (s,tn)----- R >(_,tn')
s-focused (s,tn)----------- >(s',.)
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Figure 1: Visualisation of reachability variants. The dashed
arrow >* denotes any sequence of a progression type, while
(-) indicates components not in focus.

as landmark (Holler and Bercher 2021; Putrich, Meneguzzi,
and Pereira 2025)), checking for reachability of its precon-
dition will be useful. As for reaching a certain task network,
disregarding the state, one application that comes to mind
is plan recognition (Holler et al. 2018), where we have a
hypothesis of which plan an agent might want to pursue.
Also, modeling support and model repair (Bercher, Sreedha-
ran, and Vallati 2025) would be a candidate, where the mod-
eler might want to check whether some desired task network
could be reached.

Definition 12. Let D = (F, A, C, M) be a TOHTN domain,
and (s,tn) € 28 x T(D)* and (s',tn’) € 2 x T(D)* be
state-task network pairs. Let > € {~,—, —} be a progres-
sion rule. Then:

I (s',tn’) is state-focused (or s-focused) >-reachable in
D if and only if all conditions except the condition (iii)
Sor >-reachability of (s',tn’) from (s, tn) in D hold;

1. (s',tn’) is task-network-focused (or tn-focused) 1>-
reachable in D if and only if all conditions except the
condition (ii) for >-reachability of (s',tn’) from (s, tn)
in D hold.

The different notions of focused reachability (as well as
>-reachability) are visualized in Figure 1.

In HTN planning, the hierarchy introduces an additional
“dimension”. The nodes of the underlying implicitly en-
coded graph encoding the search space do not consist only
of the states, as in non-hierarchical forms of planning. In
HTN planning, the nodes consist of pairs of states and task
networks, effectively changing the semantics of the search.

Reversibility

Following the reachability landscape, we define the corre-
sponding reversibilities. The definition of S7T™-reversibility
can be seen as a generalization of S-reversibility (Morak
et al. 2020) to TOHTN planning. The intention and moti-
vation of S-reversibility in the literature is to be able to state
that the action is reversible in any state of the set. This allows
one to investigate analogous notions of universality and uni-
formity (whose importance is discussed in the related work)
of ST*-reversibility in future work.

Definition 13. Let D = (F, A,C, M) be a TOHTN domain
and ST* C 25 x T(D)* be a set of state-task network pairs.
Let> € {~,—, —} be a progression rule. Then:

* a primitive task p € A is called ST*-reversible un-
der the progression type > in D if and only if for each
pair (s,tn) € ST* in which p is applicable there exists

a sequence of progressions >* such that: (i) (s,tn) —,
(s',tn") p* (" tn'), (ii) " = s, and (iii) tn"" = tn;

* a method m € M is called ST*-reversible under the
progression type > in D if and only if for each pair
(s,tn) € ST* in which m is substitutable there exists
a sequence of progressions >* such that: (i) (s,tn) —.,
(s, tn”)yp* (", tn'"), (ii) s = s, and (iii) tn” = tn.

Definition 14. Let D = (F, A, C, M) be a TOHTN domain,
s; € 2F be a state, tn € T(D)* be a task network. Let > €
{~, >, =} be a progression rule. Let ST* C 2¥ x T(D)*
be a set of state-task network pairs. Then:

L. A primitive task p € A or a method m € M is called
state-focused (or s-focused) ST -reversible under the
progression type > in D if and only if all conditions
except condition (iii) for ST*-reversibility of p under >
in D hold.

1. A primitive task p € A or a method m € M is called
task-network-focused (or tn-focused) ST*-reversible
under the progression type > in D if and only if all
conditions except condition (ii) for ST -reversibility of
m under > in D hold.

See Figure 2 for a visualization of reversibility variants.

We note that although this work does not address it, the
granularity of our definitions for primitive task and method
reversibility establishes a robust foundation for formally de-
riving the reversibility of compound tasks or of (any) tasks
in general.

Computational Complexity

In this section, we investigate the computational complexity
of the following decision problems:

REACH(>)

Instance: A TOHTN domain D = (F,A,C, M),
state-task network pairs (s, tn) € 28 x T(D)* and
(s',tn’)y € 28 x T(D)*.

Question: Is (s’, tn’) >-reachable from (s, tn) in D?

ST*-REVERSE(A, b)
Instance: An HTN domain D = (F, A, C, M), ei-
ther a primitive task or a method A € AUM, and a
set of state-task network pairs ST* C 2F x T'(D)*.
Question: Is the primitive task or the method A
ST*-reversible under the derivation rule > in D?

The decision problems for state- or task-network-focused
reversibility or reachability are defined analogously.

Whenever we use the symbol A\, we refer either to a prim-
itive task or a method A\ € A U M, unless stated otherwise.

Reversibility

Under Progression as Hard as Planning Starting with
one of the most general variants of defined reversibilities,
for either primitive task or method, namely (full) ST*-
reversibility under the (full) progression, we show that the
hardness results of both classical and FOND planning inves-
tigated by Morak et al. (2020); Med et al. (2025) translate
also to TOHTN planning.

Theorem 1. ST*-REVERSE(A, ~) is EXPTIME-hard.
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Figure 2: Intuition behind variants of reversibility for TOHTNs arranged horizontally. Each diagram illustrates the branching
by a primitive task p (using ) or method m (using —), followed by a derivation sequence >* (dashed) restoring the specific
components required by the definition. We use (_) to denote components that are not in focus (i.e., arbitrary).

Proof. To show the hardness, we reduce TOHTN plan exis-
tence, a known EXPTIME-complete problem (Erol, Hendler,
and Nau 1994; Alford, Bercher, and Aha 2015), to ST*-RE-
VERSE(p, ~), with p € A.

Givena P = ((F, A,C, M), s;,tn;, G), we construct D
by extending the domain (F,C, A, M) as follows. The set
of facts is extended by a “fresh” fact done. Then, we add
two additional primitive tasks pg and pg (starting and goal
task). The starting primitive task requires done, deletes it
and adds the facts of s;. The goal primitive task requires
G, deletes all facts F' and adds the fact done. Finally, we
add a new compound task R (reset task), and the method
(R, pstnrpc R).

We show that P is solvable if and only if the primitive
task pg is {{{done}, pstnrpgR) }-reversible.

If P is solvable, then (s, tn;) ~* (sq,€), where sg 2
G. Then ({done},pstnipcR) —py (s1,tnipcR) ~>*
(s6:paR) —pe ({done},R) — ({done},pstnipcR),
meaning pg is {({done}, pstnipg R) }-reversible.

If ps is {({done}, pstnrpc R)-reversible, then there is a
way to “regain” pg in the task network. Since the only task
that produces pg is R, R must have been decomposed. As
R cannot be produced in ¢tnz, the “initial” occurrence of R
had to be decomposed. Any decomposition of R increases
the number of occurrences of p¢ in the current task network
by one, meaning it necessarily increases. Since p¢ is also
in the initial task network, the first occurrence needs to be
progressed away. That is possible only in a state sg such
that s¢ O G and when ¢n; is consumed. In other words,
there must be a sequence of progressions ~»¢, such that
({done}, pstnipcR) —rps (s1,tnipcR) ~¢ (sa,pclt).
Clearly, (sr,tns) ~¢& (sg,€), proving P is solvable.

To prove EXPTIME-hardness of a ST*-REVERSE(m,
~+), with m € M, we follow the same construction
where (R, pstnipgR) is replaced by methods (7’s, ps) and
(R, TstnipcR). We then reduce the planning problem to
{(s1, TstnrpgR) }-reversibility of the method (7%, p;) in
the same way. O

Notice that the same reformulation can be used to prove
the hardness of both state- and task-network-focused vari-
ants for both primitive task and method, except for the vari-
ant of method state-focused reversibility that is trivially re-
versible (see the latter Observation 1). We formally argue the
claim in the following Theorems and their proof sketches.

Theorem 2. TN-FOCUSED-ST*-REVERSE(A, ~») is
EXPTIME-hard.

Proof (Sketch). Consider the same P and construction as
in the proof of Theorem 1. We show that P is solvable if
and only if the primitive task pg is task-network-focused
{({done}, pstnrpcR) }-reversible. For that, one uses the
same argumentation as in the proof of Theorem 1. For the
hardness of TN-FOCUSED-ST™*-REVERSE(m, ~), m € M,
the same modeling trick is used. O

For the state-focused variant, there is a difference in the
proof. To prove that P is solvable once the primitive task pg
is reversible is done by arguing that we need to reachieve
done, thus apply Sg.

Theorem 3. S-FOCUSED-ST*-REVERSE(p, ~»), with p €
A, is EXPTIME-hard.

Proof (Sketch). Consider the same P and the same con-
struction as in the proof of Theorem 1. To show that P
is solvable if and only if the primitive task pg is state-
focused {({done}, pstn;psR)}-reversible, we replace the
argumentation of the “if” part of the proof while keeping
the “only if” argumentation the same.

If ps is ({done}, pstn;pc R)-reversible, then there is a
way to reachieve done. As pg is the only achiever, pg had
to be applied. As it requires G, the state reached before the
application of pg, that is, a state resulting from progression
tny and of any task it produced, and is denoted as pg, is a
superset of GG. In other words, there has to be a sequence
of progressions ~-¢, such that ({done}, pstnipcR) +—ps
(s1,tnipcR) ~& (sq,paR). Cleatly, (sr,tn;) ~+¢
(s, €), proving P is solvable.

Trivial Cases Notice that the proof fails when we consider
method reversibility, as, when decomposing, there is no rea-
son to reachieve done, since the state does not change. This
gives us the first trivial observation.

Observation 1. S-FOCUSED-ST*-REVERSE(m, >), with
m € M, is trivially reversible and decidable in O(1).

In the reversibility landscape, there are three additional
trivial observations similar to the result of Observation 1.
When one restricts the progression type allowed to the appli-
cation only, by the definition of the application in TOHTN,
the task network shrinks with each application, and with-
out progression there is no way to grow it. Consequently,
when one asks about the reversibility of a primitive task un-
der the application, when the task network is in focus, since
the application of the primitive action itself shrinks the task
network, it cannot be reversed by applications only.



Observation 2. The problems TN-FOCUSED-ST*-REVER-
SE(p, —) and ST*-REVERSE(p, —), with p € A, are triv-
ially irreversible and decidable in O(1).

The last trivial observation concerns primitive task re-
versibility and is relevant to Observation 1. If the progres-
sion is restricted to decomposition only, there is no way to
change the state. If the primitive task in question changes
the state and the state is in focus, it is not reversible. On the
other hand, if it has no influence, then we are trivially done.

Observation 3. S-FOCUSED-ST*-REVERSE(p, —), with
p € A, degenerates to whether s = ~(s,p) and is decid-
able in PTIME.

Tractable Variants When we keep the focus on the state
and do not care about the task network and restrict progres-
sion to application of other primitive tasks only, one can
imagine that the influence of the primitive task in question
on the state can be remedied by the application of the other
(strictly) following, primitive tasks. Such a check can be
done in polynomial time, and its generalized version (for ac-
tions of classical planning) was described by Med and Chrpa
(2022) and named action cycle. It is a generalization of a pair
of inverse actions (Chrpa, McCluskey, and Osborne 2012b)
and can be understood as an (local, plan-bounded) occur-
rence of a reversible action that is (not necessarily consecu-
tively) followed by its reverse plan.

Proposition 1. S-FOCUSED-ST*-REVERSE(p, +), with
p € A, is in PTIME.

Proof. Considering a primitive action p, the procedure goes
through all (linearly many, with respect to the input) state-
task network pairs (s, tn) € ST™* and it checks the presence
of a strictly consecutive sequence of primitive task prefixing
the task network ¢n forming an action cycle (Med and Chrpa
2022). The check can be done in linear time. The primitive
task p is HTN-state ST™*-reversible under application in D
if and only if there exists such a prefix. O

On the other hand, when we ask about method reversibil-
ity and we focus on task networks only, a similar question
arises. If the decomposition produces the same compound
task in the last position, to achieve task-network-focused re-
versibility, we need to apply away anything that precedes it.

Proposition 2. TN-FOCUSED-ST*-REVERSE(m, ), with
m € M, is in PTIME.

Proof. Given m = (c¢,w), for any possible (s,tn) € ST,
the result of substitution of ¢ (if c is substitutable in tn by m)
is (s, tn’). Formally, (s,tn) —¢ (s,tn'). If ¢ ¢ w, then we
prove the method is not reversible, as no sequence of appli-
cations can generate a new symbol. Also, if w contains an-
other non-primitive task name or any task name ¢ follows c,
then we prove the method is not reversible, as —* cannot re-
move it from ¢n'. Therefore, for the method to be reversible
under application, w may contain only primitive task names
as a prefix and has to end with c. In such a case the method is
task-network-focused { (s, tn) }-reversible if and only if the
sequence of the primitive tasks 7 = (w[i])ﬁlf ! is applicable
in s, which can be checked in PTIME.

If we focus on the state as well, we restrict ourselves from
“hiding” any applicable primitive task prefix into it.

Proposition 3. ST*-REVERSE(m, —), with m € M, is in
PTIME.

Proof (Sketch). The proof combines the proofs from Propo-
sitions 1 and 2. Here, the method is (generally) S7T*-
reversible under application if and only if the method adds a
prefix that forms a consecutive action cycle in s. O

In the end, we complete the reversibility hardness land-
scape with the first tractable, yet non-linear set of prob-
lems. All these problems have in common that, to prove
the reversibility, they need to show that a certain task net-
work can be restored. These essentially solve task-network-
focused reachability, i.e., whether there exists —* such
that tn — tn/ —* tn (up to constraints caused by the
state). To decide the issue, as the hierarchy of TOHTN
is essentially equivalent to context-free grammars (CFGs)
(Hopcroft, Motwani, and Ullman 2007), one can invoke the
CYK algorithm (Younger 1967) known from Formal Lan-
guage Theory.

Proposition 4. ST*-REVERSE(/\, —) and TN-FOCUSED-
ST*-REVERSE(A, —) are in PTIME.

Proof. For any possible (s,tn) € ST*, the result of the
progression of A in question, we get to (s’ tn'), for-
mally (s,tn) ~» (s',¢n’). To prove task-network-focused
{(s, tn)}-reversibility of A under —, we need to show that
tn is reachable from tn’ (no matter what the state is). As
methods of TOHTN are equivalent to CFGs, this can be
decided by the CYK algorithm deciding word reachability
of a given CFG. CYK is known to run in polynomial time,
thus we prove PTIME membership. For (general) {(s, tn)}-
reversibility of A under —, we need to achieve also the same
state. But, (i) in the case when A € M, s = s’, therefore the
check degenerates to reachability of ¢n from ¢n’ only, and
(ii) in case when A € A, if s # s’, we can never reach s,
thus it is not reversible, and if s = s’ (A has no effects on
s), it degenerates to CYK. Hence, we prove PTIME member-
ship for (general) {(s, tn)}-reversibility of A under —. [J

An overview of the proven complexity results for TOHTN
reversibility is provided in Table 1.

Reachability

Despite the fact that the (action) reversibility has been
widely researched in the past, to our best knowledge, few
works explicitly emphasize the natural link between the re-
versibility and reachability. We attribute this to the fact that
the reversibility has been defined mostly as the existence of
a solution that, when applied, results in a desired (“goal”)
state. We deliberately use an ambiguous notion of goal here,
as we want to point out that usually the to-be-reversed state
has been used as a new “goal” and then the methods relied on
(traditional) goal plan existence. However, in HTN setting,
this reasoning is no longer applicable, as plan existence and
reachability are not straightforwardly interchangeable (due
to the solution criterion of standard HTN formulation).



>* A s-focused tn-focused s-tn-focused

~* peA EXPTIME-complete [Thm. 3, Cor. 1] EXPTIME-complete [Thm. 2, Cor. 1] = EXPTIME-complete [Thm. 1, Cor. 1]
meM O(1), triv. rev. [Obs. 1] EXPTIME-complete [Thm. 2, Cor. 1] EXPTIME-complete [Thm. 1, Cor. 1]

—" peA PTIME [Pro. 1] O(1), triv. irre. [Obs. 2] O(1), triv. irre. [Obs. 2]
meM O(1), triv. rev. [Obs. 1] PTIME [Pro. 2] PTIME [Pro. 3]

—* peA PTIME, irre. iff s # (s, p) [Obs. 3] PTIME [Pro. 4] PTIME, tr. irre. if s # (s, p) [Pro. 4]
meM O(1), triv. rev. [Obs. 1] PTIME [Pro. 4] PTIME [Pro. 4]

Table 1: Complexity landscape for reversibility problems. Rows indicate the progression type (unrestricted ~~*, application-
only —*, decomposition-only —*) subdivided by the task type (primitive task or method), and columns indicate the focus

(state, task network, or both).

Clearly, reversibility inherently contains reachability.
Consequently, as one can use reachability to decide the re-
versibility, any hardness of reversibility applies to reachabil-
ity, and any membership of reachability implies the member-
ship of reversibility. Intuitively, to decide reversibility, one
needs to show that the configuration before the application
of the primitive task or method (or of an action, in the case
of non-hierarchical planning) can be reached.

Theorem 4. If a decision problem of an arbitrary-focused
>-reachability is in C 2 PTIME that is closed un-
der polynomial-time Turing reductions, then the decision
problem of the corresponding identically-focused ST*-
reversibility of any /A € AU M under > is in C.

Proof (Sketch). In order to decide reversibility, we need to
check that we have reached the state-task network pair in
which the method or the primitive task has been progressed.
To do that, for each state-task network pair, we invoke a pro-
cedure to solve the reachability. The primitive task or the
method is reversible if and only if for all pairs, the start-
ing state-task network pair is reachable, meaning we |ST*|-
times call the C-time or C'-space procedure (in the case of a
space class, we reuse the space). O

We note that the closeness of C is not overly restrictive,
as standard space and deterministic time classes satisfy it.

Theorem 5. Let C be an arbitrary complexity class and
ST* C 2F x T(D)* be a set of state-task network pairs
such that |ST*| = 1. If a decision problem of an arbitrary-
focused ST*-reversibility of any N € AU M under pro-
gression class > is C-hard, the decision problem of the cor-
responding identically-focused >-reachability is C-hard.

Proof (Sketch). As |ST*| = 1, we reduce the reversibility
to reachability, as the primitive task or method is reversible
if and only if the starting (s, tn) pair is reachable. O

Membership On the other hand, proving the membership
of reachability in HTN is not that straightforward. In classi-
cal planning (or similarly in FOND planning), reachability
and goal existence are essentially the same notion by the
definition, as a plan to a (specific) goal exists if and only if a
goal is reachable. The introduction of an additional dimen-
sion causes a discrepancy in the definitions of problem solv-
ability (which typically cares about the emptiness of the task

network independently of the state) and (full node) reacha-
bility (which should intuitively ask “is a particular state-task
network configuration reachable?”). Observe that the stan-
dard HTN plan existence has no explicit mechanism to “ask”
that a particular state is reached, and since the solvability cri-
terion requires a progression toward an empty task network,
nor has an explicit mechanism to require a specific task net-
work other than an empty one.

All that said, while HTN planning can be understood as
a restriction or filter on plans of classical planning, the hi-
erarchy allows us to use many “modeling/encoding” tricks,
as the formalism is strictly more expressive than classi-
cal planning. To prove EXPTIME membership of state-task-
network-focused progression-reachability, we put forward a
reduction to TOHTN plan existence.

The idea behind the proof is to construct a TOHTN plan-
ning problem having a solution if and only if (s’,tn’) can
be achieved from (s, tn). This is done by forcing any solu-
tion of the constructed problem to reach s” and verifying that
exactly tn’ is “available”. The first is ensured by the intro-
duction of a new “blocking” primitive task name psl and of
corresponding action a*’, which requires (exactly and only)
the facts of s’ in preconditions and has no effects. The lat-
ter is done by making all former primitive tasks compound
in the new domain, allowing to choose whether one wants
to check their presence in the task network or to use their
actual (former) effects. If the presence of all required tasks
of tn' is checked in the order and without any interfering
primitive action applications and no other tasks remain (ex-
cept for the second blocking action checking the presence
of the last task of tn’), we have verified that (s’, tn’) can be
achieved by (s,tn) in D.

Theorem 6. REACH(~) is in EXPTIME.

Proof. We reduce it to TOHTN planning problem.

Let k = |tn'|. For k = 0, the reachability problem is the
TOHTN plan existence problem (D', s,tn,s’). For k > 0,
a different planning problem is constructed. We add a set of
fresh facts @, one for each task tnfi] of tn/,ie. ® = {f; |
i € N1 <4< k}suchthat ®NF = () and |®| = k;
and a fresh phase-controlling fact ¢ (with ¢ ¢ ® U F’). The
set of compound task names is extended by the primitive
task names from the domain D. The set of primitive task
names is a replaced with {p’ | p € A} U{p! | i € N,1 <



>* s-focused tn-focused s-tn-focused

~+*  EXPTIME-complete [Thms. 5, 3,8] EXPTIME-complete [Thms. 5, 2, 7] in EXPTIME-complete [Thms. 5, 1, 6]
— PTIME [Obs. 4] PTIME [Obs. 4] PTIME [Obs. 4]

—* O(1), reach. iff s = s’ [Obs. 4] PTIME [Obs. 4] if s # s’ triv. unreach. else PTIME [Obs. 4]

Table 2: Complexity landscape for reachability problems. Rows indicate the progression type (unrestricted ~~*, application-
only —*, decomposition-only —*), and columns indicate the focus (state, task network, or both).

i < k} U {p“}, where p’ is a fresh task name (p' ¢ T(D)
nor it coincides with any other fresh task name) with the
same corresponding action a except it also requires ¢ and
deletes all facts of ®, and pi-’ is a fresh task name with a
corresponding action af requiring f;_1, deleting ¢ and f;_1,
and adding f;, if i > 1; and requiring exactly (and only?)
facts of s’ and adding fi, if i = 1. Primitive task name p© is
a fresh name with a corresponding action that has no effects
and requires just the fact fy. All former methods are kept.
A set of methods {(p,p’) | p € A} is added, allowing to
change the newly compound tasks into former actions (with
extended delete effects). The last set of methods allows the
verification of the reachability of (s’, tn’). For any task tn{i]
of tn’, we add a method (tnj;, p7).

The planning problem ((FU®U{¢}, {p' | p € A}U{p? |
i€ N1<i<kbU{pSLT(D)MU{(pp)|pe
A} U {(tn'[i],p?) | i€ N,1 <i<k}),s tnp® s') has a
solution if and only (s’, tn’) is reachable from (s, tn) in D.

If there is a solution to the planning problem, p& has to
be applied. To apply p©, fi had to hold. The only way to
achieve the fact f}, is to apply p right before p& (no other
action that does not delete fj is applicable; thus any inter-
leaving task needs to decompose into an empty task net-
work). To apply p{, fx—1 had to hold. Inductively, s’ had
to hold and no other primitive task interleaved the applica-
tion of the actions pY. As p! ¢ ¢n and as the only way how
to obtain p? from ¢n is to use method (tnfy, p?), we prove

that (s, tn') has been reached from (s, tn).

If (s',tn') is reachable from (s,¢n) in D, there exists a
~* such that (s, tn) ~* (s’ tn’). That means (s’, tn'p%)
is reachable in the constructed domain from (s, tnp®). But
then methods (tnfi], pY) can be used to substitute each el-
ement tn{i] with goal-achieving primitive task p? with no
interleaving primitive tasks from the former domain, thus
tn/p® can be progressed away without touching s’ and the
constructed constructed planning problem is solvable.

Clearly, the construction is polynomial, concluding the
proof of EXPTIME membership. O

Notice, that the compilation allows us to decide
progression-reachability with (standard) TOHTN planners.
Theorem 7. TN-FOCUSED-REACH(~>) is in EXPTIME.
Proof. Given adomain D = (F, A, C, M), there are at most
exponentially many states s € 2%, Since general reacha-

bility is in EXPTIME (see Theorem 6), the task-network-
focused reachability can be decided in EXPTIME. O

This can be done by introducing “not-" facts in linear time.

Theorem 8. S-FOCUSED-REACH(~~) is in EXPTIME.

Proof (Sketch). A similar construction to the proof of The-
orem 6 can be utilized. Instead of adding primitive task
names with corresponding actions that verify the presence
of tn/, we allow all tasks of the former domain to decom-
pose into a “blocker” action requiring exactly? s’ and with
no effects. Let D’ be a constructed domain. Then, a planning
task (D', s,tnp®) has a solution if and only if (s, tn) ~*
(s',tn’") where tn’ is some task network over T'(D). If there
is a solution to the planning problem, s’ has to be reached. If
there is a pair (s, tn'’) such that (s, tn) ~* (s, tn”") where
tn’ is some task network over T'(D), then, if tn” contains
some primitive task, there exists a different pair where the
primitive task has not been decomposed into the primitive
task. Thus, without loss of generality, assume ¢n’’ contains
compound tasks only. Then all of them can be decomposed
into “blocker” variables that are executable in s’; thus, the
planning task has a solution. O

We omit proofs of tractable variants of reachability, as the
underlying logic was already demonstrated in the proofs for
the tractable cases of reversibility.

Observation 4. For decomposition- and application-
reachability problems, the PTIME membership follows di-
rectly from the reversibility proofs (Propositions 1 to 4) and
relevant observations.

See Table 2 for a summarization of reachability results.

Implication for Reversibility As already argued and
noted by Theorem 4 before, all the membership results for
reachability translate to the corresponding reversibility prob-
lem as well (by the definition).

Corollary 1. By Theorems 4 and 6 to 8, all investigated
notions of reversibility are in EXPTIME.

Conclusion

This paper studied reversibility and reachability in
(TO)HTN planning. Although reachability is well studied
in classical planning, to our best knowledge, this is the first
study in (TO)HTN planning. Similarly, this paper is the first
to introduce the concept of (primitive) task and method re-
versibility in TOHTN planning. We classified both concepts
(of reversibility and reachability) into several classes de-
pending on the allowed progression rules (applying primi-
tive tasks or decomposing compound tasks) or the desired
target (a state of the environment, a state of the network, or
both). We provided the complexity results for all introduced
classes of reachability and reversibility that range from con-
stant time to EXPTIME-complete (see Tables 1 and 2).
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