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Abstract—Up to date, no solution has been proposed to human-machine interactive task planning that deals simultaneously with
two important issues: i) the capability of processing large amounts of information in planning (as it is needed in any real
application), and ii) being efficient in human-machine communication (a proper set of symbols for human-machine interaction may
not be suitable for efficient automatic planning, and vice versa). Here we formalize a symbolic model of the environment for solving
in a natural form these issues through a human-inspired mechanism that structures knowledge in multiple hierarchies. Planning
with a hierarchical model may be efficient even in cases where the lack of hierarchical information would make it intractable. But in
addition, our multi-hierarchical model is able to use the symbols that are most familiar to each human user for interaction, thus
achieving efficiency in human-machine communication without compromising task-planning performance. We formalize here a
general interactive task planning process which is then particularized to be applied to a mobile robotic application. The suitability of
our approach has been demonstrated with examples and experiments.

Index Terms—Interactive Task Planning, World Modeling, Hierarchical Task Planning, Mobile Robots.

. INTRODUCTION

There are a number of works in literature that provide automatic planning processes with the capability of interacting with
humans ([49],[50],[51],[52]). They are mostly based on sharing with the human a set of symbols that represent the
environment, usually the same set that is used for the task planning process. Sharing such a model with the human facilitates
the subsequent sharing of intentions (as goals to achieve), processes (planning), and operating results (for guiding, acceptance,
or correction of the plans). However, the reported symbolic representations, and specially the symbols needed for these
applications may not be the most adequate for being understandable by every person or the best for planning efficiently (the real
world can be categorized into different sets of symbols, some allowing for planning more efficiently than others, and some with
no semantics for a human).

Another important issue in the use of a symbolic representation for operating in the environment is the symbol grounding
problem ([2],[4],[3]), which involves the maintenance of dynamic associations between symbols and their real world
counterparts. Out of the scope of interactive task planning, some works have addressed this, being a relevant approach the
anchoring framework proposed in [1], that copes with the symbol grounding problem by maintaining links between symbols
and sensor data that refer to physical objects.

Finally, there is a third problem related to cognitive human-machine interaction that is rarely taken into account when a
symbolic representation of the environment is used: most of the algorithms that process the information, specially task
planning, become very inefficient and even intractable when dealing with a realistic amount of data. We have found that this is
an important problem in real environments [6] even when they are not large-scale, for example, when they contain a non-
negligible number of objects that must be taken into account by the deliberative machine. This is particularly important in
robotic applications.

In this paper we focus on sharing cognitive information, in particular task planning and categorization of the physical world,
between the human and a planning system in general. Although planning systems may belong to a variety of application fields
or be executed on very different platforms, e.g. a PC, a workstation, or an embedded system, in this paper we focus on the
robotics arena, and consider the planning system of a mobile robot. Thus, our approach should be seen as a particular case of
Human-Machine Interaction instead of Human-Robot Interaction since we will relax the interfacing requirements, assuming
that the components that permit the machine to communicate to humans (verbally, mechanically, visually, etc.) or to perform
physically are already given.
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In the last years research on robotics has found several areas of interest apart from the classical search for predictable,
autonomous operation. Maybe one of the most promising is to consider the robot as a semi-autonomous agent that is to be
embedded into a human social environment, which involves considering human-robot interaction as a non-negligible aspect. A
number of important issues have to be solved for constructing such robots: reliability, long-term operation, real-time
performance, sharing of information and skills with humans, etc. There are a variety of them dealing explicitly with human-
robot interaction, since it can be studied ranging from the hardware-software interfaces that permit the robot and the human to
physically communicate to each other ([35],[36],[37],[38]) to computational mechanisms for sharing cognitive information and
processes ([29],[40]), emotions ([30],[39]), also including intermediate levels such as assistance in basic skills, like navigation
in the case of assistant wheelchairs ([8], [31],[34]), manipulation ([28]), object delivering ([43],[44]), and many others
([45]1,[46],[471.[47]). Recently, some robotic architectures have been proposed ([5],[32],[33]) to provide the researchers with a
suitable basis to address this diversity.

For addressing the interactive task planning issues commented above, we propose an approach based on the inclusion into a
symbolic graph model of the concept of abstraction ([9],[27],[19]), that is, the structuring of symbols into hierarchies of detail,
in such a way that task planning can use the different levels of abstraction as an heuristic to reduce computational cost and even
make some intractable problems tractable ([6],[10]). We have found that abstraction is also specially relevant and suitable for
addressing human-robot interaction at a cognitive level, and there has been psychological evidence that humans also use it, for
example to structure our cognitive maps® ([4],[11],[12],[13]).

However, we also have found [9] that the use of a single hierarchy of abstraction for reducing the complexity of a given
operation has an aspect that is often neglected: a given hierarchy may be suitable to solve a specific task (for example task
planning) but not provide an effective solution to others (in our case, interacting with humans through understandable
symbols). Thus we explore here the use of more than one hierarchy in the same model, what we call multiple abstraction,
which has previously demonstrated important improvements in tasks like graph search ([9]). There is also psychological
evidence on the use of multiple abstraction by human beings ([17]).
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Figure 1. General scheme of our interactive task planning approach based on multiple abstraction. In our multi-hierarchical model, the planning hierarchy (the
shadowed one) is devoted to efficient planning, while the other is aimed to support symbolic human-machine communication. Our formalization also permits us to
relate classical planning (left box) to symbolic abstraction.

Our symbolic, graph-based representation of the spatial environment includes multiple abstraction and: i) has demonstrated
its suitability to use the anchoring paradigm (see [41]), ii) is able to deal with the combinatorial explosion of classical planning
processes (demonstrated previously in [6]), and iii) is more efficient than using one symbolic representation both for planning
and for human-machine interaction. Actually, we use one hierarchy for improving efficiency of a classical task planning
algorithm, and a second one for communicating with the human also efficiently in the sense that it contains the best symbols
for human understanding (see fig. 1 for an overall scheme of our approach). In the case that more than one person uses the
application, several hierarchies for communication could be added. The planning hierarchy should be automatically constructed
for improving the efficiency of planning (as has been reported previously in [7] and [25]). The communication hierarchy, on
the other hand, is constructed under the preferences of a human.

The rest of the paper is structured as follows: section Il presents a formalization of our symbolic graph-based, multi-
hierarchical model of the environment where planning is to be done; section 111 provides a formalization of human-robot task

! The human cognitive map is the body of knowledge about the physical environment that is acquired and used, generally without concentrated effort, to find and
follow routes from one place to another, and to store and use the relative positions of places ([18],[19]).



planning interaction in that context and an example of its possibilities; section 1V illustrates with a real experience the use of
our approach. Finally, we outline some conclusions and future work.

Il. AMULTI-HIERARCHICAL SYmMBOLIC MODEL

We have chosen an explicit, symbolic representation of knowledge through annotated graphs ([7]) which allows us to
manage any type of symbols and relations between them and also to include non-relational information in the form of
annotations. This representation has a direct utility, for example, in topological modeling of spatial environments, but here we
also use it to model objects (not only topological places) and relations different from spatial reachability. We have then
enhanced the annotated graphs with a multi-hierarchical structure, obtaining the so called Multi-AH-graph, that is able to
maintain several interconnected views of the machine workspace: some views are good for efficient planning and others for
human-machine communication.

In our previous works, the multi-hierarchical symbolic model, which was initially used only for robot path-search in [7], has
been exploited for different aims. In [6] a single-hierarchical model is used for performing efficient task planning, without user
participation into the process (the user only provides the goal of planning). The work presented in [25] copes with the
automatic construction of the planning hierarchy of the model for minimizing certain objective functions (like the cost of
planning for the most common tasks), but, once again, without user participation in the planning process. Finally, [5] has
reported a robotic control architecture featured with a single-hierarchical symbolic model of the space that permits a maobile
robot to perform within large environments considering human participation in the plan execution but not during the planning
process. The work that we present here copes with the user participation during the planning process. For that we consider the
general multi-hierarchical model presented in [7] but instantiated with two hierarchies, each one devoted to solve a different
problem (planning and user communication/interaction, respectively).

Subsection 11-A presents a formalization of Multi-AH-Graphs using Category Theory ([16]). This permits us to formally
relate the graph-based representation of the environment where plans are executed to the clause-based representation of actions
and states of the world needed by standard Al planners, i.e. STRIPS, Metric-FF, etc. ([14],[15]). Next, we propose an
instantiation of our model with two hierarchies, the Planning Hierarchy (subsection I1-B), for boosting the planning process,
and the Communication Hierarchy (subsection 11-C), to fit the human communication needs and preferences.

A. Formalization of Multi-Hierarchical Graphs

A Multi-AH-graph is a graph-based, symbolic representation of real environments that includes multi-hierarchical information,
that is, the possibility of abstracting groups of elements to super-elements in different and simultaneous ways. From a
constructivist point of view, we use a kind of abstraction that produces different layers (flat graphs) isolated from one another,
called hierarchical levels, which represent the same environment with different amounts of detail. Vertexes of each
hierarchical level represent elements of the world (e.g. places, objects, etc.) possibly annotated with non-relational information
(shapes, colors, etc.), while edges represent relations between them, possibly holding weights to indicate their strength. For
example, vertexes can represent distinctive places for robot navigation, while a set of edges indicates the navigability relation
between them with geometric distances as weights. The lowest hierarchical level is called the ground level: it represents the
world with the maximum amount of detail available.

Formalization of Abstraction of Graphs. In order to propose a formalization of Multi-AH-Graphs, we first need to formalize
abstraction of graphs.

Given two non-empty, finite, directed multigraphs without loops G and H, each defined as a tuple (following [20]):
(V,E,y,ini,ter)
where V is a finite set of vertexes, E a finite set of edges, y the incidence function, ini the initial function, and ter the terminal

function, an abstraction from graph G to graph H can be defined as:
A=(G,H,v,¢)
where G is the graph that is abstracted, H is the resulting graph, v is the abstraction function for vertexes, and ¢ is the
abstraction function for edges. The following restrictions must hold?:
v:V® »V"isa partial function
&:E® — E"isa partial function
Such that®,

2 In the following we denote with a superscript the graph to which each component of the abstraction belongs. That is, V© represents the set of vertexes of graph G.
® Given a function f(x), def(f(x)) holds iif f(x) is defined, i.e. there exists “y”: f(x)=y.



vz € E®, def (£(2)) = [def (v(ini® (2))) A def (v(ter®(2)))]
vz € E®, def (£(2)) = [v(ini® (2)) # v(ter® (2))]
V2 ES.def ((2) {v(inis(z)) =ini" (e(2)) A}
v(ter®(z)) = ter" (¢(2))
(1)

That is, an edge can be abstracted if and only if its initial and terminal vertexes have been abstracted into two different
supervertexes (see figure 2). The vertex y(a) for a given vertex a eV ® is called the supervertex of a. Analogously, the edge

&(z) for a given edge z e E® is called the superedge of z .
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Figure 2. An example of abstraction of graphs. Notice that according to the restrictions imposed in (1), edges y and w can not be abstracted.

In the case that both v and ¢ are total (every element of their domains having an image), we will call the whole abstraction
complete. In the case that both v and ¢ are on-to (every element of their ranges having a defined correspondence with an
element in their domains), the whole abstraction will be called covered.

Functions v and & have inverses defined as:

vV - power(V©) &1 E" - power(E®)
vbeV" vib)={acV®:v(a)=h} vyeE" e(y)={zcE®:&(z) = v}

where power(C) denotes the set of all the subsets of C. These inverse functions are called refining functions for vertexes and
edges, respectively. For any vertex acV", the vertexes belonging to v(a), if any, are called the subvertexes of a in G.

Analogously, for any edge z e E®, the edges belonging to £(z), if any, are called the subedges of zin G.

Formalization of Multi-AH-Graphs through Category Theory. As it will be explained further on, Multi-AH-Graphs are
mathematically finite subsets of the category of graphs with abstractions, called here AGraph, which is similar to the well-
known Category Graph of graphs with homomorphisms [21], except that it is defined under the above specification of graph
abstraction, that is a partial morphism.
Thus, the AGraph category can be formally specified by:
AGraph=(0,V,(,(",1,e)
where @ is the collection of all possible non-empty, finite, directed multigraphs without loops [20], v is the collection of all
possible abstractions of graphs following our definition of abstraction, ¢~ is the lower hierarchical level function, ¢*is the
higher hierarchical level function, 1 is the identity function, and e is the composition of abstractions function, such that:
(:V—>®and (¢":v—->0 are functions that yield the two graphs involved in a given abstraction. That is, for
A=(G,H,v,&), /(A =G,and (*(A)=H.
I:@—V, for any graph G yields an abstraction that leaves it unaltered: 1(G) = (G,G,v,, &), Where:
Ve Ve Ve &g - E® > E°
vaeVe v (a)=a VzeE® g (2)=2
Finally, ¢:VxV —V is a partial function that yields the composition of two given abstractions Al, A2 as long as
0" (A) = (A) (otherwise it is undefined). It is constructed as follows:



Ao A=(C(A)C(A)v., &)
The two abstraction functions of e are defined by mathematical composition*: v =v2oytand ¢ = g0, (2)
This composition of abstractions is associative:

VG,H,J,K €0,
VA =(G,H,v;,&) A =H,J,v,,&),A=0,K,v,&)eV,
(Ao A)e A =Ae(A0A)
®)
Finally,
VG,He®,VA=(G,H,v,&) eV
Ael(G)=A=1(G)e A
(4)
Under our definition for graph abstraction, constraints (2),(3),(4) can be easily demonstrated, and thus AGraph is a category.
For the purposes of this paper, we will consider a subcategory of AGraph that we will call CVAGraph*, standing for
“Complete, coVered AGraph with only connected graphs”, that is, a portion of AGraph with only complete and covered
abstractions on graphs whose vertexes are all connected through some path. For practical interactive task planning we will
consider only Multi-AH-Graphs in which all the hierarchies (paths of abstraction) share a common ground hierarchical level.
That level will serve as the link between the planning and the communication hierarchies.

B. The Planning Hierarchy

Computational efficiency in classical task planners has been largely studied in the Al field, but rarely in the robotics arena.
However, in those applications in which a mobile robot performs within a real and large environment, i.e. an office building,
classical Al planning often becomes an intractable problem [6]. For these cases, the most adopted solution relies on some
heuristic mechanism to simplify the problem at hand. There are some approaches, known as hierarchical planners, that use
some type of abstraction to speed up planning ([22],[23],[24]). In our work we have employed Hierarchical Planning through
World Abstraction (HPWA, [6]), which uses abstraction on the description of the world. The HPWA framework is basically a
scheme that embeds an existing planner (the so-called embedded planner) for doing planning at different levels of a
hierarchical representation of the environment, in order to improve planning efficiency in large and complex scenarios. First, a
plan is found at a high level of abstraction of the world representation (low detailed). Then, that abstract plan is used to rule out
irrelevant information at the next lower level (more detailed level) of the hierarchy, creating a sequence of plans more and
more detailed. The performance of HPWA has been demonstrated elsewhere [6], comparing its efficiency to other classical
planners when solving tasks in complex and large environments (see figure 3). In general, HPWA vyields excellent results when
planning in large environments, but its efficiency is largely tight to the particular hierarchical representation (symbolic
hierarchy), and thus, a special attention should be paid to the automatic construction of appropriate hierarchies for planning.
Although this topic is out of the scope of this paper, it deserves a brief explanation. Constructing the best hierarchy, that is, the
best arrangement of symbols for planning, is an intractable problem since it involves constructing all the possible hierarchies
that can be constructed upon the set of ground data® and evaluating them with respect to the considered tasks. An additional
problem is that the hierarchical representation should capture the dynamism of the environment with the possibility of
modifying both the ground data (e.g. a new object has been found) and the tasks to be planned (e.g. the robot is commanded a
new mission). Due to this complexity, there are not many works in the literature addressing this topic, though it has been
explored recently in [25], where an evolutionary algorithm is considered for continuously searching for a good hierarchy for
planning under a set of variable robot tasks and also coping with environment dynamics.

* The superscript denotes a particular element from a given abstraction, that is, vAl indicates the abstraction function for vertexes defined in the abstraction A
® The number of the hierarchies that can be constructed upon a set of ground vertexes involves the Bell’s number. For a very reduced environment, considering only 10
vertexes, this figure is B(10)=115975.
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Figure 3. Planning efficiency of HPWA. As long as the planning domain grows, the performance of classical planners largely decreases. The HPWA framework is
capable of detecting and maintaining only the information necessary for solving the task at hand, ruling out irrelevant information, and thus, achieving high
performance in complex and large environments.

The AState Category and its relation to AGraph. In a nutshell, classical planning consists of searching an ordered sequence
of actions, i.e. (GO origin destination), that modify the current state of the world (generally represented through sets of logical
predicates) to attain a goal state. In our case, the symbolic world information required for planning is stored in our graph-based
model, that is, it is an annotated graph, and thus it must exist a close relation between graphs and planning states. Moreover,
HPWA works in a hierarchical fashion, and therefore we must also establish a relation between graph abstraction and
abstraction of planning states. All these relations can be formalized by defining a Category for planning states with abstraction
(that we call the AState Category), and relating it to the AGraph category through functors ([16]).

A planning state (a state for short) is a finite and consistent set of logical predicates in the form p=(predicate_name
paramy,...paramy) that represents some piece of world information. We denote as U the set of all possible planning states over
a certain language® L, @ as the set of all possible symbol predicates, and Param as the set of all possible parameters that can be
defined over L. Given a planning state S <@, we will need a State Parameters function, SP(S), a function that yields the
distinct parameters from all logical predicates of S, and a State Predicate Names function, SN(S), that yields the finite set of
distinct predicate names of S. When an enumeration of elements from SP(S) or SN(S) are needed, we will use the notation
SN(S)[1] (SP(S)[i]) to refer to the i-th element. We also extend the meaning of these functions to be applied to simple predicates
instead to states. That is, for the predicate p=(at book-1 table-1), SN(p)=<at>, SP(p)={<book-1>, <table-1>}, and
SP(p)[2]=<table-1>.

Similarly to graph abstraction, we can define the abstraction of planning states: an abstraction A from a planning state S to
a planning state T is a morphism between both states, defined as a tuple:
A =(S,T,& ), where
£:SN(S) > SN(T) isa partial function
7:SP(S) — SP(T) isa partial function

Correspondingly to the definition of AGraph, we formulate now the Category AState of planning states with abstractions.

Given a first-order language L,
AState(L) = (U,A,@ ,@",1,9)

where U is the collection of all possible states defined in L, A is the collection of all possible abstractions on those states, 5 is
the refined state function, 5+ is the abstracted state function, | is the identity function, and e is the composition of state
abstractions function. Definitions are analogous to those given in section I1.A.

Once hoth categories are formalized, we can relate them by means of a functor. Funtors are functions that relate objects and
arrows of two categories, preserving their structures. We formalize the Graph-State Functor w =(¥_,¥,), between the

categories CVAGraph* and AState, as follows:
¥, :0 >0

® In the rest of the paper, we assume that AState is defined on a certain first-order language L which will not be explicitly specified any more.



Y, VA
being both of them total functions. Informally, ¥ permits us to transform a graph into a planning state through w_, and an
abstraction of graphs into an abstraction of states that preserves the former transformation by means of w_ (see figure 4). The

complete formalization of ¥ requires the following auxiliary functions (the reader can safely skip these details and go to
subsection 11-C) .

(Y Parama)
(1 Param2)®
(1 Paramd)

CAVGraph* Category State Category
Figure 4. The Graph-State Functor. Functor ' maps objects and arrows between the AGraph (the world) and AState (the planning space) categories. Its inverse is not
always defined.

The Vertex-Param Translator, T, is a partial, one-to-one, and on-to function from the set of vertexes of a graph to the set of
all possible parameters considered in the planning domain (noted as Param). For instance, given a graph G, T (a) =<my desk>,
where aeV(© | <my desk> eParam.

The Edge-Predicate Translator, T, is a partial function from the set of edges of a graph to the set of all possible predicate
names considered in the planning domain (noted as ). It is defined as follows:
[L:E® > pxpxp
VzeE® T,(z)=(g,h i):g,hiegp

For example, if a certain edge, let say w, indicates a navigability relation between two places (vertexes), then 1 (w) could be
defined as 1 (w) = (< location >, < location >, < navigable >) . That is, T transforms the relational information of edges (the
world) into predicates (planning components) that refer to the same information. We also define three functions for retrieving
separately each of the predicate names yielded by . Thus,

VZeE® T, (2)=(g,h i) =T ,(2)=gAT.,(2) =hAT 4(2) =i

The Edge-State Translator, g_ is then defined as a total function based on the definition of _ and r , that yields a set of
logical predicates that represent the information represented by the edges in a given graph G and their related vertexes:

B, E¢ >0
p=(Tu(2 I,(ini(2)))
VZeE®, B, (2) = p,=(Te(z) T, (ter(2)))

P =(Ts(z)  T,(ini(z)) T, (ter(2)))

Informally, given a graph G, g, transforms edges (the world) into three logical predicates (planning components) that

express information regarding the vertexes involved in edges as well as about the type of relation between them For instance,
for the navigability edge w commented before, that connects two vertexes a and b, such that T, (a) =<my desk> and T, (a) =<my

office’s door>, the edge-state translator yields the following set of predicates:



ﬂG(W):{ (location <my desk>), (location <my office’s door>), (navigable <my desk> <my offices’s door>) }

Finally, through the use of g_, the W functor can be directly defined as:
Y,:0->0
VG e®,¥,(G)=], . A (2)

The second component of ¥, the functor for arrows ‘W, permits us to transform abstractions of graphs into state
abstractions, preserving the original structure. It can be defined as:
Y, VoA
VAeV, ¥, (A) = A =(¥,(G"),¥,(H?),7,x)
where functions 7 and x are defined as:

z'AS PP
7 ([y(2) =Ty (6(2))

v2eECY | M (M,,(2) = Ty (e(2)
8 ([5(2)) = T ((2))

xS - Param — Param

vaeV® k™ ([,(a) =T, (v(a))

Through functions z and « the logical predicates that make up a planning state can be abstracted following a given graph
abstraction. That is, it is the medium by which the planning process can utilize the hierarchical information stored in the Multi-
AH-Graph.

C. The Communication Hierarchy

Psychology has revealed that humans seem to group symbols at different levels of detail in order to manage efficiently large
amounts of information ([53],[54],[55]). For instance, when thinking about an office building, we rapidly sketch a hierarchical
structure distinguishing groups of floors, sets of offices and corridors inside each floor, furniture at each office, etc. However,
different individuals (even within the same environment) may exhibit particular preferences to group information and set
different labels for identifying each group. For example, a cleaner may group a set of offices that share their dirtiness attaching
them the label “hard work area”, which is not done by a visitor. The same is obviously valid when different languages are used.
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Figure 5. Hierarchical representation of an office environment. (a) The environment. (b) Ground level: topology of distinctive places. (b)-(d) A communication
hierarchy for a particular user.

Within our model, the communication hierarchy is aimed to arrange world information in this human-like manner. As will
be explained further on, through this hierarchy the user can interact with a robot using her/his own set of symbols and assigned
labels. Since particular users may have different ways to model the same environment, her/his participation is needed in the
construction of the hierarchy.

In our work we rely on an interactive construction process in which the user guides the robot to a particular place, i.e. the
entrance door to an office, notifying that a symbol has to be created into the model with a certain label, i.e. “the door of my



workplace”. In this way, the user can provide the robot with a set of ground symbols, which are vertexes at the ground level of
our Multi-AH-Graph and represent distinctive places or physical objects, and also can include relations between them, like
connectivity or navigability, modeled through edges’. Subsequently, the user can select a set of vertexes to make up abstract
symbols like rooms or areas. Figure 5 shows an example of the communication hierarchy constructed in this way for a typical
office environment.

I1l. HUMAN-MACHINE INTERACTIVE TASK PLANNING

Our interactive task planning process exploits the multi-hierarchical model presented in section II. It permits the user to
command a machine to solve a task through her/his own set of symbols (taken from the communication hierarchy), while the
machine can efficiently plan the task using the planning hierarchy and communicate the results using concepts understandable
by the user (via a translation of symbols from the planning hierarchy to the communication one). Moreover, when partial
planning results are available, as in the HPWA case, the user can be reported with the evolution of the process, enabling
her/him to guide the planning algorithm and propose modifications based on commonsense knowledge or particular
preferences. Such an interactiveness can be deactivated by the user at any moment, making the hierarchical planner to provide
a final plan for the task at hand which is reported to the human by means of ground symbols.

Subsection 111.A deals with the formalization of our interactive task planning process. Subsection 111.B illustrates all the
modalities that our interactive process permits to the user.

A. Formalization of the Interactive Task Planning Process
Our interactive task planning approach uses iteratively these phases:

1) Translation of the user’s requested goal, which is specified using symbols of some level of the communication hierarchy,
into the planning hierarchy. This is done by refining the symbols involved in the goal until reaching the common ground level
of the Multi-AH-Graph. For example, if the user goal is "go to my workplace", the human symbol (my workplace) involved in
the task is moved down to the ground level, choosing as refined symbol one of their subvertexes, let say my desk. Thus, the user
goal turns into "go to my desk".

2) Abstracting the goal through the planning hierarchy for finding a first sketch of a plan at a high level of abstraction (low
detail). Usually, this is done at the highest levels of the planning hierarchy for improving efficiency.

3) Reporting the abstract plan to the user, translating it to the communication hierarchy. The human decision about that plan
(to reject or accept it, total or partially) may involve a backwards translation to the planning hierarchy and a subsequent step of
planning.

In stages 1) and 3) it is necessary to pass symbolic information from one hierarchy to the other, particularly plans.
Informally, refining and abstracting plans within a hierarchy consists of refining/abstracting the sequence of actions involved in
the plan. A plan action is the instantiation, with variables of the domain, of a plan operator composed of a pair of logical
predicates <Precond,Postcond>. If at a certain moment the logical predicates of Precond are satisfied, the action can be
executed and the environment modified according to Postcond by adding or eliminating information®.

Abstracting a plan produces a more general one, since it contains more abstract symbols. Conversely, refining a plan yields a
set of more detailed plans covering all possible combinations of the refinements for the parameters of the plan. Both
mechanisms can be formalized through the Plan Abstraction and the Plan Refinement functions defined as follows.

The Plan Abstraction Function (in short, PlanUp) serves to abstract plans that have been produced at a certain level of the
planning hierarchy. For clarity, to define the PlanUp function, we firstly define the action abstraction function (ActionUp).

ActionUp is a partial function that abstracts actions of a plan, like (GO r1 nl n2), if and only if their pre- and postconditions
can be abstracted. Formally, given an abstraction in CVAGraph*, A=(G,H,v,¢) and its corresponding abstraction in AState

A =(Q,S,&, ) (constructed by the w_ functor), let % (=) be the set of all possible actions involving parameters only from
the planning state Q (S). The ActionUp function is defined for an action a as:

A(:tionUp,,g 12, —> X is a partial function
VaeZ,, def (ActionUp, () < Vpe (@™ U aPeteon) def (£(SN(p)) A
Vj €1.|SP(p)|, def (z(SP(p)[J])

When defined,

" In the case of a robotic application, non-structural data is automatically attached to vertexes and edges in the form of annotations, like robot pose, camera images,
etc., for performing the operations that are planned (navigation, manipulation, etc.).

® Plan actions given in the form (action-name paramy,...param;) can be considered as logical predicates. Similarly, complete plans, as sequence of actions, can be
considered planning states, and thus objects of the AState Category.



ActionUpAS (a)=a'eZXy:
|SP(a’)| =|SP(a)| A
SN(a’)=SN(a) A

vjel.[SP(@)],SP(a)[jl=7(SP(a)[il)

The Plan Abstraction Function, PlanUp, can then be formalized. Given an abstraction in CVAGraph*, let say
A=(G,H,v,¢), and its corresponding abstraction in AState, A =(Q,S,&,7). let 5, (U5,) be the set of all possible plans
whose actions are in 2, (). PlanUp is defined as:

PIanUpAS 10y > U
vp=(a,a,,...,a,) €0y,
PIanUpAS(p) =p'=(a',a',...,a")ely:
va, ep'a' = ActionUpAs &)

On the other hand, the Plan Refinement Function (in short, PlanDown) vyields a refined version of a plan p based on
refinement of graphs. As before, we first define the action refinement function (ActionDown) and then the equivalent definition

for plans.
Given an abstraction in CVAGraph*, A=(G,H,v,s) and its corresponding abstraction in AState, A =(Q,S,&,7)

(constructed by the w_ functor), let % (z,) be the set of all possible actions involving parameters from Q (S). The
ActionDown function is always defined® and when it is applied to an action a yields a set of actions {a '} such that:

ActionDownAS 1 Zg — power(Z,)

VaeX,
va'e ActionDown,,S (a),

[|SP(a’)| =|sP(@)|]A[SN(a’) = SN(a)] A
[ VieL[sp@)|.sP(@)ile[ 7" (SP@LiD |
[ (31, x2,€1.[SP(a)|: SP(a)[x1] = SP(a)[x2]) = SP(a’)[x1] = SP(a)[x2] | A

U sP@)=U[~*]* (sP(@) |

a'<ARF ()

[vj c1.|sP(@)] vbe[7*]" (SP(@)[i]).3a'c ARF, (a) b e SP(a')]

Informally, through this definition we establish that given an action a, it is refined on a set of actions that all have the same
length and action name. Also we impose that all possible combinations of refined actions are considered, and that several
instances of a parameter in a must be refined to the same parameter in each refined action.

The Plan Refinement Function, PlanDown, can now be formalized. Given an abstraction in CVAGraph*, A=(G,H,v,¢) and

its corresponding abstraction in AState A =(Q,S,&,7), let U, (0, be the set of all possible plans whose actions are in %
(X, )- The PRF is defined as:

PIanDownAS 16 — power(G,)

Vp,(ai,az,...,an)eUS,PRFAS(p) ={p%
withp'=(a',a’,...,a")€Uq:
[Vaf epVva' e ActionDown, (a7),3p"e PlanDown, (p): a’ = a*]/\
va',,a',ep’

AIx2el.[SP(a,):

[Md“sp(a‘“) = SP(a',)[x1] = SP(a’,)[x2]

7™ (SP(a')[x) = 7 (SP(a',)[x2])

° We assume in this paper that the refinement of actions is a total function: abstract symbols without subsymbols are not allowed (this is satisfied automatically if using
CVAGraph*).



B. A Sample Scenario for a Human-Robot Interactive Task Planning

Figure 5 depicts a scheme of part of a typical office environment. Upon the ground level the communication hierarchy enables
the robot to manage human symbols. Figure 7 shows a multi-hierarchical representation of that environment in which the
planning hierarchy arranges properly the world elements with the goal of improving the task planning process.

In this scenario, let us consider the following application. An employee, at the entrance of the office building, is in charge of
receiving and distributing mails to the rest of employees. To facilitate his work, a servant robot can carry objects within the
office building, so she has only to give the proper envelope to the robot and select the destination, i.e. "go to Sam’s office".

As commented before, the first stage of the translation process consists of shifting the human concepts involved in the
requested goal into concepts of the ground level of the Multi-AH-Graph. This is solved by simply choosing any subsymbol
(subvertex), for example Entrance to Sam’s office. This selection may lead to the user insatisfaction (who probably would
prefer Sam’s desk t0 Entrance to Sam’s office as the destination) or to an unreacheable goal. Two possibilities are available
then: choose another subvertex or ask the user for a more detailed specification for the goal.

Once an adequate specification of the goal is obtained at the ground level, the hierarchical planner solves the task using the
planning hierarchy. HPWA first abstracts all the ground elements to the highest level of the planning hierarchy, and then
produces successively plans at different levels, which involves symbols not understandable by the user. Following our example,
the planner produces the first abstract plan at level L3 from the planning hierarchy™ which is (GO C1 C2). This must be
translated into human symbols, thus it must be first refined to the ground level. The first refinement translates it to level L2 of
the planning hierarchy, yielding the list of plans:

{(GO b1 b3)},{(GO bi b4)},

PlanDown({(GO c1 ¢2)})=4 {(GO bl b5)}, {(GO b2 b3)},
{(GO b2 b4)},{(GO b2 b5)}

that can be simplified as a plan schema:
{ (GO {b1,b2} {b3,b4,b5}) }

By successively refining the abstract plans down through the planning hierarchy, a set of plans that only involve parameters
which represent distinctive places are generated. Such plans are then abstracted up through the communication hierarchy via
the PlanUp function. In this example, this yields the set of plans in the communication hierarchy shown in figure 6.

Level 1 {(GO {Hall, East-Corr., West-Corr., Room3} {Sam’s Office,
East and West Corr., Rooms 1,2,4})}

Level 2 {(GO {West, Middle, East} {West, Middle, East})}

Level 3 N/A

Figure 6. Possible translations of the parameters of an abstract plan from L3 of the planning hierarchy.

Through these translated plans, the user can proceed in the following ways:

a) Inquiring a more detailed plan. The translation of an abstract plan may not provide enough information to the user. In
these cases the user can request more information in two different ways: she can ask the robot for a translation of the same plan
using more detailed symbols from the communication hierarchy (however, this increases the plan ambiguity), or she can ask
the planning process for planning a new solution at a lower level of the planning hierarchy. In this latter case the obtained plan
will involve more detailed concepts, which in turn can reduce ambiguity.

b) Rejecting part of a plan. Observe that even when the provided plan does not reveal enough information, the user can
interact productively with the planning process, i.e. by rejecting certain spatial symbols. In our example, the user may require
the robot to avoid the West-Corridor and Room2 regions for personal preferences or commonsense knowledge of the
environment, since they are, for example, crowded that day. Such discarded symbols are translated again into the planning
hierarchy, reporting to the hierarchical planner that symbols b4 at level L2 must be discarded. Thus, HPWA plans now at level
L2 of the planning hierarchy without considering such a symbol, producing the new plan {(GO b1 b2), (GO b2 b3)}, which is
reported to the user as:

{(GO {Hall, East-Corridor} {East-Corridor, Room3}, (GO {East-Corridor, Room3} {East-Corridor, Sam’s Office})}.

19 1he abstract plan at the highest level is not considered in this example since it is trivial (there is a single node).
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¢) Suggesting an abstract plan. Due to the ambiguity involved in the translation process, the user may be informed about a
set of different possibilities to solve a plan that maybe improves efficiency of planning. She can select one out of the offered
solutions based on her knowledge of the environment. For instance, in our example the user can suggest the abstract plan:
{(GO Hall East-Corridor), (GO East-Corridor Sam’s Office)} since she knows that it is not necessary to consider Room3 to
arrive to the destination.

Thus, through the solution pointed out by the human, the planner can solve the task considering only those symbols
embraced by the ones suggested by her. In this example, the final plan at the ground level is {(GO h1 h2) (GO h2 ecl) (GO ecl
ec2) (GO ec2 ec3) (GO ec3 ecd) (GO ec4 ec5) (GO ec5 12)}, that would be communicated to the user with the labels given by
her, for example:



{(GO “Hall’s desk” to “Hall’s door™)

(GO “Hall’s door” to “Hall connection to the East Corridor”)
(GO “Hall connection to the East Corridor” to “Room3’s door”)
(GO “Room3’s door” to “Corner of the East Corridor”)

(GO “Corner of the East Corridor” to “Room4’s door™)

(GO “Room4’s door” to “Sam’s Office door B”)

(GO “Sam’s Office door B” to “Sam’s Office Entrance B”)}

IV. REAL EXPERIENCES

The effectiveness achieved by any system in which humans are involved is normally difficult to measure. This is the case of our
human-computer interaction mechanism for which the user satisfaction should be somehow evaluated. The main concern of
such an evaluation is that it largely depends on the user characteristics (i.e. cognitive abilities, age, gender, etc.) and thus a
representative sample of people should be selected, evaluating their opinion from a psychological and cognitive point of view.
This evaluation is out of the scope of this paper, thus we rely on the study of a general case of interactive planning within a
robotic application to show the suitability of our approach.

The robotic application we consider here entails a real assistant robot (a robotic wheelchair) that provides mobility to
physically impaired people within a large-scale building. The user is assumed to have enough cognitive abilities to take
decisions and interact with the planning system of the wheelchair as well as manual capabilities to open/unlock doors or
manipulate objects. Our experiences have been conducted with the robotic wheelchair SENA (see figure 8), which includes a
number of sensors for performing autonomous navigation and map building ([26]).

The successful performance of SENA is supported by the control architecture ACHRIN ([5]). One of the main characteristics
of this architecture is that it takes into account human abilities as part of the abilities of the robot, e.g. people can participate in
the execution. This permits the system to ask the user for help when execution failures occurs, as is the case of a locked door'*.
Through our interactive planning approach, the user can also participate during the planning phase, guiding the system to
fulfill her/his requirements. User interaction with the planning system, and also with the rest of the robotic systems, mainly
relies on verbal communication based on commercial voice recognition and TTS tools. However, for dealing with large
environments voice interfaces may become hard to use due to its inability to properly recognize the user utterances, being
necessary to repeat continuously the commands. Thus, the user can also use graphical interfaces to control and interact with the
robot.

In our experience, we do not consider re-planning due to execution failures (not solvable neither by the robot nor by the
user). The planning system of ACHRIN is HPWA with FF-Metric as embedded planner, and they have been implemented on
C++ and improved with additional functions to cope with the interactive planning approach proposed in this work.

Figure 9 (top) shows a plan map of the considered scenario, constructed by a SLAM method ([42]), which is part of the
Computer Science building at the University of Malaga, made of four wings connected through a long corridor and a patio. In
our experiences we focus on two of those wings with the particular setup shown in figure 9 (bottom, zoomed).

Room doors can be opened, closed or locked. The actions that the user can perform are: open, unlock a door, search for a key
in a key box, take a key, and ask anybody for a key, while the wheelchair only provides mobility (including obstacle avoidance,
path and plan planning, etc.). Conventional (non-hierarchical) planning in this type of scenario with hundreds of distinctive
places and objects becomes a complex, even intractable, problem, as has been demonstrated in [6].

1 you can visit http://www.youtube.com/watch?v=D20LBzIEEWA to watch one of our videos where SENA performs within an office scenario overcoming different
situations like a closed door, navigation errors, etc. thanks to the user help. This video does not show the interactive planning but only the execution of a final plan.



http://www.youtube.com/watch?v=D2oLBzlEEWA

Figure 8. The robotic wheelchair SENA. It is based on a commercial powered wheelchair which has been endowed with several sensors and devices. The SW
architecture runs on the user’s laptop, who can still use it for her/his work.

Figure 9 (bottom) shows a scheme of the scenario with the vertexes (symbols) of the first level of the communication
hierarchy involved in our experiences. We have considered an experience in which the wheelchair user is at his office (room-6),
and wants to go to room-9, that is locked. Thus, the user commands the wheelchair at the first level of the communication
hierarchy: “GO to Room-9”, being necessary its refinement downto the ground level (partially shown in figure 10). An example
of such a refinement would be “GO to Desk” (inside Room-9), which becomes the ground goal to be solved through the
planning hierarchy.

The first solution to the proposed goal is communicated to the user, after the proper translation between hierarchies through
the PlanDown and PlanUp functions, using symbols of the first level of the communication hierarchy (the same that the user
employed in his initial command) as: “GO to Corridor-2”, “GO to Room-7”, “TAKE a Key from the KeyBox”, “GO to
Corridor-2” “GO to Room-9”. Although this is the shortest and easier way to get to the destination, the user may prefer another
solution which enables him to mix with his workmates. Thus, he asks the system for an alternative.

The next possible solution in this scenario is abstracted to the first level of the communication hierarchy through PlanUp as
“GO to Corridor-2”, “GO to Corridor-1”, “GO to Room-1”, “ASK Peter for a Key”, “GO to Corridor-1”, “GO to Corridor-2",
“GO to Room-9”, that although requires more execution time, it would seem more acceptable for the user. Since the user knows
that Peter is normally busy, he decides to phone him before going to his office in order to be sure he has not left. Peter informs
the user he is going out to a meeting, so the user also rejects this plan since he knows that Peter will not be able to give him the
key (this is something that the planning process was unable to foresee).

The planner then goes for another solution, yielding the plan: “GO to Corridor-2”, “GO to Corridor-1”, “GO to Corridor-
37, “GO to {Room-11,Room-12}” “ASK {Mark,Mary} for a Key”, “GO to Corridor-4”, “GO to Corridor-2", “GO to Room-9”.
Notice that there are four possibilities embedded in this plan: (Room-11, Room-12) x (Mark, Mary). Any of these should be
feasible (the user knows that both Mark and Mary are always at their offices), but the user still has certain preferences, for
instance, he has strongly argued with Mark the same day, so he prefers not to meet him, choosing the second option: ask Mary
for the keys.
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Figure 9. Real scenario where the experiences of interactive task planning have been conducted. (Top) The whole environment entails four wings, a long corridor and a
patio. Small dots represent distinctive places. (Bottom) Part of the scenario where only the symbolic information of the first (not ground) level of the communication
hierarchy is shown. Different line styles indicate different types of edges.

Once this plan at the first level of the communication hierarchy is selected, the planning process refines it to the next lower
level, in this case:

“GO out through door of office 6”7, “GO to entrance-office 57, “GO to entrance-office 4”, “GO to entrance-office 3”, “GO to entrance-office 2”, “GO to
entrance-office 17, “GO to entrance-office 10”, “GO to entrance-office 117, “GO to entrance-office 127, “GO in through door of office 12” “ASK Mary for key
17, “GO out through door of office 127, “GO to entrance-office 13”, “GO to entrance-office14”, “GO to entrance-office 15”, “GO to entrance-office 16”, “GO to
entrance-office 177, “GO to entrance-office 18”, “GO to entrance-office 97, “UNLOCK door of office 9” “GO in through door of office 9” “GO to Desk”.

In this situation, although the high-level plan of asking Mary for the key is accepted, the refined plan yielded by PlanDown
involves passing close to the Mark’s office, which may also be rejected by the user, who does not want to meet him at the
corridor. So, he commands to reject the symbol “Door-11”, and the alternative path for this task is planned and reported to the
user as*%: “GO out through door of office 6”, “GO to entrance-offices 7, 8, 9, 18, 17,16,15,14, 13, 12”, “GO in through door of
office 12” “ASK Mary for keyl”, “GO out through door of office 127, “GO to entrance-offices 13, 14, 15, 16, 17, 18, 9,
“UNLOCK door of office 9” “GO in through door of office 9” “GO to Desk”.

Figure 10. Scenario where the involved ground symbols in the final plan accepted by the user are shown. For clarity in the picture, symbols that represent the entrance
of offices have been rewritten as “cX”, being “X” the identifying office number, thus for instance, “c9” represents “entrance of office 9”. Small circles represent
intermediate distinctive places for navigation.

This solution is (at last!) accepted since it fulfills all the user’s requirements and preferences. The “conversation” that has

12 \When communicating plans, sequences of navigational tasks can be abbreviated indicating the sequence of the destinations, as shown in this example.




taken place between the user and the robot has been realized using familiar concepts (symbols) of the former, which has
produced an efficient interaction from the user’s perspective. Also, the planning process has produced plans efficiently in spite
of being confronted with a large and complex scenario.

V. CONCLUSIONS

In this paper we have proposed a symbolic model of the environment that makes human-machine interactive task planning
affordable in the real world. The use of multiple abstraction permits a semi-autonomous agent to deal with large amounts of
information and with task planning efficiently. It also provides each user with the best set of symbols (those that the user
understands well and are according to his/her own experience) without compromising that efficiency. We have proposed a
formalization of this multi-hierarchical model and of the task planning process. Based on that, we have also presented a form of
interactive task planning that permits a user and a robot to collaborate at very different moments of the planning process in
order to improve the solutions. We have illustrated this with simulated and real experiences.

Further work will be devoted to introducing non-classical planners into our approach (probabilistic methods) and using it for
robots that are able to operate during long periods of time in crowded scenarios. We will also investigate automatic processes
for learning the user preferences from his/her interaction with the system which could serve to regulate the amount of
information reported to the user.
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