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ABSTRACT

EFP AND PG-EFP:
EPISTEMIC FORWARD PLANNERS IN MULTI-AGENT DOMAINS
BY

FRANCESCO FABIANO, B.S.,

Master of Science
New Mexico State University
Las Cruces, New Mexico, 2018

Dr. Enrico Pontelli, Chair

In recent years, multi-agent epistemic planning has received attention from
both dynamic logic and planning communities. This thesis presents two prototype
epistemic forward planners, called EFp and PG-EFP, for generating plans in mul-
tiagent environments that differ from other epistemic planners recently developed.
In particular EFpP and PG-EFP can deal with unlimited nested beliefs, common
knowledge, and are capable of generating plans with both knowledge and belief
goals. EFP is simply a breadth first search planner while PG-EFP is an heuristic

search based system.



The thesis also introduces the notion of epistemic planning graph (EPG) that
could play an important role in the epistemic planning environment, as the plan-
ning graph in classical planning. The EPG is used to generate heuristics in
PG-EFP. Moreover the thesis presents experimental evaluation that proves the
usefulness of epistemic planning graphs.

Finally an evaluation of the planners, using benchmarks collected from the
literature, and a discussion of the issues that affect the scalability and efficiency

of the planners, thus identifies potentially directions for future work, are discussed.
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1 PLANNING

We now introduce the concept of planning, one of the most important branch of
Artificial Intelligence.

As said in [39] AT! is the study of rational action which makes planning—i.e.,
the problem of finding a sequence of actions that will achieve one’s goal-—one of
its most critical part.

There are different types of planning? but all of them share the same objective:
given an initial configuration of the environment, find a sequence of permitted

actions to reach the desired configuration of the same environment.

1.1 Basic Concepts

Since the planning problem is a really important topic it is been long studied and
researched.

In the following paragraphs we will introduce the basic terminology and con-
cepts related to the planning environment. The Block World domain, a common
used example, will be used to explain in a more clear way all the features of the

planning field.

Block World Domain. The Block World, due its simplicity, is one of the most

used domain to explain the planning area baseline.

"'Where “Al” stands for “artificial intelligence”.

2e.g. classical, conformant, non-deterministic, epistemic etc.



Figure 1: The World Block domain.

This domain consists of few simple elements:

e Blocks of the same size that can be placed either on the table or in the top

of another block;

e a mechanical arm that can move the blocks and can tell if is holding or not

one block.

Moreover there are some constraints that regulate the Block World:

e Two blocks cannot be placed on top of one single block;

e the mechanical arm can only hold, and therefore move, one block at the

same time;

e a block can only be placed on top of a clear block—a block with no other
block on top of it and that is not held by the mechanical arm—or on the

table.

In particular this domain will be used to describe the key features of planning:

states, actions, planning problem, transition function, agents, and solutions.



Definition 1.1 (State). A state of the domain is a configuration of the world®

represented as conjunction of ground fluents.

Example 1.1. A state in the Block World domain, shown in Figure 1, is defined
as follow: {onTable A, onTable C, onC_B, Clear Arm}. In this description

some fluents as —onTable B or —onA_C are omitted for the sake of readability.

Definition 1.2 (Action). An action in planning is an operation, made by some
agent, that changes the actual world or its perception. Actions can have executabil-
ity conditions that express when an action is, as the name suggests, executable

and when is not.

Example 1.2. Given the state in Figure 1 we can give an example of executable

and not-executable action:

e As executable action is take(B). This action states that mechanical arm
takes the block B and keeps it (As shown in the left configuration in Figure 2).
The executability conditions of this action are {ClearArm, —onB A, —onB_C}

which are respected in the current state.

e Instead as example of not-executable action we can use take(C) which means
that mechanical arm takes the block C. This action is not executable because

the block C is not clear, more formally the executability conditions of this

3We refer to world as the environment described by the domain.



action are {ClearArm,—onC_A, —onC_B}. Since —onC_B is not respected

the action cannot be executed.

Definition 1.3 (Planning Problem). A planning problem is a tuple (D,I,G)

where:

e D is an action domain expressed in some language;

e [ is a set of state (Definition 1.1) of the domain—called Initial state—that
describe the (possible) starting configurations of the world. The example in
Figure 2 is described as {onTable A, onTable C, holding B, —ClearArm,
—onA_ B, —onA C, —onB A, —onB C, —onC A, —onC_B, —holding A, ﬁholding7C}.
From now on we will omit, when possible, the false fluents from the states
representation. We will assume that what is not specify in the state is false

in the world.

e (5 is a set of state of the domain, called Goal state, that describe the desired
configurations of the domain. The example in Figure 2 is described as

{onTable A, onA B, onB C, ClearArm}.

Definition 1.4 (Transition Function). A transition function ® is a function that,
given a starting state and an action, returns a set of states* in which the world

can be after the execution of the action in the starting state. More formally

4A set and not a single state because the actions sometime can be non-deterministic.
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Figure 2: The Planning Problem in the World Block domain.

d: ¥ x A — 2% where ¥ is the set of all the possible states and A the set of all
the possible actions in the domain. If an action a is not executable in a state s

then we will have ®(a, s) = 0.

In [41] an agent is described as a persistent software entity dedicated to a
specific purpose. We can translate this definition in the planning field just defining
the purpose. In the planning area the purpose of an agent will be reaching the goal.
Consequently an agent in planning is the element of the domain that execute® the

actions and change the states trying to reach the goal.

Example 1.3. In the Block World domain the agent is the simulation of the

mechanical arm that moves the blocks to find the desired configuration.

Definition 1.5 (Solution). Finally a solution for the planning problem (D, I, G)

is a sequence of action [aq, ..., a,] such that:

SExecution in a software environment is just a simulation of the actions.



e a; is executable in every state s belonging to I,

e a; is executable in every state s belonging to ®p(a;—_1,...,Pp(as,l)) for
1=2,...,mn
e G is true in every state s belonging to ®p(ay, ..., Pp(ar,I)).

Even if these terminology represents the basis for the entire planning area, as
said before there are different types of planning problems. A brief explanation of

all the most common category of planning problems will be presented next.

1.2 Planning Problem Domains

1.2.1 Classical Planning

The most known and studied “family” of domain for planning problems is the
one that is called classical. This category is often seen as basis for all the other
kinds of planning that usually bring more complexity with them. In fact is not
unusual to reduce, when it is possible, problems from more complex domains to
the classical ones.

To reduce one problem into a classical planning means to elaborate the problem

itself so it can be solved by a classical planner.

Definition 1.6 (Planner). A planner, or sometimes a solver, is a computer pro-

gram that computes the solution of any given planning problem with compatible



domain®.

For most of its early life in the 60’s and 70’s, the field of automated planning
was concerned with ways in which the problem of creating long-term plans for
achieving goals could be formulated, such that solving problems of non-trivial
size, would be computationally feasible. The types of planning that arose from
this early work, is what is known today as classical planning [7].

Classical planning, as defined in [22], imposes several restrictions on the plan-
ning problem, namely the domain has to be fully observable, deterministic and

static.

A static problem is represented by a domain that is not modified by elements
that are external to the domain itself.

A domain is deterministic when for each state s and action a ®(a,s) has at
most one element, that is there is no ambiguity in which state will be the world
after the execution of the action. Determinism also implies that the plan will
be in one and only one state at each step of computation of the planning. This
condition implies that as soon a goal state is found this state is the solution of

the problem (this is not true in conformant planning as we will see in §1.2.2).

Fully observable means that the agent that is in the domain knows the com-

be.g. a single-agent planner cannot solve a multi-agents problem.



plete description of the world, that is she knows the state of every fluent in the

domain.

Most of the time to maintain its simplicity the classical planning domains are
single-agent: domains where only one agent can perform the actions and has to

reach the goal.

A good example of classical planning can be, once again, the World Block
domain described in Section §1.1. Here the single agent, the mechanical arm,
knows everything about the world (if a block or itself is clear or not for example)
and every action that the arm does has only one possible outcome.

There are a lot of different approaches, and therefor planners, to solve clas-
sical planning problems, each one useful for specific situations. To improve the
performance of these planners different representation of the domain, like trees
(Figure 3), have been developed. With them other optimizations, like heuristics,
have been studied. We will discuss this in more detail in Section §1.3.

Since the classical planning problems are fairly easy in respect to other type
of planning problems, the existing solver are the most efficient. For this reason
sometimes is better elaborate one problem’s domain to be compatible with a
classical solvers.

Anyway sometimes reducing a domain can cause loss of expressiveness. De-
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Figure 3: A planning tree for World Block domain.

pending on the domain, these losses can be acceptable or not. So when is not
possible to reduce the problem to classical planning it is necessary to come up

with a new planner.

1.2.2 Conformant Planning

Unfortunately the problems that we want to solve with the help of the planning
method are not always as easy as the ones solvable by the classical planners. In
particular sometimes the agent (or agents)” is not able to have complete informa-
tion about the real world and neither is able to retrieve this information through

sensing actions. This type of domain falls under the conformant planning prob-

7As we will see in §1.2.3.



lem. This brings to a difference between classical planning when it comes to
the transition function ®. In fact while in classical planning applying an action
produces only one successor here we have a set of possible states.

As said in Definition 1.5 the solution for a problem must be true in all the
reachable states. This means that the plan must be valid for all the possible con-

figuration of the initial state.

A clarification about the action results is required. When it comes to con-
formant planning the uncertainty of the initial state is carried on with the ac-
tions. This means that the actions do not generate non-determinism, for example
through if-else conditions, but just produce multiple possible states because they
carry on the uncertainty of the state where they were executed. On the other
hand when actions generate non-determinism we talk about contingent planning.
To explain better this difference we will use two different description of the same

domain, the well known Vacuum Cleaner [39)].

Vacuum Cleaner Domain. In this domain (represented in Figure 4) an agent,
the vacuum cleaner, has to clean two rooms from the dirt using a sequence of
four actions “Left”, “Right”, “Suck”, “NoOperation” that do what their names

suggest (described in [39], Chapter 2).

e As example of domain that is contingent we use the domain with a slight

10



Figure 4: The Vacuum Cleaner Domain with both the room dirty.

modification of the action “Suck” When this action is applied to a room
with dirt it cleans the room but sometimes clean the other room too and
when applied to a clean room it sometimes deposits dirt on the carpet. A
plan for the initial state as describe in Figure 4 is described by the AND-OR

tree in Figure 5.

e Instead the example of conformant planning uses the normal interpretation
of the actions. For this example though the vacuum cleaner cannot percept
whether the rooms are dirty or clean. This implies that all the states where
the agent is in the left room (accordingly to Figure 4) is a possible initial
states and the successor state of the action “Suck” is shown in Figure 6. A
solution for this problem is {Suck, Right, Suck}; in fact this sequence of

action reach the goal from every possible initial state.

The planner presented in Section §3 admits not-complete initial description
and consequently solves problems even in conformant domain. Even so as due
the special data structure used in the planner the initial state without complete

11
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Figure 5: AND-OR tree for the Vacuum Cleaner with non-deterministic actions.

information brings a really incisive overhead.

1.2.3 Multi agents Planning

When we think about the real world it is clear that single-agent domains lacks in
expressiveness. A lot of problems in reality require more than one agent in their
domain. This family of planning problems is named multi-agents planning and
deals with domains that contain more than a single independent agent.

Having more agents in the same domain can initially seem only a more effi-
cient way to solve the problem, and sometimes is true (for example if we think
as multi-agents as parallelization), but most of the time the concept of multiple

agents adds complexity to the solver.

12
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Figure 6: The execution of the action “Suck” in a conformant domain.

Inside the family of multi-agents problems different configurations are possible.
Next we will list briefly some of these configurations that are mostly famous in
the literature.

First of all different planning problems can be defined by the relation of the
agents-goal. A simplified, but accurate enough for this thesis, subdivision is given

in [9]

e Not-deterministic: Here each agent doesn’t know which action and when
the other agents will perform. This implies that she will not know in which

state the world will be in the future.

e Cooperative: In this case the agents try to cooperate to reach the same

goal.

e Adversary: Under this section of problems we can find competitive games.

13



Agents have opposite goals and try to reach their own trying to penalize the

others’.

e Overlapping Goals: In this configuration the agents just happen, without

willing it, to help each other to reach their own goal.

Another distinction is based on the type of communications between agents.
We can simplify the subdivision described in [20, 27] in two different categories of

communication:

e Free: In this type of planning problems the agents are allowed to share all

their knowledge about the world to help each other in solving problem.

e Privacy limited: When a limit is inserted, usually for security reasons, the
agents can share only certain information with the other. It also possible
that some agent get to share specific types of information with only a subset

of the other agents.

Finally in [15, 20| another distinction, based on the solving process is intro-

duced; a planning system can therefore be:

e Centralized: In this type of planner a master agent coordinates the action

of the others.

e Decentralized: Instead in this approach each agent act independently.

14
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Figure 7: The Soccer domain.

Example 1.4. An example of multi-agents planning domain with cooperatives
agents and without restriction about sharing information about the state of the
world, is a variation of the Soccer domain presented in [31]. In this game the agents
are placed in a single cell of the grid (Figure 7) and they can move following the
compass directions (N, S, E, and W) or wait.

Agent A starts conventionally with the ball but every time that an agent try
to move in already occupied she has to “pass” the ball to the agent that is in that
cell.

The goal of this domain is to bring the ball inside the goal zone (green in Figure
7) without hitting the obstacles (red in Figure 7) in the fastest way possible.

So the agent are cooperating to reach the goal and they can share information

about their next move to reach the goal easily.

15



1.3 Search Space Exploration

Previously we have defined what is a planning system and consequently a
planner. This branch of Al usually explores problems and returns the list of
actions that permits to modify the world in the desired way.

Since the problems that a planner is required to solve are usually derived by
the real world, their search space can be too big or expensive to be explored.
That is why different ways to represent the search space—i.e., search tree—and
to explore it—e.g.,Breadth-first search, Depth-first search and Best-first search
algorithms—have been largely studied and implemented.

We will explain the first two exploration techniques briefly since they are
general approaches and do not need to be fully investigated for the comprehension
of this thesis. We will then describe Best-first search more precisely, as such
method is the one used for our planner optimization and it requires more details

for its explanation.

1.3.1 Search Tree

When we talk about planning we are referring to a procedure that permits to
simulate a real world problem.

This means that a planner should explore all the domain configurations and
find the one, called the goal state (Definition §1.3), that satisfies certain propri-

eties.

16
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Figure 8: The search tree in the deterministic Vacuum Cleaner domain

The most common representation of a planning problem, and the one we will
use from now on if not specified otherwise, is the search tree.

In this representation each possible state (Definition 1.1) is represented by a
node of the tree and the solving process is the procedure that permits to explore
the set of the states to find the goal.

Each node generates its children executing all the executable actions by ap-
plying the transition function (Definition 1.4) to generate new states. In Fig-
ure 8 we have a planning tree for the deterministic Vacuum Cleaner domain
where given the initial state is {inLeft, —cleanRight, —cleanLeft} and the
goal is {inLeft, cleanRight, cleanLeft}. A solution is found following the

path marked in red.

17



1.3.2 Uninformed Search

As said previously the techniques to explore the search tree have been largely
studied. Two of the most famous approach to explore the tree are Breadth-first
search (BFS) and Depth-first search (DFS).

Both the algorithms explore the tree using patterns that rely on the structure
of the tree rather then the information contained in the nodes, performing what
is know as uninformed search.

Our planner makes use of BFS when it compute the solution without any
optimization.

As the name suggests, Breadth-first explores the tree one layer at time, assur-
ing to find always the shallowest solution. On the other side Depth-first explores
the tree in depth. This means that the children of a node have priority respect to
the other nodes in the same layer. A comparison of this two methods is given in

Figure 9 where the tree in Figure 8 is explored with the two different approaches.

1.3.3 Informed Search

Unfortunately the search space for the majority of the planning problems is not
small enough to be explored with uninformed search techniques. In fact most of
the time this type of exploration on real domain requires a really large amount
of time and memory. Moreover even when the exploration of the tree is not

impossible generally using the uninformed techniques leads to a waste of resources.

18
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Figure 9: Comparison of BFS and DFS® on the Vacuum Cleaner domain.

For these reasons a different approach, when it is possible?, is really common
in planning: the informed search.

This type of search uses information that are retrievable from the domain
to score the states given them a priority of expansion. This approach performs
the exploration in a “smart” way, i.e. it expands the node of the tree with the
greatest'® value. This means that the algorithm, called Best-first, will always
expand the node that it thinks to be the closest to the solution.

It is clear that for Best-first to work well a good scoring technique is required.
In fact, if the score given to the nodes does not actually reflects the quality of the
states in the domain, this algorithm will perform even worst than the uninformed
techniques. In the worst case scenario a bad scoring will lead Best-first to chose

always the farther state from the solution.

9When the domain permits it.

100r lowest depending how the priority order is specified.

19



We will refer at the “score” of the state as heuristic where heuristics stand for
strategies using readily accessible information to control problem-solving processes

[37], in our case planning problems.

1.4 Heuristics

The planning branch of Al is constantly under development and along with the
introduction of new and more powerful solvers the domains are getting bigger and
more complex.

That is because the aim of planning is to solve “real-world” problems that
usually bring with them a huge amount of information and scenarios. Moreover
as said in Section §1.2.1 also the type of domain can differ from problem to
problem bringing additional complications.

That is why nowadays it is really important the study of heuristics in the

planning field.

Definition 1.7 (Heuristic). In the tree or graph setting, heuristics are methods

for estimating the distance from a node to some goal node [28].

Heuristics—that can be extracted directly from the study of the domain or,
more commonly, following general procedures—bring with them a significant de-
crease in resources needing. In fact solving a problem knowing the quality of each

state can reduce the space of search significantly.

20



Of course this is true only when the heuristic can actually score the states of
the domain in a meaningful way, assuring that the informed search is going “in
the right direction”.

To have a better idea of how an heuristic works we can look at the example,

on the World Block domain (Section § 1.1), described in [40].

Example 1.5. First of all we introduce three concepts which are not included in

the descriptions of the World Block

1. A block is in final position if it is on the table and it should be on the table
in the goal configuration, or if it is on a block it should be on in the goal

configuration and that block is in final position.

2. A block is in tower-deadlock position if it is not in final position and it is

above a block it should be above in the goal configuration.

3. A block is in next-final position if it should be on the table, or if it should

be on another block that it is currently clear and in final position.

The heuristics used for selecting the next action to apply will be:

e If a block can be moved to its final position, this should be done right away.

e If a block is in tower-deadlock position, then put it on the table.

e Suppose a block A is not in its final position, and it is on a block B that
is in final position and should have a third block C' on it. Suppose a block

21



D is on a block F that is not in its final position or should be clear in goal

configuration. Then it is better to move A than to move D.

e Suppose a block A is on a block B that is in next-final position. Suppose a
block C'is on a block D that is not in next-final position, then it is better

to move A than to move C.

e If a block is in its final position, do not move it.

e If a block is neither on the table nor in its final position and cannot be
moved to its final position, do not move it to any place different from the

table.

In this example the states are not directly scored but the proprieties described

can be the base to create a scoring model.

1.4.1 Proprieties of Heuristics

Along with the idea that an heuristic must encode real and useful information,
in relation to the problem, of the states there are other aspects that should be
satisfied. In particular two proprieties are commonly required from an heuristic.

These two proprieties permit to general algorithms, that work using the “scor-

ing” of the states, to have good performances.

Definition 1.8 (Admissibility). An heuristic is admissible when for each node n

22



its approximated value is smaller than the actual cost from n to the goal. In a

more formal way h(n) < w(n, goal) where w(n, m) is the real cost from m to n.

Definition 1.9 (Consistency). An heuristic is consistent when for each node n

and its parent m the relation (h(m) — h(n)) < w(n,m) is satisfied.

While the property 1.8, admissibility, is usually a mandatory requirement, to
ensure the correct working of the algorithms that perform informed search, the
consistency is in most case desirable since it does not affect the correctness of the

algorithms.

1.4.2 Relaxed Domains

There is not only one way to retrieve heuristics from a problem, any intuition on
the domain can be used as base for a different scoring method. There is though a
common approach used to find heuristics.

In fact generally heuristics are derived from the relazed version of the domain.
This means that, given a domain and a problem, solving the same problem on a
version of the domain with less restrictions can generate useful information about
the quality of the states.

The generation of the relaxed domain can be done reasoning about the domain
itself, as shown in Example 1.6 or using more general techniques as explained in

Section §1.5.
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Figure 10: Examples of initial (left) and goal (right) states for Eight Puzzle.

Example 1.6. Given the famous domain Fight-Puzzle, where it is required to
reach the desired configuration moving only one tile in the empty space per time,
we can describe two heuristics from two different versions of the relaxed version

of the problem. The initial and the goal configurations are shown in Figure 10.

e The first heuristic is obtained simply by considering the number of misplaced
tiles. This simulates the possibility to move the tiles without any rule. Each
misplaced tile will add one to the heuristic value of a certain configuration,
in the initial state h = 6. The state that will be expanded in this case will

be the one with the lowest heuristic value.

e The other possible heuristic is derived using the Manhattan Distance'® of

the tiles. This simulates the possibility to move the tiles in the grid, on cell

" Given two points M and P manhattan(M, P) = |M, — P,| + |M, — P,|.
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per time, without considering the other tiles. Even in this case the node

with lowest h value is the best node to expand.

1.5 Planning Graph

Unfortunately not in all domains it is clear what is a good or what is a bad action
and consequently what is a good heuristic. Moreover, when a planner is built, it
is not usually used to solve problems only related to one domain. So even if the
idea of heuristic is based on the quality of the actions, and therefore intuitively
an heuristic should be derived looking into the domain details, this is not how
the planners usually work. In fact the solvers commonly use general techniques
to find an heuristic.

Our planner uses one of these techniques, called planning graph. This type of
techniques, as we will see, are based on the relaxed version of the problem. This
type of approach, even if different, is really similar to the one used in Example

1.6 where a relaxed version of the domain is used.

1.5.1 Planing Graph Structure

As said all of the heuristics based on the domain definition can suffer from inac-
curacies. Instead the Planning Graph is a special data structure that can generate
better heuristics. These heuristics can be applied to any search algorithm. Alter-

natively, we can search for a solution over the space formed by the planning graph,
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using an algorithm called GRAPHPLAN. Intuitively a planning graph (Figure 11)
is a directed graph organized into levels: first a level Sy for the initial state, con-
sisting of nodes representing each fluent that holds in Sp; then a level Ay consisting
of node for each ground action that might be applicable in Sp; then alternating

levels S; followed by A;; until we reach a termination condition. More formally:

Definition 1.10 (Planning Graph). Given a planning problem P = (D, I, G),
the planning graph of P is an alternative sequence of state levels and action levels

Lg, Ao, ey Lk,Ak, ... where
e ( represents [;
e fori >0,

— A; is the set of actions executable in L;; and

- L1 =L;U (UaeAi O(L;, a)). Where @ is the transition function in P.

The idea is that, despite the possible errors, the level j at which a literal first
appears is a good estimate of how difficult it is to achieve that literal from the
initial state. The idea behind the planning graph works only for propositional
planning, the ones with no variables.

To keep track of the conflicts that appear at each level of the planning graph
are used the mutex links. These links (in gray in Figure 11b) indicate whenever

in the planning graph appear:
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e [nconsistent effects: one action negates an effect of the other.

e [nterference: one of the effects of one action is the negation of a precondition

of the other.

e Competing needs: one of the preconditions of one action i mutually exclusive

with a precondition of the other.

1.5.2 Planning Graph Proprieties

What make a planning graph useful is that it gives important information about
the problem in polynomial time.

Given the search tree of the problem is of course possible!? to understand if
a state G is reachable from the initial state Sy. The problem is that trees are
exponential in size, so most of the time this approach is impractical. A planning
graph is a polynomial-size approximation to the search tree and can be constructed
quickly.

Even though the planning graph cannot answer definitively whether G is reach-
able from Sy, it can estimate how many steps it takes to reach G. Other important
properties of the planning graph is that the estimation is always correct when it
reports that the goal is not reachable, and it never overestimates the number of

steps, so it generates an admissible heuristic.

12When the search space if finite.

27



Init(Have(Cake))
Goal(Have(Cake) A Eaten(Cake))
Action(Eat(Cake)

PRECOND: Have(Cake)

EFFECT: = Have(Cake) N Eaten(Cake))
Action(Bake( Cake)

PRECOND: — Have(Cake)

EFFECT: Have(Cake)

The “have cake and eat cake too” problem.

(a) Problem description.

Have(Cake) {} Have(Cake) {1 Have(Cake)
— Have(Cake) >< {1 — Have(Cake)
Eat(Cake)
Eaten(Cake) 1 Eaten(Cake)
— Eaten(Cake) T — Eaten(Cake) 7 — Eaten(Cake)

The planning graph for the “have cake and eat cake too” problem up to level Ss. Rectangles
indicate actions (small squares indicate persistence actions) and straight lines indicate
preconditions and effects. Mutex links are shown as curved gray lines.

(b) Planning graph of the problem in Figure 11a.

Figure 11: Example of Planning graph [39].
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The termination of the construction of the planning graph'? is also guaranteed

through saturation.
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2 EPISTEMIC PLANNING

In the previous chapters we have introduced the main concepts related to the
branch of Al called “planning”. We have especially investigated the basis of this
field and the domain family called “classical planning”. While there certainly are
computational benefits to the restrictions imposed by classical planning (§1.2.1), it
is also clear that such planning domains are much easier to construct theoretically
sound planning algorithms for. In other words, the reason that classical planning
became so dominant was not only due to limited computational resources, but also
a limited understanding of the intricacies of how, for instance, to take the actions of
other agents into account when planning, or how to naturally represent incomplete
information about the world state—the complexity of automated planning is not
solely computational.

In this chapter we will describe a different type of planning that is the one
related to the main contribution of this thesis: epistemic planning.

Epistemic planning [7] refers to the generation of plans for multiple agents to
achieve goals which can refer to the state of the world, the beliefs of agents, and /or
the knowledge of agents. It has recently attracted the attention of researchers from
various communities such as planning, dynamic epistemic logic, and knowledge

representation.
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2.1 Epistemic Planners and Action Languages

With the introduction of the classical planning problem, in the early days of
artificial intelligence, also languages for representing actions and their effects were
proposed [19].

Over the years, several action languages (e.g., A, B, and C) have been devel-
oped [21] and have also provided the foundations for several successful approaches
to automated planning; for example, the language C is used in the planner C-PLAN
[11] and the language B is used in CPA [44].

However, the main focus of these research efforts has been about reasoning
within single agent domains. In single agent domains, reasoning about actions and
change mainly involves reasoning about what is true in the world, what the agent
knows about the world, how the agent can manipulate the world (using world-
changing actions) to reach particular states, and how the agent (using sensing
actions) can learn unknown aspects of the world.

In multi-agent domains an agent’s action may not just change the world and
the agent’s knowledge about the world, but also may change other agents’ knowl-
edge about the world and their knowledge about other agents’ knowledge about
the world. Similarly, goals of an agent in a multi-agent world may involve ma-
nipulating the knowledge of other agents—in particular, this may involve not just

their knowledge about the world, but also their knowledge about other agents’
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knowledge about the world.

As said before epistemic planning is not only interested in the state of the
world but also in the beliefs and the knowledge of the agents and although there
is a large body of research on multi-agent planning [16, 14, 15, 1, 6, 23, 24, 34, 38|,
very few efforts address the above aspects of multi-agent domains which pose a
number of new research challenges in representing and reasoning about actions

and change. The following example illustrates some of these issues.

Example 2.1 (Three Agents and the Coin Box). Three agents A, B, and C,
are in a room. In the middle of the room there is a box containing a coin. It is

common knowledge that:

None of the agents knows whether the coin lies heads or tails up;

e The box is locked and one needs to have a key to open it; only agent A has

the key of the box;

e In order to learn whether the coin lies heads or tails up, an agent can peek

into the box. This, however, requires the box to be open;

e If an agent is looking at the box and someone peeks into the box, then the
first agent will notice this fact and will be able to conclude that the second
agent knows the status of the coin; yet, the first agent’s knowledge about

which face of the coin is up does not change;
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e Distracting an agent causes that agent to not look at the box;

e Signaling an agent to look at the box causes this agent to look at the box;

e Announcing that the coin lies heads or tails up will make this a common

knowledge among the agents that are listening.

Suppose that the agent A would like to know whether the coin lies heads or
tails up. She would also like to let the agent B know that she knows this fact.
However, she would like to keep this information secret from C. (Note that the
last two sentences express goals that are about agents’ knowledge about other

agents’ knowledge.) Intuitively, she could achieve her goal by:

1. Distracting C' from looking at the box;

[\

. Signaling B to look at the box;

w

. Opening the box; and

W

. Peeking into the box

This simple story presents a number of challenges for research in representing
and reasoning about actions and their effects in multi-agent domains. In partic-

ular:

e The domain contains several types of actions:
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— Actions that allow the agents to change the state of the world (e.g.,

opening the box);

— Actions that change the knowledge of the agents (e.g, peeking into the

box, announcing head/tail);

— Actions that manipulate the beliefs of other agents (e.g., peeking while

other agents are looking); and

— Actions that change the observability of agents with respect to aware-
ness about future actions (e.g., distract and signal actions before peek-

ing into the box).

We observe that the third and fourth types of actions are not considered in

single agent systems.

e The reasoning process that helps A to realize that steps (1)-(4) will achieve
her goal requires A’s ability to reason about the effects of her actions on

several entities:
— The state of the world—e.g., opening the box causes the box to become
open;

— The agents’ awareness of the environment and of other agents’ ac-
tions—e.g., distracting or signaling an agent causes this agent not to

look or to look at the box; and
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— The knowledge of other agents about her own knowledge—e.g., someone

following her actions would know what she knows.

While the first requirement is the same as for an agent in single agent domains,
the last two are specific to multi-agent domains.

With respect to planning, the above specifics of multi-agent systems raise an
interesting question: “How can one generate a plan for the agent A to achieve her
goal, given the description in Example 2.17” To the best of our knowledge only
a few epistemic automated planners'®, and even less action languages, exist that

can address the complete range of issues as exemplified in Example 2.1.

2.2 The Action Language mA*

The action language that will the base for the planner developed as this thesis
contribution is called mA*. This action language is an extension of the language
mA+ introduced in [5]**. mA* is a high-level action language for epistemic plan-
ning in multi-agent domains. The language can play a role, in a multi-agent con-
text, similar to the role of the Planning Domain Description Language (PDDL)
in single-agent planning domains. The language has a declarative, English-like
syntax and an event model based semantics that can deal with false beliefs of

agents.

13Discussed in §3 and §4.

14We will discuss the differences between the two languages in the last paragraph of §2.4.3
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We will introduce the basic notions from the literature on formalizing knowl-
edge and reasoning about effects of actions in multi-agent systems without de-
scribing the language in depth. All the remaining details about the language can

be found in [5].

2.2.1 Belief Formulae

Let us consider an environment with a set AG of n agents. The real state of the
world (or real state, for brevity) is described by a set F of propositional variables,
called fluents. We are concerned with the beliefs of agents about the environment
and about the beliefs of other agents. For this purpose, we adapt the logic of
knowledge and the notations used in [18, 48]. We associate to each agent i € AG
a modal operator B, and represent the beliefs of an agent as belief formulae in a

logic extended with these operators. Formally, we define belief formulae as follows:

o Fluent formulae: a fluent formula is a propositional formula built using
the propositional variables in F and the traditional propositional operators
V, A\,=, 1, etc. In particular, a fluent atom is a formula containing just an
element f € F, while a fluent literal is either a fluent atom f € F or its

negation —f. We will use T and L to denote true and false, respectively.

e Belief formulae: a belief formula is a formula in one of the following forms:

— a fluent formula;
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— a formula of the form B;p where ¢ is a belief formula;

— a formula of the form ¢ V @a, 01 A 2,01 = 9, or 1 where @1, Yo

are belief formulae;

— a formula of the form E,¢ or C,p, where ¢ is a formula and () # o C

AG.

Formulae of the form E,p and C,y are referred to as group formulae. Whenever
a = AG, we simply write E¢ and Cy to denote E,p and C,y, respectively. Let
us denote with £ 4¢ the language of the belief formulae over F and AG.

Intuitively, belief formulae are used to describe the beliefs of one agent con-
cerning the state of the world as well as about the beliefs of other agents. For
example, the formula B1Byp expresses the fact that “Agent 1 believes that agent
2 believes that p is true,” while By f states that “Agent 1 believes that f is true.”

While the beliefs of the agent i are represented with B; her knowledge is
represented with K;. This means that K;p reads “agent ¢ knows ¢.” The two
representation are related, in fact we can use the equivalence K = Bp A ¢ to
link them.

In what follows, we will simply talk about “formulae” instead of “belief for-
mulae,” whenever there is no risk of confusion. The notion of a Kripke structure

is defined next.
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2.2.2 Kripke Structures

Definition 2.1 (Kripke Structure). A Kripke structure (Figure 12), also referred

to as epistemic model (e-model), is a tuple (S, 7, By, ..., B,), where

e S is a set of worlds,

e 7 : S — 27 is a function that associates an interpretation of F to each

element of S,

e For 1 <i<mn, B; CS xS is a binary relation'® over S.

Definition 2.2 (Pointed Kripke Structure). A Pointed Kripke structure, also
referred to as pointed epistemic model (pe-model), is a pair (M, s) where M =
(S,m,By,...,B,) is a Kripke structure and s € S. In a pointed Kripke structure

(M, s), we refer to s as the real (or actual) world'.

Intuitively, a Kripke structure describes the possible worlds envisioned by the
agents—and the presence of multiple worlds identifies uncertainty and presence
of different beliefs. The relation (s;,s2) € B; denotes that the belief of agent i
about the real state of the world is insufficient for her to distinguish between the
world described by s; and the one described by s,. The world s in the state (M, s)

identifies the world in M[S] that corresponds to the actual world. We will often

15Sometimes also defined as B : AG — 2" *W that assigns an accessibility relation B(i) = B;

to each agent 7 € AG.
16Represented by the double circle in Figure 12
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view a Kripke structure M = (S, 7, By, ..., B,) as a directed labeled graph, whose
set of nodes is S and whose set of edges contains (s,4,t)'" if and only if (s,t) € B;.
(s,1,t) is referred to as an edge coming out of (resp. into) the world s (resp. t).

For the sake of readability, we use M[S], M[r], and M][i] to denote the com-
ponents S, m, and B;, of M, respectively. We write M|r](u) to denote the in-
terpretation associated to u via m and M |[r|(u)(¢) to denote the truth value of a
fluent formula ¢ with respect to the interpretation M[r](u).

In keeping with the tradition of action languages, we will often refer to m(u)

as the set of fluent literals defined by

{f 1 feF Mz](u)(f) = THU{=f | f € F, Mx|(u)(f) = L}

Given a consistent and complete set of literals S, i.e., |f,—f N S| = 1 for every
f e F, we write w(u) = S or M[rn](u) = S to indicate that the interpretation
M|r](u) is defined in such a way that m(u) = S.

The satisfaction relation between belief formulae and a state is defined as next.

Definition 2.3 (Satisfaction Relation). Given a formula ¢, a Kripke structure

M = (S,7,By,...,B,), and a world s € S:

(i) (M,s) = ¢ if ¢ is a fluent formula and 7(s) = ¢;

(ii) (M,s) = B,y if for each t such that (s,t) € B;, (M,t) = ¢;

17(s,i,t) denotes the edge from node s to node t, labeled by i.
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(iil) (M,s) =~ if (M, s) b= ¢;

(iv) (M, s) = o1 Vo if (M, s) =1 or (M, s) |= @
(v) (M,s) |= @1 A if (M, 5) |= 1 and (M, 5) |= .
(Vi) (M, s) = B, if (M, s) = By for every i € a.

(vii) (M,s) | Cap if (M,s) | Efg for every k > 0, where E%p = ¢ and

Eg = Eo(Eqe).

For a Kripke structure M and a formula ¢, M | ¢ denotes the fact that
(M, s) = ¢ for each s € M[S], while |= ¢ denotes the fact that M = ¢ for every

Kripke structure M.

Example 2.2. Let us consider a simplified version of Example 2.1 in which the
agents are concerned only with the status of the coin. The three agents A, B, C
do not know whether the coin has ‘heads’ or ‘tails’ up and this is a common belief.
Let us assume that the coin is heads up. The beliefs of the agents about the world

and about the beliefs of other agents can be captured by the state of Figure 12.

ABC

A, B, C

Figure 12: An example of Kripke Structure
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In the figure, a circle represents a world. The name and interpretation of the
world are written in the circle. Labeled edges between worlds denote the belief

relations of the structure. A double circle identifies the real world.

We will no further describe the properties of the Kripke structures since those
are not strictly needed to describe the contribution of this thesis. Moreover these
are extensively defined in [5].

Anyway is necessary to point out another common, and equivalent, represen-

tation for a Kripke structure of the language £ 4¢.

2.2.3 Actions Types

mA* describes three types of actions that an agent can perform: world-altering
actions (also known as ontic actions), sensing actions, and announcement actions.

Intuitively,

e A world-altering action is used to explicitly modify certain properties of the
world—e.g., in Example 2.1, the agent A opens the box, or the agent A

distracts the agent B so that B does not look at the box;

e A sensing action is used by an agent to refine its beliefs about the world, by
making direct observations—e.g., an agent peeks into the box; the effect of
the sensing action is to reduce the amount of uncertainty of the agent (in

Example 2.1);
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e An announcement action is used by an agent to affect the beliefs of the
agents receiving the communication—e.g., still in Example 2.1, announcing
that the coin lies heads or tails up. We operate under the assumption that

agents receiving an announcement always believe what is being announced.

In general, as for other types of planning, an action can be executed only under
when the executability conditions are respected. For example, the statement
“to open the box, an agent must have its key” in Example 2.1 describes the

executability condition of the action of opening a box.

Example 2.3. Following the syntaz described in [5] the actions of domain of
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Example 2.1 can be specified by the following statements:

executable open(X) if has key(X)

executable peek(X) if opened, looking(X)
executable shout tail(X) if Kx/(tail),tail
executable signal(X,Y) if looking(X), —looking(Y")

executable distract(X,Y) if looking(X),looking(Y)

open(X) causes opened
signal(X,Y’) causes looking(Y)
distract(X,Y) causes —looking(Y')
peek(X) determines tail
shout_tail(X) announces tail

where X and Y are different agents in {A, B, C'}. The first five statements encode
the executability conditions of the five actions in the domain. The next three
statements describe the effects of the three world-altering actions. peek(X) is
an example of a sensing action. Finally, shout tail(X) is an example of an

announcement action.

The general cases for the actions that are presented in Example 2.1 are de-

scribed by:
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executable a if v (1)

a causes [ if ¢ (2)
a determines f (3)
a announces [ (4)

where a in (1) is any of the three types of action and in (2), (3) (4) is an, ontic,
sensing, or announcement action, respectively, f is a fluent, [ is a fluent literal,
and 1 is a belief formula. (2) states that a is an ontic action and its execution
will cause [ to be true in the actual world state if ¢ is true. (3) indicates that a
is a sensing action and executing a will reveal the truth value of f. (4) says that
a is an announcement action and its execution will inform aware agents that [ is

true.

2.2.4 Actions Observability

One of the key differences between single-agent and multi-agent domains lies in
how the execution of an action changes the beliefs of agents. This is because, in
multi-agent domains, an agent can be oblivious about the occurrence of an action
or unable to observe the effect of an action. For example, watching another agent
open the box allows the agent to know that the box is open after the execution of

the action; however, the agent would still believe that the box is closed if she is

44



not aware of the action occurrence. On the other hand, watching another agent
peeking into the box does not help the observer in learning whether the coin lies
heads or tails up; the only thing she would learn is that the agent who is peeking
into the box has knowledge of the status of the coin.

To represent the fact that not all the agents may be completely aware of
the presence of actions being executed, depending on the action and the current

situation, mA* categorizes agents in three classes:

e Full observers—i.e., the agents are aware of the occurrence of the action and

of its results;

e Partial observers—i.e., the agents have knowledge that the full observers
have performed a sensing action or an announcement but without knowl-
edge of the result of the observation or without knowing what has been

announced; and

e Oblivious (or others)—i.e., the agents are unaware of the occurrence of the

action.

This categorization is dynamic: changes in the state of the world may lead to
changes to the agent’s category w.r.t. each action. The possible observability of
agents for different action types is showed in Table 1.

The dynamic nature of the agents observability can be manipulated using
agent observability statements of the following form:
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action type full observers | partial observers | oblivious/others
world-altering actions v v
sensing actions v v v
announcement actions v v v

Table 1: Action types and agent observability

X observes a if 9 (5)

X aware_ of a if ¢ (6)

Where X represent an agent, a represent an action and ¢ a formula. (5) states
that agent X is a full observer of the action a. Instead (6) says that X is partially

observant of the occurrence of a.

Definition 2.4 (mA* Domain). An mA* domain is a collection of statements

of the forms (1)-(6).

2.3 Epistemic Planning Problem

An epistemic planning problem [7] is defined over a multi-agent epistemic logic
language £ 4g (in our case mA*), with a set of agents AG and a set of fluents F.
The satisfaction of a formula of the language £ 4g, respect to the real world s,
is expressed in §2.3
Epistemic planning relies on the notion of an event model (also called update
model in the literature) for modeling changes to epistemic states. We use the
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formalization of update model introduced in [3, 46]. Let us start with some

preliminary definitions.

Definition 2.5 (Epistemic State). An epistemic state (or e-state) is a pair (M, Wy)
where M = (M, B, ) is an epistemic model and W; C W. A truth value of a

formula ¢ with respect to an epistemic state (M, W,) is defined by

(M, W) E @ iff Yw € Wy [(M,w) E ¢]

Definition 2.6 (L 4g-substitution). An L 4g-substitution is a set {p; — @1, ..., pp —
©r}, where each p; is a distinct proposition in F and each ¢; € £ 4. We will im-
plicitly assume that for each p € F\{p1,. .., px}, the substitution contains p — p.

SUBgz, 4g denotes the set of all £ 4g-substitutions.

Definition 2.7 (Event Model). Given a set AG of n agents, an event model 3 is

a tuple (E, Q, pre, sub) where

(i) E is a set, whose elements are called events;

(i) Q: AG — 2E%F assigns an accessibility relation to each agent i € AG;

(iii) pre : E — L 4¢ is a function mapping each event e € E to a formula in £ 4g;

and

(iv) sub: E — SUBF, 4¢ is a function mapping each event e € E to a substitution

in SUB]:,_AQ.
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Definition 2.8 (Epistemic Action). An epistemic action is a pair (€, Ey), con-
sisting of an event model & = (E, @, pre, sub) and a non-empty set of designated

events F; C E.

Given an epistemic action (£, Fy) and an epistemic state (M, W,), we say
that (&€, Ey) is executable in (M, W) if, for each w € Wy, there exists at least one
e € E4 such that (M, w) | pre(e). The execution of (£, E,;) in (M, W,) results
in an epistemic state (M, W,) ® (€, Eq) = (W', B, 7"), W}) where

o W' ={(w,e) e W x E|(M,w) = pre(e)}

o Bl ={((w,e),(v,f)) e W x W' | wBvAeQ;f}

For each (w,e) € W' and p € F, ©'((w, e))(p) is true iff p — ¢ € sub(e) and

(M, w) = ¢

o Wi={(w,e) e W |weWgande € Ey}

Definition 2.9 (Epistemic Planning Domain). An epistemic planning domain
is then defined as a state-transition system ¥ = (S, A,~), where S is a set of
epistemic states of £ 4g, A is a finite set of epistemic actions of £ 4g, and y(s,a) =

s ®a if s ® a is defined and ® is the above operation.

Definition 2.10 (Epistemic Planning Problem). An epistemic planning problem
is a triple (X, sg, ¢y) where ¥ = (S, A,~) is an epistemic planning domain on
(F,AG), so € S is the initial state, and ¢, is a formula in £ 4g.

An action sequence ay, . . ., a, such that sp® a1 ®a®...®a, = ¢, is a solution
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of the problem.

2.4 Problem Specification

The above formalization of epistemic planning problem leaves open the question of
how to compactly'® specify an epistemic planning problem?—i.e., how to compactly
specify an epistemic planning domain ¥ = (S, A, ) on (F,.AG) and how to specify
the initial state so. In this thesis, we will use finitary S5-theory [42] (described
next) and the language mA* to specify the initial state and a planning domain,
respectively.

2.4.1 Specification of the Initial State

A set of formulae sy in £ 4g is said to be a finitary S5-theory if it a S5-theory [48]

and contains only formulae of the following form:

1) »;

(ii) C(Byyp);

(ili) C(BipVB,;—y);

(iv) C(=Bip A =Bimp)

where ¢ is a fluent formula.

8By a “compact specification” we mean a specification that does not explicitly list all possible

e-states of the problem.
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Intuitively, formulae of type (i) indicate formulas that are true in the actual
world; (ii)-(iii) indicate that all agents know that ¢ knows the truth value of ¢;
formulae (iv) say that all agents know that ¢ does not know whether ¢ is true or
false.

It is shown that if the initial state is a finitary S5-theory then there exists a

unique e-model M = (W, B, 1) such that

e W is finite and for every w € W, (M, w) = so; and

e every pe-model (M, w') such that (M’ w') = s¢ can be reduced by bisim-

ulation to some (M, w).

This means that (M, W) is a unique e-state satisfying so.
There are two reasons supporting the choice of finitary S5-theory as the specifi-
cation of initial state. First, it is computable. Second, the majority of benchmarks

in epistemic planning have this property.

Example 2.4. The initial state of the problem in Example 2.1 is encoded by

initially C(has_key(A)) initially C(—has_key(B))
initially C(—has_key(C)) initially C(—opened)
initially C(—-K,tail N —-K,—tail) for z € {A, B,C}

initially C(looking(A) A looking(C') A =looking(B))
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2.4.2 Specification of the planning domain

Using mA*, a multi-agent planning domain D can be specified by a tuple (AG, F, A, O)
where AG is the set of agents and F is the set of fluents; A is the set of actions,
where each action is either an ontic action, a sensing action, or an announcement
action. It is assumed that each action a € A is of a unique type. A also contains
the description of preconditions and effects of actions; and O are observability
statements, describing the frames of reference of agents with respect to action
occurrences.

The semantics of a multi-agent domain is defined by a transition function ®

that maps pairs of actions and e-states to sets of e-states. Let a be an action in

A and (M, w) be an e-model. a is executable (M, w) if (M, w) = pre(a). Let

Fla, M,w) ={X € AG | [Y observes aif ¢| € A such that (M,w) EpAX €Y}
Pla, M,w) ={X € AG | [Y aware_of a if ¢] € A such that (M, w) F oA X €Y}

O(a, M,w) = AG \ (F(a, M,w) U P(a, M,w))

These sets represent the set of agents who are fully aware, partially aware, and
oblivious of the execution of a in (M, w), respectively. mA* specifies how the
corresponding epistemic action (Eq Mm,w), L(a,Mmw)) Of an occurrence of a in (M, w)
is defined given a and (M, w). The precise definition of (£ aw)s Eamuw)) 18

presented next.
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2.4.3 The Transition Function

Let (M, w) be a pe-model and a be an action executable in (M, w). The epistemic

action corresponding to the occurrence of a in (M, w) is defined as follows

Definition 2.11 (Ontic Action Occurrence). Let a be an ontic action with the
precondition ¢ and (M, w) a pointed epistemic model. The epistemic action
representing the occurrence of a in (M,w) is the pair (A(a, M, w),{c}) where
Aa, M,w) = (E,Q, pre, sub) with
o E={o,e}if Op(a, M,w) # () and E = {0} otherwise;
o Q(i) = B; where!?
e B, ={(0,0),(¢€)} fori € Fp(a, M,w) and
o B, ={(0,¢),(c,¢)} for i € Op(a, M, w);
o pre(c) =1 and pre(e) = T; and
o sub(e) =0 and sub(o) = {p = ¥ (p,a) V (p A=V (p,a)) | p € P}, where
Ut (p,a) = \{g|[a causes pif ¢] € D} and ¥~ (p,a) = \/{p|[a causes —pif ¢| €

D}.

As an example, Figure 13 (Right) shows the action occurrence of the ontic

action open(A) in the e-model on the left.

Definition 2.12 (Sensing Action Occurrence). Let a be a sensing action with

the precondition ¢ and the sensed fluent f, and (M, w) a pointed epistemic

19When e does not belong to E, the links associated with e are removed.
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pre: has_key(A) pre: true

A,B,C \ AB,C
~— ABC—* C Pt
AC AB,C

Figure 13: Epistemic action of open(A)

model. The epistemic action representing the execution of a in (M, w) is the
pair (A(a, M,w),{o,7}) where A(a, M,w) = (E,Q, pre, sub) with
o E={o,71,¢}*
o Q(i) = B; where
o B, ={(0,0),(7,7),(€,€)} for i € Fp(a, M,w)
o B, ={(0,0),(,7),(€€),(0,7),(r,0)} for i € Pp(a, M, w)
o B, ={(0,¢),(7,€),(€,¢)} for i € Op(a, M, w)
o pre(c) =Y A f, pre(t) =1 A—f, and pre(e) = T;

o sub(z) =0 for each x € E.

Definition 2.13 (Announcement Action Occurrence). Let a be an announcement
action a with the precondition ¢ and (M, w) a pointed epistemic model. The epis-
temic action representing the execution of a in (M, w) is the pair (A(a, M, w),{c})
where A(a, M,w) = (E, Q, pre, sub) with

o E={o,7,¢} (e € Eiff Op(a, M,w) # 0);

o Q(i) = B; where

o B, ={(0,0),(r,7),(€,€)} for i € Fp(a, M, w)

20Similar to Definition 2.11, € € E only if Op(a, M,w) # 0.
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o B, ={(0,0),(1,7),(€,€),(0,7),(1,0)} for i € Pp(a, M,w)
e B, ={(0,¢),(7,¢€),(c,€)} for i € Op(a, M, w)
o pre(o) =Y Ao, pre(T) =1 A —p, and pre(e) = T;

o sub(x) =0 for any = € E.

We illustrate these definitions using Figure 14. (M, sg) (Fig. 14(left)) with
M = ({s0, 81}, B,7), where?! sg = {has_key(A), ~has_key(B), —has_key(C),
tail, looking(A), —looking(B), looking(C)} and s; = {has__key(A), =has_key(B),
—has__key(C), —tail, looking(A), =looking(B), looking(C)}, and B(A) = B(B) =
B(C) = {(u,v) | u,v € {so,s1}}, is an initial pe-model of the problem given in
Example 2.1. Fig. 14(middle) and Fig. 14(right) depict the results of executing
distract(A, C) and signal(A, B) in (M, sq) respectively.

O (distract(A,C), (M, sg))={(U,up)} where the interpretations of sy and s
are the same as in M, ug = so\{looking(C)}U{=looking(C)} and u; = s1\
{looking(C)} U{=looking(C)}. In (U, ug), B does not know that C'is not looking
at the box since B is oblivious of the action occurrence (due the last statement

in the set of statements of observability of agents).

O (signal(A, B), (M, sg)) = {(W,wp)} where wy = so\{—looking(B)}U{looking(B)}

and wy = s1 \ {—looking(B)}U{looking(B)}. In (W, wy), C knows that B is look-
ing at the box since he is fully aware of the execution of the action.

Figure 15 shows the epistemic actions (on the right) correspond to the oc-

2IThe interpretation 7 (s) is simply given by a complete set of fluent literals assigned to s.
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Figure 14: Initial e-state (M, s¢) and results of action executions

currence of open(A) in two e-models (left); in the e-model at the top, B is not
looking and in the e-model at the bottom, B is looking. We use the conventional
representation of e-models in the figure: nodes represent worlds, labeled links rep-
resents the accessibility relation, and 7 is given implicit (listing only important
fluent literals in the nodes). In both models, we omit fluent literals encoding the
facts that A and C' are looking, A has the key, and the box is locked. Likewise,
rectangles represent events, double lines rectangles represent designated events,

etc.

ABC |
/ ' pre: has_key(A) pre: true

<«—— AB,C i C g ——B—» 1 b
i AC AB,C

AB,C

pre: has_key(A)

\
Nek

' . .
e-models ! corresponding e-action
i

Figure 15: Epistemic action of open(A)
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We note that the idea of constructing e-actions from the action description
and action occurrences has recently been used in [17].

For each e-model (M, w) and an action a, ®(a, (M, w)) denotes the result of
executing in a in (M, w). ®(a,(M,w)) = 0 if a is not executable in (M, w), i.e.,

(M, w) = pre(a).
(D(a? (Mv w)) = (M7 ’LU) ® (g(a,/\/l,w)> E(%M’w))

If (M, Wa)Epre(a), ®(a, (M, Wa))=U,ew, P(a, (M, w); otherwise,
P(a, (M, Wy) = 0.

It is worth to noting that it has been discussed in [5] that, for certain situations,
the semantics of mA+ as defined in [5] is not intuitive (e.g., it does not allow
agents to correct their knowledge). Fortunately, a recent proposal [49] provides a
way to fix this. It involves two steps. The first step corrects the false beliefs of
agents by creating (M', w) from (M, w) and the action occurrence. The second
step is apply the operation ® on (M’ ,w) and (o mw), Eamw)). The result of
this correction is the language mA* and both EFP and PG-EFP implement this

modified semantics.
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3 EFP AND PG-EFP

Epistemic planning in multi-agent domains has recently gained momentum in
several research communities. Its complexity has been studied in [2, 8, 12]. Studies

of epistemic planning can be found in [7, 47, 32, 33, 29, 30, 17, 13, 50, 26].

3.1 Other Epistemic Planners

Due to its complexity, the majority of search based epistemic planners (e.g., [13,
17, 29, 30, 26, 33, 50]) impose certain restrictions, such as the finiteness of the
levels of nested beliefs. This restrictions permit, for instance, in [33, 26, 50]
to solve the problem by translating it into classical planning. This is because
an epistemic state (e-state) encodes the world state and the knowledge of the
agents and transitions between e-states are often formalized using update models
[3, 46, 48, 25]. This means that an epistemic planning problem can be viewed as
a search problem over the e-states space, and known search algorithms used in
classical planning can be used to solve epistemic planning problems.

In other approaches (e.g., [7, 47, 32]), the initial epistemic state is assumed to
be known and finite or recursively enumerable.

To the best of our knowledge, there is no system that can deal with Example
2.1. We observe that this problem cannot be expressed by the formulation given in

several epistemic planners (e.g., [29, 26, 50, 33]) since it requires the representation
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and reasoning about common knowledge (defined as C,, in §2.2.1).
Issues and research directions related to epistemic planning have been sum-

marized nicely in the report of the 2017 Dagstuhl’s meeting [4].

3.2 The Systems

The overall architecture of EFpP and PG-EFP is given in Algorithm 1. It is not
different from the standard algorithm implemented by heuristic search based plan-
ners. The key modules of EFp and PG-EFP are: (i) a pre-processor; (ii) initial

e-state computation; and (iii) a search engine.

e Pre-processor: this module is responsible for parsing the planning problem
description, setting up the planning domain, that includes the list of agents,
the list of actions, the rules for computing frames of reference, and the list
of fluents. This module is also responsible for the initialization of necessary
data structures (e.g., e-state) and executes some transformations (e.g., the

transformation of general planning problems to d-observable problems?®?).

e [nitial e-state computation: this module is responsible for computing the
set of initial e-states. Under the assumption that I encodes a finitary S5-
theory?, the set of initial e-states is finite (up to bi-simulation); EFP imple-

ments the algorithm given in [42] for computing the set of initial e-states.

22d-observable problems is defined later in Epistemic Planning Graph: Formal Definition
23Described in §2.4.1.
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locked, has_key(A) Iooklng ), looking(C
—-has_key(B), —-has_key(C)

Figure 16: Initial e-state.

As an example, Figure 16 shows the e-state representing the initial state of
the problem in Example 2.1. The fluent literals in the gray box of the figure

are true in all worlds in the e-state.

e Search engine: this module is responsible for computing a solution. EFp and
PG-EFP implement a best-first search (Algorithm 1). EFP is a breath-first
search planner and PG-EFP is a heuristic search planner, using a heuristic

defined using epistemic planning graph, described in the next section.

Both are modularly organized (e.g., the function ®?* is implemented in a separate
module) which will facilitate future modifications and extensions.
3.3 Epistemic Planning Graph

In this section, we develop a means for deriving heuristics in the implementation

of EFP. We note that epistemic planners in the literature do not focus on this

24Described in §2.4.3.

99



issue because the majority of them translate an epistemic planning problem into a
classical planning problem and uses classical planners for computing the solutions.
The exceptions to this trend are presented in [26, 50] where the planning systems
described in these papers use a heuristic similar to the number of satisfaction
subgoals in single agent planning. In this thesis, we approach this problem from a
different angle. Specifically, we start with the fact that we search for plans using
forward-search. It is easy to see that a generalization of the notion of a planning
graph in single-agent to epistemic planning is a reasonable choice because it allows
us to compactly represent the search tree using one single data structure and to
extract different ways to extract heuristics. We therefore introduce the notion of
an Epistemic Planning Graph (EPG) for epistemic planning.

As in single-agent domains, we expect that an epistemic planning graph will
also consist of alternating state levels and action levels. While the content of
action levels is obvious (i.e., it should be actions), it is not trivially clear what
should the state levels contain? There are at least two possible answers: formulae
in L(F,AG) or epistemic states. The former would require the computation of
all effects of an action, which could be an infinite set of formulae, and it is not
desirable; this set could be approximated by finding an approximation of common
knowledge but this not trivial (e.g., a public announcement of a fluent f makes f
a common knowledge). For this reason, we use e-states in state levels. Intuitively,

each e-state in a state level represents the updated knowledge/belief of the agents
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about some fluents after an action is executed. Before we present the formal

definition of this notion, we illustrate this idea in the following figure.

AB.C
AC
AB,C AB,C open(A) B —»{ -opened
k AB,C
| signal(A.B) ABC \ I(B)=looking(B)

locked, has_key(A), Iooklng(A looking(C signal(C,B)
—has_key(B), —has_key(C), .

level-0 level-1

Figure 17: Epistemic planning graph: an illustration

In Figure 17, level 0 contains the unique e-state of the planning problem. In
this e-state, the actions open(A), signal(A, B), signal(C, B), etc. are executable.
The execution of open(A) in the pe-model of the initial e-state will result in A and
C know that the box is open and B oblivious about this fact. This creates the top-
right e-state of the figure (top of level-1). The execution of either signal(A, B) or
signal(C, B) will result in B looking at the box and everyone knows that everyone
is looking at the box; this creates the bottom-right e-state of the figure (bottom
of level-1).

As it is shown in the application of planning graph for single-agent domains,
planning graphs with mutexes provide better heuristics. Therefore, it is natural to

expect that EPG should also include mutexes. By definition, a mutex represents
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a pair of actions with conflicting effects. This means that computing mutexes
requires checking whether two actions produce conflicting effects. As it turns out,
this is computational cheap and straightforward in single-agent domains under
PDDL-specification, computing effects of actions under mA* is not straightfor-

ward. For these reasons, we leave the mutex definition for future work.

3.3.1 Formal Definitions

We will next formally define the notion of an epistemic planning graph. Given
a planning problem P = (F,AG, A, O,sy, ¢,), we say that P is determinis-
tically observable (or d-observable) if O contains only statements of the form
“a observes a” and “a aware_ of a.” It is easy to see that every planning
problem P can be translated®® into an equivalent d-observable problem P, i.e., a
solution to P is equivalent to a solution to P’ and vice versa. Intuitively, in d-
observable problems, F'(a, M, w) (or P(.) and O(.)) is independent from (M, w).
For this reason, we will use F,, P,, and O, to denote the sets of agents F'(a, M, w),
P(a, M,w), and O(a, M,w), respectively. This simplified the definition of an
epistemic planning graph. For simplicity of the presentation, we will present the
notion of an epistemic planning graph only for d-observable planning problems.

Observe that, from now on, we assume that P = (F, AG, A, O, s¢, ¢,) is given and

25This process is similar to the process of converting an action with conditional effects to a

set of actions without conditional effects in classical planning.

62



is d-observable.

In the following, we will consider incomplete e-model (W, B, ) where W, B,
and 7 are defined similarly to the components of an e-model with the exception
that m(w) can be a partial interpretation of F. An incomplete pe-model (or
e-state) is of the form (M, w) (or (M, W)) where M is an incomplete e-model.
From now on, whenever we refer to an (p)e-model (or e-state), we mean a (possibly
incomplete) (p)e-model (or e-state).

For a set of e-states P = {(My,Wy),...,(M,,W,)} and a conjunction of
fluent literals 1p = ¢4 Aly ... Aly, we say P |~ o if for every 1 < i < k, there exists
some 1 < j < n such that (M;,W;) = ;. For a fluent formula ¢, let \/%_, ¢y
be its DNF, i.e., each ¢; is a conjunction of literals. We say P |~ ¢ iff P |~ ¢;
for some 1 < i < k. Intuitively, if P represents a state level, P |~ ¢ means that
the level, P, “possibly entails” p. |~ is used for checking whether or not some
formula could be entailed from a state level. This is similar to the verification of
the presence of a literal in a state level in a planning graph. |~ is generalized to

arbitrary formula as follows.

Definition 3.1 (Entailment in Planning Graph). Given a set of e-states P =
{M1, W), ..., (M, W,,)} where M; = (W, B;,m;) for 1 < j < n, and a belief

formula ¢, we say P |~ ¢ if

e ¢ is a fluent formula and P |~ ¢;
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¢ = K¢ and {(Mq,W]),...,(M,,W/))} I~ 1 where for 1 < j < n,

W= {w; | Jw; € W; such that (wj, wf) € B;(i)};

@ = —) and 1 is not a fluent formula and P [~ o;

=1 Vyand (P @1 or P @y);

© =1 Ny and (P oy and P )

¢ = Ey,ip and P |~ K for every i € a; and

o p=Cypand P EFp for every k > 1, where ELp = E,p and E¥lp =

Eo(Ekyp).

This allows us to define the notion of an action potentially applicable from a set
of e-states, which allows us to compute the action level of an epistemic planning

graph, as follows.

Definition 3.2 (Potentially Applicable Action). An action a € A is potentially

applicable in a state level I if there exists a set of e-states PS C K such that

PS |~ pre(a).

Let K be a set of e-states and a be an action potentially applicable in K. To
complete the definition of an epistemic planning graph, we need to define the set
of e-states that could be obtained given that a is executed. We first define a set

of e-states E(K, a) as follows.
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e a is an ontic action: For each [a causes ¢ if ¢] in A such that IC |~ ¢, let
M = (W, B, ) where
o W ={u,v};
o B:AG — 2W>*W is defined as:
- B(i) = {(u,u), (v,v)} for all i € F,; and
- B(i) = {(u,v), (v,v)} for all i € O,.

o m(u) = {¢} and 7(v) = {—¢}.
E(K,a) = {(M,{u}) | [a causes [ if ¢] € A such that K |~ ¢ }.

e ais a sensing action: E(K,a) = {(M,{u'}) | [« determines f] € A and K |

~ fYU{(M,{u*}) | [a determines f] € A and K |~ —f} where M =
(W, B, ) and
o W = {u!,u? v v?};

o B: AG — 2"W*W i defined as:

- Fori € F,: B(i) = {(u*,u'), (u?,u?)JU{ (v}, v), (v? 0%), (v}, v?), (v, 0") };
- Fori € P,: B(i) = {(u',u'), (u? u?), (u', u?), (u?, u')}
U{(w',oh), (v, 0%), (', 0%), (0%, 0) 5

- For i € Oy B(i) = {(u*,vY), (u!, v2), (u,v'), (u2, v?)}

U{(wh,v"), (0%, 0%), (v, 0%), (v, 01 };
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o m(ul)=r(v')={f} and m(u®)=m(v*)={~f}.

e a is an announcement action: assume that [@ announces ] is in A. Let
W1t and W? be two disjoint sets, each represents the set of all complete
interpretations of the set of fluents occurring in ¢. We define E(K,a) =

{(M{w | w e WhwkE ¢})} where M = (WU W?) and
o Fori € F,: B(i) = {(w,w') | w,w € WAw E pAw' E o}U{(w,w’) |
w,w' € WHAw o Aw' o} U{(w,w') | w,w' € W2}
— Fori € P: B(i) = {(w,w') | w,w' € W'} U{(w,w) | w,w € W?};

— For i € O,: B(i) = {(w,w') | w,w' € W?} U {(w,w') |weW'Aw €

W2},

(a) Ontic action (b) Sensing or announcement action.

Figure 18: Examples of resulting e-states in E(KC, a)

Intuitively, E(K,a) is the set of e-states that partially represents the updated
knowledge/belief of the agents after action a is fired. Each e-state in E(KC, a)
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encodes that agents in F, know the effects of a, agents in O, are oblivious, and
agents in P, do not know the effects of a but are aware that those in F, know the
effects of a. Figure 18(a) presents the e-state resulting from the firing of a with the
statement [a causes ( if T] € A, and Figure 18(b) illustrates an e-state of firing

a sensing action (resp. an announcement action) a where [a determines f| €

ANK |~ f (resp. [a announces f] € A).

Definition 3.3 (Epistemic Planning Graph). Given a planning problem P =
(F,AG, A, O, s, ¢,), the epistemic planning graph of P is an alternative sequence

of state levels and action levels g, Ay, ..., Ki, Ai, ... where
e K is the set consisting of the unique initial e-state of P;
e for: >0,
— A, is the set of actions potentially applicable in IC;; and

- lCi—I—l = ’Cz U (UaeAi E(’CZ,CL))

Algorithm 2 shows the computation of an epistemic planning graph of a plan-
ning problem given the e-state in the first state-level. At each iteration, the set of
potentially applicable actions are computed and then the set of potential effects of
these actions is added to the next state level. The following property guarantees

that Algorithm 2 terminates.
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Proposition 3.1. For a planning problem with finite sets of actions A, Algo-

rithm 2 terminates.
The proof of this proposition relies on the following observations:
(i) Ki—1 € K; (Line 19); and thus

(ii) if an action is potentially applicable at level ¢ then it is also potentially

applicable at level i + 1 (Definition 3.2);
(iii) E(K;,a) C E(Ki41,a) and E(K, a) is finite.
It is also easy to see that since |~ stands for “possibly entails,” the following
property holds.
Proposition 3.2. Let (K¢, Ao, ..., K, A;) be the epistemic planning graph re-
turned by Algorithm 2 with the planning problem P = (F, AG, A, O, so, ¢,4) and
(M, W) as input. Furthermore, let ¢ be a formula and j be the smallest in-

dex such that KC; |~ ¢. Then, the shortest solution of the planning problem

(F,AG, A, O,{(M, W)}, p) has at least j actions.

In the following, we denote with level(y) the smallest state level index in the

epistemic planning graph such that Kiepe(p) P~ ¢

3.3.2 Heuristics from Epistemic Planning Graphs

It is well-known that there are several possible ways to extract heuristics from
a planning graph in planning in single-agent domain [35]. Studying different
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heuristics from epistemic planning graphs is an interesting topic of research of its
own right, but it is not the focus of this thesis. For this reason, we will describe
the heuristics that we used in the experiments in the next section.

We experimented with two heuristics derived from the epistemic planning
graphs. We assume that ¢, is a conjunction of formulas ¢ A ... A ¢, where

¢; is either a fluent formula or a formula of the form K;p or Cxp. We define

" (¢,) = max{level(¢;) | i =1,...,n} (7)
and
B () = D level(@) (8)
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Algorithm 1: EFp((F, AG, A, O, s¢, ¢,))

Input : A planning problem P = (F, AG, A, O, so, ¢,)

Output: A solution for P if exists; failed otherwise

=

Compute the initial e-state given so: (M;, Wj)

2 Initialize a priority queue ¢ = [({(M;, W)}, [])]

3 while ¢ is not empty do

4 (Q, plan) = dequeue(q)

5 if (M, Wy) = ¢, for every (M, W) € Q then

6 return plan

7 end

8 for action a executable in every (M, W) in  do

9 Compute ' = Uy w,eq (a, (M, Wa))

10 Compute heuristics and insert (2, plan o a) into ¢
11 end
12 end

13 return failed
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Algorithm 2: EpistemicPlanningGraph(P, (Mg, Wy))

14

15

16

17

18

19

20

21

22

23

Input : a planning problem P = (F, AG, A, O, sg, ¢4) and an e-state
(Mo, Wo)
Output : An epistemic planning graph whose first state level is {(Mog, Wp)}
Let Ko = {(Mo, Wo)}
1=0
while true do
Compute A; = {a € A | a is potentially applicable given IC;}
t1=1+41
Let C; = K, U (UaGAi E(ICi,l,a))
if K;=K;_1 and A; = A;_1 then
return (Ko, Ao, ..., K, A;)

end

end
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4 EXPERIMENTAL EVALUATION

As we have mentioned earlier, we implement two planners—one that uses Epistemic
Planning Graph as heuristics, which we call “PG-E¥P”, and one that does not use
heuristic but performs breadth first search to search for the plan, which we call
“EFpP”. We note that the heuristic used in PG-EFP is the h**™ heuristic defined
in 8. We note that we did experiment with 2™ but its performance is generally
worse than EFp with A%,

In our experiments, we compare EFP and PG-EFP against the two systems
proposed in [33, 26]. The first system, which is called RP-MEP, supports the
notion of planning with nested belief, and demonstrates how to automatically
convert such planning problems into problems that can be solved using classical
planning technology. The limitation of this system is that it limits the number
of nested belief modality. The second system, which is called MEPK, supports
efficient reasoning in the multi-agent KD45 logic by using alternating cover dis-
junctive formulas (ACDFs). Such ACDFs are subjected to proposed belief-revision
and update algorithms that adapt the PrAO algorithm originally developed for
contingent planning. We use publicly-available implementations of RP-MEP and

26

MEPK in our experiments.”> We did not compare our system with the system

in [30] as it is an online planner. We also did not compare our system with the

26We retrieved RP-MEP from https://bitbucket.org/haz/pdkb-planning and MEPK

from https://github.com/sysulic/MEPK.
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system in [29] as this has been already compared with the system in [26] and its
performance is not as good as that of MEPK.

We evaluate EFpP and PG-EFP using the Selective-communication (SC), and
Collaboration-and-communication domains that are adapted from [29],%7 as well
as Assemble Line introduced in [26], and Logistics (LO) that was used in the
Competition of Distributed and Multiagent Planners 2015 (CoDMAP’15).2

In the Selective-communication (SC(n,m)), there are n agents, each of them
initially is in one of m rooms in a corridor. An agent, says a, can move from a
room to a neighboring room by actions left and right. When the agent tells some
information—which is the truth value of a fluent ¢—in a room i (i.e., executing
an announcement action “shout_i”), all the other agents in the same room i or
in a neighboring room of 7 can hear what was told. The goal is that some agents
get to know ¢ while some other agents do not. In this experiment, we will vary n,
m, the depth of the knowledge d, and the length of the plan by varying the goal.

In the Collaboration-and-communication (CC(n,m,k)), there is a corridor of
k > 2 rooms. m boxes are located in some rooms. n agents can move back and
forth along this corridor. When an agent gets into a room, he can see if a box is

in the room. An agent can communicate information to another agent. Initially,

27T3C is called “Corridor” in [33]

2LO is retrieved from http://agents.fel.cvut.cz/codmap with centralized and

unfactored-privacy setting.
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we set all agents are in room 2 and the boxes are not there. The goals are varied
in which some agents know the position of some boxes.

The Grapevine (GR(n)) problem is a modification of a similar domain from
[29]: n agents are located in two rooms, and they share secrets with agents in the
same room. The domain supports different goals, from sharing secrets with other
agents to having misconceptions about agents’ beliefs.

Assembly-line: AL(d). There are two agents, each responsible for processing
a part of a product. It is possible that an agent fails in processing his part. An
agent can inform the other agent of the status of his task. Two agents decide to
assemble the product or restart, depending on their knowledge of the status of
the agents’ tasks. In order to compare with RP-MEP and MEPK, we vary the
depth of the knowledge d in this experiment.

Logistics: LO. The logistics domain is recommended by one of the reviewers
to evaluate the scalability of EFP and PG-EFP since it consists of a large number
of fluents and actions. This benchmark is not originally developed for epistemic
planning. As such, we use its slightly-modified version by modeling the pub-
lic/privacy separation of fluents [10] using the “observes” statement of the form
(5). In our experiment, the Logistics problem has 3 agents (i.e., airplane, truckl,
and truck2), 2 packages, and 4 locations (i.e., “airport1”; “airport2”, “posl”, and
“pos2”). The packages can be moved from one location to another location by

being loaded /unloaded onto agents and then moving agents. We vary the length

74



Selective Communication: SC(3,4)

|AG| =3, |[F| =5, |[A[=7

Selective Communication: SC(5,6)

|AG| =5, |[F| =17, |A[=9

Selective Communication: SC(7,8)

AGI =17, |[F| =9, [A][ =11

L[| d ]| MEPK | RP-MEP [ Erp [ PG-Erp || L [ d [ MEPK [ RP-MEP | Evp | PG-Erp || L | d | MEPK | RP-MEP | Erp | PG-Erp
1 01 1 01 .02 1 6 2 .02 .04 1 35 .36 22 TO
2|3 2 5 .02 07 23| TO 3.2 .02 .04 53| TO 10.7 22 TO
5| TO 28 .03 .08 4| TO 51.58 .03 .04 4| TO 202 24 TO
1 .02 1 .02 .06 1 68 2 07 TO 1 35 .36 1.9 TO
3] 3 2 5 .02 07 43| TO 3.18 .08 TO 713| TO 10.8 1.92 TO
5| TO 30 .02 .06 4| TO 54.78 .08 TO 4| TO 300 1.9 TO
1 .05 1 .08 TO 1 81 2 51 35 1] 357 32 23.7 1.86
5| 3 21 6 .09 TO 6 3| TO 3.21 52 .36 9 |3| TO 12.72 24 1.9
5| TO 28 1 TO 4| TO 51.81 51 .34 4| TO 312 23.5 1.93

Table 2: Runtimes for Selective Communication Problems

L of the optimal plan by changing the desired locations of packages as goals.

All experiments are performed on a 2.8 GHz Intel Core i7 machine with 16GB

of memory. We report the runtimes in second for all experiments. We set the

timeout to 25 minutes. “TO” means one algorithm fails to solve one problem due

to timeout. The results of our experiments are summarized in Tables 2—6. In the

tables, L denotes the length of the shortest plan (optimal plan) and d the depth

of knowledge. We make the following observations:

e EFP performs reasonably well comparing to other systems in the SC do-

main. When depth (d) of the knowledge increases, EFp’s performance does

not decrease but the performance of other systems (i.e., MEPK and RP-

MEP) gets significantly worse. The reason is that the representation of the

problem in EFP remains unchanged when d increases. In contrast, the size

of the problem representation for MEPK and RP-MEP increases when d

increases. This results in the worse performance of MEPK and RP-MEP

1)




when d increases. In this domain, PG-EFP cannot solve some instances
which contain goals with negation (e.g., goal of the form —K;¢). Our anal-
ysis shows that the heuristic A™** does not work well for this situation. On
the other hand, if PG-EFP can solve an instance; it is almost always the

fastest, due to the heuristic h%“".

e EFP performs well in the Grapevine domain against RP-MEP. It is not as
fast as RP-MEP in the first configuration of this problem but is faster than
RP-MEP when d increases in Configuration 2. We believe that this reflects
the trade-off between the representation and the computation of the tran-
sition function. In general, computing ® is more expensive than computing
the transition function implemented in RP-MEP. This is the reason when
the domain is small, EFP is not as good as RP-MEP. However, when the size
of the problem increases (i.e., | AG|, |F|, |A|, and d increase in Configuration
2), the size of the representation used in RP-MEP increases and this affects

its performance much more than the complexity of computing ®.

We were unable to run PG-EFP in this domain as our naive translation
from general domain to deterministically-observable produces a significantly
larger input. We believe that some optimization of the translation could help

in this regard.

e For the AL domain (Table 4(Left)), we were unable to create the input for

76



Grapevine - Configuration 1 || Grapevine - Configuration 2

|AG| =3, |F| =9, |[A| =24 || |AG| =5, |F| =15, |A| =60

L |d | RP-MEP Erp || L | d | RP-MEP EFp
1 0.090 0.034 1 0.260 0.912
212 0.255 0.036 2 1.970 0.908
3 1.178 00351 2|3 26.110 0.974

1 0.088 1.130 4 1499 0.954
412 0.256 1.125 5 TO 0.982
3 1.222 1.141 1 0.271 10.879

1 0.090 22.687 2 1.990 10.320
o2 0.267 22692 || 3|3 26.407 10.568
3 1.220 22.694 4 1575 10.836

5 TO 10.967

1 0.264 88.662

2 2.035 90.128

413 26.510 89.135

4 1632 87.631

5 TO 88.164

Table 3: RP-MEP vs. Erp in Grapevine

RP-MEP as the instances become too large to do the translation manually.
Other than that, the performances of EFP and PG-EFP are similar to their
performances in the SC domain and are independent of the number of depth
of knowledge. MEPK’s performance decreases when the depth of knowledge

increases.

The coin-in-the-box domain (Example 2.1) is not solvable using other plan-
ners. Table 4(Right) shows the comparison between EFp and PG-EFP to in-

vestigate the influence of the heuristic. In the last column of Table 4(Right),
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(X) stands for the length X of the plan returned by PG-EFp, and (N/A)
means that the respective problem has no plan. We change the goals to
create different instances. We can observe that PG-EFP is often faster than

EFP.

Assemble Line: AL(d)

IAG| = 2, |F| =4, |A| = 6 Coin in the Box

|AG| =3, |[F| =38, |A] =31

d | MEPK | Erp | PG-EFP L Erp PCErp
(1);)’ > | 04| 272

" 5 P . 3 22 | 1.16(3)
5 1'75 ' ' 5 3.58 1.44(6)
no plan | TO A3(N/A

2! ToO p (N/A)

Table 4: AL domain (left) and Coin-in-the-box domain (Right)

Table 5 compares the two systems EFpP and PG-EFp in the CC domain.
In this domain, we did not run the experiment with MEPK as it produces
solutions that are not an action sequence and only runs with d = 1. The
experiments are done on four different configurations and different goals.
We note that CC(3,3,3) has smaller number of |F| and |A| than CC(3,2,3)
because we experiment with a different representation of the problem. It is
interesting to observe that PG-EFP is slower than EFP in less-complicated
problems (i.e., problems with L = 2), but significantly faster than Erp
(several magnitudes faster) in more-complicated problems (i.e., problems

with L > 2). The reason for the former observation is that PG-EFP needs
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to compute epistemic planning graphs while EFP does not. However, when
the problems become more complex, the search space of PG-EFP seems to
reduce significantly and much smaller than that of EFP due to the heuristic
derivable from the EPG. These results show that the heuristic produced by

the epistemic planning graph is indeed quite useful.

Problem L | Erp | PG-Erp
CC(2,2,3) 2 4216 28;)

[AGl =2, |F| =10, [A[ =16 | | 45
CC(2,2,4) 2| 22.2 27.5

4G =2, 17 =14 4 =22 | ] 1o
71 TO | 160

CC(3,2,3) § 2?39 ig

AGl =3, [FI =13, [A[ =24 | - 1o | 03
CC(3,3,3) i 1.1%52.7 2..6287

[AGl =3, |F| =12, 4] =21 | .| 3

Table 5: EFP vs. PG-EFP in CC domain

e The logistics domain cannot be modeled using the specification language
mA* in a straightforward manner due to the fact that the observability
of agents is specified at the fluent levels (e.g, when an action is executed,
some agents observe one effect and others observe another one), and m.A*
does not consider this situation yet. For this reason, we used a slightly-

modified representation of this domain in testing EFP and PG-Erp. Table 6
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displays the runtime comparison between the two systems Erp and PG-Erp
in the LO domain. In Table 6, (X) stands for the length X of the plan
that is returned by PG-ErP. The results showed in Table 6 are consistent
with those shown earlier, and exhibit that PG-EFP can scale up to solve
problems with a large number of fluents and actions. This is clearly due to

the heuristic produced by the epistemic planning graph.

Logistics
IAG| = 3, | F| = 66, |A| = 84
L | ErpP PG-Erp
3 | 10.32 16.63(3)
4 | 75.1 27.88(4)
30| TO 1355.6(31)
31| TO 1447.2(36)

Table 6: EFP vs. PG-EFP in LO domain

Solution quality: We now discuss about solution quality in terms of the length
of the plans that are returned by EFP and PG-EFP. In our experiments, we
observed that PG-EFP returns optimal plans in most problems, except for some
in the coin-in-the-box domain (see the row of L =5 in Table 4(Right)) and some
in the logistics domain (see the rows of L = 30,31 in Table 6). Thus, we report
only the plan lengths for PG-EFP in the coin-in-the-box domain and the logistics
domain. Theoretically, EFP returns the optimal plan whose length is smallest
since it is a breadth-first search planner. In contrast, as PG-EFP is a heuristic
search planner that uses heuristic derived from epistemic planning graph, its plan
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is not guaranteed to be optimal.
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5 CONCLUSIONS AND FUTURE WORKS

5.1 Conclusion

EFP (or PG-EFP) is closely related to RP-MEP [33] or the system (called K(P)
hereafter) described in [29]. The two planners differ from the system MEPK in
[26] in that they do not use a special search algorithm why MEPK uses a special
search algorithm, called PrAO, from [45]. EFP (or PG-EFP) is an alternative to
the other systems in two aspects: (i) the methods of searching for solution in

EFP is different; (77) EFp and K(P) can deal with common knowledge while other

systems do not.

The proposed systems represent an ideal testbed for research in the area of
epistemic planning in multi-agent settings. The advantages offered by the pro-
posed platform are:

e The system is the first of its kind, supporting planning with complex forms
of knowledge and beliefs; EFP does not require restrictions on the nesting of
knowledge/beliefs, thus allowing us, e.g., to reason about common knowledge.

e The platform, even in its current prototype form, can solve problems for which
RP-MEP or other systems have difficulty; for some problems, even for a small
number of nested beliefs (e.g., 5), the generation of the planning instance for
other planners takes more than an hour.

e The system serves as a research platform; its modular organization allows re-
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searchers to experiment with different transitions, heuristics, and state repre-
sentations.

e Finally, it should be noted that EFp and PG-EFP can deal with both knowledge
and belief goals as [43] shows that epistemic actions of the form described in
this paper, which are generated from an action a and an e-state (M, W), can
maintain the KDy5 properties of an e-state. As such, a goal with both K and
B-modalities can be dealt with by (a) using the equivalence K¢ = Bp A ¢ to
remove the occurrences of K in the goal; and then (b) planning with the new
goal.

Although ErP performs reasonably well, there are a number of issues that
require further study so that it can efficiently deal with larger problems. In our

experiments, we observe the following:

e If the number of unknown fluents in the actual world of the initial e-state is
high, then EFP does not work well. The reason for this is the size, in terms
of the number of worlds and the number of edges, of the initial e-state. For
example, for the CC(2, 3, 4) problems, there are 17 fluents whose values
are unknown in the initial e-state. This leads to the initial state has 512
pe-models, and 524288 edges. This raises the question of how to represent

and reason with pe-models and e-states with a high-degree of connectivity.

e An e-state is essentially a graph. Checking for graph isomorphism is not a
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computational easy task. As such, we did not check for repeated element in
the queue g of Algorithm 1. How best to check for repeated element in the
queue and whether or not it improves the performance of EFp are the two

questions left for the future work.

We describe two forward search epistemic planners, EFp and PG-EFP, and ex-
perimentally evaluate these planners with domains collected from the literature.
We also introduce the notion of an epistemic planning graph and provide algo-
rithm for computing epistemic planning graphs. The experimental evaluation of
the two planners shows that both are working reasonable well comparing to other
epistemic planners; and that heuristics derived from epistemic planning graphs

are indeed useful.

5.2 Future Works

As mentioned in §3 computing the mutex definition for EPG is not straightfor-
ward. A deepen investigation of the mutex is though necessary to provide a more

complete and efficient description of epistemic planning graph.

With the introduction of the notion of epistemic planning graph the possibility
to retrieve several heuristic functions has become easier. In fact the EPG can play
a role in epistemic planning that can be similar to the one played by the planning
graph structure in classical planning. Therefore, since from the classical planning
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graph numerous heuristics can be extracted [36], we can assume that the same
can be true for EPG. While EFp and PG-EFP only use two heuristic derived by
the planning graph it will be interesting to examine and compare other heuristics

that can be estimated from the planning graph.

On the other hand other approaches, different from the planning graph, exist
that can increase the planner performances. Reducing the search space could be
one of these. As future study would then be interesting find techniques that can
extract, from the problem domain, information that can reduce the search space
itself. For example, in some domain, could happen that some fluents and/or some
beliefs, after the execution of n? actions, will never change their interpretation.
Finding this set of fluents or beliefs will permit to reduce the search space, remov-

ing from the possible outcomes all the states with a variations in this set.

Another study that we would like to elaborate in future is about the introduc-
tion of a classical planning component in EFp and PG-EFP. In fact, as is shown in
[50, 26], when the domain problem respects determinate conditions this could be
translate into classical planning and solved with well known and well performing
techniques. It would be interesting finding a way to examine the domain and see

if it respect these conditions and then, when it is possible, use the translation to

29%Where n could also be equal to 0.
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classical planning to improve the performance of the systems.

As a matter of fact the EFp and PG-ErP systems suffer a huge overhead
due the large data structures used to represent the e-states. Along with the
computational overhead these complex data structures bring with them other
complications. As a future objective we have several optimizations for the planners

systems and their data structures: In particular:

e Develop methods for comparing e-states so that we can eliminate repeated

e-states from the queue;

e investigate alternative representation that can improve the performance (in

time and space) of the planners;

e a more clean computation of the initial state from the problem description.
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