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Sweden

Telephone +46(0)31-772 1000



Abstract

This project is concerned with the problem of exploration planning, which arises

in systems of one or several mobile robots set with a task of exploring the map of

their environment. Today the most popular algorithm that deals with this problem

is the naive (greedy) approach, which is very simple and usually shows reasonably

good results. This algorithm performs poorly in the worst case with several robots

however. To cope with this problem, a new approach is developed and analyzed.

This approach, called coordinated breadth-first search, is shown to guarantee linear

scaling and to be asymptotically more efficient than the naive method in the worst

case. To test these findings a computer simulation was developed which admits

both algorithms and arbitrary maps. Finally, a comparison between the algorithms

is made and further improvements are suggested.
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1

Introduction

R
obot mapping is a problem that has received much attention over the

past two decades. Almost any robot that moves in the environment

needs a map to plan its route and navigate. This includes robots that

guide tourists in museums [1], autonomous vacuum cleaners [2] and

others. A special place among them is occupied by the robots that have mapping

as their primary objective — they make maps of abandoned mines [3], polar regions

[4] and underwater zones [5].

The problem of making maps is known as simultaneous localization and map-

ping (SLAM) and is considered to be one of the most important topics in mobile

robotics. Various solutions to this problem have been proposed and successfully

implemented and the problem is considered to be solved on the conceptual level

[6]. Today mobile robots can use existing SLAM methods to localize themselves

in their environments and to build maps as needed.

For the case when making maps is the goal, several systems that combine

SLAM algorithms with navigation and exploration planning methods have been

developed. Among them there is a notable group of systems that use multiple

robots to achieve the goal [7, 8, 9]. This approach has several important benefits.

Firstly, the exploration time with several robots can be much lower due to their

collaboration and map sharing. Multiple robots also introduce redundancy into the

system, making it a lot more fault-tolerant. Finally, using several smaller robots
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CHAPTER 1. INTRODUCTION

can be simply much cheaper than using a big and expensive one.

To illustrate this, consider the following example. There is an abandoned mine

that is hard and/or dangerous to explore manually. The mine is deep, so GPS or

other wireless connections with the surface are unavailable. If we send the robots

into the mine, we want them to produce a feature-rich and accurate map, while

taking as little time (and other resources, like fuel) as possible to do that. To

complete this objective, the robots must have a plan on how to choose directions

to maximize their efficiency. This particular part of the robotic system that uses

multiple robots is the focus of this thesis project.

1.1 Motivation

The general idea behind multi-robot exploration approach is simple — several

robots are put into the environment and explore it as if they were independent.

When two robots enter communication range, they transmit their obtained map

data to each other and synchronize their maps. Then they agree on a further

exploration plan and head out once more, reducing the workload for each robot

by a good deal.

Despite sharing the same basic idea, systems that use multi-robot exploration

vary greatly in their details. Some of them, like the initial paper by Burgard et al.

[7], don’t take into account the limited communication range and focus on choosing

the most efficient exploration destinations for the robots. Their further work [10]

improves in this regard, but still focuses on the same aspect of exploration. The

work by Thrun et al. [8] largely focuses on a SLAM method and then extends it

to work with multiple robots. Another work by Thrun et al. [11] focuses on the

map correspondence problem. Finally, a more recent work by Zhou et al. [9] is

also focused on choosing optimal destinations after performing the synchronization

procedure.

All of these systems have one thing in common — they sidestep the question

“when are the robots going to meet?” and either don’t consider the communication

range limit at all or assume that robots will meet at some point. This is begging

the question — is there a way to efficiently organize the meetings for the robots

to reduce the time they spend exploring? Are there cases when the robots don’t
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CHAPTER 1. INTRODUCTION

meet at all while following these directions? Intuition suggests that failing to meet

may be a significant issue, and taking it into account can improve the efficiency of

the exploration.

1.2 Project goals

This project aims to develop an exploration planning method that perform consis-

tently while showing results that are comparable to currently existing approaches.

This includes building a computer simulation model with a fully functional multi-

robot exploration system to test the methods.

More formally, the project has the following goals:

1. identify the requirements for an exploration planning method;

2. review existing exploration planning methods;

3. analyze the naive approach to exploration planning;

4. develop an exploration planning method that allows robots to explore the

territory with consistent results;

5. develop simulation software to experimentally test the exploration planning

methods;

6. compare and discuss the results and provide conclusions on the efficiency and

applicability of the developed method.

1.3 Thesis outline

The second chapter reviews the parts of a multi-robotic exploration system and

discusses the existing approaches to the exploration planning problem. The third

chapter introduces the developed exploration planning method and performs an

analysis of its shortcomings. The fourth chapter goes into detail about computer

simulation, including its features and limitations. Finally, the fifth chapter dis-

cusses the results, draws conclusions and summarizes the work.
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2

Background theory

F
or a multi-robotic exploration system to be operational, it must be able

to perform several basic functions. Every robot must be able to localize

itself within the environment, make maps based on its sensor data input,

merge map data obtained from other robots into its own map, plan its

exploration route and navigate to the chosen destination. All of these functions

require and impose several constraints on formats of input and output data and

various uncertainty parameters in the algorithms. This chapter identifies these

constraints and explains the choice of algorithms that are used in the simulated

system.

Before going into detail about theory, a few important assumptions must be

made. The goal of this project is to develop and test an exploration planning

method, so all other functions are auxiliary to it. Since the testing is done by the

means of simulation, it provides an excellent opportunity to replace the compu-

tationally intensive and (relatively) difficult to implement SLAM and map corre-

spondence methods with much simpler placeholders. This can be done by giving

robots perfect sensors and actuators, as well as simplifying the territory to fit the

selected map discretization well. The justification of these simplifications is given

in description of specific algorithms in this chapter and is summarized in chapter 4.

4



CHAPTER 2. BACKGROUND THEORY

2.1 Map representation

The main objective of this system is to make maps, so it is only natural that

reducing the continuous and very irregular environment to a discrete map will

influence many features of all other parts of the system.

The map used in this system must be possible to produce concurrently with

any popular SLAM method and must allow easy path planning and navigation.

At the same time, it should preserve enough features of the environment to satisfy

the mapping goal.

An approach called “occupancy grid map” [12] satisfies these requirements. It

performs well when used for exploration and path planning [13, 14], works with

typical SLAM methods and many different kinds of sensors [15], supports both 2D

and 3D environments [15] and produces feature-rich maps.

The idea behind occupancy grid is to divide the map into a rectangular grid,

where each cell contains a random variable indicating probability whether this cell

has an obstacle or not. These probabilities are updated as the robot estimates the

obstacles around him from different angles, resulting in a high-fidelity map. This

approach also works well with perfect sensors — in that case the grid variables are

limited to values of 0 (no obstacle), 1 (obstacle found) and 0.5 (cell has not been

explored yet).

A notable disadvantage of occupancy grid maps is that they require good pre-

cision of robot localization method to work well. It has been shown that this is

possible to achieve with regular SLAM methods [14], and in case of perfect sensors

and actuators it is not a concern at all.

Finally, an occupancy grid map can be easily converted to and from a simple

grayscale bitmap, making it a perfect candidate for map format in this system.

A simple occupancy grid map fragment is shown in figure 2.1.
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CHAPTER 2. BACKGROUND THEORY

Figure 2.1: Occupancy grid map fragment. White cells correspond to the passable
terrain, black cells correspond to the unpassable terrain, and gray cells correspond
to the unknown parts of the map.

2.2 Simultaneous localization and mapping

The problem of simultaneous localization and mapping asks if it is possible for a

mobile robot in an unknown environment to incrementally build a consistent map

while simultaneously determining its location within that map [6]. This actually

contains two problems — incremental mapping problem and localization problem.

The reason why they are studied together is that they are dependent on each

other — to build a map, robot needs to know where it is, but to know that it

needs a map. To make matters worse, both sensors and actuators of the robot

tend to be noisy, which makes processing their results a difficult problem.

To define the problem formally, the following notation is often used in SLAM

literature:

• m = {m0,m1, . . . ,mn} — the set of all landmarks on the territory;

• xt = {x0,x1, . . . ,xk} — the history of robot locations for time from 0 to k;

• ut = {u1,u2, . . . ,uk} — the history of robot movement commands;

• zt = {z0,z1, . . . , zk} — the history of sensor readings.
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CHAPTER 2. BACKGROUND THEORY

Using this, we can write the probability distribution

p(xk,m|zt,ut,x0), (2.1)

computing which for every point of time solves the SLAM problem [16]. This

definition is known as the probabilistic form of the SLAM problem and is commonly

used today.

A number of solutions were proposed to solve the this problem. Some of the

more notable among them are:

• EKF-SLAM — an approach using Extended Kalman Filter, which was first

introduced in 1986 [17];

• FastSLAM — an approach using particle filters [16];

• SEIF-SLAM — an approach using extended information filters [18], which is

easily extendable to the multi-robot case [11].

With these methods at hand, the SLAM problem is considered to be solved on

theoretical and conceptual level today [6]. That means that its solutions provide

consistent maps and robot location with reasonable precision.

This fact makes the SLAM part of this project much easier to implement. Since

the small variation between results of these methods does not matter for a higher-

level problem of path planning, the choice of particular method does not really

matter, as long as the interface of the system conforms to the definition given

above. That provides an opportunity to obtain the value of posterior probability

directly by the virtue of perfect sensors and actuators in the simulation without

any noticeable difference for the path planning algorithm.

There are two major benefits of this simplification. SLAM algorithms use

relatively complex mathematical models, which are not trivial to understand and

implement correctly. The other benefit comes from much reduced computation

difficulty during the actual simulation — SLAM algorithms scale at least linearly

with the potentially large amount of landmarks on the field. With many robots

simultaneously making their way through the field, the simulation could take a

long time to finish. Obtaining data using perfect sensors prevents that.
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CHAPTER 2. BACKGROUND THEORY

2.3 Map correspondence

The map correspondence problem deals with merging maps obtained from two

robots. To solve this problem, two tasks must be completed [11]: the coordinate

transformation (including rotation angle and translation vector in 2D case) must

be found and the correspondence between the two sets of landmarks must be

established.

The main difficulty with this problem is once again the noise in the input data,

in this case in the maps obtained by the robots. Even with the best available

SLAM algorithms, the maps remain slightly imprecise. While their precision is

good enough for robot navigation and human purposes, it causes issues for the

merging process. If the same landmark is expressed differently on two maps, it

is possible to miss that correspondence and to have a duplicate landmark on the

merged map. This can result in a mess once this map is merged a sufficient number

of times between different robots.

There are two different major approaches to this problem. Some authors

[7, 10, 19] require that robots identify their relative positions before merging maps.

Others [9, 11, 20] focus on finding correspondence between landmarks using prob-

abilistic methods, lifting that requirement. The drawback of the second approach

is that the merger may be impossible if the maps have no overlap at all.

By the virtue of perfect sensors in the simulation, map correspondence problem

becomes trivial. In this project we assume that robots start in the same place,

giving them a known initial correspondence point. This point can be used to merge

the maps easily by simply adding all unknown points from the received map. The

case of more than two robots meeting at once is also simple — every robot can

transmit its map to all other robots, which will merge these maps into their own

individually. Since the maps are perfect, there is no risk of increasing the error by

performing the merger multiple times.

2.4 Navigation

Navigation is the problem of choosing movement commands that will get the robot

to his selected destination. Using the occupancy grid map, this problem is essen-
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CHAPTER 2. BACKGROUND THEORY

tially reduced to finding the shortest path through unoccupied spaces in the grid.

The grid can be naturally represented as a graph where all unoccupied cells are

connected to other unoccupied cells next to them by edges of unit cost.

Shortest path problem on a graph has many well-known solutions. In robotics,

as well as in similar simulation problems (like video games), algorithms like A*

and its many derivatives are used.

A* is a best-first search algorithm that uses a heuristic function h(n) defined

for every cell in the grid [21]. A* starts at the origin node and then at every

step expands one node n for which sum of the cost to get there g(n) and the

heuristic value h(n) is the smallest. The algorithm terminates once it gets to the

goal. In order to find an optimal path, A* must use a heuristic function that never

overestimates the cost to the goal. In case of the 2D grid map with no diagonal

movement allowed, a simple admissible heuristic can be ∆x + ∆y, i.e. the sum

of coordinate differences between search origin and the goal. This metric is also

known as Manhattan distance.

There are two main disadvantages of A*. First one is that it takes a lot of space

to keep all visited nodes in memory. An approach called“iterative deepening” (and

algorithm IDA*) aims to solve this issue. It reduces the space requirement, but

takes more time to find the path. For the purpose of this simulation, space is

less important than computation speed, since robots are not likely to run out of

memory while processing relatively small maps.

The other disadvantage is that A* produces discrete unnatural movements

that do not look like anything a real robot would do. A number of modifications

for A* (like Hybrid A* [22]) provide solutions to this problem, producing natural

continuous paths. However, for this simulation discrete movements between centers

of the cells are more than enough.

2.5 Exploration

The exploration planning problem deals with choosing the next target for explo-

ration. Formally, a solution to this problem must provide the next target to the

navigation system at any moment of time, given the currently known map, the po-

sition of robot in it, all available and relevant knowledge about other robots (their

9



CHAPTER 2. BACKGROUND THEORY

destinations, positions, explored regions), which can be precise or estimated, and

any other possibly useful data. This target must be chosen so that the total time

spent exploring is minimized.

In this project, the exploration planning algorithm is called exactly once per

discrete time interval and is given the occupancy grid map state, the robot’s own

position and the positions of other robots, if they are in range. It must perform

all necessary estimations based on the input data and any state that it saved from

previous calls. It can also be assumed that the robots start the exploration process

from the same spot.

This problem is difficult. Even for the fully explored map, finding the shortest

path that checks every corner of the map is already NP-complete (it is known as

a “traveling tourist problem”). If the map is known only partially (and there is no

way to precisely predict the structure of the unknown parts), an optimal solution

for the general case simply does not exist.

This is easy to prove. Refer to the figure 2.2. Subfigure (a) shows the state

of the world known to the robot. Subfigures (b) and (c) show two possible world

states that can be uncovered from that known state. In either case, for the robot

located at the top junction, it would be better to explore the small dead-end first

and then follow the loop back to the beginning. But he has no way to know

which choice leads to that dead-end (if any), so for any choice that he decides

on there exists a map for which that choice would be suboptimal. Obviously, the

same reasoning can be applied to the robot which choses the left path in the first

junction. Thus no algorithm that can find an optimal solution for every map exists.

2.5.1 Naive approach

A simple greedy approach to this problem exists [7, 23, 24]. It suggests the robot to

choose the closest unexplored point and head there. This algorithm will terminate

when there are no reachable unexplored points, thus exploring the whole map. It

also tends to produce very good results in the case when there is just one robot —

if the robot can’t deduce anything about the feasibility of its possible paths, then

the best choice is to pick the closest one. Intuitively, this algorithm is very similar

10



CHAPTER 2. BACKGROUND THEORY

(a) State known to the robot (b) One possible true state (c) Another possible true
state

Figure 2.2: Exploration planning problem does not have a general solution

to a depth-first search algorithm of a graph.

The multi-robot version of this algorithm just makes the robots who are in the

communication range of each other and at the junction pick different branches of

the map to explore. This seems to be a reasonable extension and one might expect

it to work just as well for multiple robots. It does work well, but has a very notable

problem, which will be discussed later in this section.

2.5.2 Improvements and other methods

There has been surprisingly little interest in this specific problem in the scientific

community. There is a number of works that focus on choosing the navigation

target, but few of them concern themselves with minimizing the exploration time.

Many of these works [25, 26] propose that the robots should stay together to reduce

sensor errors , which obviously is not very useful today considering the progress in

the SLAM field.

A notably interesting approach was suggested by [27]. It assumes that the

robots start in different (and mutually unknown) positions on the map and then try

to solve the rendezvous problem [28] while exploring the territory. The downside

is that this method is far from optimal if the robots have already met once. Since

this project considers the case when the robots start from the same spot, this

11



CHAPTER 2. BACKGROUND THEORY

method will not be considered in the following chapters.

A solution that was strictly focused on minimizing exploration time was pro-

posed by Burgard et al. in [7]. The initial version of this algorithm was not very

useful by itself — it considered the communication range to be infinite and infalli-

ble. An extension to this method was provided later by the same team [10], which

solved this issue. This method is also a greedy algorithm like the naive approach,

but instead of simply choosing the closest unexplored area, it introduces a special

utility function. This utility is based on the robots’ beliefs (or precise knowledge,

as in the earlier paper) about the positions and known world states of the other

robots, so that the areas which are likely to be explored by others are given lower

priority. Then, based on this utility and the distance to available unknown points,

all robots in the communication range are assigned targets.

While improving on the naive approach, this algorithm does not consider the

cases when the robots fail to meet at all or only do so very rarely (and merge little

data as a result), which makes it suffer from the same problem. For the purpose of

this thesis, the naive approach and this algorithm can be considered to be similar

and analyzed together in face of that single problem. Since naive approach is

easier to implement and has been analyzed for the case of a single robot [24], only

it will be considered further, but all qualitative conclusions can be extended to

this superior method.

2.5.3 Analysis

The single-robot version of the naive approach has been analyzed by Koenig et al.

[24]. They have shown that the worst-case performance of this greedy algorithm

is bounded from above by O(|V |3/2), where |V | is the number of vertices in the

graph which the robot traverses. Unfortunately, they do not provide any way to

construct a graph from the actual map, but from their illustrations it may seem

that the graph reflects topological properties of the map. Since this algorithm can

be run on any graph, for convenience in this project it will be considered that the

graph is obtained from the map in the following way:

1. every junction on the map is a vertex;

12



CHAPTER 2. BACKGROUND THEORY

Figure 2.3: An example map where the naive algorithm fails to scale

2. every dead-end is a vertex;

3. two vertices are connected by an edge iff their respective junctions/dead-ends

are connected by a stretch of a road.

The precision with which the junctions and dead-ends are determined can be

arbitrary.

With a graph like this, all available paths are preserved while all unnecessary

details are omitted.

This constitutes analysis for the single-robot version of the algorithm. The

multi-robot version is however more tricky. Koenig states that the algorithm scales

well, but provides no argument to back up his words. Unfortunately, he is only

half right.

The algorithm indeed scales decently most of the time. However, there exist

map configurations on which the algorithm does not scale at all — when multiple

13



CHAPTER 2. BACKGROUND THEORY

robots perform exactly the same as a single robot. This happens when the robots

fail to meet or when these meetings don’t give them much new information. An

example of such map for two robots is shown in figure 2.3.

While discovering the general relationship between the map topology and scal-

ing for the naive algorithm is beyond the scope of this project, some conclusions

could be derived from the experiments:

• the algorithm may fail to scale on both tree-like maps (like in figure 2.3) and

maps with loops;

• for the tree-like maps, n robots can miss each other if there are n first-

turn branches of similar length and they have two smaller branches in the

beginning, one of which is explored by robots when they start exploring their

parent branch and the other is explored on the way back. This structure

allows the robots to pass each other while they explore these small branches,

so that they can switch the branches without meeting.

• if the robots only meet close to the end of the exploration, the amount of

shared data will be small and they will not gain much from it;

• the robots may sometimes follow each other just outside of their communi-

cation range, thus performing redundant exploration;

• some of the robots may meet and complete the exploration, while the others

fail to do so and explore the whole map by themselves.

Formally, the failure to scale means that the worst case running time complexity

of the naive algorithm for n robots remains O(|V |3/2), independent of n.

14



3

Coordinated breadth-first search

T
he deficiency of the naive and Burgard’s methods shown in the previous

chapter can be crippling for some applications. This chapter presents

a different approach to the exploration planning problem, which was

developed in this project specifically to overcome this problem.

3.1 Requirements

The issue with these algorithms comes from their approach to coordination. While

they successfully decide on reasonably efficient areas to explore at every point when

the robots are within communication range, they do not consider places where the

robots may meet. Therefore, for an algorithm to consistently synchronize the

data between multiple robots on any map configuration, it must be built around

guaranteed meetings after every certain point in the exploration.

This is not enough by itself. The algorithm must scale approximately linearly

with the number of robots on the map, assuming the branching factor of the map

allows it. Here is an example of a bad algorithm, which schedules the meetings

correctly and seems to distribute the workload evenly, but will scale poorly on many

maps: Let the robots take separate branches while they are traveling together and

fully explore these branches once they are alone (by the means of some exploration

plan). Once they are done exploring their branches, they must return to the start

15



CHAPTER 3. COORDINATED BREADTH-FIRST SEARCH

Figure 3.1: A map where planning meetings is not enough to obtain good results

point and wait there for everyone, synchronizing their findings and completing the

exploration.

Why is this algorithm bad? Check the map on the figure 3.1. Using this

algorithm, one of the robots will explore the left branch and stop, exploring only

a small fraction of map, while the other robot does all the work. This result is

obviously not desirable and produces the same kind of results as the naive worst

case, but for a different reason.

This requirement includes planned meetings in it. This is obvious — if any

robot fails to meet with the others, it will never transmit its data to them and its

work will be wasted. Since speed increase beyond linear is impossible (n robots

can cover at most n times more distance than one robot in the same time), this

case will result in sub-linear improvement, which breaks the constraint.

Finally, a note needs to be made about maps with very small branching factor

and a large number of robots. For some maps (like a completely linear map with

no branches at all) it is impossible to satisfy this requirement. Any algorithm will

perform poorly on maps like this, and therefore the only maps worth considering

are those with sufficient branching factor to accommodate all robots most of the

time.
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3.2 The idea

As evident from the name, coordinated breadth-first search (CBFS) borrows the

idea from the common graph search algorithm. Before explaining it in detail, it is

necessary to define several terms:

Frontier cell

an explored passable cell on the occupation grid map which is adjacent to

one or more unexplored cells.

Frontier node

a set of adjacent frontier cells such that no other frontier cell can be added

to it.

Origin

the starting position of robots on the map.

Junction

a position that indicates a split in the road on the map, an intersection.

With these at hand, the CBFS will first be defined for a single robot and then

adjusted to work with multiple robots.

The algorithm consists of two steps: the update step and the choice step. The

update step fires every time the robot moves and keeps track of the changes in the

frontier nodes and build a junction tree (with the root in origin). Every frontier

node is assigned to a junction from which it was first found. When a new junction

is found, the node that was split to make that junction is considered to be explored,

while the nodes obtained from that split are assigned to the newfound junction.

Junctions are added to the tree as they are found as children to the junction from

which the robot was going when it found a new junction. Figure 3.2 shows an

example junction tree (green junctions and red edges) and frontier nodes (blue)

assigned to it.

The choice step is called by the robot every time when it needs to choose the

next target for exploration. It simply chooses the frontier node assigned to the root

junction (origin). Once origin has no more frontier nodes left, it picks one from the

first level junctions (root’s children in the tree) and keeps doing that until all of
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Figure 3.2: An example of junction tree with assigned frontier nodes overlaid on
the map

them are exhausted. Once that happens, it goes deeper and exhausts all junctions

at the next level. This process is repeated until there are no more frontier nodes

left anywhere in the tree, which means that the map is fully explored. In figure 3.2

all frontier nodes belong to the fourth-level junctions and any of them can be

chosen at the next choice step. For a single robot however, it is best to choose the

node closest to the robot’s position.

The multi-agent extension of this algorithm is fairly simple. When two robots

enter the communication range, they synchronize their maps, frontier nodes and

junction trees and split the frontier nodes belonging to the top-most tree level

among themselves. To split the nodes, they are sorted (following the priority

system which is explained in detail in section 3.4) and assigned as follows:
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1 2 3 4 5 6 7

Figure 3.3: The order of traversal of several top-level frontier nodes when there
are fewer robots than nodes

• if the number of robots equals the number of nodes, every robot gets one

node;

• if there are more robots than nodes, then the remaining robots take the nodes

one level lower and split them between themselves;

• if there are more nodes than robots, then the robots try to cover the nodes

with equal intervals (e.g. in case there are 4 robots and 7 nodes, the robots

will take nodes 1, 3, 5 and 7).

Each robot remembers to what position in the list it was assigned and once it

is done exploring his assigned node (either finding a new junction or a dead end),

it goes to the next node in the list towards the robot closest to it so that they can

make pairs (see figure 3.3). Once any pair of robots meet, they forget the previous

directions and perform the split again on the remaining top-level frontier nodes.

In figure 3.3 it might seem that the robots don’t tend to the node №4, but they

will do it as soon as either group meets up.

All of this put together constitutes the basic idea behind CBFS. The analysis

section (3.5) will provide some more considerations on why it was designed that

way and will try to assess its possible deficiencies.
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3.3 Data structures and algorithms

3.3.1 Frontier tracking

Occupancy grid map has no concept of frontier — it is just a bitmap of values.

CBFS operates with much higher-level concept of frontier nodes, and for it to

work, a module that tracks changes in the occupancy grid and provides access to

the frontier nodes is necessary.

The first operation supported by this module is extracting the frontier cell set

from the occupancy grid. Recall that a frontier cell is a cell that is known to be

passable and is adjacent to one or more unexplored cells. Finding all such cells

can be done by simply iterating over the whole occupancy grid and checking every

cell to fit this definition. This operation has the cost of O(h ∗ w) where h and w

are height and width of the map respectively. Since this update needs to be run

every time robot receives new scan info or update from other robots, and the size

of the map can get very large, this operation becomes too costly.

Fortunately, the frontier cell set can be updated dynamically as well. Every

time a robot receives new scan info or data from other robots, it can check every

updated cell if it fits the frontier cell definition, and check the existing frontier

cells if they no longer fit it (this happens when their adjacent cells are explored).

Scanner range is usually much smaller than map dimensions (otherwise, there

wouldn’t be any problem at all) and average frontier size is on the order of O(h+w),

which is a lot more manageable.

Once the frontier cell set is known, it must be used to produce the frontier

node cell set. This is quite simple to do. The frontier cell set can be treated as a

graph, where each cell is a vertex and adjacent (on the occupancy grid) cells are

joined by an edge. Frontier nodes by definition are connected components on this

graph and can be retrieved using a simple depth-first of breadth-first search [29].

These two operations are enough to retrieve frontier nodes, but managing them

is much harder. The main difficulty arises from the need to know if a node Nt+1 at

time t+1 corresponds to some node Nt at time t. This correspondence is necessary

to reassign this new node to the same junction that its predecessor belonged to.

There are several possibilities here. First, Nt+1 can exactly match (by a set

20



CHAPTER 3. COORDINATED BREADTH-FIRST SEARCH

membership test) some Nt. This happens when the node wasn’t updated on this

turn and constitutes an obvious match to Nt. Second, a Nt+1 can partially match

some Nt. This can happen when the node was updated partially (which constitutes

a match with Nt) or when a node was split in two and a new junction must be made

(which must be treated separately). Finally, Nt+1 can have no overlap with any

nodes from time t at all. This happens when the robot travels a narrow corridor

and a scanner update takes away every cell in the node in one tick. It can also

happen, although rarely, that this node was made as a result of a split and a new

junction must be made. Either way, since there is no node from which the parent

junction can be retrieved, Nt+1 must be assigned to the current junction.

All that remains is to address the situation when the split happens. This can

be easily detected by comparing the node counts at time t and t+1. If this count is

increased, then there definitely was a split and a new junction must be made. The

previous paragraph assigns both nodes that may come from the split to current

junction (or to the parent of their predecessor, which will be current junction at

that point). If a new junction is made, this can be used to quickly determine these

nodes and assign them to the new junction. The simplest way to do this is to find

all nodes belonging to current junction within the scanner range of robot position

and assign them to the new junction. Even if some of the nodes that get reassigned

that way change their owner, it does not matter, since they are so close to this

new junction and might as well be assigned to it.

3.3.2 Junction tree

Since the formation of a new junction is detected during the frontier node set

update, junction tree can be implemented as a fairly simple structure with not too

much code behind it.

In its essence, the junction tree is just a simple tree of junctions and frontier

nodes assigned to these junctions. When a new junction is added, it is assigned as

a child to the current junction. Keeping up current junction is not difficult — a

new junction is always set as current, and if the robot decides to explore a frontier

node that belongs to a junction that is not current, current is set to that junction.

There are several practical issues that arise with the use of junction tree. The
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first and the most notable is that current implementation of frontier node set

spawns many small frontier nodes (of only 1-3 cells), which cause a lot of problems.

These nodes spawn new junctions in places where there shouldn’t be any, which

increases the tree depth (and as will be shown later, this is very bad for the

performance of CBFS). These nodes also count as valid targets for choice step of

CBFS, and since they are often located very close to the other, real, nodes, this

can make the multi-robot assignment algorithm perform much worse. There is

little that can be done with the latter at this point (but it will be addressed later

in the priority system), but the former can be fixed.

There are two general ways to solve this problem. One is to simply disregard

small nodes when comparing the node counts between current and previous turns.

In practice, it worked rather well with a threshold of 10 cells for the small node,

but it is possible to miss legitimate nodes this way sometimes. Another approach

is to track the unpassable regions between the nodes and consider (for the purpose

of counting) the nodes that are disconnected by a small region to be just one

node. This will cause the splits to be detected later (since just one unpassable

cell will not make a new junction anymore), but will not miss any legitimate split.

A combination of these two methods almost completely eliminates the problem of

extra junctions.

Another consideration that can be implemented is trimming the junction tree.

Trimming in this context means removing junctions that have no more frontier

nodes assigned to them. This can provide two improvements — the robots using

CBFS will run back and forth a bit less (in the rare cases when the part of the

next level gets dumped into current level) and merging junction trees during syn-

chronization becomes much easier. There is no concrete proof that this will never

cause the robots to meet, so it can be considered a dangerous feature, but in the

experiments that has never happened.

There is one more issue that prevents the robot from detecting large road splits

properly. A large split in this case is a junction where a single road splits into 3 or

more new roads. Large halls can be classified as such splits as well. The problem is

that the robot detects several smaller (1 into 2) splits and places several junctions

where there should be one. This is partially mitigated by tracking unpassable

regions between nodes, but it solves the problem only in few smaller cases. A
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much better solution is to merge junctions that are located close to each other,

with everything assigned to the child junction being reassigned to the parent. The

coordinates of the merged junction can either be inherited from the parent (as

implemented in this project) or recalculated to the middle of the path between

them.

3.3.3 Synchronization

Synchronization between robots happens when they stay inside each other’s com-

munication range. There are five steps to the synchronization process that must

be performed in order:

1. Occupancy grid maps must be merged;

2. Frontier node sets must be merged or rebuilt;

3. Junction trees must be merged;

4. Frontier nodes must be reassigned to the merged tree;

5. Robots must agree on their next destinations;

Occupancy grid map merging is a well developed topic in modern robotics and

was previously discussed in section 2.3. The other four parts of this process are

unique to CBFS and need to be explored in detail.

As it was shown in section 3.3.1, the easiest way to merge frontier node sets

is by rebuilding them from scratch using the updated occupancy grid map. Since

synchronization does not happen very often (compared to performing sensor scans),

and merging occupancy grids is at least O(h ∗ w) anyway, rebuilding the frontier

does not have any significant effect on the running time and is much easier to

perform.

Merging junction trees may seem somewhat tricky, but ultimately it is not very

difficult. They possess a very useful property — even though different robots may

mark same road splits as different junctions, the coordinates of these junctions

will always be nearby. This makes merging fairly simple — junctions with exactly

matching coordinates are merged together, while everything else is simply dumped
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into the new tree while preserving parent-child relationships. Once this is done,

junctions in close proximity are merged together (as described in section 3.3.2,

except that they will often be on the same depth in the tree rather than have a

parent-child relationship).

The next step is to reassign frontier nodes to the merged junction tree. This is

done similarly to the update process described in section 3.3.2, but the nodes N r
t+1

must be compared with the own nodes of the robot N r
t as well as the nodes of the

other robot N r′
t . This adjustment is simple — match with the node in the either

list is good enough to determine the new result. The situation when there is no

match at all is impossible, because for the node to exist it must have existed before

in one of the robots’ maps. Partial matches with both robots are extremely rare,

but can be treated like matches with either of them without any further problems.

Once all of this is done, the robots must agree on their next destinations.

The general idea how this is done was described earlier, and more details will be

explained in section 3.4.

One final thing needs to be said about the unproductive synchronizations. They

happen when the robots don’t have anything new to share with each other —

for example, when they meet each other in the middle of explored terrain and

then spend some time traveling together. An event like this can (and should) be

detected at the first stage of occupancy grid map synchronization, since it acts

as a flag to abort synchronization at this point of time with this robot. This

serves two purposes — firstly, it obviously saves some computation time which

otherwise would have been wasted on useless merges; and secondly, it prevents the

robots from reassigning targets between each other at every point of time. The

experiments showed that without this improvement the robots can get stuck going

back and forth in the same place because they switch targets when their relative

position changes.

3.4 Algorithm details

It was stated earlier that CBFS selects the frontier nodes assigned to the highest

available level in the junction tree, sorts them and then assigns robots to explore

these nodes. This is the main idea of CBFS, but the underlying sorting and
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selection process is in fact more complicated.

There are several reasons why this can’t be done directly. First of all, it was

mentioned earlier in section 3.3.2 that the current implementation of frontier node

set tracking spawns a lot of very small (consisting of only 1-3 cells) nodes. While

these nodes don’t spawn junctions, they are still considered to be valid targets for

the CBFS algorithm.

Why is this bad? Consider that several robots are assigning their next desti-

nations and have to choose from 2 ’real’ nodes and many small nodes. If all of the

small nodes are concentrated near one of the ’real’ nodes, it will cause all robots

except one to travel in that direction, which is far from optimal. What is even

worse, these small nodes are not persistent — they often appear after one scanner

tick and become fully explored right on the next one. It is simply not viable to

target them specifically, since a vast majority of them will disappear while the

robots explore the ’real’ nodes.

However, such nodes can’t be ignored entirely. Even though most of them get

explored automatically, there is no guarantee that all of them will be gone by the

time the current level of the tree is explored. If some small node was missed during

exploration of the ’real’ nodes, it is not very likely to be accidentally explored later

when dealing with a nodes of the next level. The reason for this is that while

exploring the current level, robots often traverse the tree branches of that level,

but when dealing with the next level, they will often utilize shortcuts on the map

that are not present on the junction tree (like loops).

To cope with this a priority system was developed. When the robots are assign-

ing their next destinations, they have several several ranks of possible destinations,

for each of which (if it is used) the CBFS choice step is applied. These ranks are

as follows:

1. large nodes on the highest level of the junction tree;

2. if previous rank is empty, small nodes on the highest level of the junction

tree;

3. large nodes on the second highest level of the junction tree;

4. everything else.
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With this system small nodes on the current level are skipped completely if

there are large nodes still remaining there.

Within every rank, the nodes are sorted by the distance from the robots with

the exception of the last rank, which is first sorted by the node depth in the tree

and then by distance. If there are more robots than nodes in the current rank,

remaining robots explore the next rank. If there are more robots than nodes in

total, remaining robots just stick together with some of the robots assigned to the

first rank.

This system however is only good for assigning targets when there are multiple

robots deciding how to split the targets between themselves. When a robot is

exploring some path alone, he can achieve better results by following a slightly

different pattern:

1. close proximity large node on the second-highest level of the junction tree;

2. close proximity small node on the second-highest level of the junction tree;

3. close proximity large node on the highest level of the junction tree;

4. close proximity small node on the highest level of the junction tree;

5. next node as was discussed with the other robots (see figure 3.3);

6. everything else.

The first two ranks in this system are called “follow-through” and may seem

completely against the idea of CBFS. The idea with them is that the robot is only

allowed to follow them for a very limited distance from the junction (typically 1-2

scanner ranges, not more). This is done to eliminate very short dead-ends, which

may cause significant back-tracking later, but can be eliminated now at very little

cost. If no such dead-end is found, the robot simply returns and proceeds with the

regular CBFS routine. This improvement is purely practical and is not included

in the analysis.

The other ranks are self-explanatory and strictly follow the CBFS idea. They

make every robot prioritize large nodes over small as it explores its assigned branch

and once it is done make it meet up with other robots. If the robot fails to meet

up, it will just proceed with exploring as if it was alone.
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3.5 Analysis

3.5.1 Graph and tree correspondence

The CBFS algorithm runs on an occupancy grid, but makes most of its decisions

using the junction tree. The process of building the tree was described in sec-

tion 3.3.2, but in order to compare CBFS with the naive approach, it is necessary

to understand how this tree is related to the graph used in the naive algorithm

analysis (section 2.5.3). The correspondence between the features on the map and

the elements on the naive algorithm graph and CBFS junction tree is shown in

table 3.1.

Map feature Naive graph element CBFS junction tree element

Road junctions Every junction is a vertex Every junction is a junction
node

Dead-ends Every dead-end is a vertex Every dead-end is a frontier
node

Frontier Not reflected specifically Frontier is represented as a set
of frontier nodes

Road stretch that connects a
junction with a dead-end is an
edge between a junction node
and a frontier node.

Road stretches
Every road stretch between
two junctions is an edge

Road stretch that connects
two junctions that are not
yet connected by any path is
an edge between two junction
nodes.

Road stretch that connects
two junctions that are already
connected by a path is an edge
between a junction node and
a frontier node.

Table 3.1: Correspondence between map features and elements of the naive algo-
rithm graph and CBFS junction tree

Another important distinction is that the naive algorithm graph is built strictly
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Figure 3.4: Correspondence between the naive algorithm graph and the complete
junction tree

incrementally — no vertices or edges are ever deleted, while the implementation

of the junction tree actively prunes them to store only currently relevant data,

discarding the exhausted nodes. For the analysis the complete version of tree is of

interest — a junction tree where the junctions are not pruned and frontier nodes

remain as leaves even after they are explored. While a tree like this is not obtained

by the process described in section 3.3.2, it shares an important property with it: if

CBFS possessed this tree instead of its incrementally built one, the traversal order

would have remained the same. Therefore, such tree can be used to analyze the

behavior of CBFS. The intuitive difference between the naive algorithm’s graph

and such complete tree is shown in the figure 3.4.

More formally, the tree can be obtained from the graph in the following way:

• the root of the tree is the origin vertex;

• the graph is explored using breadth-first search;

• as new nodes are found, they are added to the tree as children to the nodes

from which they were found;
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• if an already known node is found, a new leaf node is created (the “prime”

nodes on figure 3.4) as a child to the node from which it was reached;

• when continuing search from already known node, the initially reached ver-

sion of it (without “prime”) is used.

Of course, depending on the breadth-first search traversal order, different trees

are possible. However, since CBFS algorithm is deterministic, and since every edge

will be traversed when following any tree, the particular choice of tree does not

matter for the analysis.

The naive algorithm graph is always connected, which means that if it has |Vg|
vertices, the number of its edges is between O(|Vg|) and O(|Vg|2). The complete

junction tree contains exactly the same number of edges |Et| = |Eg|, but more

vertices |Vt| = |Et|+ 1.

With this, the conversion and metric comparison is given between the graph

that was used to analyze naive algorithm and the junction tree of CBFS.

3.5.2 Running time complexity

Running time complexity of a typical graph-based breadth-first search algorithm

is known to be O(|E| + |V |) = O(|E|) (for a tree, which is a connected graph).

This holds true for a single-robot CBFS algorithm as well.

Let us define tree depth as the average depth of all frontier nodes in the tree

and tree breadth as the average branching factor of all junction nodes:

d =

∑
vi∈F

dist(vi, v0)

|F |
b =

∑
vi∈J

children(vi)

|J |
(3.1)

where J is the set of junction nodes, F is the set of frontier nodes (V = J + F )

and v0 is origin.

Consider the tree on figure 3.5. The blue path indicates a possible breadth

first search traversal order (forward only to avoid cluttering), while every edge is

marked with how many times it was traversed while going forward. This forward

constraint is included for simplicity — it simply hides the factor of 2. This factor
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Figure 3.5: CBFS edge forward traversal count distribution

comes from the fact that for every time robot traverses an edge forward, it will

have to traverse it backward at some point later.

What is the total number of edge traversals in terms of b and d? Every edge

going to a terminal node is traversed once, and there are bd such edges. Every

edge on the subterminal level is traversed twice, except for one of them, which was

explored last. There are bd−1 such edges, so the total number of forward traversals

for this level is 2bd−1 − 1. For every next level, the traversal count per edge is

increased by one, while the total amount of traversals is decreased by one — the

algorithm “saves” one edge for every level ahead of it, because it starts traversing

the next level without the need of going back. The complete formula is:

t = bd − 0 + 2bd−1 − 1 + ... + db− d + 1 =
d∑

i=1

(ibd−i+1 − i + 1) (3.2)

Computing the sum in this equation yields O(bd) with a low degree polynomial

of b and d hidden inside the O-notation. This value is the same as the order of edges

in the tree with depth d and branching factor b, which means that t = O(|E|).
For the worst case of a tree that was made from a complete graph, this results in

O(|Vg|2). However, this worst case is not possible in practice. The occupancy grid

map can’t be reduced to a complete junction graph (except for small trivial cases),
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because this graph must be planar. For a planar graph, the maximum number of

edges is linear in the number of vertices, so even for the worst case running time

complexity remains t = O(|E|) = O(|Vg|), usually with some coefficient hidden in

O-notation.

3.5.3 Scaling with multiple robots

The scaling idea of the CBFS algorithm is based on two major points:

• robots distribute the workload by exploring different branches;

• on their way back the robots will meet, sharing their findings.

The first point was already explained in detail earlier. The second point follows

from the fact, that while exploring the current branch, robots move through the

same trajectories (since they use optimal paths and their knowledge of the map

is the same at the moment of synchronization) and will always meet each other

while changing branches.

Earlier in section 3.1 it was stated that the only maps that are of interest for

the purpose of scaling are those with a sufficiently large branching factor. The

reason for this is quite obvious — if the map consists of a single straight corridor,

any algorithm will not scale. If the branching factor is equal to or greater than the

number of robots, then robots will scale well by choosing different branches. The

scaling will be perfect (meaning equally distributed workload) if all road segments

are equal, and will be somewhat worse (but still linear) if the branches are different

in size, because the robot who is finished earlier will have to follow another robot

for a while until they meet.

This does not happen very often however — a large map may have a few

extremely imbalanced branches on the same level, but they can be expected to

be approximately equal on average. Maps where all or most of junctions have

extremely imbalanced branches are statistically infeasible and unrealistic (in terms

of real-world maps).

Another thing that needs a special note is a map with sufficiently large depth

value and branching factor somewhat less than the robot count. CBFS can handle

situations like this fairly well by sending some of the robots further into labyrinth
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than the current branch level. These robots may miss some of the previous branch

robots when they reach their level, doing some redundant exploration, but will

successfully meet with them eventually.
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Computer simulation

C
omputer simulation has served several purposes in this project. It was

used to confirm the weakness of the naive approach and to detect the

exact shape of the map that makes this weakness evident. Other than

that it was run on various maps to provide experimental data which

would support the analysis performed in sections 2.5.3 and 3.5. This section de-

scribes various details related to the simulation, as well as implementation-specific

on the two implemented algorithms — CBFS and naive approach.

4.1 Development platform

The simulation is implemented using C# 4.0 programming language and Microsoft.NET

4.0 framework. There are several notable advantages to this combination:

1. Microsoft.NET provides an extensive library of basic algorithms and data

structures (like various collections);

2. C# and .NET allow the use of LINQ technology to greatly simplify interaction

with collections, saving time and increasing the readability of code;

3. Microsoft.NET includes an easy to use, but very flexible and powerful graph-

ical user interface development tool — Windows Presentation Foundation

(WPF);
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4. Microsoft Visual Studio 2010 provides unparalleled ease of development and

debugging for C# projects;

5. C# and .NET have a detailed documentation as well as support of a large

community, which makes solving any problems that arise during the devel-

opment easier.

All of these points together allow the programmer to focus on implementing the

algorithms rather than on technical details, which makes C# and Microsoft.NET

a good choice for this project. No other external libraries were used.

4.2 Model of the environment

The model of the environment consists of two major components — the simulation

engine and the robot.

The component diagram of the model is shown in figure 4.1. The robot com-

ponent is a direct implementation of all relevant subsystems of the robot. The

control block is the set of the main organizational routines of the robot and de-

termines the order in which other components are used. It uses the scanner to get

the surrounding terrain data from the simulation engine and the communication

module to synchronize with any nearby robots. The updates from the sensor are

stored in the map, which is later used by the exploration module to perform all

specific analysis goals of CBFS and by the navigation module to find the shortest

path with A∗ algorithm. The exploration module is called to determine the next

target, and it also directly calls the navigation module once the move direction for

the current turn is established.

The simulation engine acts both as a coordinator of the model and as an en-

vironment (or the world) in which the robots exist. It uses a simple ∆t approach

which prompts every robot to take one action at every moment of time. The sim-

ulation is started from the user interface and ends after every robot has explored

every reachable point on the map.
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Figure 4.1: UML component diagram for the computer simulation

4.3 Assumptions

Every model is a simplification of the real world object. In this project, a number

of simplifications were made to keep the model simple while preserving its integrity.

Also, goal of this model is not to reproduce the world as accurately as possible, but

to experimentally verify the results obtained analytically for the naive approach

and the CBFS. The assumptions made in the model include:

1. The robots possess perfect sensors. The reasoning for this was already ex-

plained in detail in chapter 2. In short, the random noise in the sensors is

very important for the SLAM and map correspondence algorithms, but since

they are not the focus of this project, they are being used as a black box and

thus don’t need to have real-world input. Perfect sensors mean that every
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scan that robots perform returns the true state of the world without error.

2. The robots possess perfect actuators. This point is similar to previous one

and was also explained earlier. Perfect actuators allow robots to be certain

that after issuing a movement command it will find itself exactly where it

expected to be.

3. The world is strictly 2-dimensional with flat maps. This means that there is

no height constraint used for any purpose in this project, and that the routes

on the map may not pass above each other. This may give the robots an

unfair opportunity to predict the end of the tunnel when they can’t see it,

but they are not allowed to do it. Other than that, such a map is consistent

with the real world examples.

4. The sensor is approximated as a Manhattan circle (|x|+ |y| = r) with a given

radius with a robot in its centre. It is possible to think of it as of a laser range

finder with a limited range and which is pointed in every direction at every

moment of time. Ultimately, the shape of the sensor does not matter, as the

algorithm works with anything, so this point does not affect the integrity of

the model.

5. The sensor shoots discrete lines (using Bresenham’s line algorithm [30]) from

the centre to the edges of the sensor range, performing a hit test. If an

obstacle (unpassable terrain cell) is found, the line does not proceed further.

All points hit by the lines are included in the scan info, every other cell is

reported as unknown. The problem with this approach is that Bresenham’s

line algorithm does not hit every cell inside a Manhattan circle for every

possible range, leaving some of them out sometimes. This has not proved to

cause any noticeable effect however and essentially just changes the shape of

the sensor slightly.

6. The CBFS algorithm often uses a distance metric to compare various lengths.

The true distance between two points on the map can only be calculated by

the search algorithm (like A∗), which is a computationally costly procedure,

especially for the long routes. There are ways to avoid recalculating same
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or similar paths many times, but this model instead substitutes this metric

by a Manhattan distance metric in some cases. This can cause noticeable

problems once in a while, but since both CBFS and naive approach have to

use this metric, they even out.

7. The discretization of the map and the A∗ algorithm used to traverse it do

not produce perfectly realistic paths. This does not affect the algorithms in

any noticeable way.

8. The communication range suffers from the same issue as the sensor range.

The algorithms can work with any communication range however, so it is

sufficient for testing.

With all of this, it can be said that the integrity of the model is preserved given

its goal.

4.4 Data structures implementation

Having to simulate several robots performing their search at the same time, this

computer simulation is a computationally intensive piece of software. The choice

of classes which will represent the abstract data structures required by the robots

can greatly reduce the burden of computation. This section explains this choice.

Occupancy grid map. There are two ways to handle the map. In the real-

world example it must be treated as a dynamically increasing two-dimensional

array that bounds all explored cells. In this simulation however, the size of the

map is known initially and therefore the map can be made static. In that case, the

map does not need to support the operations of adding or removing new items,

and must support access by coordinate. The optimal data structure for this is a

simple two-dimensional array (class List<T>) with O(1) access.

A∗ open set. This is a set which contains the frontier of A∗ search. It frequently

adds nodes and frequently needs to find (and remove) the best node matching

a certain condition. A doubly linked list (class LinkedList<T>) provides O(1)
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addition and removal (given the position of the node in the list is known), but

finding the element will require a full O(n) search. To speedup the search, the

list can be kept sorted. This makes addition O(log n) using binary search and

retrieval O(1). Unfortunately, the sorted list class provided by .NET does not

support multiple entries with equal sort metric, which is required here, so instead

a wrapper around LinkedList<T> was written.

A∗ closed set. This is a set which contains exhausted cells in A∗ search. It

needs to support adding items and checking if an item was already added. Both of

these can be done in O(1) by a dictionary (class Dictionary<K, T>). Dictionary

requires a key that comes together with every entry, which can be computed as a

simple hash based on cell’s coordinates (x+ 10000 ∗ y was used and will not cause

collisions for any map with width less than 10000). Since the cell will never be

added twice there, there are no further problems.

Frontier nodes. A single frontier node is a set of frontier cells. It needs to

support fast addition and membership test operations, for which dictionary is

perfect as was shown earlier. All other operations (finding central cell and checking

intersection with other node) require processing every single node in the dictionary

and can be done either in O(n) or by caching using any data structure. Therefore,

dictionary has no disadvantages for frontier nodes.

Entire frontier. The frontier itself consists of a set of its nodes. Since there are

typically few nodes (less than 20 most of the time), a simple dynamic array can be

used for them without any issue. However, it is also necessary to keep track of all

frontier cells (which are a merge of all nodes). These cells are best kept separately

at the cost of some extra memory. Using dictionary, this allows for rapid (O(1))

membership tests, additions and removals.

Junction tree. The tree itself is stored as a classic tree with every junction

having a list of children and a parent as a links. On top of that however, for

merging it is necessary to have an access to all junctions in a linear way. Since

junctions are essentially coordinate pairs, dictionary works great here as well. One
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last thing about the tree is storing links to frontier nodes. Rather than storing

them as links in the tree, it is better to store the links to parent junctions at the

nodes themselves. The reason for this is simple — nodes are frequently remade

from scratch, so it is better to not involve junction tree in this update process at

all. Since there are rather few nodes, finding a node that belongs to a particular

junction in O(n) is not very troublesome, especially since this operation is done

not very often.

4.5 Interface

The computer simulation includes a simple GUI which allows monitoring robot

progress as well as customization of several settings. There are three window

types in the GUI: settings window (figure 4.2), global view window (figure 4.3)

and single robot monitor windows (figure 4.4), one for each robot.

The settings window allows the user to configure the simulation before it is

started. First, the user must choose a map. The map must be in a standard

graphical format (.png, .bmp and .gif are accepted among others), must be black

and white only (with black corresponding to unpassable terrain and white corre-

sponding to passable terrain) and must have some passable terrain on one of the

Figure 4.2: Settings window
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Figure 4.3: Global view window

edges (for the starting point, which will be detected automatically). The user may

also specify the amount of robots (1 to 4), the scanner range (radius in pixels)

and choose the exploration planning method (between naive and CBFS). Once the

simulation is started, it may be paused or stopped using the settings window.

The global view window shows the whole map (revealed) and the robots’ posi-

tions on it. It also reports the current status of simulation and time elapsed since

started on the status bar in the bottom of the window.
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Figure 4.4: Single robot monitor window

The single robot monitor windows appear after the simulation is started. This

window shows the map as it is known by a robot. It also reports the robot’s

position on it, its current target (brown point) and all junctions in its junction

tree (blue points).
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Discussion

T
he purpose of this project was to study the problem of exploration

planning in multi-robot systems and to improve the performance of

currently used solutions. The typical solution for this problem employs

the naive approach, which performs well on average, but has poor worst

case running time and does not scale in many realistic situations. To counter these

problems a new method called coordinated breadth first search was developed. The

comparison of running time and scaling factor for these two methods is shown in

the table 5.1.

Parameter Naive approach Coordinated breadth first search

Best case running time O(|V |) O(|V |)
Worst case running time O(|V |3/2) O(|V |)

Best case scaling O(1/n) O(1/n)

Worst case scaling 1 O(1/n)
Table 5.1: Performance comparison results

CBFS provides consistent results by design and guarantees scaling and linear

exploration time. It is however not perfect. The constant hidden in the O-notation

for running time is heavily dependent on the map (more precisely, the distances

between vertices on the junction graph) and for most cases is worse for CBFS.

Likewise, the constant hidden in the O-notation for scaling factor is also dependent
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on the map. In practice it means for many (although far from all) maps naive

approach performs better than CBFS. The exact nature of these dependencies is

out of scope of this project.

Apart from these analysis results, this project has done an attempt to formal-

ize and study the problem of multi-robot exploration planning, which is heavily

overlooked by the scientific community. The results (both the theory and the de-

veloped computer simulation) can be used to further study this problem and to

develop better solutions.

While CBFS in its current state does not provide decisive increase in perfor-

mance over the naive approach, it has shown that the deficiencies of this approach

can be overcome. CBFS can be further improved to implement features from other

methods (like an utility function similar to Burgard’s in place of the priority sys-

tem) and extended to reduce the overhead travel of breadth-first search by using

junction graph instead of tree. Finally, if a complete statistical analysis of possi-

ble maps was performed, it could be used to further analyze the performance of

both CBFS and the naive approach, and its conclusions could be used to greatly

improve either method.

Formally, in this project the following goals were achieved:

• two existing approaches to exploration planning problem were reviewed;

• the naive approach was analyzed and its weakness was identified;

• a new method to cope with this problem was developed and analyzed;

• a computer simulation software was developed to test these methods;

• the new method was compared with the naive method and conclusions were

drawn;

• further ways to improve the developed method were suggested.
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