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Multiagent Bidding Mechanisms
for Robot Qualitative Navigation

Carles Sierra, Ramon Lépez de Mantaras and Didac Busquets
Artificial Intelligence Research Institute (II1A),
Spanish Council for Scientific Research (CSIC)
Campus UAB, 08 193 Bellaterra, Barcelona, Spain
{sierra, mantaras, didac} @iiia.csic.es

Abstract navigation systeim is tested over a simulation of an out-
door environment composed of elements such as build-
This paper explores the use of bidding mechanisms to  ings, trees, rivers, efc.
coordinate the actions requested by a roup of agents  The map of the environment is represented by a la-
in charge of achieving the task of guiding a robot 0~ bejled graph whose nodes represent iriangular shaped
! wards a specified target in an unknown environment.  regions delimited by groups of three non-collinear land-
This approach is based on a qualitative (fuzzy) approach  marks and whose arcs represent the adjacency between
to landmark-based navigation. regions, that is, if two regions share two landmarks,
Keywor_ds: ro?otic and perception, multiagent systems,  the corresponding nodes are connected by an arc. The
fuzzy arithmetics arcs are labelled with costs that reflect the easiness of
the path between the two corresponding regions. A
blocked path would have an infinite cost whereas a fiat,
hard paved path would have a cost close to zet0. of
course these costs can only be assigned after the robot
has moved (or tricd to move) along the path connecting
the two regions. T herefore, the map is built while the
robot is moving towards the target. The only & priori
assumption is that the target is visible from the initial
robot location. Of course, the target can be lost during
the navigation and is when the navigation system will
need to compute its location with respect to a set of pre-
viously seen tandmarks whose spatial relation with the

target is qualitatively computed both in terms of fuzzy

1 Introduction

‘l Navigatng in outdoor unknown environments is a diffi-
! cult open problem in robotics. Bxisting approaches as-
‘ sume that an appropriately detailed and accurate met-
ric map can be obtained through sensing the environ-
ment. Bven landmark-based navigation approaches as-
sume unrealisticaily (except if a GPS system is avail-
§ able) accurate distance and direction information be-
' iween the robot and the landmarks (see Section 6.
In this work we proposc a fuzzy set based approach
to landmark-based navigation in outdoor environments

that assumes only very rough vision estimation of the dlstarfce and dl.rccuon. . .
: distances and thereforc does not rely on GPS informa- This paper is structured as follows. Section 2 dis-
1 k fion. The motivation being t0 test the feasibility of cusses the map representation, Section 3 the multia-
1 animal-like qualitative navigation in machines. Our ap- gent architecture E}“d bidding mechanism for coOpere:
' “ proach is implemented by means of a multiagent archi- tion and competition among the agents. In Section 4
b tecture. we describe each individizal agent. Section 3 contains

The navigation system uses a camera for landmark 2% example and Section 6 is devoted to relevant related

:dentification and recognition and has to compete with work. Finally, the paper is co.ncluded in Section 7.
other systems for the control of the camera. T his control

is achieved through a bidding mechanism (see Section

3). 2 Map representation
Another partner in the project is building a six legged
sobot with an on board camera. When available, we wilt For map representation and wayfinding, we will use the

test our approach with the real robot. Right now, the model proposed by Prescott in [15). This model is based
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Figure 1: Possible landmark configuration and points of
view.

on the relative positions of landmarks in order to esti-
mate the location of a target. The method is named the
beta-coefficient system.

We will firstly describe how this method works when
the robot is able to have exact information about its
environment, and then we will explain how we have
adapted it to work with imprecise information,

2.1 Beta-coefficient system

Having seen three landmarks and a target (which is also
a landmark) from a viewpoint {i.e. landmarks A, B and
C and target T' from viewpoint V/, as shown in Figure 1),
then seeing only the three landmarks, but not the target,
from another viewpoint (i.e. V), the system is able to
compute the position of the target. The only calculation
needed to do this is

B=X1Xrp

where X = [XXpXe] with X; = (@4,¥;,1)7,i €
{A,B,C, T}, are the homogeneous coordinates of ob-
Ject 4 from the viewpoint V, The resultant vector, 8, is
called the f-vector of landmarks A, B, C and T. This
relation is unique and invariant for any viewpoint, with
the only restriction for the landmarks to be distinct and
non collinear.

The target’s new location from viewpoint ¥/ is com-
puted by

Xr=X'3

This method can be implemented with a two-layered
network, Each layer contains a collection of units,
which can be connected to units of the other layer. The
lowest layer units are object-units, and represent the
landmarks the robot has seen. Each time the robot rec-
ognizes a new landmark, a new object-unit is created.
The units of the highest layer are beta-units and there
is one for each B-vector computed. When the robot has
four landmarks in its viewframe, it selects one of them
to be the target, a new beta-unit is created, and the -
vector for the landmarks is calculated. This beta-unit

will be connected to the three object-units associated
with the landmarks (as incoming connections) and to
the object-unit associated with the target landmark (as
an outgoing connection). Thus, a beta-unit will always
have four connections, while an object-unit will have as
many connections as the number of beta-units it partic-
ipates to. An example of the network can be seen in
Figare 2b. In this figure there are six object-units and
three beta-units. The notation ABC/D is understood as
the beta-unit that computes the location of landmark D
when knowing the locations of landmarks A, B and C,

This network has a propagation system that permits
to compute the location of the non-visible landmarks.
The system works as follows: when the robot sees a
group of landmarks, it activates (sets the value) of the
associated object-units with the egocentric locations of
these landmarks. When an object-unit is activated, it
propagates its location to the beta-units connected to it.
On the other hand, when a beta-unit receives the lo-
cation of its three incoming object-units, it gets active
and computes the location of the target it encodes using
its B-vector, and propagates the result to the object-unit
representing the target. Thus, an activation of a beta-
unit will activate an object-unit that can activate another
beta-unit, and so on, For example, in the network of
Tigure 2b, if landmarks A, B and C are visible, their
object-units will be activated and this wil} activate the
beta-unit ABC/D, computing the location of D, which
will activate BCD/E, activating E, and causing BDE/F
also to be activated. Knowing the location of only three
landmarks, the network has computed the location of
three more landmarks that were not visible. This prop-
agation system makes the network compute all possible
landmarks locations. Obviously, if a beta-unit needs the
location of a landmark that is neither in the current view
nor activated through other beta-units, it will not get ac-
tive.

The network created by object and beta units is im-
plicitly defining an adjacency graph of the topology of
the landmarks, It can be converted to a graph where the
nedes represent regions (delimited by a group of three
landmarks), and the arcs represent paths. These arcs
can have an associated cost, representing how difficult
it is to move from oné region to another. An example
of how the topology is encoded in a graph is shown in
Figure 2c.

This topological graph will be useful when planning
routes to the target, Sometimes, when the position of
the target is known, the easiest thing to do is to move
in a straight line towards it, but sometimes it is not (the
route can be blocked, the cost too high...). With the
topological graph, a route to the target can be computed.
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Figure 2: (2) Landmark confi guration (b) Associated network (partial view) and (c) Associated topolo gical map.

This route will consist in a sequence of regions through  behind in order to position the Tobot by seeing known

) which the robot will have to g0. landmarks, or the vision systemn may need to look to
: the right of the robot to track an already identified land-
’: 22 Moving to fuzzy mark.

‘We propose 2 modet for co-operation and competi-

‘ However, this method assumes that the robot will have  tion based on a simple mechanism: bidding. We can
L the exact position of every landmark, in order 1o cré- €€ each of the activities (services), from an engineer-
i i ate the beta-units and use the IletWO['k. But this is not lng poin{ of view, as & Systcm (represcnted as a square in
1 our case. The vision system of our robot will provide Figure 3), that is, Systems Tequire and offer services one
r us with inexact information about the locations of land-  another. The model works as follows, each system gen-
marks. To work with this uncertain information we will  erates bids for the services offered by the other systems
use fuzzy numbers. according to the internal expected utility associated to

To use the beta-cocfficient system with fuzzy pum-  the provisioning of such service. Each system provides
bers, we simply perform the calculations using the fuzzy a number of services and waits for bids for them. Each
Operators as defined in {2}, However, because of the na-  system decides which service to engage on based on the
ture of fuzzy Operators, some landmark configurations  active bids fhat have been received.
may not be feasible (because of the division by 0) and This modutar view conforms an extensible architec-
alternative landmarks might be needed. ture. To extend this architecture with a new capability

When using the network to compute the position of  we would just have to plug in a new system. Not only
a landmark, we obtain a fuzzy polar coordinate {7, ¢), ihat, it also permits recursively fo have a modular view
where r and ¢ are fuzzy numbers, giving us qualitative  of cach one of the systeins.
information about its location.

3.1 Pilot system

3 Robot Archltecture In this paper we do not focus on the algorithmics of the

pilot system. We assume the pilot is able to safely con¥-
mand the motors that control the robot legs 1© move i
a given direction. ‘When the sensors detect problems: 2
feg is blocked, or stips, for instance, the pilot bids for
the control of the camera {0 inspect the surroundings o
the robot in order to perform a local planning to avoi¢
the obstacle. This system is being currently develope!
in paraliel by anothet partner in the project (IR 9.

Navigation, as the general activity of leading a robot
to a target destination, is naturally intermingled with
other low-level activities of the robot such as actual leg
co-ordination or obstacle avoidance (that is, piloting)
and high-level activities such as andmark jdentification.
All these activities co-operate and compete. They ¢o-
operate because they need one another in order to fulfi
their tasks. For snstance, the navigation system needs
to identify the known jandmarks in a particular area of
the environment or to find new ones; or, the vision sys- 3.2 Vision system

tem needs the pilot to move in a particular direction to

change the point of view on a landmark. These activities We neither focus on the vision system descripti?na 8
compete for the use of the most important resouree, the though we build upon the results for Jandmark ide2"
camera, For instance, the pilot necds the camera to have feation obtained by [11}. The vision system is &bl¢-
a close view in front of a leg to safely avoid and ob- Tnstitat de Robotica i Informatica Industrial, 5
stacle, the navigation system needs sometimes to look hitp:/fwww.irl.csic.es ‘_"
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Figure 3: Robot architecture and multiagent view of the navigation system.

recognise new landmarks in the vision field of the cam-
era and is also able to identify previously recognised
landmarks. It will also provide information about the
movement perforined by the robot. The algorithmics of
the vision system may need a complementary view in
order to perform a correct landmark identification. In
those cases, it will bid for the control of the pilot to mo-
mentaneously divert the robot to take a new perspective
on a landmark, This system is also being developed in
parallel by another partner in the praject.

3.3 Navigation system

We have used the modular view inspiring the overall
robot architecture in the design of the navigation sys-
tem. Again, the overall activity of leading the robot to
the target destination is decomposed into a set of sim-
ple agents that bid for services provided by other robot
systems, This system has a communication agent that
gathers the different biddings and determines which one
to select at any given time. Thus, the navigation system
is defined to be a multiagent system where each agent
is competent in a particular task. The co-ordination be-
tween the agents is made through a common represen-
tation of the map. Agents consult the map and suggest
changes to it. Other robot systems provide information
about the environment —position of landmarks, obsta-
cles, difficulty of terrain, ...— which is also used to
update the map.

The local decisions of agents take the form of bids for
services and are combined into a group decision: which
set of compatible services to require, and hence gives
us a handle on the difficult combinatorial problerit of
deciding what to do next. In the next section we describe

in detail the society of agents that models the navigation
process,

4 The group of bidding agents

In the model reported in this paper we present a group of
five agents that take care of different tasks that, when co-
ordinated through the bidding mechanism, provide the
overall desired behaviour of leading the robot to a target
landmark. The tasks are: to keep the target located with
minimum uncertainty, to keep the risk of losing the tar-
get low, to recover from blocked situations, to keep the
error distance to landmarks low, and to keep the infor-
mation on the map consistent and up-to-date.

An agent has been designed to fulfill each one of
these goals, plus a communicator agent, that will be
the responsible of communicating the navigation sys-
tem with the other robot systems.

The services —actions— that agents can bid for, in
order to fulfill their tasks are: Move({direction}, in-
structs the pitot system to move the robot in a particular
direction; Look_for_target(angle, error), instructs the
vision system to look for the target that can be found in
the area at angle 4- error radians from the current body
orientation; and, Identify landmarks(number, area),
instructs the vision system to identify a certain number
of landmarks in a particular area represented as an angle
arc.

Finally, agents may question one another with respect
to the different capabilities they have. For instance, any
agent in the socicty may request the agent responsible of
keeping the uncertainty low, which is the current level of
uncertainty, or request from the map manager whether
the target is currently visible or not. When describing
the algorithm schemas these speach acts will appear as
expressions in a KQML-style type of language.

Agents have a hybrid architecture. We will use the
following construct to model the reactive component of
agents:

On condition do action

Whenever the condition holds (typically an illocution
arriving to the agent) the action is executed immedi-
ately. Agents will refer to themselves by the special




62

figents Autdnoms

symbol ‘self’. When referring to all the agents of the
society, they will use the symbol ‘ail’.

The code schemas of the agents can be found in Table
1.

4,1 Map manager

This agent is responsible of maintaining the information
of the explored environment as a map. It also main-
tains the information of the current view frame. As ex-
plained in Section 2, a map is a graph where each node
corresponds to a group of three landmarks and where
arcs are labelled with a passability cost. An arc labelled
with an infinite cost represents a non-passable section
of the terrain _—for instance, an obstacle, a wall, & river
_..The activity of this agent consists On Processing the
information associated with the jncoming view frames
— expanding the graph and possibly changing the beta-
vectors, and asynchronously changing axcs’ cost labels
when informed by other agents or by other robot sys-
tems,

Each time a new view frame arrives, it permits 10
compute the difference in angle from the last view frame
for each Jandmark. This angle is used to determine the
distance to the 1andmark, di;» and also the overall dis-
tance exror, €;;, in the following way:

_ sing . Ed sin B
di, = dsinu.i € = 'd sino

where €4 is haif of the support of the fuzzy number
representing the distance in the direction of the move-
ment of the robot, d is the most confident value for the
distance, oy, is the difference in angle for landmark;
from the last frame and the current frame and B is the
actual angle of the movement performed by the robot
(see figure 4).

Figure 4: () Robot movement and angle variation and
(b) Fuzzy distance and error

This agent will use the fuzzy beta-coefficient sys-
tem described in Section 2 to answer questions about
jandmark and target positions, coming from the farget

tracker and the distance estimator. It will activate the
network with the information of the current view frame,

and the propagation systen will compute the positions
of the non visible landmatks.

Tt will also be the responsible of computing the qual-
ity of the landmarks in the current view frame, when
required by the risk manager. This quality will be a
function of the collinearity of the landmarks, Hav-
ing a set S of landmarks, their quality is computed
as: g = max{l —~ Col(S)S' € S S| = 3} where
Col{§) =1-— é’?%, and a, B and 7y are the three an-
gles of the triangle formed by the landmarks in 8. The
best quality is associated to equilater wriangles, where
a=pf=7v=7% and hence their coltinearity is 0.
When one of the angles is 0, landmarks would be maxi-
mally collinear and Col{8") = 1.

Anather responsibility of this agent is to compute di-
verting targets when asked for by the rescuer, possibly
backiracking from the current situation. To do this it
uses the map where all path costs and previous naviga-
tion decisions are recorded. We have explored two ways
of computing a new target. With the first method, we
select the target that makes the diverting path shorter.
with the second, we select the target that minimizes the
direction change of the robot.

4.2 Target tracker

The goal of this agent is to keep the target located at
any time. Ideally, the target should be always within the
current view of the camera. If it is not, the uncertainty
associated to its location 18 computed by this agent using
the map and the current view. Actions of other systems
are requested to keep the uncertainty as low as possible.
We model uncertainty as a function on the angle ar%,
€q. from the robot’s current position, where the target is
thought to be located. When we are sure of the position
of the target we have a crisp direction and hence, €a =
and the uncertainty is 0. When we are completely lost
any direction can be correct, €o =% 27 and the uncer
tainty levelis 1. Thus, the uncertainty level is computed
as: U = (§)P, where B gives a particular increasing
shape to the uncertainty function. If B is much smalle!
than 1, we are going to increase uncertainty very quicklt
as the imprecision in angle grows. For 8 values wel
over 1, uncertainty will grow very slowly until the ero
angle gets very big. :
The actions required by this agent are 10 move 0
wards the target and to look at the place where the &
get is assumed to be. Bids for moving towards the ¥
get start at a value K1 and decrease pOIinomically @‘
pending on a parameter o) to 0 when the uncery *
increases. Bids for looking at the target follow 2 s
soidal increasing from G, reaching a maximuom 0 f2s
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uncertainty equal to 0,5 and then decreasing again un-
til 0. This is so because there is no need to look at the
target when the uncertainty is very Jow, and it does not
make sense to bid high to look at the target when the
uncertainty is already too high.

4.3 Distance estimator

The goal of this agent is to keep the distance etror to the
neighboring landmarks as low as possible, This agent
will play a very important role at the beginning of the
navigation. When analysing the first view frame to ob-
tain the initial landmarks, the error in distance will be
maximal, there will be no reference view to obtain an
initial estimation of the distance to the target. This agent
will generate high bids to move, preferably orthogo-
nally, with respect to the line connecting the robot and
the target in order to get another view on it and establish
an initial estimation of the distances to the visible land-
marks. Similarly, when a target switch is produced (by
the intervention of the rescuer) this agent may become
relevant again if the distance value to the new selected
target is very imprecise. Again, the same process will
have as consequence a decrease in the new target dis-
tance error,

We model distance uncertainty as the size of the sup-
port of the fuzzy number modeling distance. As al-
ready mentioned in Subsection 4.1, we will note ¢, the
imprecision etror in distance to landmark and € the
imprecision error to the current target. Thus, the un-
certainty in distance to the target can be modeled as
Ui=1- e—,};;, where « is a parameter that changes the
shape of Uy; high values of & will give faster increasing
shapes. At the beginning of a run the distance is the
fuzzy number {0, oc}, €; = +00 and hence Uy = 1.

This agent will be relevant when this value is very
high. Its action will be to bid to move the robot in an
orthogonal direction using as bid the value of Uy.

The single action required by this agent is to move
orthogonally to the line connecting the robot and the
target (o in figure 4).

This agent will also be the responsible of deciding
(up to a certainty degree ) whether the robot is af tar-
get. It will consider that the robot has reached the target
if the upper bound of the a-cut of level ¢ of fuzzy num-
ber modeling the distance to the target is less than three
times the body size of the robot,

44 Risk manager

The goal of this agent is to keep the risk of losing the
larget as low as possible. The way to satisfy this goal

is by keeping a reasonable amount of landmarks, as non
collinear as possible, in the surroundings of the robot.
The less landmarks we keep around the more risky is
our current exploration and the higher the probabilities
of losing the target. Also, the more collinear are the
landmarks the higher is the error in the location of the
target and thus the higher the uncertainty on its location.

We will model the risk as a function that combines
several variables: 1) the number of landmarks ahead
(elements in set A), 2) the number of landmarks around
{elements in set B), and 3) their ‘quality’(g4 and qp).
A and B are the sets of landmarks ahead and around of
the robot, respectively. We understand by ‘quality’ how
collinear they are. A lowest risk of 0 will be assessed
when we have at least four visible landmarks in the di-
rection of the movement with the minimum collinearity
between them. A highest risk of 1 is given to the situa-

tion when there are neither landmarks ahead nor around
us,

R=1- min(l,q,‘;(l—;ﬂ)% + qs(%)m)

The values v4 and g determine the relative impor-
tance of the type of landmarks. Having landmarks ahead
should be privileged somehow, so normally y4 > 5.

Given that the robot has little to do in order to in-
crease the quality of the landmarks, the only way to
decrease the risk level is by increasing the number of
landmarks ahead and around. We privilege the fact of
having landmarks ahead by bidding +y,-R for that action
and -y, R? (which is obviously smaller that ¥ 1) for the
action of identifying landmarks around the robot, where

“¥r is a parameter to control the shape of the bid func-
tion.

4.5 Rescuer

The goal of the rescuer agent is to rescue the robot from
problematic situations. These situations may happen
due to three reasons. First, the pilot can lead the robot
to a position with an obstacle ahead. Second, the un-
certainty of the location of the target is too high, over a
threshold U,,. Finally, we can be at a very risky place,
that is a place where we can get easily lost, a value of
R over a threshold E. If any of these situations happen,
the rescuer agent asks the map manager for a diverting
target. The algorithm uses a stack where the different
diverting targets are stacked.

4.6 Communicator

The multiagent system implementing the navigation al-
gorithm communicates with the remaining robot sys-




tems through the communicator agent. This agent re-
ceives bids for services from the other agents. The ser-
vices required may be conflicting or not. For instance,
an agent that requires the camera to 1ook behind and an-
other that requires it to identify a new jandmark on the
right end up with conflicting service biddings, that is
services that cannot be fulfilled at the same time. Onthe
contrary, an agent requiring the robot to move forward,
and an agent requiring the camera to look behind might
be perfectly non-conflicting. The communicator agent
combines the bids for the different services, determines
the service with highest bid for each group of conflict-
ing services and outputs service bids accordingly.

We note the set of services, or actions, as A. Iftwo
actions cannot be performed at the same time, we say
that they conflict, and we note it as Conflict{a:, @ i) A
bid is a pair of the form {aj,b) such that a; e Aand
b € [0,1]. The set of active bids in a given momen is
a set of bids received from the remaining agents in the
multiagent system since the last decision taken by the
communicator agent. The communicator generates as
output to the other systems a sct of feasible bids.

Given a set of active biddings B, 2 feasible bidding
is a set ' of bids {{as,b1)y-- > (@i bi)s - - . any bn)}
such that for all o; and aj, G # aj, Conflift a;,a3) 1
false and b; = V{b;l{a:d i) € B}. The combination
fanction \/ being any form of disjunctive operator, such
as maz.We note by B* the set of feasible biddings of
B.

Given a set of bids, the agent will select the feasible
bidding associated to them that maximises the welfare
of the society. Understanding the value in a bid as a
measure of the expeeted utility of the action in that bid
to a particular agent, We use the sum of the bids as the
function to maximise. Thus, the actual output is:

i
F=arg mam{zbd{(ahbl),. L abi)} € B*}

i=1

5 A navigation example

We are currently implementing the agents of the navi-
gation system and testing the algorithm on the Webots?
simulator. Since we do not have the real robot yet, We
also simulate the pitot and vision systems,

The system is being implemented it Youtoo® con-
nected to the Webots simulator. Bach agent is executed
as an independent thread, and they use shared memory
to simulate messages passing.

2(yberbotics, hitp:fiwww.cyberbatics.com

3 A muiti-threaded dialect of Lisp,
http:llwww.mathsbam.ac.ukf‘ japfakl/youtoo
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Figure 5: Robot’s path from starting point to the target

We will explain a navigation run as shown in Fig-
ure 5. 1t shows the path followed by the robot from a
starting point to & target Jandmark. The environment is
very simple, it is composed only of landmarks (drawn
as black circles), and the obstacles are the landmarks
themselves.

When the robot starts its search, in puint (1), it sees
the target, but as there is no distance estimation, the
agent DE (Distance Estimator) bids very high to move
orthogonally with respect to the target. The agent TT
(Target Tracker) will also bid high to move towards the
target, but DE wins and the robot turns.  When the
robot reaches point (2) the angle to the target has var-
ied enough to compute its distance, so the bids of DE
to move in that direction decrease. Since the robot is
looking at the target, there is no uncertainty about its
focation, so TT will bid high to move towards it. As
bids of DE are low, TT wins and the robot starts moving
to the target. In point (3) the pilot detects an obstacle
so it takes the control to avoid it. Once the obstacle is
avoided, int point @), TT’s bid wins again and the robot
continues moving 10 the target. The same situation is
encountered in point (5)- There, the pilot takes the con-
tro} for a while, and TT resumes it in point (6). The
cobot finally reaches the target in point (.

6 Related work

Mapping for robot navigation dates back to the famous
SRI Shakey robot {14} Recent research on model-
ing unknown cnvironments is based on W0 main ap
proaches: occupancy grid-based (oF metric), proposet
among others by Elfes [4] and Moravec (131, and t0po
fogical such as those proposed by Chatila (3], Kuipeh
and Byun [9], Mataric 12} and Kortenkamp (8} aﬂ“’“;
others, Cells in a occupancy grid contain informati?/
about the presence or not of an obstacle. The pOSig%
of the robot is incrementally computed using odomes
and information from sensors. One problem with.

approach is that it requires an accurate odometry 0
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Agent MM(initial target)=
Begin
targel = initial_target
On infonn(CO.sclf,cum:nt-vicw(CV,movcmcnt)) do
update_map(CV,movement}
On ask(X self,position-landmark(L.)?) do
{angle.c d.ca) = compute_londmark_position(L,)
int‘orm(seIf.X.pt:nsit:'un-!au'xclm.axl»:(l,,ang[c.e,1 doegd
On ask(X,self Jandmarks?) do
{ALIBl, ga,q8) = compute landmarks.quality
infonn(selﬁX,landma:ks(lAl, iBl,g4.¢8)
On ask(X,self diverting-target?} do
T=compure_diverting 1arget
inform(self, X.diverting-target(T))
On inform(RE self,target(T)) do target =T
end

Agent TT(a, B, K1, K2, initial .target, initfal.angle)=
Begin
{targetangle,e, } = {initial_target,initial_angle,0)
Repeat
ask{self, MM -position-landmark{target)?)
When inform(MM.sclf,position-]andmark(lm-gct,
angle,e o dist,eq:44)) do
Up = (52)°
inform(s-clf.a]l,unccnainly(Ua D]
inform(seif,CO,

{(Move(angle}, k(1 — (U212},
(Look fortarget{angle, e, ),
wasin (w131
endwhen
Uniit infonn(DE,self.al_La:gel(inilial.targct))

On inform(RE selftarget(T)) do target =T
end

Agenl DE(initial target, 1, @)=
Begin

target = initial target

d=1{0, co]

€ = +o0

Uy=1

Repeat
ask(sc[f.MM,position-landmark(target)?)
{min,max)={d} 4
attarget =max < 3*bodyshape
If at_target then Inform(self,all at_targei(targes))
‘When inform{MM,self,

position-landmark(target,angle, e, .dist, ¢, Bdo
Ug=1 -

1
d=dist °
inform(selF,CO, {{Move(angle - ZnUD
endwhen

Untit inform{self,self,at_target(initial_targer))

On inform{RE, self target(T)} do target =T
end

Agent RM(y 4, ¥R, ¥p, initial target)s
Begin
target = initial arget
R=0
Repeal
ask{self, MM landmarks?)
When inform(MM self,
landmarks(| 41,1 B|,q.4.98) do
R=1-m in(1, q,;('%'—)'m+
s(151)7")
inform(self,all risk(R)}
H }A| < 4 then inform{self,CO,
{{Identify tandmarks(4, ahead),
')'rR)})
If | B} < 4 thea inform{self,CO,
{{Identify Iandmarks(4, erown d},
'YrRz)})
endwhen
Until inform(DE,self,aiAa.rget(iniiiaLtarget))

On inform(RE,self targei(T)) do targel =T
end

Agent RE(U, , R, initial targeti=
Begin
stack = push{emptystack.initial target}
Repeat

When inform(CO,self, Blocked) or {inform(TT, self, uncertainty({/, )} and U, > U

or (inform(RM, self, risk(R)) and R > &) do
ask(self, MM, diverting target?)
endwhen

Until inform(DIE,self,at target(inilial_target))

On inform{(DE, self,at target(T)) do
pop(stack})
if not empty{stack) then
T := top(stack)
inform(self, all, target¢T))
On inform{MM,self diverting target(T)) do
push{stack, T)
inform(self, all, target(T))
end

Table 1: Agents code schemas
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ambiguate among positions that look similar. Besides, the state of the world and a set of activities to perform
grids are computationally very expensive, specially in the navigation. Arbitration between competing activi-
large outdoor environments, because the resolution of tiesis accomplished by a set of rules that decides which
the grid (cell’s size) cannot be too large. Contrarily to  activity takes control of the robot and resolves conflicts.
grid-based representations, topological representations Other hierarchical centralized architectures similar to
are computationally cheaper. They use graphs to repre- that of Liscano et al are those of Stentz [17] to drive
sent the environment. Each node corresponds to an en- CMU's Navlab and Isik [7] among others. Our approach
vironment feature or jandmark and arcs represent direct is completely decentralized which means that the broad-
paths between them. In our work, however, nodes are  cast of information is not hierarchical. This approach is
regions defined by groups of three landmarks and they easicr to program and is more flexible and extensible
are connected by arcs if the regions are adjacent. This than centralized approaches, Arkin [1] also emphasized
graph is incrementally built while the robot is moving  the importance of a nonhierarchical broadcast of infor-
within the environment. Topological approaches com- mation. Furthermore, we propose a model for coopera-
pute the position of the robot relative to the known land- tion and competition between activities based on a sim-
marks, therefore they have difficulties to determine if ple bidding mechanism. A similar model was proposed
two places that look similar are or not the same place by Rosenblatt [16] in the CMU's DAMN project. A set
unless a robust enough landmark recognition system is of modules cooperated to control a robot’s path by vot-
in place. Landmark recognition is a very active field of  ing for various possible actions, and an arbiter decided
research in vision and very promising results are being which was the action to be performed. However the set
obtained [11]. In this work we assume that the vision of actions was pre—deﬁncd, while in our system each
system can recognize landmarks. Thrun [19} combines agent can bid for any action it wants 0 perform. More-
grid-based and topological representations in his work over, in the experiments carried out with this system
on learning maps for indoor navigation. This is indeed (DAMN), the navigation systein used a grid-based map
a good idea for indoor environments but for large-scale and did not use at all landmark based navigation. Sun
outdoor environments may not be worth the compuia- and Sessions [18] have also proposed an approach for
tional effort of maintaining a grid representation under developing multi-agent reinforcement learning systems
a topological one. that uses a bidding process to segment sequences (and
The incremental map building approach presented divided up among agents) in sequential decision tasks,
here is based on previous work by Prescott [15] that their goal being to facilitate the learning of the overall
proposed a network model that used barycentric €o- task based on reinforcements received during task exc-
ordinates, also called beta-coefficients by Zipser 207, cution.
to compute the spatiat relations between landmarks for
robot navigation. By matching a perceived landmark .
with the network, the robot can find its way to a tar- 7 Concluding remarks and future
get provided it is represented in the network. Prescott’s work
approach is quantitative whereas our approach uses &
fuzzy extension of the beta-coefficient coding system in ‘This paper presents a new approach to robot navigation -
order to work with fuzzy qualitative information about based on the combination of fuzzy representation and
distances and dircetions. Levitt and Lawton [10] also  multiagent coordination based on a bidding mechanism. *
proposed a qualitative approach to the navigation prob-  The implementation is finished on top of a simulator and
lem but assumes an unrealistically accurate distance and  we are starting the phase of experimcntation.
direction information between the robot and the land- Experimentation will be carried out along three di-
marks. Another qualitative method for robot navigation  mensions: number of environments (one or several), ;
was proposed by Escrig and Toledo [5], using constraint  number of points in cach environment where fo start 35
logic. However, they assume that the robot has some @ run (one Or several), and number of samplings of robot !
priori knowledge of the spatial relationship of the land-  parameters per starting point (one or geveral), This giv
marks, whereas our system builds these relationships  eight increasingly more complex experimental gcenar
while exploring the environment. 108 for which the results will be given as path 1engt,
Regarding the related work on multi-agent architec- averages compared either with optimal results of with
tures, Liscano et at [6] use an activity-based blackboard human obtained resuits. .
consisting of two hierarchical layexs for strategic and re- The goal of the experimentation will be to tunc the,
active reasoning. A blackboard database keeps track of  different paramecters of the agents, which define
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overall behaviour of the robot through the combination
of the individual behaviours of each agent, in order to
achieve the best behaviour of the robot in any environ-
ment. Of course, it can be the case that such a “best
robot” does not exist, and it would then be necessary to
distinguish between different types of environments, so
we would end up with a set of robot configurations, each
one useful in a concrete sitwation. These configurations
could be used to a priori set up the robot for a certain
task, or the robot could dynamically change its config-
uration while it is performing its task, depending on the
situations it encounters. For this latter case, we plan to
develop a new agent that would be the responsible of
recognising the different situations and deciding which
configuration to use. We will use genetic algorithms to
carry out this tuning.

Once the simulation results are satisfactory enough,
and the real robot is available, we plan to test the navi-
gation algorithm in real environments.

New methods of computing the quality of the land-
marks will also be developed. One of these methods
takes into account how close are the landmarks from be-
ing lost from the current view and how far has the robot
moved since the last view frame ahead was taken. For
instance, the closer the landmarks to the margins of the
frame corresponding to the front view, the less quality
associated to them.

We will also explore more complex types of interac-
tion, such as negotiation, between the different agents
of the navigation system.
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