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Abstract

Path planning is one a crucial task in navigation of
autonomous mobile robots. This paper proposes a
high-level path planning approach based on a fuzzy
navigator in uncertain environments which is inde-
pendend of crisp metric information. The navigator
acquires information about the environment with eight
ultrasonic sensors. The information are evaluated by
the navigator utilizing fuzzy rules. In order to ac-
quire the information about the environment around
the mobile robot MORIA, the planner only uses com-
puted state variables of the navigator combined with
fuzzy metric information. The fuzzy state variables
contain information about the actions of the robot,
relative fuzzy distances since the last fuzzy state inter-
action and information according to the current sit-
uation. The roles of the navigator and planner are
comparable with the behaviour of a car driver and his
co-driver reading a map. The approach is developed
in a series of simulations and tested on the robot MO-
RIA.

I. INTRODUCTION

Incorporating inexact reasoning into usable form
can present problems of imprecision or uncertainty.
Fuzzy theory addresses such problems by attaching
measures of credibility to propositions. Mamdani’s
work on fuzzy control [1], which was motivated by
Zadeh’s approach to inexact reasoning [2], led many
researchers to work in this field. The basic idea of this
approach was to incorporate the knowhow of a skilled
human operator into fuzzy sets (FS) and fuzzy rules
(FR), which would then be combined by the fuzzy
implication and the compositional rule of inference.

An autonomous mobile robot (AMR) has to cope
with uncertain, incomplete or approximate informa-
tion when going about its tasks as a transportation
or cleaning robot in administrative buildings, facto-
ries or hospitals. Moreover, it has to identify sudden
changes that it perceives in its surroundings, and re-
act and maneuver in real time [3], [4]. A control sys-
tem utilizing fuzzy rules has recently been developed
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in this laboratory. It has been demonstrated to be
able to guide a real AMR through a network of corri-
dors of varying widths, containing occasional random
obstructions such as fire extinguishers [5] (Robot In-
telligence Award).

Inaccuracy of different components eg, sensor mea-
surements and motor drift makes the problem of plan-
ning and controlling autonomous mobile robots very
complicated. Most path planning approaches base on
high precision, metric approaches and demand very
reliable and accurate sensor devices as well as large
computational power, eg [6]. In addition, these meth-
ods have difficulties during navigation in complex and
dynamically changing environments where unknown
obstacles appear on an a-priori planned path [7], [8].
The conventional path planning approaches for mo-
bile robots may be divided into two categories. One
is the global path planning based on a-priori com-
plete information about the environment. The other
is the local path planning based on sensor informa-
tion in uncertain environment where size, shape and
location of obstacles are unknown.

Fig. 1. The autonomous vehicle MORIA.

Here, we outline our proposal for a two-level in-
tegrated approach that imitates a driver (navigator)
and co-driver (planner) in an unknown simple net-
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Fig. 2. MORIA’s embedded modules.

work of corridors. The navigator can successfully
drive the robot through the network of corridors,
avoiding collisions with walls or other obstacles, re-
sponding to simple commands from the planner such
as “go straight ahead” or “take next left” but has
no the path-finding sophistication. The co-driver dis-
poses of a topological map of the network of corridors
and it has the path-finding sophistication to plan a
route for the robot. The plan given to the navigator
is a list of commands eg, “straight”, “left”, “straight”
etc. The planner guides the navigator by these sim-
ple commands. The navigator itself has the capabil-
ities to identify the nature of the surroundings, to
recognise the current command and to combine this
knowledge to select the next behaviour pattern.
Before we discuss the planning approach in section
I11, a brief overview of MORIA’s architecture and the
fuzzy navigator is given. We do not introduce fuzzy
rule-based systems (FRBS). An extended introduc-
tion to FRBS can be found in many good textbooks,

eg [9], [10].

II. THE RoBoT MORIA

The vehicle MORIA used in our experiments is
157cm x 90cm x 75cm in size (including the bumper
24 cm), and has a weight of 400kg with a payload
of 150kg. It is equipped with 8 ultrasonic sensors
which supply the distance information required for
navigation in a range of 50 - 400 cm. The vehicle is
driven by two motors acting on a single wheel, one

motor (reversible) to provide the driving torque, and
the other motor to steer the vehicle by changing the
orientation of the driving wheel. The external ap-
pearance of the robot is shown in figure 1. Computa-
tional capabilities of MORIA are based on an indus-
trial PC (486/66 MHz, 16 MBytes) with extended
I/O possibilities. The PC board collects the output
of the sonar sensors and controls the two motors. A
communication link to other mobile platforms or re-
mote mainframes are possible through the on-board
installed infrared sensor. The basic architecture of
the autonomous platform is shown in figure 2.

The Fuzzy Navigator

Traditional navigators available for autonomous in-
door vehicles are based on strategies that require a
precise geometric map of the environment [11], [12].
Moreover, additional landmarks are often necessary
to compensate uncertainties arising from control er-
rors, sensor noise or inaccurate models of the envi-
ronment [13]. Our strategy uses a reactive and goal-
oriented navigation system based on fuzzy set theory
[2], [3]. Through this approach, environmental un-
certainties are compensated. The planner specifies
the global driving direction by means of linguistic in-
structions, eg, “turn left at the next junction,” while
the navigator explores the current surroundings and
selects the appropriate local path [14]. Unlike conven-
tional systems, the navigator reacts on environmental
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changes while maintaining the given global direction.
Actual perceptions, linguistic instructions and the lo-
cal history of the robot are combined and stored in
fuzzy state variables. These state variables build the
memory of the fuzzy controller and will recur in the
following control loop. As different behaviours are
predefined within the recurrent fuzzy system [15], the
occurrence of deadlock situations like blocked corri-
dors are easily solved. Thus, the computational rule
of inference in the fuzzy algorithm allows the process-
ing of apparently contradictory information.

To allow these effects, the fuzzy inference engine
in the digital fuzzy controller requires more inputs
than just the sensor inputs; it also needs fuzzy vari-
ables representing the current state of the controller
and the robot, such as whether a branch has been
detected, whether the robot is in the process of mak-
ing a turn and so on. By the same token, the fuzzy
controller requires more outputs than just the identi-
fication of the set of rules; it needs to output variables
to signal other outcomes of its inference process (eg
has a turn been completed, has a branch been passed
without being taken etc.) for use by the higher level
route planner, or for use by itself as inputs in its next
inference round (table I). This strategy has previ-
ously been shown to be effective [5].

TABLE I
The high-level, or goal-oriented commands supplied
by the navigator routine to the planner.

Planner/Command Fuzzy number

Stop (s) 0 €]-0.5,0.5]
Straight Ahead (a) 1€]0.5,1.5
Take Next Left (1) 2¢€(15,2.5
Take Next Right (r) 3€[25,3.5
Go Backward (b) 4€3.5,45

Turn Left Immediately (li) 5€[4.5,5.5
Turn Right Immediately (ri) | 6 € [5.5,6.5

Go Forward (f) 7€16.5,7.5

Change Direction (cd) 8 €[7.5,85

new: Last Left () 9€[85,9.5
new: Last Right (Ir) 10 € [9.5,10.5]

Commands 4-7 are “manual” commands, where
the response contains no automatic collision
avoidance strategy.

To obtain the degree of sophistication of the navi-
gation system some level of memory is necessary. This
can be provided by a digitally based controller which
affects the behaviour pattern of the fuzzy controller.
The purpose of the navigator is then to

1.) identify the nature of the surroundings
2.) remember the current behaviour pattern
3.) recognize the current goal-oriented command

4.) combine the above knowledge to select the next
behaviour pattern.

III. PATH PLANNING

The more a system goes ahead according to
a precise plan, the more effective it is sur-
prised by hazard. Human beings explain paths in
an unknown environment (eg, buildings) fuzzy like
“go straight ahead” and then “take second corridor
left” etc. We have the capabilities to reduce the prob-
lem complexity to the necessary information. Obvi-
ously, metric information about precise distances are
not necessary. Since our navigator “understands” lin-
guistic high-level commands, path planning can con-
centrate on the generation of high-level description
lists with the commands shown in table I. On this
first level, a map of an indoor environment is repre-
sented in a graph which is a collection of related cor-
ridors. Figure 3 shows an example of the command
list and the corresponding path run by the naviga-
tor. The path planning algorithm acts like a vec-
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Fig. 3. Calculated commands of the planner and exe-
cuted path of the navigator (a: take next left; b:
take next right; c: straight ahead; d: take next
left; e: straight ahead; f: stop).

tored graph search and is presented in the appendix.
Finding the best route is an NP complete problem, so
that the search algorithm has to be restricted. The
restriction is given in real world buildings because the
number of corridors is small (< 100). For about 100
corridors is the calculation time less than one sec-
ond. In addition to corridors, the planner can also
determines a relative coordinate for the navigator to
conserve the graph representation in non corridor en-
viroments eg empty areas.

IV. EXPLORATIONS

Robotic exploration and map-based navigation is
difficult to accomplish over large spatial scales. Geo-
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metric approaches use the distance information from
several sensors to build geometric maps mostly based
on probability theory eg [16], [17]. These approaches
need a lot precise information and they have difficul-
ties to distinguish between static and dynamic ob-
jects. An off-line generation of a topological map out
of the geometric information can lead to errors. Ex-
ploration as a graph construction without distance
information, eg [18], needs to drop distinct markers
by the robot.

Our approach explores different levels of maps
simultaneously without dropping distinct markers.
Each map type has limitations that are relevant to
the exploration tasks. Robust performance in both
maping and navigation means not only that perfor-
mance should be excellent when all resources are plen-
tiful but that performance should degrade gracefully
when resources are limited. On the graph level, we
try to extract places, paths and their fuzzy metric re-
lations based on the fuzzy state variables [5] of the
recurrent fuzzy controller. On the lowest level we
store the robot sensory information. The navigator
uses the corresponding map according to the required
information. Figure 4 shows a topological map and
figure 5 a sensor reading of the same simple test en-
vironment. The position error of the robot after one
loop is around 2.0m in the sensor plot. Important for
a further path planning is that the topological map
shows the relationships between the corridors, even if
the metric information is only fuzzy.
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Fig. 4. Explorated topological map of the planner.

New Commands

One problem during exploration is the fast
reaction-time. The robot immediately has to turn in
a corridor after the navigator detects a left or right
branch. Since MORIA drives with a maximum speed
of 1.0”* the robot has to make a hard break and turn.

2760
1840
5
S,
920
O 4
0 920 1840
[em]

Fig. 5. Sensor plot.

To avoid such terrible driving style we implemented
two new commands called “take last left” and “take
last right” (table I). Figure 6 shows the behaviour
of the robot during exploration given the new com-
mand “take last left”. When the robot detects the
left branch it rolls to a stop (a), drives backwards (b)
and turns left.

backward

forward

| .

Fig. 6. Robot behaviour for the new high-level com-
mand “last left”.

V. DEVELOPMENT AND SIMULATION
ENVIRONMENT

The development and simulation environment used
for this project was basically developed for the dig-
itally implemented fuzzy control system reported in
[5]. The modeling system FunnyLab [19] was used for
the creation and editing of the membership functions
and the rule base. The knowledge base file produced
by FunnyLab was read into a simulation environment
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developed in-house at GMD, which includes not only
a fuzzy inference engine, but also a motion simulator
which incorporates a model of the real, measured dy-
namics of the robot MORIA. A graphical user inter-
face which shows a plan view of the robot’s progress
through the test environment, displays the values of
certain key parameters. It allows the instantaneous
entry of the planner commands given in table I.

The motion simulator has been demonstrated to
produce an accurate representation of the dynamics
of MORIA during the earlier development work, and
allows a realistic assessment of the effects of the fuzzy
controller, given that it includes the effects of the in-
ertia and finite response time of the robot.

The user interface includes an additonal feature
which allows single-stepping. At each step it is pos-
sible to ascertain the activated fuzzy rules, what dis-
tance values are being returned by the sensors, and
the values of some of the important fuzzy variables.
This feature is a powerful tool for examining the oper-
ation of the rule base over critical stretches of travel.
This facilitates the rapid identification of which rules
are serving the purpose for which they were intended,
which are firing in unexpected circumstances, and
which need tuning to produce smoother, more reli-
able behaviour.

VI. APPENDIX
Definition 1 (Map:) A map is a 2-tupel P =
(K,G) consisting of a non- empty set K and a set
G C K x K. The elements of K signed as crossings
and the elements of G as paths. For the crossings
z,y € K are the path ¢ € G from z to y labelled
with 2y or (z,y) for the crossings z,y € K.

Definition 2 (Adjacent crossings, adjacent paths:)
Let a,b,c,d € K be crossings then is
1.) the crossing b adjacent to the crossing a if a

pathad €G ex1sts
) the path 9i —ab adjacent to g; =c, d if b=rc.

If ab € G but bagé G then ab € ( is a on- way path.
In a one way path only b is adjacent to a (achievable)
but not vice versa.

Algorithm 1 (Path planmng) Let P = (K,G) be

a finite map and go =zoZ1, gm =Tm_ 1$m € G two
corridors with the starting junction zg and the end
junction z,,. Let SL be a plan from the starting cor-
ridor and ZL a plan from the target corridor. Fur-
thermore, let MA,, € {-2,—1,0,1,2} be a set of
markers for each corridor g € G.

Initialization: At the beginning, there are the plans
from the starting corridor SL = gg,% = 0 and from
the target corridor ZL = gp,,j = m, ie g; € SL
is the current corridor in the plan form start and
g; € ZL the current corridor in the plan from the

target. MA, = 0,k = 1...m — 1 is marked with
0. Furthermore, the set of markers M Ay = 1 and
MA,, = —1 are marked. !

1.) If g; = g;, i.e. the current corridor g; in the plan
from the starting corridor is equal to the current
corridor in the plan from the target corridor then
L=SLUZL and L is the searched plan.

2.) If MA; = —1 for the current corridor ¢ then
L =SLUZL;, where ZL; is the plan from cor-
ridor g; to the target corridor.

3.) If MA; = 1 for the current corridor j then
L = SL; U ZL, where SL; is the plan from the
corridor g; to the starting corridor.

4) If MA; = —2 for the current corridor i, i.e.
the corridor g; was selected in the plan from the
target corridor, then L = SL U Lypey With Lyeq
= Find a plan from g; to gm,.

5.) if M A; = 2 for the current corridor j, i.e. the
corridor g; was selected in the plan from the
starting corridor, then L = L,,c0y UZ L with Ly,eq
= Find a plan from g; to go.

6.) Let g;; =z,z,. Calculate the output degree
k = di(za) =| NBy,, | with NBy, ; := = {z.z.]

9i,j —a:aa:b NGit1,5-1 —a:a:vc AT i8S adJacent to
ZTa, Ta,Th,Tc € G}.

(a) If k = 0 then mark MA;; = 2,(—2), remove
9;,; in the plan from the starting (target) cor-
ridor and determine the current sub procedure
call. For k > 0 sort the set NB,, ; of possible
adjacent paths.

(b) Select from NB,, . the next corridor g;i:
(gj—1)-

(¢) If MA;41,;—1 = 1,(—1) then ignore the corri-
dOI‘, i.e. NBgi’j = N-Bgi,j \gi-l—l,j—l; k=k—-1
and continue with (a).

(d) Add git+1,(gj—1) to the plan from the starting
(target) corridor, i.e. SL = SLUg;41 (ZL =
gi—1 U ZL) and mark MAi+l =1 (MAj,l =
-1).

(e) Find a plan from g;4; to g; (from g; to g;_1).

(f) If Lis a plan then determine the call. Other-
wise let NBg, G) = NBg, (]) \92+1 G- 1),k =
k — 1 and continue with (

4./ Algorithm 1

Remark: The path has no loops if 6.(c) is
exchanged through: If NBy, & dIMAij1;1 =
1,-1, i,j =1...k then NBg; ; =0,k = 0 and con-

tinue with 6.(a).

Theorem 1 (Path planning) Let P = (K,G) be a
finite map and gg,9, € G two corridors. The algo-

IMA;,0 =1...m with g; = 1 (g; = —1) is marked, if g; is
in the plan form the starting corridor (target corridor). The
corridor is marked g; = 2 (g; = —2) if the corridor is already
visited but not included in the current plan from the start- or
target. This improves the run time performance.
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rithm 1 finds a plan between g, g, < a noose free
path exists between go, 9.

Proof:

“=" This direction is trivial. “<” The

proof is given in [20] and goes inductive over n.

[15]

[16]

(17]
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