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Abstract

The controlling of mobile rob ots has b een and still is in the fo cus of researchers.

Fuzzy rule-based controllers are extensively used to control rob ots. Path plan-

ners were created using di�erent search metho ds �nding the shortest tra jectory

b etween two p oints and thereby avoiding recorded obstacles. The low degree

of automation in hospitals promises huge p otential for increasing logistical ef-

fects by the use of mobile rob ots. Esp ecially the automated transp ort of a

hospital b ed, which manually requires two p ersons, would release time from

transp ortation activities. The usage of a mobile rob ot joined to a hospital b ed

makes controlling considerably harder. This do cument describ es a pro ject ac-

complished by me in co op eration with RobCab AB. During the pro ject, a path

planner was created and controlling strategies to move a mobile rob ot joined to

a hospital b ed b etween two lo cations was implemented. The controlling strate-

gies are not only based on sensor readings from a laser mounted on the mobile

rob ot and a list of way p oints provided by a path planner but incorp orates also

the p osition of the b ed in the environment. The rob ot adapts its b ehavior to

ensure a safe movement considering the p osition of the b ed which is not only

determined by the kinematics of the rob ot-b ed mo del but also by an exter-

nal force in the form of a p erson following the transp ort (human intelligence).

Development was done on the Stage simulator and is intended to b e �nally

transferred to a real rob ot platform. Tests done in the simulator showed that

the implemented metho ds are applicable to bring the b ed to the desired goal

taking into account the reaction of the p erson following the transp ort.
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Chapter 1

Intro duction

Hospital transp orts of go o ds and patients b etween di�erent hospital units are

a time-consuming and lab orious task. Mobile rob ots can b e used to trans-

p ort go o ds autonomously for example inside hospitals, o�ces or factories and

thereby disburden the sta� from time consuming transp ortations. Anyone who

was in a hospital has probably seen a transp ort of a b ed, with a b edfast pa-

tient on it, b etween two hospital units. It takes two p ersons to maneuver the

b ed from one lo cation to another. An automation of such a time-consuming

b ed transp ort would give a considerable relief to the sta�. RobCab AB [42] is

a newly established research and development company in the �eld of mobile

rob ot technology with heado�ce in Västerås/Sweden. The background of this

pro ject is that RobCab AB would like to develop metho ds to automate com-

mon manual hospital b ed transp orts. This pro ject is accomplished for RobCab

AB for that purp ose and seeks metho ds to substitute one p erson in a common

manual b ed transp ort by a rob ot whose ma jor task is to pull the b ed, and in

this way disburden the hospital sta� by one p erson. The intention is that the

remaining p erson, following the transp ort, assists the transp ort at the rear of

the b ed. In addition, this rob ot-b ed transp ort shall b e done without having

any sensor devices mounted on an ordinary hospital b ed. There is a reason

why we b elieve that this kind of an automated b ed transp ort with a human

help er is more realizable than a fully automated transp ort. A common manual

b ed transp ort is accomplished by two p ersons, b ecause the cumb ersomeness

of a hospital b ed makes a transp ort by only one p erson not feasible without

assistance (by truck etc.). We b elieve that a b ed transp ort accomplished by a

rob ot alone, would b e quite di�cult, not to say imp ossible, even using the state

of the art rob otics metho ds. Having in mind the p ossibility of failure during a

transp ort by only one rob ot, we b elieve that the combination of a rob ot and

a p erson gives advantages. Such a rob ot b ed transp ort has certain similarities

with a transp ort accomplished by a trailer typ e mobile rob ot, i.e. a transp ort

done by a mobile rob ot attached to a trailer through a join. Although several

studies have b een rep orted with consideration of controlling trailer typ e mo-
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14 CHAPTER 1. INTRODUCTION

Figure 1.1: Rob ot-assisted hospital b ed transp ort.

bile rob ots [25, 26, 27, 19, 29, 39, 32, 55, 57, 30, 40, 66, 13, 47, 35, 63] no one

has applied it to the problem of b ed transp ort. The main challenge of such

a rob ot b ed transp ort is to build a robust control program that reliably p er-

forms complex movements in spite of environmental uncertainties, and taking

into account the safety of the b ed by considering its p osition in�uenced by

the p erson following the transp ort. The interplay b etween the rob ot and the

remaining p erson asks for the development of metho ds that b oth in planning

and execution take into account the safety of the b ed as well as changes in the

orientation of the b ed done manually during the transp ort. This requirement

claims a de�nition of intelligent b ehavior in di�erent situations which can then

b e considered during the transp ort. It is part of this pro ject to give de�nitions

for b ehaviors during a transp ort, i.e. how should the rob ot and how should the

p erson b ehave in di�erent situations to ensure a safe transp ort. This pro ject

is based on simulations. At the b eginning of the pro ject, the intention was

to evaluate the metho ds found in this pro ject on a real rob ot platform like

the one currently develop ed at RobCab AB. This could unfortunately not b e

achieved, b ecause the development of the metho ds describ ed here to ok more

time than we exp ected. For this reason, all lab oratory work has b een done

on Stage which is a rob ot simulator. As a result of the metho ds given in this

pro ject, the author recommends an extension of this pro ject where the tech-

niques found here are explored on a real rob ot platform like the one currently

develop ed at RobCab AB. In order to reach the ab ove describ ed rob ot-b ed

transp ort, a control program was develop ed implementing algorithms to plan,

navigate and control the motion of a mobile rob ot connected through a join

to a b ed. The program takes into account assistance, in the form of sidewise

movement, done by a p erson following the transp ort and adapts its controlling

b ehavior to that.
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1.1 Motivation

The main task of a hospital is to care for sick p eople and that is why the

care-related pro cesses are the most imp ortant ones. There are several di�erent

supp ort pro cesses in the form of, among other things, logistics. For do ctors,

in general, to b e able to op erate requires the patients to b e transferred to the

op erating ro om. Through interviews and observations in a ward of the hospital

of Eskilstuna (Mälarsjukhuset, Eskilstuna) we were told that the hospital sta�

feel manual b ed transp orts ine�ective, tiring, time-consuming and altogether

as something they would like to b e able to handle in a b etter way. A com-

mon manual b ed transp ort, where two p ersons are employed, takes at least

5-10 minutes for a "single trip". During the interview, we got the impression

that b ed transp orts need to b ecome more e�cient in order to help to reduce

costs, waiting times and improve the capacity and the use of resources. This

impression led us to lo ok closer at the situation of the apparent low degree of

automation in hospitals and to what extent automation could contribute re-

lieving the hospital sta� from transp ort activities. Daniel Gåsvaer and Patrick

Phua investigate and evaluate in a case study [12] the p otential of logistics au-

tomation in health care as a means of increasing the inter logistical e�ciency.

The study shows that only 30% of the working time of the hospital sta� is

sp end directly on patient-related tasks and that there is tremendous p otential

to release resources by �nding various automation options in the hospital lo-

gistics. As a part of their study they investigated two di�erent wards and a

unit for transp ort and service from the hospital of Eskilstuna (Mälarsjukhuset,

Eskilstuna) in order to get insight at the present time at a Swedish ward. One

of the hospital wards investigated in [12] was the "Viktoriaenheten", a ward

where we could interview a leading p erson ab out patient transp orts as well.

The unit for transp ort and service of discuss is an extern unit that manages the

transp ortation and service issues. The fact that the unit is external implies that

the hospital buys services from that unit. According [12] at the current time

this unit p erform ab out 15 000 patient transp orts p er year, which represents

ab out 87% of the total patient transp orts. The hospital sta� also p erforms

many of these transp orts themselves b ecause the transp ort department do es

not manage to accomplish the large numb er of patient transp orts or b ecause

the transp orts are arranged at to o short a notice. Of all transp orts done ab out

55% are b ed transp orts while 45% are wheel-chair transp orts. As a result of

the lack of availability of transp ort and service the sta� has less time for the

patients. Many hospitals are often very large, which means long journeys in

the corridors and elevators, which indicates the extent of hospital logistics, as

well as its p otential by working e�ciently. Gåsvaer and Phua come to the con-

clusion that health care is an industry that is in great need of e�cient logistics

solutions in which economic pressure demands more e�ciency in health care.

One could ask why we favor an approach where a rob ot leads the transp ort

at the front of the b ed and a p erson assists the transp ort at the rear, rather
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than the other way around. We want to release the hospital sta� as much

as p ossible but leave the last decision ab out the control of the transp ort to

the p erson. A rob ot leading the transp ort at the front of the b ed would take

over the strenuous work of drawing the b ed and steering the front of the b ed.

Furthermore, the p erson at the rear has a b etter overview over the transp ort,

and is able for instance to interrupt the transp ort quickly when dangerous

situations arise.

1.2 Limitations

ˆ Patients may in the future, to some extent, b ecome transp orted auto-

matically when their medical condition p ermits this, which will save a

lot of resources. This question has also an ethical and a moral asp ect

b eside technology, and therefore dep ends on how op en the so ciety is to

new technologies. This problem is not addressed in this pro ject.

ˆ The lo calization problem is not addressed in this pro ject. Lo calization is

already solved on the real rob ot platform currently develop ed at RobCab

AB. In a nutshell, lo calization is there done by o dometry, additionally

corrected by a laser range �nder which scans the environment and com-

pares the scan with an environmental map.

1.3 Main Contribution

The sp eci�c contributions of this thesis are:

ˆ Intelligent b ehavior - de�nitions are given for how rob ots and how p er-

sons should b ehave during an automated hospital b ed transp ort.

ˆ Path planner - the A* search algorithm was further develop ed to a path

planning algorithm searching for a path holding maximum clearance to

obstacles.

ˆ Clearance map (CM) - a metho d was develop ed to e�ciently compute a

global CM.

ˆ Fuzzy rule-based controller - a fuzzy controller was develop ed taking into

account, b eside "obstacle avoidance" and "go to the next way p oint"

b ehavior, the b ehavior of the p erson following the transp ort.

ˆ Corner detection - a metho d was develop ed to detect, during the trans-

p ort of the b ed, convex corners by computing distances b etween the b ed

and obstacles.

ˆ Context-Dep ending Blending (CDB) - CDB was successfully applied to

the di�erent b ehaviors generated by the fuzzy controller.
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ˆ Path following metho d - a more robust metho d for path following was

develop ed using lo ok-ahead.

ˆ Extended defuzzi�cation metho d - to prevent to o low sp eeds b eing sent

to the rob ot an extended defuzzi�cation metho d was develop ed.

1.4 Structure of the Thesis

This thesis is organized as follows:

Chapter 2 Describ es all the comp onents involved in the setup used to simulate

a rob ot-b ed transp ort, such as the software and hardware interfaces,

the simulated environment and the kinematic mo del used to simulate a

rob ot-b ed transp ort.

Chapter 3 This chapter mirrors a part of the decision making pro cess of the

pro ject. First, it gives an overview of the prior knowledge at the b egin-

ning of the pro ject, i.e. what kind of problems we have seen and the p os-

sible solutions we discussed. Then, the gathered information of a visit at

the hospital of Eskilstuna (Mälarsjukhuset-Viktoriaenheten, Eskilstuna)

is presented leading to a de�nition for "intelligent" b ehavior during a

hospital b ed transp ort. Finally, some develop ed ideas are prop osed re-

garding how the problems emerging during a rob ot-b ed transp ort can b e

solved.

Chapter 4 Presents a collection of basics from literature which can b e brought

in connection with this pro ject. An intro duction to some well known

basic concepts in rob otics control is given. Knowledge ab out these topics

is needed to understand the concepts describ ed in subsequent chapters

of this do cument.

Chapter 5 Discusses how the metho ds prop osed in Chapter 3 were imple-

mented.

Chapter 6 Veri�es the found solutions on some simulated runs, and also com-

pares the develop ed path planner with an existing one.

Chapter 7 Presents conclusions and discusses future work.





Chapter 2

Development Environment and

Simulation Setup

This chapter describ es all the comp onents and ingredients involved in the setup

used to simulate a rob ot-b ed transp ort. Firstly, the software- and the hard-

ware interfaces are describ ed. Secondly, a short description of the simulated

environment is given. In the last part of this chapter, the kinematic mo del

used to simulate a rob ot-b ed transp ort is describ ed.

2.1 Stage Simulator

Stage is a rob ot simulator. It is part of the Player Pro ject [16, 17, 62, 46] which

is a pro ject to create software for research into rob otics and sensor systems.

There are plenty of examples of where the Stage simulator has b een used for

research (e.g. [59, 31, 48, 33, 10, 38, 9, 18, 5, 41, 1, 44, 34]). All Player source

co de is distributed under the terms of the GNU General Public License v2

("GPL"), i.e. the source co de is free software and the user has the freedom

to run, copy, distribute, study, change and improve the software. Stage is a

multi-rob ot simulator that provides facilities for creating your own bitmapp ed

environments for exp erimenting with rob ots. Various sensors and actuators

are provided, including sonar, scanning laser range �nder, color-blob vision,

o dometry, gripp ers, bump ers/whiskers and mobile rob ot bases. One can use

Stage in three di�erent ways; one, and probably the most spread metho d to

use Stage, is to control the Stage devices through Player which is a networked

rob ot server. The second is to use the compiled "Stage" program that loads

a rob ot control program from a library. Finally one can write one's own sim-

ulator by using the "libstage" C++ library and thereby run and customize a

Stage simulation from inside programs. Unfortunately, the do cumentation of

Stage primarily describ es how to use the simulator in conjunction with Player.

Apart from that, there are example controllers in <stage src>/examples/ctrl

dedicated to get p eople started. Richard Vaughan, one of the authors of Stage,

19
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presents an example controller in [61] applicable for b eginners. Regardless of

in what way one uses Stage, one always needs a description of the world to b e

simulated by Stage in the form of a so called world �le. Stage loads the world

�le on start-up and creates entities as indicated in the �le. Dep ending on in

which way one uses Stage the world �le is given as the last command line ar-

gument when invoking Stage or his own written simulator program. App endix

A presents a simple world �le, indicating three entities using type ( ... ) entries.

The world �le creates a Stage window with a size of 700 x 700 pixels centered

at p osition (10, 7) of the screen. This window shows a �o or plan with the set

size in cm and its origin at (10, 7.5). The �o or plan is stored in the bitmap

�le hospital 1_200 x 200 X. ppm . The last entry creates a p osition device named

"r0" with a laser attached to it. This p osition device is a mobile rob ot with

the initial p osition (1.750, 1.000) and orientation of 0.000 in degree. Also note

that some time constants are set in the b eginning of the world �le.

2.2 Simulation of the Person Following the Transp ort

In order to simulate the p erson controlling the rear of the b ed the gamepad

shown in �gure 2.1 was set up, used for simulating a sidewise movement,

controlling the sp eed etc.

Figure 2.1: Gamepad simulating the p erson controlling the rear of the b ed.

2.3 Host Computer

The host computer was an Acer Aspire 5920G, with a 2.2 GHz Intel Core 2

Duo pro cessor and 2 GB RAM, with a NVIDIA GeForce 8600M GT graphics

chipset with 512 MB VRAM, running Ubuntu - Linux 9.04. At the time of

writing this is a high-end laptop, equivalent to a mid-range desktop PC.
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2.4 Description of the Simulated Environment

During this pro ject two p osition mo dels simulating mobile rob ot bases were

used, one to simulate the rob ot pulling the b ed and the other to simulate

the b ed itself. The simulated rob ot is set to di�erential like a Pioneer rob ot

where sp eed and turn rate are controlled. A simulated scanning laser range

�nder such as the SICK LMS 200 was attached to the simulated rob ot. There

were no devices attached to the p osition mo del simulating the b ed. Moreover,

hospital b eds are usually omni-directionally controllable, and for this purp ose

the mo del of the simulated b ed was set to omnidirectional. The �o or plan

created in this pro ject mirrors corridors and premises in a hospital where an

attempt was made to hold a realistic ratio b etween the b ed and the corridors.

Figure 2.2 shows the simulated environment used for development during this

pro ject, with the simulated rob ot at the co ordinate (10, 2.5). The square at

the co ordinate (13, 2) is an unrecorded obstacle.

Figure 2.2: Simulated Environment with the rob ot at the co ordinate (10, 2.5)

and an unrecorded obstacle at the co ordinate (13, 2).

2.5 Kinematic Mo del

In the context of this work, a mo del is a construct that represents a system,

entity or pro cess by a set of variables and a set of logical and quantitative

relationships b etween them. A kinematic mo del describ es the motion of ob jects
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in contrast to a dynamic mo del without consideration of the circumstances

leading to the motion.

2.5.1 Rob ot-Trailer

During this pro ject a kinematic mo del of a nonholonomic mobile rob ot with

a trailer based on S. K. Agrawal et al. [25] was applied. Figure 2.3 shows the

schematic of the system and its con�guration. The trailer is attached at the

center O of the mobile rob ot through a simulated rotational joint. The system's

con�gurations q are shown in equation 2.1:

q =
�
x

1

y
1

�
1

�
0

� T
(2.1)

As indicated in �gure 2.3, C is the midp oint of the rear axis of the trailer

and �
1

and �
0

are the heading angles of the trailer and the rob ot. The distance

b etween the midp oint of the rob ot and midp oint of the rear axis of the trailer

is L. Observing the geometric relationships of the mo del, the p osition of the

trailer is given by equations 2.2.
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Equation 2.3 shows the kinematic mo del of the system where S( q ) is a

matrix spanning the null space of C( q ) , i.e. the con�guration of the p oint C.

.

q = S( q ) v (t ) (2.3)
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.
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Figure 2.3: The kinematic mo del of a trailer typ e mobile rob ot.

2.5.2 Rob ot-Bed

In order to simulate a sidewise movement of a p erson assisting the b ed trans-

p ort the set up gamepad, shown in �gure 2.1, controls the rear of the b ed as

indicated in �gure 2.4. The signals sent by the gamepad were set additionally

after velo city is set for the b ed. Angle � is measured and dep ending on the

gamepad signal a new p osition for the b ed is computed and set according to

the equations 2.6.
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Figure 2.4: The kinematic mo del of the sidewise movement of the b ed.

x
1

= x
0

+ L � cos(� + gamepad _ signal )
y

1

= y
0

+ L � sin (� + gamepad _ signal )
�

1

= � + gamepad _ signal
(2.6)



Chapter 3

A Priori Knowledge, Human

Behavior and Theoretical Mo dels

This chapter describ es parts of the decision making pro cess of the pro ject.

First, it gives an overview of the prior knowledge at the b eginning of this

pro ject, i.e. what kind of problems we have seen and the p ossible solutions

we discussed. Then, the impressions and gathered information of a visit at

the hospital of Eskilstuna (Mälarsjukhuset-Viktoriaenheten, Eskilstuna) are

summarized and presented, leading to a de�nition for "intelligent" b ehavior

during a hospital b ed transp ort. At the end of this chapter, some develop ed

ideas in form of theoretical solutions are prop osed which we b elieve could, if

right implemented, contribute to solve problems emerging during a rob ot-b ed

transp ort. It is intended to describ e these approaches and metho ds but this

do es not mean that the metho ds shown here are implemented one-to-one. The

implementation is describ ed in Chapter 5.

3.1 Common Manual Bed Transp ortation

Nowadays, a common manual b ed transp ort is carried out by two p ersons, one

in front of the b ed controlling the front of the b ed and the other at the rear

of the b ed controlling the rear of the b ed. We refer here to such a manual b ed

transp ort as a human-human b ed transp ort. The p erson controlling the front

of the b ed do es this by pulling in the front forward and sidewise. The p erson

following the transp ort at the rear of the b ed controls this by pushing the b ed

and pulling in its rear sidewise.

3.2 Rob ot Assisted Bed Transp ort

Substituting the p erson in front of the b ed by a rob ot would imply that the

rob ot has to take over the tasks of the p erson describ ed ab ove. The remaining

p erson could assist the rob ot primarily in turn movements by pulling sidewise

25
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in the rear of the b ed. A p erson following a rob ot-human b ed transp ort at the

rear would have to hold the b ed in a certain distance to the nearest obstacles

pretty similar to when two p ersons would carry out the transp ort. The rob ot

shall of course adapt its b ehavior (in a certain margin) to the amount of

adjustment done by the p erson controlling the rear of the b ed up to stop the

transp ort. A p erfect path for such a rob ot-b ed transp ort would not b e the

shortest p ossible as would b e the case for a rob ot covering the distance alone.

Having this b ehavior of keeping a certain distance b etween the b ed and the

nearest obstacle in mind, the reaction of the rob ot to deviation of this could

roughly b e divided into two cases: passive and active rob ot reaction.

3.2.1 Passive Rob ot Reaction

Imagine for the �rst case that the rob ot plans a path that holds a certain dis-

tance to the nearest obstacles b oth in straight ahead corridors and in curves.

The rob ot could react in a more passive way where the velo city of the trans-

p ort is reduced up to stop the transp ort when the distance b etween the b ed

and an obstacle falls b elow a certain threshold. This would b e a way to sig-

nal the following p erson to react more accurately and bring the rear of the

b ed in a b etter p osition. Since the rob ot would stop when the b ed to o much

approaches obstacles, this solution would provide a higher security level. This

way of controlling the velo city is furthermore easier to implement b ecause it

only needs a gradual reduction of the velo city in prop ortion to false p osition

of the b ed. The ma jor drawback of this approach is its passivity, i.e. the rob ot

would not mo dify its own tra jectory as a reaction to adjustments (sidewise

movement) done by the p erson.

3.2.2 Active Rob ot Reaction

A second way of rob ot b ehavior could b e more active. The rob ot could try

to react by mo difying its own tra jectory to the amount of the adjustment

(side- wise movement) done by the p erson. Considering this second approach,

path planning and controlling dep ends highly on the exp ected b ehavior of the

p erson following the rob ot-b ed transp ort. The rob ot could then try to react to

deviation from this assumption and depart from its planned path. Let us here

again act on the assumption that the optimal distance b etween the b ed and

obstacles is a certain distance. The b ehavior of the p erson could b e divided

into two cases as well: an lazy and an active p erson.

One could exp ect in path planning that the p erson will follow the transp ort

at the rear of the b ed, but will b ehave somewhat slow and, most of the time,

will not move the rear of the b ed sidewise. Let us here call such a p erson

for a "lazy p erson". Not maneuvering the rear of the b ed at all would mean

that the rob ot with the b ed would b ehave like a rob ot-trailer system. In this

case the path planner would not consider the presence of the p erson and plan
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a tra jectory that tries, when executed, to hold, in every single situation, the

desired distance b etween the b ed and the nearest obstacles. In other words, the

safety (holding a certain distance to obstacles) of the b ed would lie primarily

in the resp onsibility of the path planner, which would try to �nd a path which

could b e executed without help of the p erson. In those situations during the

transp ort where the p erson interacts by sidewise movement the rob ot could

mo dify its tra jectory and shortcut its own path when advantages show up. This

would save time and shorten its way to the goal. Leaving the safety of the b ed

to the path planner would release the feedback control lo op (fcl) most of the

time from reacting to movements done by the p erson. The fcl could mostly

control the "go to next way p oint" b ehavior and the "obstacle avoidance"

b ehavior. On the other hand it would b e quite di�cult to �nd a path planning

algorithm that is able to plan a tra jectory under the assumption that the

p erson following the transp ort do es not react at all. Such an algorithm would

have to consider all constraints of a trailer typ e mobile rob ot. For example, it

would have to plan for veering to avoid hanging on corners. Having the narrow

corridors of hospitals in mind, the path planner would p ossibly not always �nd

a feasible path to the goal. In narrow corridors veering might not always b e

p ossible and in such cases the algorithm would have to plan for a path moving

the rob ot straight ahead b efore turning. This is indicated in �gure 3.1. For

obvious reasons approved least-cost path metho ds for path planning like the

A* search algorithm would not work here. A path, returned from the path

planner, had probably to b e reworked after path planning. When avoiding

unrecorded obstacle the fcl would have to, b eside the basic obstacle avoidance,

take over the veering pro cess as describ ed ab ove.

(a) (b) (c)

Figure 3.1: (a) Veering needed. There is space for such a maneuver. (b) Angle

b etween rob ot and b ed heading direction is large and at the same time obstacle

aside. Safe the b ed by turning to the opp osite side. (c) Turning, but veering

not p ossible. Go ahead until the b ed is at the same height as the corner.

Another assumption ab out the b ehavior of the p erson following the trans-

p ort may assume in path planning that the p erson more actively participates

in the transp ort. We de�ne here such a p erson as an "exp ert p erson". One

could exp ect in path planning that the p erson will b ehave in such a way that

most of the time the b ed is held in an optimal distance to the nearest obstacles.
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The algorithm for path planning could then b e simpler like e.g. plan a tra jec-

tory that keeps the rob ot b oth in straight-ahead-passages and in curves in the

middle of the corridor, i.e. the rob ot would most of the time hold the same

distance to the nearest obstacles surrounding it. The path of the b ed would in

turn movements deviate from that of the rob ot and this should b e corrected

by the p erson by sidewise movement. The rob ot would have to react to those

few cases where the p erson do es not react adequately. The rob ot could depart

from its planned path when the distance of the b ed to obstacles deviates from

the optimal distance and try to bring the b ed back to that optimal p osition.

It could e.g. when the b ed deviates to the left side if p ossible turn more to the

right side and in such a way bring the b ed back on track. The safety of the

b ed is in this approach more in the duty of the controller which is resp onsible

to check where the b ed is and correct the false p osition of this. This would

of course burden the fcl and would result in a slower lo op. It also makes it

necessary in every control lo op to know the exact p osition of the b ed which

might b e di�cult b ecause of the accumulating error of common p osition esti-

mation metho ds. On the other hand with some mo di�cation on common path

searching algorithms it would b e easier to create a path planner that leads

the rob ot all the time in the middle of the corridors. If we exp ect to have a

grid map describing the environment one could for every single cell which is

free, i.e. not an obstacle cell, compute the distance to the nearest obstacle cell.

This knowledge could b e used in two asp ects. First it could b e applied in path

planning to get a path which ful�lls the requirement of a certain clearance

to obstacles. Second, the fcl could use this knowledge and, if not done by the

p erson following the transp ort, maneuver the b ed in the direction of those cells

with the highest distance values to the nearest obstacle. A sp ecial case would

b e when unrecorded obstacle had to b e avoided during the transp ort. Such o c-

casions would make it imp ossible to determine the middle of the passage way

from the grid map. In such cases the rob ot sensors could b e used to compute

distances to obstacles and derive from this data the optimal p osition for the

b ed.

3.3 Premises and Human Behavior

In order to get an impression of how a common b ed transp ortation is carried

out and how humans b ehave during this, a leading p erson from the sta� of a

ward (Viktoriaenheten) of the hospital of Eskilstuna (Mälarsjukhuset, Eskil-

stuna) was extensively interviewed. Elevators, do ors, corridors, b eds etc. were

measured, and pictures were taken to get a feeling of how large the ro om for

maneuvering is. Moreover, a movie was recorded, showing a complete hospital

b ed transp ort from the station to the radiology department.

Figure 3.2 shows a common hospital b ed that was used during the inter-

view. It is 89x212 cm large and has an axle-base of 115 cm. Both axes are

steerable and the b ed has a brake which can b e used to blo ck all four wheels
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simultaneously. Common do ors passed during a b ed transp ort have a width

of 105 cm. The smallest elevator which has to b e used during the transp ort

b etween the station and the radiology department has a do or width of 110 cm

and is 183x260 cm large. The narrowest corridor has a width of 250 cm. Figure

3.3 shows the premises in the hospital of Eskilstuna. Note the long distances

(frame 3.3d) which have to b e covered during a transp ort.

Figure 3.2: Hospital b ed.

The movie was analyzed to de�ne general b ehavior patterns and maneuvers

during a b ed transp ort. Sp ecial attention has b een paid to how the transp orta-

tion sta� maneuver the b ed in straight-ahead-driving, in turn movements,

when entering and exiting elevators as well as when passing through do ors.

Figure 3.4 shows a couple of screen shots taken from the movie. Frame 3.4a -

3.4c show the b ehavior of the transp ortation sta� when driving straight ahead.

It can b e seen that b oth p ersons try to keep the b ed as far as p ossible away

from the walls, i.e. hold the b ed in the middle of the corridor. Frame 3.4d - 3.4f

show turn movements at di�erent places of the hospital during the transp ort.

Again, it can b e seen that the attempt is made to hold the b ed as far as p os-

sible away from obstacles. Frame 3.4g - 3.4i show how the b ed is maneuvered

when passing through do ors (3.4g is the do or of an elevator). Here it can also

b e seen that the transp ortation sta� tries to keep the b ed in the middle, i.e.

as far as p ossible away from obstacles. Frame 3.4j shows the need to interrupt

the transp ort pro cess b ecause of lo cked do ors which have to b e unlo cked and

op ened manually. The analysis showed that, b oth in straight-ahead-driving

and in turn movements, p ersons try to keep the b ed in the middle of the cor-

ridor. This seems also to b e the intention when passing through do ors. One

can say, in summary, that during the whole transp ort a "Maximum Clearance
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(a) (b) (c)

(d) (e) (f )

Figure 3.3: Premises in the hospital of Eskilstuna.

Policy" applies, i.e. p ersons carrying out the transp ort always try to keep the

b ed as far as p ossible away from obstacles in order to execute navigation tasks

safely.
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(a) (b)

(c) (d)

(e) (f )

(g) (h)

(i) (j)

Figure 3.4: General b ehavior patterns during a manual b ed trasp ort.

3.4a - 3.4c b ehavior when driving straight ahead. 3.4d - 3.4f b ehavior in turn

movements. 3.4g - 3.4i show how the b ed is maneuvered when passing through

do ors. 3.4j need to interrupt the transp ort pro cess b ecause of lo cked do ors.
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A typical maneuver b efore entering an elevator is to bring the b ed in a

p osition parallel to the long side of the elevator and then pushing the b ed

inside it. Furthermore, it was observed that when leaving an elevator, a turn

movement is �rst started when the b ed for the most part has passed through

the do or of the elevator to avoid getting stuck sidewise. These maneuvers are

shown in 3.5.

Figure 3.5: Typical movements.

3.4 Excessive Width of a Trailer

One characteristic of a rob ot-b ed construction as prop osed here, is that the b ed

is usually wider than the rob ot. The fact that the b ed itself do es not have any

sensors would probably cause the rob ot to turn into to o narrow paths, where

there is enough space for the rob ot, but the b ed would get stuck. Marker p oles

are used by cars or trucks. They are �xed or retractable sticks used as driving-

and parking assistance for collision avoidance, mostly mounted on the fender

corners. For example, trucks with mounting wider than the towing vehicle, use

marker p oles as indicator for the width of the mounting. Two such marker

p oles are lab eled by arrows in �gure 3.6. Having such arti�cial marker p oles

on the rob ot would prevent it from moving into to o narrow paths. This, of

course, makes it necessary that the distance b etween the marker p oles and the

nearest obstacle is known, which could b e provided by a laser range �nder or

by another to ol providing distances to obstacles.
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Figure 3.6: Truck with marker p oles.

3.5 Reaction Demanding Situations

The characteristics of the rob ot-b ed kinematic mo del makes it necessary to

de�ne situations where a reaction either by the rob ot or the p erson following

the transp ort is needed. As a �rst step, a distinction is made b etween di�erent

typ es of corners dep ending on the angle b etween the walls met at the corner.

Figure 3.7 shows two kinds of corners where a corner with an interior angle of

90

o
is de�ned as "convex corner" and a corner with an interior angle of 270

o

as a "concave corner" [43].

Figure 3.7: Convex and concave corners.

Supp ose for example that the b ed is out of track inside a straight ahead

corridor or a situation where the b ed approaches a concave corner. Figure 3.8



34

CHAPTER 3. A PRIORI KNOWLEDGE, HUMAN BEHAVIOR AND

THEORETICAL MODELS

shows two such situations. Having the kinematic mo del from Chapter 2.5 in

mind and the fact that the planned path will hold the rob ot in the middle of

the corridor, there is usually no reaction needed in these situations except for

the rob ot having to avoid unknown obstacles. Now, imagine a situation where

the b ed will approach a convex corner. Such a convex corner could b elong to

a known or unknown obstacle. Figure 3.9 shows two such situations. In this

case, reaction is needed b ecause the kinematics would not imply a correction

of the b ed p osition automatically without getting stuck on an obstacle (in this

case the convex corner).

(a) (b)

Figure 3.8: Bed out of track. No reaction needed.
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(a)

(b)

Figure 3.9: Bed out of track. Reaction needed.

The next question, in this context, is how to detect such a convex corner

when it is close to the b ed, in order to react on it. If one now compares the

di�erent situations in �gure 3.8 and 3.9 and tries to �nd the shortest distance

b etween a p oint along an edge of the b ed and an obstacle, one can see in �gure

3.8 that the shortest distance is always b etween a corner of the b ed and an

obstacle which indicates that no convex corner is close to the b ed. The other

situations in �gure 3.9 are di�erent. The shortest distance b etween the b ed

and an obstacle is in this case again b etween a p oint along the edge of the b ed

and an obstacle but not b etween any of the corners of the b ed and an obstacle.

This fact indicates a convex corner close to the b ed. There might b e situations

where this do es not hold even though the b ed approaches a convex corner.

Supp ose a situation where the b ed is p ositioned at the end of a corridor inside

a curve across the course of the corridor. Figure 3.10 shows such a situation.

Note, that the distance b etween corner A and the nearest obstacle to A is

shorter than the distance b etween p oint D and the nearest obstacle to D. This

situation would not indicate a convex corner if the simple metho d describ ed
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Figure 3.10: Extended convex corner detection metho d.

ab ove is used to detect such a corner. Observe now, p oint C which is the p oint

along this left edge which is farthest away from an obstacle. If, in a �rst step,

the lo cation of p oint C is found then the distance b etween C and its nearest

obstacle cold b e used to solve this situation. First, we could examine p oints

along the section of the edge which lies b etween A and C. For each of these

p oints, we could �nd the distance b etween these p oints and the nearest obstacle

to these p oints. We could compare these distances with the distance of A to

the nearest obstacle to A and the distance of C to the nearest obstacle to C. If

no larger distance is found than the distance of A and C to resp ective nearest

obstacle, no convex corner is close to this section of the edge. We could then

do the same thing with p oints along the section of the edge which lies b etween

B and C and try to �nd a distance which is shorter than the distance of B and

C to resp ective nearest obstacle. If also this second test fails, no convex corner

is close to the whole left edge. In �gure 3.10 p oint D has a shorter distance to

an obstacle then B and C indicating a convex corner.



Chapter 4

Basics and Similar Concepts

This chapter presents a collection basics and concepts from literature which are

related to this pro ject. A short intro duction is given to some, from literature

and research, well known basic concepts in rob otics control. Knowledge ab out

these topics is needed to understand the concepts describ ed in subsequent

chapters of this do cument. For more profound explanations of these concepts

the reader is referred to relevant literature and to the references listed at the

end of this do cument.

4.1 Path Planning

Path planning is a common term describing metho ds used to �nd a continu-

ous sequence (path) of conditions (states) b etween an initial condition (start)

and a �nal condition (goal), while resp ecting certain restrictions. Path plan-

ning problems arise for example in op erations research (mathematical pro cess

optimization), scheduling (task optimization) and rob otics.

4.1.1 Rob ot Path Planning

Path Planning in rob otics is used to determine a route from one co ordinate

lo cation to another co ordinate along a set of way p oints which is collision-free,

feasible given the rob ot's kinematics and dynamics and, if given, satis�es some

extra constraints (like e.g. b e optimal with resp ect to distance or holding a

certain distance to obstacles). In rob otics the environment where the rob ot

moves in is often called workspace. The workspace is usually divided into a set

of states represented by a grid map. A grid map is a grid decomp osition of the

continuous state space with numb ers in the grid net. This reduces the search

area to a simple two dimensional array. Each cell in the array has a status of

either "walkable" (the cell is free) or "unwalkable" (the cell is o ccupied by an

obstacle). Supp ose the search starts at the goal cell G. A numb er in cell Ci , j

represents the cost of traveling from the goal cell G to Ci , j . A state is referred

37
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to as a p osition in which the rob ot can b e, commonly describ ed by a co ordinate

tuple like ( i , j ) or ( i , j , k ) dep ending on in which environment the rob ot acts

( R2

or R3

). To change from one state to another, i.e. to reach from one rob ot

p osition to another, a state transformation is applied. The problem of �nding

a complete path from one initial state to a goal state, i.e. from one p osition in

an environment to another, is formulated as a search in the state space, i.e. as

a search in all p ossible p ositions of the rob ot. Search is done by starting at the

start or the goal cell and checking the adjacent cells and generally searching

outward until �nding the start/goal. The order in which cells are explored

are referred to as search strategies. Various search algorithms are applied in

path planning and some of the easiest non-heuristic ones are breadth-�rst and

depth-�rst [50]. Such blind search metho ds usually tend to explore a huge

numb er of states or need luck in selecting a go o d direction in which to search.

Heuristic search metho ds use information ab out the search space and are more

e�ective. Examples of heuristic search metho ds are the so called Greedy Search

and the A* search algorithm [50].

4.1.2 The A* Search Algorithm

The A* (pronounced "A star") search algorithm is a b est-�rst graph search

algorithm that �nds the least-cost path from a given initial no de to one goal

no de. The algorithm was �rst describ ed in 1968 by Peter Hart, Nils Nilsson, and

Bertram Raphael in [21]. It considers b oth the cost to goal and the cost to start

when deciding which cell to expand next in the search. The path is generated

by rep eatedly cho osing the cell with the least total cost from a numb er of

candidate cells. If implemented right, it is very e�cient and guarantees to �nd

the shortest path b etween goal and start. The function for calculating the cost

for a given cell C can b e written as,

f (C) = g(C) + h(C) (4.1)

where g(C) denotes the cost from the initial cell to C and h(C) is a heuristic

estimate of the cost from C to the goal. The g(C) function is easy to calcu-

late; just fetch the value lo cated in C. The h(C) function is trickier. It can

b e shown that the A* algorithm gives an optimal path if h is an admissible

heuristic (this means that h should never overestimate the cost to the goal).

Having a h function that underestimates the cost much, or in the extreme

case, is always 0, will cripple the p erformance of the A* search. Therefore h
should always calculate the minimal p ossible cost. Constructing the heuris-

tic function for out 8-connectivity search is not so di�cult; let di and dj b e

the di�erence b etween C and the goal in the i and j directions, resp ectively.

One realizes that the numb er of steps required to take diagonally to reach

the goal is Min (di , dj ) . The numb er of required steps vertical or horizontal
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is (Max (di , dj ) - Min (di , dj )) . If the cost of a diagonal step is de�ned to b e

scd , and the cost of vertical or horizontal to b e scvh , the admissible heuristic

function is calculated by,

Min (di , dj ) � scd + ( Max (di , dj ) - Min (di , dj )) � scvh (4.2)

4.2 Fuzzy Rule-Based Control

The path planner returns a list consisting of a collection of map co ordinates

that describ es the shortest path from start to goal. This list will b e handed

over to a fuzzy rule-based controller. A fuzzy rule-based controller is a control

system based on fuzzy logic and is a way of describing b ehaviors by using

a collection of rules, rather than using some complex mathematical mo del.

The controller analyzes crisp input values, got from a to b e controlled system,

translates them into fuzzy variables, which are logical variable that take on

continuous values b etween 0 and 1, and provides, according to those fuzzy vari-

ables, control parameter for the system. Fuzzy variables are often referred to as

"fuzzy predicates" b ecause they mirror the truth of a fact. In each control step

a fuzzy rule-based controller p erforms three sub-steps: the fuzzi�cation, the

fuzzy-inference and at the end the defuzzi�cation. Fuzzi�cation is the pro cess

of generating values for sets of fuzzy predicates using memb ership functions

given the input of a system to the fuzzy controller. Fuzzy-inference is the pro-

cess of reasoning where conclusions from a set of IF-THAN rules are derived.

These sets of rules are commonly referred to as a "rule set" or, b ecause can b e

seen as a b ehavior, as a "b ehavior pro ducing mo dule" and represents a knowl-

edge base telling the system how to b ehave in di�erent situations from the

view p oint of a particular b ehavior. The fuzzy predicates set in fuzzi�cation

are in the fuzzy-inference step used in the IF-parts of the b ehavior pro ducing

mo dule(s) to set other fuzzy sets, containing fuzzy predicates dedicated to the

control parameter of the system, in the THEN-parts. IF-part and THEN-part

of a rule are also called the "stimulus-part" and the "resp onse-part". A fuzzy

controller can use one or more b ehavior pro ducing mo dules. In case of multiple

b ehavior pro ducing mo dules, an arbitration p olicy determines which b ehav-

ior(s) should in�uence the op eration of the rob ot at each moment and thus

ultimately determines the task actually p erformed by the rob ot. This is done

in the simplest form by selecting one b ehavior for execution and ignoring all

other or in more advanced form by scaling the output of each b ehavior pro-

ducing mo dule and decide in this way how much it in�uences fuzzy predicates

dedicated to the control parameter of the system to b e controlled. After the

step of fuzzy-inference a base is given, in form of the in the resp onse-part set

fuzzy predicates, for how the system parameters have to b e set. The output

from fuzzy-inference b ecomes the input to the defuzzi�cation pro cess. The in
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the resp onse part of fuzzy-inference set fuzzy predicates are in the defuzzi�-

cation step converted into crisp control values. Di�erent metho ds can b e used

for defuzzi�cation. One of the most often used metho ds is Center of Gravity

(CoG). A big advantage of using a rule-based controller is that they are p ow-

erful and versatile; e.g. implementing a completely new b ehavior is relatively

simple (just �gure out the fuzzy predicates to use, and construct the rules).

Example

Each individual b ehavior pro ducing mo dule fully implements a control p olicy

for a single ob jective, like following a path or avoiding obstacles. In a simple

form a fuzzy controller lets the rob ot move to a certain co ordinate and thereby

avoiding obstacles by using for each ob jective one b ehavior pro ducing mo dule

and combining their output in some way. A rule could b e:

IF obstacle to right AND NOT(obstacle to left) THEN turn left

The stimulus-part of the rule ab ove could b elong to a fuzzy set avoid obstacles

and could e.g. contain obstacle to right , obstacle to left and obstacle

ahead . The resp onse-part of the rule ab ove would in this example b elong to a

fuzzy set rotate, which could consist of turn left , no turn and turn right .

The rule would b elong to a b ehavior pro ducing mo dule used to obtain obstacle

avoidance. In fuzzy logic, unlike conventional logic, the statements obstacle

to right and obstacle to left can b e partially true (or false); 0.0 means

absolutely false, and 1.0 absolutely true. When a rule has b een evaluated, the

truth of its resp onse can b e fetched and stored. The resp onse ab ove is turn

left . A second fuzzy set used in the resp onse-part could b e called velo city and

could consist of back , none , slow and fast . After the fuzzy sets rotate and

velo city has b een calculated, resp ective set is converted into a single resp onse.

E.g. if b oth turn left and no turn is 1.0 (absolutely true) and turn right

is 0.0, the resulting resp onse should b e something in b etween turn left and

no turn .

4.3 Clearance Map

In order to achieve the in Chapter 3.3 describ ed "Maximum Clearance Policy"

it is necessary to have some form of distances b etween admissible p ositions and

obstacles in the environment. Clearance maps (CM) are used in game develop-

ment and the rob otics �eld to provide the distance to the nearest obstacle for

any p oint of the world [56]. Examples can b e found in [45, 20, 4]. Once such a

map has b een computed, it can b e used to �nd paths that pass, with maximum

clearance, around obstacles or use it in a feedback control lo op to maintain the

p ositions of ob jects. Figure 4.1 shows a small map of 20 x 60 pixels and the

corresp onded CM, that was computed by using a grid map representation of

the environment describing where obstacles are lo cated, and where obstacles
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are not lo cated. Note, in this CM the distance for a diagonal step ( scd ) is

de�ned to b e SQRT( 2 ) and the distance for vertical or horizontal steps ( scvh )

is de�ned to b e 1. Dep ending on in which application and to which purp ose

the CM is used, form and lo ok of it may vary by changed values for scd and

scvh . Also the accuracy of the distance values may b e adjusted dep ending on

need.

Figure 4.1: 20x60 pixel map and its corresp onded CM.

4.4 Voronoi Diagram

A Voronoi diagram is a decomp osition of space into regions characterized by

a predetermined amount of ob jects (e.g. p oints), called sites. Each region is

de�ned by one site and covers all p oints in space which are, with resp ect to

a certain metric (often Euclidean distance), closer to that site of the region

than at any other site. Such regions are also known as Voronoi cells. There are

p oints in space which have more than one nearest site, i.e. form the b oundaries

b etween two regions and a Voronoi diagram is formed by all these p oints. The

Voronoi vertexes or no des are the p oints equidistant to three (or more) sides.

More formula expressed a Voronoi diagram in the plane is expressed as follows:

if P = fp
1

, p
2

, ..., pn g is a set of sites (p oints) in the plane, then the Voronoi

diagram is the sub-division of the plane into n distinct cells, one for each site.
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For each cell applies that a p oint q corresp onds to a site pi i� dist (q , pi ) <
dist (q , pj ) for each pj 2 P with j 6= i . Figure 4.2 shows a simple case of a

Voronoi diagram

1

given a set of p oints in the plane. A deep er intro duction

to Voronoi diagrams is e.g. given in [60]. Some examples of applications for

Voronoi diagrams are, nearest neighb or queries for data structure problems in

computational geometry and business applications such as determining where

to lo cate a store so it is no closer to any existing store of its kind. A further

application for Voronoi diagrams is in rob otic path planning, where they are

used in two dimensional space using a search algorithm searching the Voronoi

edges for a maximum clearance paths. Examples of applications in rob otics

using Voronoi diagrams can b e found in [6, 54, 36, 15, 58]. Often some form

of generalization of the Voronoi diagram is necessary to ful�ll the needs of an

application. There are multiple metho ds to construct a Voronoi diagram and

one of the simplest is to �nd the p erp endicular bisection b etween a site p and

a site q . This separates the plane into two halfplanes, one with p oints closer

to p and one with p oints closer to q . A Voronoi cell determined by pi can

found by intersecting all the half planes that separate a site pi from the other

sites pj . Doing this for all the p oints creates the Voronoi diagram. Although

the pro cedure ab ove is easy to understand, it is, in terms of time, ine�cient

and more e�cient metho ds are usually used to compute a Voronoi diagram.

Steven Fortune describ es in [14] a plane sweep algorithm called the "Fortune's

algorithm". His algorithm uses a sweep line and a b each line to generate a

Voronoi diagrams. The sweep line passes the entire plane and computes thereby

a complete Voronoi diagram. This algorithm is very e�cient and conceptually

easy to understand.

1

Diagram was generated by the Matlab function VORONOI(X,Y).
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Figure 4.2: Voronoi Diagram generated using the Matlab function

VORONOI(X,Y).

4.4.1 Generalized Voronoi Diagram in Rob otics

Generalized Voronoi diagrams used in rob otics can b e seen as variants of CMs,

often only referred to as clearance maps. They have common prop erties with

CMs describ ed in 4.3, but also a couple of di�erences. Both provide distances

to a sp eci�ed discrete set of ob jects in the space. CMs do this for any p oint of

the map, whereas distances has to b e computed from Voronoi diagrams for a

certain lo cation. As aforementioned, a Voronoi diagram can b e very useful in

rob ot path planning. Restricting a rob ot to traverse the edges of Voronoi dia-

gram will insure that it is as far as p ossible away from the nearest surrounding

obstacles. For that purp ose it is necessary to represent sides as obstacles and

that is why generalizations of Voronoi diagrams in rob otics concern the shap e

of the sites where Voronoi diagrams are constructed for the b oundaries of sim-

ple p olygons. The edges of the Voronoi diagram are then equidistant b etween

the two nearest obstacles and these edges are ideal for a mobile rob ot's path

when maximum clearance is desired. Paul Blaer has develop ed an algorithm for

computing safe paths for mobile rob ots using generalized Voronoi diagrams.

The algorithm is �rst describ ed and used in [6] and is also describ ed in [7].

Moreover, Blaer presents in [7] a Java applet that demonstrates the path plan-

ning algorithm in action. Given a map with a variety of p olygonal obstacles

that are to b e avoided, Blaer's algorithm determines maximum clearance paths

by using an approach based on the generalized Voronoi diagram for a planar

region. He uses Fortune's sweepline algorithm to compute the needed Voronoi

diagrams. Once this diagram has b een constructed, the algorithm searches the
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Voronoi vertices for a path, with maximum clearance, around obstacles using

Dijkstra's algorithm. To �nd the generalized Voronoi diagram for the collec-

tion of p olygons stored in the map, Blaer uses an approximation based on the

problem of computing the Voronoi diagram for a set of discrete sites (p oints

along the edges of the p olygons). First, he approximates the b oundaries of

the p olygonal obstacles with a numb er of p oints that result from sub dividing

each side of the original p olygons into segments. Then the Voronoi diagram for

this collection of approximating p oints is computed. He then eliminates those

Voronoi edges which have one or b oth endp oints lying inside any of the ob-

stacles to �nally get an approximation of the generalized Voronoi diagram for

the original obstacles in the map formed by the remaining Voronoi edges. To

use the diagram in path planning, one must connect the rob ot's start and goal

p oints to the diagram. Blaer has develop ed two p ossible ways to accomplish

this. The �rst metho d involves adding two small obstacles at the lo cation of

the start and the goal and in this way force the algorithm to include the start

and goal automatically in the diagram. This metho d has the drawback that it

requires the Voronoi diagram to b e recomputed each time new start and goal

p oints are entered. The second metho d (used in the applet) adds the start

and the goal of the rob ot to the nearest Voronoi vertices by straight lines. In

case an obstacle lies b etween the start or the goal and the nearest vertex, a

vertex is searched where this is not the case (next nearest vertex etc.). The

found path, which is is a subset of the Voronoi diagram, remains for the most

part equidistant b etween the obstacles closest to the rob ot. Figure 4.3 shows a

Voronoi diagram constructed for a map of a part of the Morningside Heights

campus of Columbia University using Blaer's metho d .

4.5 Context-Dep endent Blending

Usually, the activity of multiple b ehavior pro ducing mo dules have to b e co ordi-

nated. The simplest way of fusing the commands from di�erent b ehaviors by a

switching scheme, where the output from one b ehavior is selected for execution,

and all the others are ignored, is often inadequate in situations where several

criteria should b e simultaneously taken into account. Sa�otti [49] de�ned,

a general combination pattern, called Context-Dep endent Blending (CDB).

CDB uses b oth fuzzy meta-rules to obtain the activation of di�erent concur-

rent b ehavior mo dules and fuzzy combination to fuse the output from these

mo dules in case when multiple b ehaviors are partially activated. Sa�otti calls

these metho ds b ehavior arbitration and commando fusion, resp ectively. The

arbitration of b ehaviors are determined by fuzzy meta rules of the form

IF A THEN activate behavior_B (4.3)

Figure 4.4 shows the structure of a fuzzy controller where the output from

the context rules is multiplied by the output from the b ehavior mo dules to
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Figure 4.3: A Voronoi diagram constructed for a map of a part of the Morn-

ingside Heights campus of Columbia University.

b e added together b efore the �nal defuzzi�cation step. Sa�otti prop oses in

[49] fuzzy meta-rules to assign b ehaviors the strength of their activation by

computing weights constituting the relevance of each b ehavior at every time

instant. The in�uence of a b ehavior on actions is situation dep endent and the

b ehavior weight is calculated dynamically taking into account the situation the

mobile rob ot is in. Equation 4.4 shows the mathematical concept of b ehavior

weighting. CDB has b een used by several researchers in autonomous rob otics

to build complex rob ot b ehaviors (e.g. [11, 65, 64, 52, 53, 8, 22, 3, 37, 2, 28,

23, 51, 24]).
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Figure 4.4: Structure of a fuzzy controller using CDB. Figure from [6], used

with p ermission.

b =
P

n An bnP
n An

(4.4)



Chapter 5

Design and Implementation

5.1 Computing a Global Clearance Map

The challenge in computing a global clearance map from a grid map, estab-

lished by obstacle cells and unknown cells, is to �nd for a given unknown cell in

this grid map the distance to the nearest obstacle cell. The metho d develop ed

in this pro ject calculates not only the Manhattan distance b etween two cells

but the diagonal distance if the shortest distance b etween an unknown cell

and its nearest obstacle cell is so. Once it is determined which obstacle cell is

the nearest one for an unknown cell, it is easy to compute the distance to this

by using 4.2. The CM is computed for a new environment map once at start

up and saved, i.e. it can b e loaded in a second run from a �le and there is no

need to compute it again except when the environment map is changed. The

pro cedure searches through the whole grid map and computes, for each un-

known cell, the distance to the nearest obstacle cell and assign this value to the

unknown cell. Given an unknown cell, �rst the neighb or cells with the nearest

distance, according to 4.2, are checked for its status. Then the next nearest

cells are checked and so on until an obstacle cell is met. The metho d is demon-

strated here with an example. To formulate the metho d more understandable,

for this example the distance values for diagonal, horizontal and vertical steps

de�ned in the common intro duction of CMs in 4.3 are taken over. That is, scd

is de�ned to b e SQRT( 2 ) and scvh is de�ned to b e 1. Figure 5.1 shows the

di�erent steps of the algorithm on the basis of a small grid map of 11x11 grids

which is su�cient small to b e used to explain the algorithm. First in 5.1a the

map as a whole is shown. Obstacle cells are marked at b ottom-left in the map.

The marked cells forming a cross in the middle have a sp ecial function in the

search algorithm and are here named cross distances. This is further explained

b elow. Supp osed, the algorithm has to compute and assign a distance value

to the cell in the middle of the map. Let us, for simplicity, call it cell 0 (the

distance from cell 0 to cell 0 is 0). In a �rst step, the algorithm examines the

nearest neighb or cells de�ned by a 3x3 array for its status. Inside this array,

47
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(a) (b) (c)

(d) (e) (f )

Figure 5.1: Determine the nearest obstacle cell for the unknown cell 0.

�rst the cells for which the distance is 1 to cell 0 are checked and then those

for which the distance is 1.41. If no obstacle cell is met in this �rst step the

cells along a 5x5 array one step further are examined as shown in 5.1c. This

pro cedure continues until an obstacle cell is met as indicated in the frame 5.1e.

The cell marked with a star is a candidate for the nearest obstacle cell for cell

0, but observe it is p ossible to meet obstacle cells with lower distance values

to cell 0 if the search continues. Would e.g. any of the cells holding a cross

distance in frame 5.1f b e an obstacle cell, then one of them would have a lower

distance to cell 0. One can b e sure that the found cell is the nearest obstacle

cell �rst if the value of the highest cross distance exceeds the distance value

of the found candidate cell. Finally, the distance value of the found obstacle

cell is assigned to cell 0 and the distance to the nearest obstacle for the next

unknown cell is computed.
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5.1.1 Application-Sp eci�c Choice of Distance Values

It has already b een mentioned in 4.3 that the choice of di�erent values for scd

and scvh a�ect certain characteristics of the CM. Di�erent values for scvh do

scale the distance value for cells but do not change the p osition of maximum

clearance. E.g. in straight ahead corridors the CM will indicate the p osition

farthest away from obstacle (i.e. from the walls) in the middle of the corridor,

indep endently from the value of scvh . This lo oks di�erent for various values

of scd , b ecause it in�uences the p osition of maximum clearance in curves and

is worth to lo ok closer into. To clarify this, a CM was computed for the map

shown in �gure 2.2 twice, using di�erent values for scd . To start with, �rst scd

and scvh are set to the values used in the example shown in 5.1. Figure 5.2

shows a part of the CM computed for the map in �gure 2.2. The extract shows

the curve down to the right. Cells framed by a solid line are those with the

highest distance to obstacles, i.e. the p osition of maximum clearance would

b e indicated there by the CM. As can b e seen, the tra jectory of maximum

clearance is more round inside the curve. Figure 5.3 shows another part of

this CM. This time, the extract shows the upp er horizontal corridor in height

of the exit leading to the inner corridor. The �gure indicates that the path of

maximum clearance is slightly drawn toward the exit at the height of it. As the

CM would b e used in a path planner to plan a path with maximum clearance,

a value of SQRT( 2 ) for scd might sometimes b e a draw back. If a path planner

would plan a straight ahead path passing the exit, the pass would b e drawn

toward the exit at the height of the this. This would happ en b ecause the path

planner would favor a path through the framed cells.

Figure 5.2: CM with scd de�ned to b e SQRT( 2 ) and scvh de�ned to b e 1.

Extract shows the curve down to the right.
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Figure 5.3: CM with scd de�ned to b e SQRT( 2 ) and scvh de�ned to b e 1.

Extract shows the upp er horizontal corridor in height of the exit leading to

the inner corridor.

The second time scd was de�ned to b e 1 instead of SQRT( 2 ) . Figure 5.4

shows the same part of the CM as shown in �gure 5.2 computed with the new

value of scd . Following the tra jectory of maximum clearance, this time it makes

a sharp 90

o
turn at the height of the corner. Dep ending on the application the

CM is used for, the one or the other form of the CM is appropriate.
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Figure 5.4: CM with b oth scd and scvh de�ned to b e 1. Extract shows the

curve down to the right.

5.2 Path Planner

Once the CM has b een constructed one can use it to �nd rob ot paths that pass

with maximal clearance obstacles. This means that the requirement of �nding

the shortest path b etween two lo cations is released in favor of the requirement

of �nding a path that holds the rob ot b oth in straight ahead driving and in

curves in the middle of the corridor. The develop ed metho d here is inspired by

metho ds used in game programming where terrain is created that is walkable

but at a higher movement cost. During a run of the A* search algorithm cells

near an obstacle are p enalized such as the path in the middle of a corridor

b ecomes more attractive. For this purp ose the classical representation of the

A* search algorithm describ ed in 4.1.2 was mo di�ed and gives in the path

search cells near obstacles a higher movement cost g . Given a CM, �rst the

highest value in it is determined, i.e. the cell farthest away from obstacles.

Recall from 4.1 that for a particular cell C the value of g(C) gives the cost

of movement from the initial cell to C. This value is p enalized by an amount

dep ending on the distance of C to its nearest obstacle cell. When a cell is

expanded and g is computed for a neighb or cell C then g(C) consists not

only of the g value of the expanded cell plus 1 or SQRT( 1 ) , i.e. the cost of

movement, but also of the distance value from the CM at that lo cation. The



52 CHAPTER 5. DESIGN AND IMPLEMENTATION

(a) (b)

Figure 5.5: Path b etween two lo cations with maximum clearance using (a) the

�rst CM and (b) the second CM describ ed in 5.1.1.

cost of movement for one step to cell ij is calculated according to formula 5.1

where max CM , as already indicated, is the highest value stored in the CM

and dist ij is the distance to the nearest obstacle for the actual cell ij . s is a

scale factor which can b e used to steer how hard a path through a particular

cell, with its lower distance to the nearest obstacle, is panelized. sc is the step

cost. Since we de�ned the step cost for a diagonal step to b e SQRT( 2 ) and

the step cost of vertical or horizontal steps to b e 1, sc may take one of these

values, resp ectively (do not confuse scd and scvh with this variable. sc is used

in 5.1 where as the last mentioned variables are used in 4.2). Figure 5.5a shows

a path b etween two lo cations generated by this metho d. Here, the �rst CM

computed in 5.1.1 is used and as shown the path holds a maximum clearance

to the walls according the de�ned measurements. Figure 5.5a shows a path for

the same start and goal p oint using the second CM describ ed in 5.1.1. As can

b e seen the path is wider inside curves and makes a sharp 90

o
turn there. For

the purp ose of this pro ject we b elieve that the second CM used to compute

the path in �gure 5.5a is more appropriate.

cost ij = ( max CM - dist ij ) � s + sc (5.1)

5.2.1 Metho d for Following a Path

A general metho d to follow the path was implemented. We wanted to use a

slightly more robust metho d for path following, so we ended up using lo ok-
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ahead. In the implementation we do not do any pro cessing of the list of map

co ordinates; they are used directly as given from the planner.

To select which co ordinate the rob ot is to move to we do the following:

(1) The current p osition of the rob ot (x , y) is converted into map co ordinates

(i , j ) . (2) The closest co ordinate N on the path is calculated by comparing each

co ordinate with the rob ot co ordinate. The co ordinate with least chessb oard

distance to the rob ot co ordinate is selected as N . (3) The co ordinate the rob ot

is to move to is simply selected as the 5th next co ordinate in a list of map

co ordinates. The co ordinate the rob ot is to move to dep ends on the size of the

rob ot and the size of the environment. It can b e changed easily.

It should b e mentioned that we wrote the co de so that N cannot b e moved

back, only closer to the goal. When testing on the Stage simulator, we found

this approach to work pretty well.

5.2.2 Transforming Between Map and Rob ot Co ordinates

The origin of the global co ordinate system is de�ned in the b ottom left cor-

ner of the grid map and the grid map itself de�nes its origin in the top left

corner. Figure 5.6 shows this in a simple map of 3 by 3 cells. That makes the

implementation of some transformation functions necessary.

Figure 5.6: The map and rob ot co ordinate systems.

Let h b e the height of the grid map. Then, the equations to transform from

a map co ordinate (i , j ) to a rob ot co ordinate (x , y) is written as in 5.2:

x = j � cellWidth= 10.0

y = ( h - i ) � cellHeight= 10.0

(5.2)

Getting the equations for calculating (x , y) to (i , j ) is just a matter of

reworking 5.2. Division by 10 is necessary b ecause the measurements in the

global co ordinate system are done in cm, whereas measurements in the grid
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map are done in mm. It should b e mentioned that since map co ordinates must

b e integers, we p erform rounding (truncation) when converting (x , y) to (i , j ) .

5.3 Controller

The nature of a rob ot-b ed transp ort asks for multiple b ehavior pro ducing

mo dules. Three di�erent b ehaviors are used in this pro ject all working on the

same fuzzy sets in their resp onse-part. These three b ehavior pro ducing mo dules

are go to next way p oint, obstacle avoidance and safe b ed. The fuzzy sets set

in the resp onse-part of the di�erent b ehaviors are rotate and velo city. Velo city

consists of the fuzzy resp onses back , none , slow and fast and rotate consists

of the fuzzy resp onses turn left , no turn and turn right . Having �gure

4.4 in mind, the amount of contribution from the di�erent b ehaviors to the

overall rob ot b ehavior is decided by CDB. Practically, each b ehavior pro ducing

mo dule works on its own lo cal versions of rotate and velo city which �nally are

fused in CDB. For each of this b ehavior pro ducing mo dules fuzzy meta rules

calculates their arbitration. How CDB is used and which fuzzy sets are used in

the stimulus-parts of the resp ective b ehavior pro ducing mo dules is explained

in following subsections. Note, that some of the fuzzy predicates mentioned

in the following subsections are b oth used in the stimulus-part of the obstacle

avoidance b ehavior and of the safe b ed b ehavior. For that purp ose we decided

not to give names to the di�erent fuzzy sets used in the stimulus-parts of

the resp ective b ehaviors and instead list the fuzzy predicates used. Esp ecially

worth to mention is the fuzzy predicate Danger . This predicate b ecomes true

each time the b ed approaches an obstacle so much that it would get stuck

imminently, i.e. some form of reaction by the p erson following is inevitable. A

true fuzzy predicate Danger causes an emergency stop until the b ed is moved

in a b etter p osition, i.e. away from the obstacle. Further, a bit more advanced

two-step defuzzi�cation metho d were develop ed.

5.3.1 Go To Behavior

Fuzzy predicates used in the stimulus-part of the go to b ehavior are Pos_Left ,

Pos_Ahead , Pos_Right and Pos_Here . The degree of truth of these predicates

is based on the current p osture of the rob ot and the goal co ordinate. For

example, Pos_Left tells if the goal is lo cated to the left of the rob ot, and it

is absolutely true if the angle to the goal is larger than a certain value. It is

absolutely false if the angle is so small that the rob ot heads in direction of

its way p oint. Fuzzy inference for the go to b ehavior is done by the b ehavior

pro ducing mo dule following:
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IF Pos_Left AND NOT(Pos_Here) THEN turn left

IF Pos_Ahead AND NOT(Pos_Here) THEN no turn

IF Pos_Right AND NOT(Pos_Here) THEN turn right

IF Pos_Here THEN none

IF Pos_Left AND NOT(Pos_Here)

OR Pos_Right AND NOT(Pos_Here) THEN slow

IF Pos_Ahead AND NOT(Pos_Here) THEN fast

(5.3)

5.3.2 Obstacle Avoidance Behavior

Fuzzy predicates used in the stimulus-part of the obstacle avoidance b ehavior

are ObsZone0 , ObsZone1 , ObsZone2 , ObsZone3 and ObsZone4 . Figure 5.7 shows

di�erent zones scanned by the laser b eam dedicated to the fuzzy predicates.

Observe ObsZone5 is not used in the obstacle avoidance b ehavior but in the safe

bad b ehavior. This is further explained in 5.3.3. The fuzzy predicates ab ove

are set resp ectively when obstacles are encountered inside the laser zones. The

distances to the obstacles inside zone 0 and zone 1 are obtained by using the

resp ective laser b eam and simply computing the Pythagorean Theorem. To get

the distance to the obstacle inside zone 2, zone 3 and zone 4 the laser b eams

are used without further computation. For all the zones the shortest distance

measured is used to set the resp ective fuzzy predicates. Fuzzy inference for the

obstacle avoidance b ehavior is done in the following manner:

IF NOT(ObsZone3) AND ObsZone2 AND

NOT(ObsZone1) AND NOT(Danger) THEN turn left

IF ObsZone1 AND ObsZone0 OR Danger THEN no turn

IF NOT(ObsZone2) AND ObsZone3 AND

NOT(ObsZone0) AND NOT(Danger) THEN turn right

IF Danger OR ObsZone4 THEN none

IF NOT(Danger) OR NOT(ObsZone4) THEN slow

(5.4)

5.3.3 Safe Bed Behavior

The task of this b ehavior is to safe the b ed in dangerous situations, i.e. when-

ever it approaches a convex corner where a correction of the b ed p osition

not automatically is given by the subsequent movement of the rob ot. Fuzzy

predicates used in the stimulus-part of the safe b ed b ehavior are ObsZone0 ,

ObsZone1 , ObsZone5 , Pos_Right , Pos_Left , CornerLeft and CornerRight .

It is already explained in forgoing parts how the used fuzzy predicates are

set except for CornerLeft and CornerRight . CornerLeft and CornerRight

are fuzzy predicates which b ecome true whenever the b ed (exactly the edge
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of the b ed) approaches a convex corner. This needs a further explanation on

how convex corners are detected and how, resulting of this, CornerLeft and

CornerRight are set. A theoretical mo del for how this could b e done is already

prop osed in 3.5 and in 5.3.6 the implementation is extensively explained. Fur-

thermore, it is necessary to say something ab out ObsZone5. When a convex

corner is detected, the safe b ed b ehavior is activated and the rob ot tries to ma-

neuver the b ed in a b etter p osition away from the corner. As common hospital

corridors are relatively narrow, the rob ot approaches one of the walls very so on

when this maneuver is executed and then the obstacle avoidance b ehavior is

activated. Exp eriments have shown that in such situations, the rob ot might

b e turned against the direction to the next way p oint and when that happ ens

avoids the wall in the wrong direction. This results �nally in a circular motion

when the wall is successfully avoided and the go to b ehavior is activated again.

To avoid this b ehavior, the rob ot rotates in direction of the next way p oint

when ObsZone5 b ecomes true which is b efore the obstacle avoidance b ehavior

is activated. Fuzzy inference for the safe b ed b ehavior is done by the b ehavior

pro ducing mo dule b elow:

IF NOT(Danger) AND NOT(ObsZone1) AND

(CornerRight AND NOT(ObsZone5) OR

CornerLeft AND ObsZone5 AND Pos_Left) THEN turn left

IF CornerRight AND ObsZone1

OR CornerLeft AND ObsZone0 OR Danger THEN no turn

IF NOT(Danger) AND NOT(ObsZone0) AND

(CornerLeft AND NOT(ObsZone5) OR

CornerRight AND ObsZone5 AND Pos_Right) THEN turn right

IF Danger THEN none

IF (CornerRight OR CornerLeft) AND NOT(Danger) THEN slow

(5.5)
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Figure 5.7: Danger zones of the laser range �nder.

5.3.4 Arbitration

Fuzzy meta-rules shown in 5.6 are used to obtain the activation of the di�erent

concurrent b ehavior mo dules describ ed ab ove. Note the order of priority where

obstacle avoidance has the highest priority. This is, to make sure that the rob ot

avoids obstacles in every p ossible situation if necessary, except Danger is true.

The safe b ed b ehavior has a higher priority than the go to b ehavior to ensure

the safety of the b ed. To fuse the output from the b ehavior mo dules, fuzzy

combination is done according to equation 4.4.

Arbitration_Obstacle_Avoidance = ObsZone0 OR ObsZone3 OR ObsZone6

Arbitration_Safe_Bed =

(CornerRight OR CornerLeft OR Danger) AND NOT(ArbitObsAvoid)

Arbitration_Go_To = NOT(ArbitIntSum)

(5.6)

5.3.5 Converting Fuzzy Sets to Control Values

After the fuzzy sets rotate and velo city have b een calculated, resp ective set is

converted into a single resp onse rotation resp ective translation sp eed. First,

each fuzzy set is converted into a single resp onse by doing a centroid defuzzi-

�cation by CoG (Center of Gravity); the degree of truth for each resp onse

is considered to calculate the average resp onse. For example, fuzzy set rotate

will b e converted into a value in the interval [0.0, 2.0], where 0.0 means full

rotation to the left and 2.0 full rotation to the right. Figure 5.8 shows how the
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Figure 5.8: Conversion from fuzzy set rotate to rotation sp eed and velo city to

translation sp eed.

result from centroid defuzzi�cations converted into rotation and translation

sp eeds for fuzzy sets rotate and velo city, resp ectively.

The reason why the functions are discontinuous at 1.0 is to prevent to o low

sp eeds b eing sent to the rob ot; else there is a risk of truncation to zero, making

the rob ot not doing translation and/or rotation at all. A p ower function has

b een used to achieve the curvature, which provides a smo other rob ot b ehavior.

5.3.6 Corner Detection

Recall, the center of the rear axis of the b ed C is computed by the equa-

tions 2.2. This p oint is considered to b e the p osition of the b ed (x , y) in the

global co ordinate system. To get a prop er implementation of the metho dology

describ ed in 3.5, we need for each control lo op to compute the lo cation of mea-

suring p oints along the edges of the b ed and b eside the rob ot. These p oints are

then used to fetch the content of cells in the CM at that p osition to check the

distance of the rob ot and the b ed to the nearest obstacle at that p oint. The

values, fetched from the CM, can then b e used to check if a situation o ccurs

where a reaction in some form is needed, i.e. the b ed approaches a convex cor-

ner where it could get stuck or the b ed approaches an obstacle in some other

way so much that the transp ort has to b e interrupted. Figure 5.9 shows the

used measuring p oints. Some of these measuring p oints, the un�lled ones, are

not along the edge of the b ed and are here named "virtual" measuring p oints.

These virtual measuring p oints are needed to react in time to a dangerous

situation and prevent the rob ot to turn into to o narrow paths. What follows

now is an explanation how the p osition of the here describ ed measuring p oints

in the clearance map are computed to fetch their distance values. Observing

�gure 5.9, a lo cal co ordinate system is placed on p osition C. Because the size
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of the b ed is known, the o�set of the measuring p oints in x- and y-direction

from C is computable. Then, given the p osition of C in the global co ordinate

system common transformations are used to compute the p osition of the mea-

suring p oints in the global co ordinate system. Finally it is needed to compute

the p osition of the measuring p oints in map co ordinates and fetch its value

from the clearance map. We wanted to ensure that a measuring p oint is placed

at each corner of the b ed. To make this sure N and R are computed as in 5.7:

N = w t
2

+ ORC
R = w t

2

- ORC
(5.7)

To get an o�set for the measuring p oints along the x-axis of the lo cal

co ordinate system, N is divided by the numb er of real measuring p oints in

front of the rear axis. The o�set along the y-axis is given by dividing the

height of the b ed hb by 2. The o�set for the measuring p oints b ehind the

rear axis is given directly by R and hb divided by 2. When the calculated

o�sets exceed the length of N , the measuring p oints b ecome virtually. The

measuring p oints are stored until the step passes the size of L. Once the o�set

for all measuring p oints in x- and y-direction are computed and transformed

to the global co ordinate system, a reworked version of equation 5.2 is used to

get their p osition in map co ordinates. The next step is, as discussed in 3.5,

to �nd in the set of the measuring p oints along a b ed edge, the one having

the largest distance to the next obstacle. Found this for all measuring p oints

along the edge to b e checked, the distance to the nearest obstacle is found.

If e.g. a measuring p oint, lying b etween the "maximum distance p oint" and

the most right measuring p oint or most left measuring p oint along that edge,

has a shorter distance to an obstacle than the most left measuring p oint, the

most right measuring p oint or the "maximum distance p oint" a convex corner

is detected. CornerRight and CornerLeft are set according to this found min

distances.
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Figure 5.9: Measuring p oints long the rob ot and the b ed.

5.4 Lo cal Map

The controller rep eatedly checks for new obstacles which are not recorded in

the map. When the laser range �nder hits an obstacle, the controller insp ects

in the environment map the cell at that lo cation for its status. If its status

is "walkable" an unknown obstacle is discovered. The co ordinate of the cell

to b e checked is calculated in a lo cal co ordinate system with origin placed

at the rob ot p osition. The co ordinates are then transformed into the global

co ordinate system using the p osture of the rob ot and �nally converted into

map co ordinates. The lo cal map at such a co ordinate is set to b e an obstacle

if not already done in the global map. There are no sensors mounted on the

b ed or at the rear of the rob ot, i.e. once the rob ot has passed an obstacle there

is no way for it to detect this obstacle any more. This makes it imp ossible for

the rob ot to register outdated unknown obstacles, i.e. obstacles which are once

detected and stored in the lo cal map but are removed by the user afterwards,

after the rob ot has passed these obstacles. Anyway, it is very easy to extend the

program to use the laser range �nder to remove such outdated obstacles from

the lo cal map when passing them a second time. This was not implemented

b ecause the rob ot usually do es not pass the same lo cation twice in a transp ort.

Instead a function was implemented where a push of a button clears the lo cal

map.
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Exp eriments

In order to demonstrate the applicability of the found metho ds, �ve runs from

the set of simulated runs were selected. Moreover, the path planner created by

Paul Blaer (describ ed in 4.4.1) is used as a reference system and some qualita-

tive comparisons are done to show pros and cons of our develop ed maximum

clearance path planner. Unfortunately, Blaer did neither provide us with the

executables or co de of his program nor with p erformance data of his path plan-

ner. Other authors of similar path planners also seem to b e pretty cautious

by providing their program or data ab out the p erformance of their path plan-

ners. That is, the test data concerning the p erformance of the path planner in

comparison to Blaer's has to b e handled with care.

In the �rst example a run is shown where it is assumed that an "Exp ert

Person" as describ ed in 3.2.2 is following the transp ort. This is to show the

"normal case" of an automated rob ot-b ed transp ort. In a second run a "Lazy

Person" following the transp ort is assumed. That is, the p erson following the

transp ort is not reacting appropriately and it falls in the duty of the rob ot to

correct a false p osition of the b ed. In a third run it is shown how the rob ot

reacts when it encounters unknown obstacles. It is shown that it reacts to such

obstacles and records them to make sure that the b ed do es not get stuck on

them. In a fourth run an unknown obstacle is placed in such a manner that

the rob ot with the b ed is able to turn into the narrow path but �nally gets

stuck so that a removal of the unknown obstacle is necessary. In a last run, an

unknown obstacle is placed so that the rob ot would b e able to pass it but the

b ed would get stuck b ecause it is wider than the rob ot. This is done in order

to demonstrate the in 3.4 prop osed marker p oles. For all �ve runs apply that

the rob ot starts at the co ordinate ( 10, 2.5 ) . This start p osition is indicated

in �gure 2.2. In some frames of the following �ve �gures, an arrow indicates

the direction in which the b ed is turned by sidewise movement or obstacles

are moved. Note that the arrow only indicates the direction of motion. The

di�erent lengths of the arrows do not signify anything.
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6.1 Simulation 1 "Exp ert Person"

In this run, the intention is to bring the rob ot and the b ed through the corridors

to the co ordinate ( 10, 10 ) (tra jectory is describ ed by �gure 5.5b). Figure 6.1

shows a set of screen shots taken from this run. Although it is di�cult to show

through images, the interplay b etween the rob ot and the p erson following

ensures a smo oth and fast transp ort of the b ed to its destination. The p erson

following tries where necessary to turn the b ed sidewise away from convex

corners which allows the rob ot to deal with the go to b ehavior instead of b eing

busy with the safe bad b ehavior.

(a) (b) (c)

(d) (e) (f )

Figure 6.1: Simulation 1 "Exp ert Person"

6.2 Simulation 2 "Lazy Person"

Once again the goal of the rob ot is at co ordinate ( 10, 10 ) . Figure 6.2 shows a

set of screen shots taken from this run (note, �gure covers two pages). This

time the p erson is somewhat slow and do es not react as needed. That is why

the rob ot gets stuck as shown in frame 6.2d. First a convex corner is detected

and the rob ot tries to bring the b ed in a b etter p osition and prevent it from

hanging on the corner (6.2a - 6.2c) b efore it �nally realizes that there is no
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way to move on without the b ed sticking on the corner (6.2d). The frames 6.2a

- 6.2c also show how the rob ot turns into the direction of the way p oint when

detecting the wall in front of it. In the p osition shown in frame 6.2d, the rob ot

waits until the p erson reacts and brings the b ed in a b etter p osition (indicated

by the arrow). Because of the laziness of the p erson, the same thing happ ens

on every convex corner on which the rob ot and the b ed pass. Note also the

frame 6.2l. The rob ot has not reached the goal, but a further movement to the

goal would imply that the b ed would bump against the wall and that is why

the rob ot do es not move further.

(a) (b) (c)

(d) (e) (f )

Figure 6.2: Simulation 2 "Lazy Person" (a) - (f )
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(g) (h) (i)

(j) (k) (l)

Figure 6.2: Simulation 2 "Lazy Person" (g) - (l)
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6.3 Simulation 3 "Unknown Obstacle"

Here, the rob ot tries with the b ed to pass an unknown obstacle. Frame 6.3m -

6.3o shows how the rob ot p ercepts the unknown obstacle and how it is avoided.

Note, during this pro cess it stores the p osition of the obstacle in a lo cal map

by scanning it with the laser. When the b ed is in height of the obstacle, the

rob ot is able to compute the distance of the b ed to this unknown obstacle.

In frame 6.3p, the rob ot stops the transp ort b ecause the b ed is to o near the

obstacle. It waits until the p erson reacts and moves the b ed to the left in the

direction of motion so that the transp ort can continue.

(m) (n) (o)

(p) (q) (r)

Figure 6.3: Simulation 3 "Unknown Obstacle"
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6.4 Simulation 4 "Remove Registered Obstacle"

Here the situation is almost the same as in 6.3 but this time the b ed gets

stuck in such a way that neither a move to the left nor to the right would

improve its p osition. This is shown in �gure 6.4c. On the left side (in direction

of motion) there is the wall and on the right side the unknown obstacle. Here,

the system decides to stop and wait until the situation is changed by e.g. the

removal of the obstacle as indicated in frame 6.4d. Observe that the b ed itself

cannot register the removal b ecause it do es not have any sensors and the rob ot

with its laser range �nder has already passed the unknown obstacle. In some

way it is necessary to tell the system that the obstacle is now removed. In this

situation a push of a button of the gamepad clears the lo cal map.

(a) (b) (c)

(d) (e) (f )

Figure 6.4: Simulation 4 "Remove Registered Obstacle"
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6.5 Simulation 5 "Marker Poles"

This is again a similar situation as in 6.3 but this time the path b etween the

wall and the unknown obstacle is so narrow that the rob ot would b e able to

pass it but the b ed would get stuck inside it. As can b e seen, the rob ot tries

�rst to turn into the path 6.5b - 6.5e but �nally realizes that it is to o narrow

and stops 6.5f (which of course cannot b e seen here).

(a) (b) (c)

(d) (e) (f )

Figure 6.5: Simulation 5 "Marker Poles"
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6.6 Exp erimental Analysis of the Path Planner

A ma jor drawback of Voronoi diagrams as used by [6] is that distance mea-

surements not are provided directly by it. The reason for this is that a Voronoi

diagram do es only reduce the search area of path planning to those lo cations

with maximum clearance to obstacles without weighting the search algorithm

by distance values as we did. It might b e p ossible to compute distances to the

nearest obstacle and store them in some data structure representing the edges

of the Voronoi diagram, but this would only provide distances b etween the

p ositions of maximum clearance and the nearest obstacles to this. For other

lo cations distances would have to b e computed on line which would burden

the fcl. On the other hand, restricting a path planner to the edges created by a

Voronoi diagram will reduce the search area for the path planner. This might

make path planners using Voronoi diagrams faster but Blaer's path planner

searches only the Voronoi vertexes and the question is justi�ed if the found

path is everywhere optimal with resp ect to distance to the goal. Searching the

whole Voronoi diagram might provide a shorter path. However, our path plan-

ner needs for the most complicated paths not more than 3 seconds when using

a 200x200 cells large grid map, and for easier ones less than 1 second. For a

similar path the Java applet mentioned needs around 1 second and for easier

ones around 0.7 seconds. This comparison is of course �awed: We do not know

how large the map Blaer used is and in addition we wrote our program in C++

whereas Blaer's program which is available to us is a Java applet running on

a web browser. However, we b elieve that these numb ers show that our path

planner computes paths at an acceptable sp eed. Blaer's Java Applet do es not

compute the Voronoi diagram at start up. It is already computed and stored

when the applet is loaded so we cannot compare the p erformance of our CM

with the p erformance of Blaer's program concerning the "distance providing

to ol". Note that the computation time for our CM dep ends not only on the

size of the grid map but also on how large the free area (the area without ob-

stacles) is. For the map used in the exp eriments of this chapter (200x200 cells),

the algorithm do es need less then 1 second to compute the CM. For another

test we removed all interior walls from this map so that only the outer walls

where stored in the map. The CM was this time computed in approximately 9

seconds. This shows p otential for improvement. On the other hand the CM is

only computed once when a new environmental map is loaded and then stored.

Another con of Blaer's path planner is his way to connect the start and goal

to the Voronoi diagram. Using the �rst describ ed metho d in 4.4.1 a rep eated

computation of the diagram is necessary each time the rob ot reached a goal

and a new path has to b e computed for a further movement. This is of course

computationally exp ensive. Using the second metho d solves this problem but,

having in mind that the start and the goal p osition of the rob ot is connected

to the Voronoi diagram by straight lines, these lines do not necessarily provide

a maximum clearance to obstacles although these lines represent only a short
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Figure 6.6: Paths computed with Blaers metho d. Paths are drawn toward exits.

part of the path. Our path planner provides a maximum clearance path from

start to goal without the need to add arti�cial obstacles to the map or compute

the clearance map multiple times except the environmental map is changed.

In 5.1.1 we describ e a problem where a straight ahead path passing an exit is

drawn toward the exit at the height of this. This problem is also visualized in

�gure 5.3. We describ e also how this problem is solved by cho osing the right

values for scd . Apparently, Blaer has the same problem not solved or he has

no need to solve this. This is shown in two frames in �gure 6.6. Anyway, for

our application it is b etter to have an approach where paths not are drawn

toward exits and this would for us b e a drawback when using an approach

with Voronoi diagrams.
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Conclusion

7.1 Summary

The task of creating a path planner and a fuzzy controller for a mobile rob ot

pulling a b ed was challenging b ecause a numb er of problems o ccurred during

the pro ject. First the intention was to compute distances b etween the b ed and

obstacles online when needed. This approach would not solve the problem of

path planning with maximum clearance b ecause the measurements would not

b e available at planning time. So, we decided after some searching in informa-

tive literature to use a clearance map which is usable on two fronts, b oth in

path planning and in controlling. A fact that should not b e underestimated is

that the created path planner is quite universal. It can b e used with almost no

mo di�cation in other applications where a maximum clearance path is needed.

Despite the problems, still the main goals of the pro ject were achieved. In 3.3

a de�nition for "intelligent" b ehavior during a hospital b ed transp ort is given.

Metho ds were found to exploit the interplay b etween a p erson and the rob ot

in a rob ot b ed transp ort. Further, metho ds were found to compute distances

b etween a b ed and close obstacles despite the fact that the b ed do es not have

any sensor data. The obtained distances make an e�cient corner detection

metho d p ossible. Future work should fo cus on improving how the delivering

pro cess and the path planner can b e improved and of course test the metho ds

found in this pro ject on a real rob ot platform.

7.2 Future Work

7.2.1 Pro cess the Planned Path

Something, which came up pretty late during this pro ject was the question

if pro cessing the planned path would provide a more adapted path, for the

purp ose of a rob ot b ed transp ort. The reason why returned paths might b e

pro cessed, is the form of the planned path in curves. One could think that a

wider veering in direction of the concave corner would b e desirable. This would
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violate the maximum clearance p olicy used in the path planner but would

probably improve turning movements. Figure 7.1 shows how such a mo di�ed

path could lo ok. The case describ ed here might p ossibly b e implemented by

substituting way p oints not lying on a straight line with the desired tra jectory.

Figure 7.1: Pro cessed path.

7.2.2 Mo di�ed Clearance Map

There is probably another way to reach a mo di�ed path as the desired one

shown in �gure 7.1. Recall �gure 5.2 and �gure 5.4. If the pro cess of computing

the CM is mo di�ed in such a manner that the cells framed by a dashed line,

i.e. the one with the highest distance values, lies in the curve along the desired

tra jectory indicated in �gure 7.1, then the path planner would in the curve

cho ose a path through these cells.
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App endix A

Example of a Stage World File

# T h i s w o r l d f i l e c r e a t e s a r o b o t w i t h l a s e r .

i n t e r v a l _ s i m 1 0 0 # s i m u l a t i o n t i m e s t e p i n m s

i n t e r v a l _ r e a l 1 0 0 # r e a l - t i m e i n t e r v a l b e t w e e n

# s i m u l a t i o n u p d a t e s i n m s

# c o n f i g u r e t h e G U I w i n d o w

w i n d o w

(

s i z e [ 7 0 0 . 0 0 0 7 0 0 . 0 0 0 ] # i n p i x e l s

c e n t e r [ 1 0 . 0 7 . 0 ]

)

# l o a d a n e n v i r o n m e n t b i t m a p

f l o o r p l a n

(

n a m e " c a v e "

s i z e [ 2 0 . 0 0 0 1 5 . 0 0 0 0 . 6 0 0 ] # i n c m

o r i g i n [ 1 0 . 0 7 . 5 0 . 0 0 . 0 ] # c e n t e r o f t h e b i t m a p

b i t m a p " . . / b i t m a p s / h o s p i t a l 1 _ 2 0 0 x 2 0 0 X . p p m "

)

p o s i t i o n

(

# c a n r e f e r t o t h e r o b o t b y t h i s n a m e

n a m e " r 0 "

s i z e [ 0 . 5 0 . 4 0 . 2 2 0 ]

p o s e [ 1 . 7 5 0 1 . 0 0 0 0 0 . 0 0 0 ]

l a s e r ( )

)
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