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1. INTRODUCTION

Given a robot's initial and final goal locations, the problem of mobile robot

navigation is to find an appropriate path from an initial position to a goal posi-

tionsuchthat the mobile robot can smoothliy travel through tearea aodn

obstacles.

A mobile robot navigates with a limited knowledge of its environment

because of the restricted field of view and range of its sensors, and because of the

occlusion of parts of the environment in any single image. As a result the prob-

lem of reaching a final goal point has to be treated as a sequence of local prob-

lems. This will involve generation of subgoals and planning local paths to this

sequence of subgoals which have to be attained successively in order to reach the

final goal. In this report, our objective is to find a locally optimal path from the

current position of the robot to the selected subgoal. The problem of generation

of subgoals will not be considered.

A mobile robot's path planning space can be decomposed into free regions,

obstacles, occluded regions and unexplored regions. Most path planning algo-

rithms consider only free regions and obstacles in the robot's world for path plan-

ring. The objective of this report is to extend the classical path planning para-

digm to include occluded regions; this introduces the new problem of deciding

when (or whether) to employ the vision system during the execution of the path E

J1.

to, potentially, reveal the occluded regions as obstacles or free space for thle pur-

pose of replanniing.
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For the purpose of solving this problem the robot's path planning space is

modeled by a plane containing polygonal obstacles. A height specification is asso-

ciated with each polygon in order to outline the occluded regions in the robot's

world. Simulation of the robot's vision system is done under constraints of field

of view and range of vision for the purpose of classifying the robot's environment

into free, obstacle, occluded and unexplored regions. Section 2 of the report

describes the world model and the algorithm used for vision simulation.

Section 3 describes a path planning process which uses a multiresolution

representation path planning algorithm described in Kambliampati and Davis

*[Kambh86] to plan a negotiable path. A cost function is developed which esti-

* mates how close this negotiable path is to optimal. A decision procedure is

employed to decide how far to travel along a path before employing the vision

*sensor module again to potentially map the occluded regions in the shadows of

obstacles in the hope of discovering a lower cost path by replanning.

Section 4 gives results of the implementation of vision simulation and the

* path planner.

1.1. Multiresolution Representation Based Path Planning

[lKaibh86] describes a number of algorithms for mobile path planning ta:ed

oi a nimltiresolution reptresentation of the robot's initmediate environment. The

niultiresolhit;,)n representation lsedt is the quadtree J'a--1 t1831. A. <l m:mdtfr(' is :1

r'uIlIv deleomiposition of a binnry array into uniforinly colord 2' x 2' bIl<ks.

I ree regions are represented by white nodes and oisl icle regions by lltck nodes.
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Since a mobile robot will traverse any given path only once, our path planner

tries to develop a negotiable path quickly rather than develop an optimal path,

which is a costly operation.

The path planning algorithm is a simple A * search algorithm with the

evaluation function, f, defined as follows

f=g+h

Here g is the distance of the current node in the search from the start node, and

h is a heuristic estimate of the goodness of the remainder of the path P. The

heuristic h is the difference of two components, hg and hd, where hd is the dis-

tance of the nearest obstacle from the current node, which determines by how far

the resultant path will avoid obstacles, and h, is the straight line distance

between the current node and the goal. The result of applying the A * algorithm

to the quadtree is a list of nodes from the quadtree which define a path between

te start node and the goal.

Staged search is an important extension of this simple path planning algo-

• rithm involving the ability to deal with grey nodes in the quadtree (nonterminal

no(des which have both black and white descendants). Dealing with grey nodeS

(,an greatly redIuce the number of blocks that need to be considered in building

:i initial estirliate of a path. resulting in (o)mputational savings.
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2. WORLD MODELING

In order to perform the task of avoiding obstacles and trying to reach a goal

location, the robot must build and maintain a model of its environment in which

features that affect its movement are represented. The robot will be equipped

with a sensor and will attempt to model the environment from its perceptions.

Though the world in which the robot must operate is three-dimensional, it moves

in a two-dimensional ground plane only. The result of the analysis of its percep-

tions will be used to create a model in which regions on the ground plane are

classified by traversability. This is adequate for path planning and allows a two

dimensional representation of all types of obstruction. Also in order to maintain

the world model, information available from a new viewpoint must be combined

with that already in the model to produce a new world description.

The section below describes simulation of perception by a vision sensor to

classify the world into free space, obstacles, occluded and unexplored regions. The

vision sensor is of the ranging type so that the relative locations and distances of

obstacles from the robot are made available in the simulation. Assuming that

the obstacles in the robot's environment are convex polyhedra which are in con-

tact with the ground plane, the artificial world to be used for path planning can

be constructed by projection of these polyhedral obstacles into polygons in the

two-diinens'onal ground plane. A height-of-featuire is associated with eaci

'polyg(n in orde r to determine the occluded regions of the obstacles. The siniuila-
'i., .p.

tion also assuinies tha t he robot knows its position in the environ ment exactly.

.irfornuation available from ,ach viewpoint after the sinUl:ttinn is :1lso illtegratei
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into a map of the environment.

2.1. Algorithm for Vision Simulation

This section describes an algorithm for determining visible line segments and

occluded regions of a set of polygons, each associated with a height parameter,

which represent obstacles in our world. The vision simulation is done under con-

straints based on the range of vision and field of view of a sensor located at a

point and pointing in a particular direction.

2.1.1. Description of the World

The world under consideration lies in the Cartesian plane and consists of a

set of polygons {P} , i - 1, 2, ... , n in the plane. Each polygon Pi is defined by

a list of vertices Vi, = ( x,, yi, ), J =1, 2, ... , m. We define the vertex V to be

the jth vertex of the ith polygon. It is also assumed that the polygons are con-

vex and disjoint. The vertices of the polygons are given in clockwise order.

A polygon Pi with vertices Vf, can also be represented by a sequence of line

segments ViVi , ViVi,. Vj Vi, , which we define as the set of polygon edges

L, }, j = 1, 2, ..., m. L, is the jth edge of the ith polygon defined by the ver-

tices V. V.

In addition, each polygon Pi has a height specification hi associated with it,

representing a measure of height of the obstacle.

iB



2.1.2. Definitions of Terme

We define a vieu, v to be an ordered pair consisting of a point p and an

angle 0. The point p defines the location and the angle 0 defines the viewing

direction of the vision sensor in the world. The viewing direction k is specified

with respect to the xaxis of the Cartesian plane defining the world with point p

as the origin. The point p cannot lie inside a polygon.

A line of sight is defined to be the ray originating at po ( x0 , yo), the loca-

tion of the sensor, and passing through some point q = ( x, y). A line of sight

may also be defined as the ray which originates at Po and makes some angle i

with re',pect to the x-axis of the Cartesian plane with the location of the sensor

" at the origin,

arctan ( (- yo ) / (- xo ) )

The angular visibility limit, AL, is defined to be the interval

( [ o + 0/2, 0o- 0/2],

where 0 is the field of view of the camera and 00 is the viewing direction of the

A point q is considered to lie within angular limits of the point Po if the fol-

lowingl0 condition V)lds

(c + 0/2 )> arctan ((y- yo) (x- xo )) > ( o- 0/2)
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and outside angular limits otherwise.

A point q is visible from p0 under the constraints of AL, the angular visibil-

ity limit, and R, the range of vision of the sensor, if it satisfies the following three

conditions simultaneously

(i) The line of sight constructed from Po through q does not intersect any

polygon edges between points Po and q.

(ii) q is within range R of Po"

(iii) q is within angular limits of p0.

A line segment Li, is said to be visible if every point on the line segment is

visible from p0.

2.1.3. Finding Visible Obstacles in the Range of Vision

The problem is to find the set of visible line segments, defined by the set of

polygons {Pi}, relative to some view v0 = (p0, 00). The range, R, and angular

visibility limit, AL, define a region of visibility which has the shape of a sector of

a circle. To simplify the analysis, the arc of the sector is approximated by a sin-

gle straight line, making the visibility region a triangle. This is a good approxi-

mation only for size of angular visibility limit less than 90 degrees. This will not

be a constraint in the simulation because any large angular visibility limit can be

simulated by piecing together simulations for small angles at different orienta-

tions 6 at the same point (x, y).

Two cases will arise in this problem

-- 'U.
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(i) A polygon lies completely inside the visibility region ( Fig. 2.1).

(ii) A polygon lies partly inside the visibility region ( I ,gs. 2.2a and 2.2b).

In addition, a polygon may be occluded by another polygon inside the visi-

bility region ( Fig. 2.3).

The following algorithm is used to identify the visible line segments and

their shadow regions:

(i) The set of polygons {P,} in the world is ordered by increasing distances of

their centroids from Po, the current location of the sensor.

(ii) The visibility region, called the visibility-range polygon (VRP), is initially

approximated by the triangular region described previously.

(iii) The ordered set of polygons is clipped against the clipping window defined by

the VRP, storing the portions of polygons which lie inside the VRP as a list

of vertices in clockwise order. The clipping algorithm used is that of

Sutherland-Hodgman [Foley82], which clips a convex or concave polygon

against a convex window. The clipped polygons will have line segments

which lie completely inside VRP. This simplifies the problem of finding visi-

ble line segments. For polygons which have no portion lying inside VRP, the

fact is noted.

A simplification in this step is possible but has not been implemented.

A parameter specifying the largest distance of any vertex from the centroid

of each polygon can be calculated. If the distance of the centroid from the

location of the sensor minus the value of this parameter is greater than the

I I
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VF,

range of vision of the sensor, the algorithm does not need to clip this

polygon.

V.-,. (iv) We define the angular sweep of a polygon P by the minimum and maximum

angles its vertices make with the x-axis of a Cartesian plane with the loca-

- tion of the sensor as origin. Call these angles Omin and 0 max respectively and

V- call the associated vertices of the polygon Vj,* and Vjm. Starting at the

beginning of the set of ordered polygons, if a portion of a polygon lies in

VRP, the angular sweep of that portion is calculated. The case of a polygon

lying across the positive x-axis has to be treated specially since angles are

measured clockwise. In this case, Vi. will be the vertex with maximum

angle and V. will be the vertex with minimum angle. The algorithm also

takes note of the fact that if two successive vertices Vi. and V,. of a

polygon P, make the same angle 0 with the x-axis, then the line segment L2

defined by the vertices will overlap with the line of sight. This line segment

is classified as not visible.

". (v) Since the vertices of a polygon Pi are ordered clockwise in the data struc-

Ature, line segments V, V.,+1, V ._,.+' ... V. Vj. will be visible. This

is true since polygons in our world by definition are convex. It is also

-5- assumed that the height parameter associated with each polygon is large

enough to put the remaining line segments of the polygon Pi inside the sha-

dow cast by the visible line segments. Thus the visibility of all the line seg-

ments of a polygon need not be checked. Figure 2.4 illustrates this fact.
.

.,5. 10
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2.1.4. Finding the Occluded Regions in the Range of Vision

The height parameter, hi, of each polygon which is specified arbitrarily is

used to calculate the shadow cast by the visible line segments of the polygon.

The lines of sight of the vertices Vi.. and V,, are extended away from po, the

location of the sensor, by a distance hi to determine their respective shadow

points, tracing two new line segments. The two shadow points are joined by a

third line segment. These three new line segments along with the visible line seg-

* ments of the polygon form the occluded region of the polygon Pi with respect to

the present view, vo. Figure 2.4 illustrates this.

The net result of the simulation up to this point is to identify all obstacle

regions (given by visible line segments) and the occluded regions. The remainder

of the VRP is colored as free.

The case that has not been considered explicitly until now is identifying visi-

ble line segments of a polygon occluded by another polygon inside the VRP as

illustrated by Figure 2.1. This is taken care of as follows. The whole VRP is first

colored white (free region). The coloring of the occluded region and visible line

segments as obstacles in that order is done for the ordered set of polygons, i.e.

the nearest polygon to Po is treated first. A visible line segment is colored as an

obstacle If and only if the previous color of the pixel is white, that is, it was in a

free reg-ion. It is not colored black (obstacle region) if the previous color was grey

(occl uded region). So. if part of a visible (obstacle) linie Segment of thle next

nearest polygon lies ifs~ethe occluded region ofi' peviou polygon, it woul d not

',G1



be colored as an obstacle.

2.1.5. Updating the Map of the Environment

As the mobile robot moves and takes successive scans from its sensors, it

acquires new knowledge about its environment. This knowledge must be consoli-

dated with the existing world model to produce an updated map of the world.

The vision sensor simulation does this as follows: Updating needs to be done

for only those points in the map which are currently in an occluded or an unex-

plored region because these will be the regions that will get exposed as free space

or obstacles. If a point in the map is currently in an unexplored region, it is given

the color of the same point in the output of the current simulation. If a point in

-~ the map is in an occluded region, it is also given the color of the same point in

the output of the current simulation only if the color is not that of an unexplored

* region. The updated map is used for path planning and obstacle avoidance.

12



3. PATH PLANNING PROCESS

The task of using the world model to find an unobstructed path to a selected

goal is the path planning process. Since there may be many alternative routes to

a goal, a path planning algorithm introduces a measure of path cost to define a

selection criteria for optimal path search. A path planning algorithm also eases

the task of navigating by representing the world map by certain primitives suit-

able for navigation.

Conventional path planning algorithms can be divided into two categories

depending on the primitives they use for representing the world. In the first

category are the methods which make trivial changes to the world map before

planning a path. The regular grid search and vertex graph methods fall into this

category. The methods in the second category make elaborate representation

changes to convert the world map to a representation which is easier to analyze

before planning a path. Free space methods, medial axis transform methods and

Voronoi methods fall into this category. As pointed out in [Kambh86I mobile

robots need a representation which is a compromise between these two categories.

[Kambh86] has described path planning algorithms based on a hierarchical

(region quadtree based) representation of the world map. The path planning cost

WI for quadtree based search is lower compared to methods in the first category and

the representation overhead involved is less than that of methods in the second

category. Although the path produced by this algorithm is not strictly optimal, it

is "negotiable" and it can be computed quickly. Other advantages of this

represenitation is that the path can be easily constrained to satisfy condlitions like

13



minimal clearance of the path and that the search can be staged, reducing the

planning cost substantially.

We have used this algorithm for the path planning process. The cost metric

used is the distance measured along the path. The robot will maintain continuous

motion by alternatively asking for a goal from a higher-level navigation module

and planning a path to it. At the time of planning the robot has access to all the

information represented in the map plus features observable from the robot's

current location. From the robot's viewpoint, parts of the world may be

obscured by occlusion and by distance. In trying to reach the selected goal which

lies in the robot's current view, the path planning process can regard all the

occluded regions as obstacles and look for a path. Or the robot can try to map

parts of its environment along the path in hope of discovering a shorter path to

the current goal. This is what we call the optimistic path planner and is

described below.

3.1. Optimistic Path Planner

This section describes a path planner which plans a locally optimal path

from a start point to a given goal location in the robot's world consisting of free

regions, obstacles, occluded regions and unexplored regions. Staged path planning

with a region quadtree representation of the robot's world [IKamlh86] is used to

-- 7' plan a negotiable path with occluded and unexplored regions assumed to he obs-

acles. The aim of this algorithm is to develop a negotiable path qulickly rmther
than an "optimal path" , which is a costly operation. Our objective is to (eter-

14
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mine the impact of revealing occluded regions in the robot's world by sensing at a

point along this path, and to decide whether replanning would be cost-effective

for this path or not. We call the algorithm the optimistic path planner. The

optimistic path planner will reveal occluded regions in the vicinity of the planned

path as it traverses the path in the hope of discovering a lower cost path to the

goal.

The cost of a path can be measured in terms of the energy expended by the

mobile robot in traversing that path. It will depend, among other things on two

factors : the length of the path and the number of direction changes in the path.

The smaller the distance traveled and the fewer the direction changes made by

the robot, the lesser will be the time and energy used by the robot in traversing

the path. Hence, a straight line path between the start and goal points would be

the optimal path. The goal is to reveal occluded regions in the vicinity of the

negotiable path to develop a path which is closer to a straight line path.

3.1.1. Acceptable Paths

We define a path as acceptable if no replanning is required for it. Let l be

the length of a path planned under the assumption that all occluded regions in

the world are actually obstacles, and let 12 be the length of the path planned

under the assumption that all occluded regions are actually free regions.

The ratio l,,/l1 is a measure of the impact of the occluded space oi the

negotiable path. If the r:ttio is very close to 1, then revealing the occluded regions

w u 1d not help in finding a lower cost path. Blut calculatig the ratio 1./1 will

15



require running the local path planner twice. To avoid this extra computation,

consider the length 13 of the straight line path from the start point to the goal

point in question. The straight line path is the least expensive path that can be

traversed by the robot to reach the goal point. The straight line path between

the start point and the goal point may not be navigable but the ratio 13/1 pro-

vides a heuristic measure of acceptability of the path. This ratio is always less

than or equal to 1. If 13/l is very close to 1, the path P is very close to the

straight line path between the start and goal points. Replanning by revealing the

occluded regions in the vicinity of the path P will not be worth the cost. The

path P is acceptable. If 13/11 is close to zero, revealing occluded regions in the

vicinity of the path P may help in finding a lower cost path.

3.1.2. Decision Procedure

Once it has been decided that the path P given by the local path planner is

not acceptable, a decision has to be made concerning from which point on P to

use the vision system. P will be a sequence of points {p 1 P2' .... p. } specifying

the quadtree nodes constituting the path. The decision procedure will depend on

two factors : (1) the amount of occluded space that can be potentially revealed

from a particular point on the path, and (2) the distance to be traveled to reach

that path point.

We want to take the next image from a point where a large arnouint o f

i'a

c(,'luded space is revealed and snmall distance is traveled to reach it. Let V(p1 )

denefote the area of occl'ded space visihl froim the path point p,. 'le decision

t
. .. . . . .
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can be based on a gain function computed for each path point, which will be

directly proportional to the visibility measure of a path point, V(pi) and inversely

proportional to the distance traveled, S(p i ). Our experiments have shown that a

gain function of the form

q(pi) == V(Pi) / S(Pi) (1)

tends to give more weight to phth points with small S(p 1 ), giving path points

very close to the start point as best candidate points. Our current decision pro-

cedure analyzes the shape of the derivative of the visibility measure, V(p,.), with

respect to distance traveled along the path, at the discrete set of path points

given by the coordinates of the quadtree nodes constituting the path. Threshold-

ing this derivative at some appropriate value will give the path points at which

the visibility is increasing at a sufficient rate. Starting at the first path point, we

calculate the visibility measure for successive path points until we find a path

point whose visibility derivative is above threshold. We continue with the calcu-

lation for successive path points while the derivative is above the threshold. The

last path point for which the derivative is above the threshold is the point at

which we take the next image of the world to reveal occluded regions.

3.1.3. Computing the Visibility Measure

An estimate of visibility, i.e., the number of pixels of occluded space that

may get revealed from p,. can be computed by analyzing the line of sight from p,

to each of the constituent points of occluded space in the robot's map of the

17
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environment. If, for any such point, this line of sight does not intersect an obsta-

cle or another occluded region, then we assume that this point of occluded space

is visible from pi. This computation is done under the assumption that occluded

space hides a free region.

This analysis can be done in either of the two representation schema of the

world we have available : the region quadtree representation of the world, which

supports the path planning algorithms, or the raster representation, which is the

output of the sensor system, i.e., vision simulation.

In the region quadtree representation, a line of sight between two points can

be traced by finding all the leaf nodes of the quadtree that lie on the straight line

joining these two points. One of the ways this can be accomplished is by a top-

down traversal of the region quadtree. A node of the quadtree represents a

square region of the picture, and it carries information about the size. color and

location of this region in the image. The color information of the quadtre,, node

identifies the type of region - free, obstacle. occluded or unexplored. A leaf no de

or a quadtree is a tip node (if the tree. It represents a tinifirmly c(olored -Iq tiare

region of the picture. A gray n()de ()f the (tii tree is a nd((e which is o( t :t lvar

I e(), . It ret, r se ri :t Spllir. rf'io0n %hich i at tiix tire (,f fre,. ()st i . (,,',luid .,

F". tm - I lie prtltr, t - I.rt r',? \j it tH , r ()11 .f I
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or gray, checked for intersection with the line of sight in this process is bounded

by 4n, where n is the number of leaf nodes lying on the line of sight. This result

is proved in the Appendix.

The sequence in which the leaf nodes are identified by this process is not

necessarily ordered according to their location on the line of sight. However, it is

necessary to determine the correct ordering of these nodes. The line of sight is

constructed between a path node and a node representing some occluded region,

say R. A region in the image will be represented by a set of leaf nodes in the

quadtree which are in the same connected component. Our goal, recall, is to

determine whether the line of sight passes through an obstacle region or an

- occluded region which is other than R. On one hand, the top-down traversal of

the region quadtree can be terminated when a leaf node is found which lies on

the line of sight and represents an obstacle region. On the other hand, if a leaf

node found in this process represents an occluded region it has to be determined

whether this leaf node is in the connected component of the region R. One way

would be to do the connected component labeling in the quadtree. Another way

woula be to determine the sequence of nodes through which the line of sight

%, 1)a.sses. The latter can he done simultaneously with the top-down traversal of the

(i" ldt ree. as follows.

m A leaf r ),de of the q ta Iltree+ which lies on thle line o>f sight intercepts a seg:-

1',0".1 (' 1) th Et linf, F'xcept for the, s ,eial oa.' of the hori/mo tal or vertical line of

%- '-li, ,th the r andl y xroliuai..s of the endpoiits of the initercepted svginint-

StI, l,IIit() i,' " .lo: IV t10 lil , 4,( "-it .-\, th , IEaf l ,olEd (' ) oi, ( f th l ' toI-,t i i
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Procedure LINEOFSIGHT (B,p I,P 2);

/* B is the gray node representing a region in the image
and P, and P2 are the endpoints of the line of sight to be
traced in the image. The algorithm computes the leaf nodes
of the quadtree lying on the line of sight and sorts them
according to their relative locations on the line of sight */

begin
V node E Son (B);
if (node is gray) and (intersect (node, p 1, P2) = true)
then

LINEOFSIGHT (node, Pi' P2);
else

if (node ji leaf) and (intersect (node, Pi, P2) = true)
'4 then

sort(node);
end LINEOFSIGHT;

Table 3.1. Line of Sight Algorithm

traversal of the quadtree, they can be sorted using a binary tree by their relative

location on the line of sight, given by the x or y coordinate of one of the end-

points of the intercepted segment. The color of each node visited by tile inorder

traversal of this binary tree will give the sequence of type of regions the line of

sight passes through. The detailed procedure for tracing a line of sight in the

region quadtree of two-dimensional space is given in an algorithmic fashion in

Table 3.1. This algorithm ,for tracing a line of sight in a region quadtree was not

inludt,(l l in ()ur irnplelnintation instelad the line of sight was traced in the raster
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representation of the path planning world.

In the raster representation, a line of sight can be traced between two points

by computing the coordinates of the pixels which lie near the line. A number of

algorithms exist in the literature for scan-converting lines which give different

speed versus image quality trade-off. Since image quality was of little considera-

tion to us we based our selection on speed and simplicity of implementation. We

used the "Basic Incremental Algorithm" from [Foley82].

The visibility measure attributed to each path point or path node will be the

total number of pixels of occluded space which are visible from the path point, or

the area of quadtree nodes representing occluded space which are visible from a

path node, depending on the method used for calculation.

In simple cases of path planning, we can assume that we never have to back-

track, which might be required if we have trap-like obstacles in the world. Hence

the visibility measure of a path point can be computed only for those consti-

tuents of occluded regions which lie within a 1800 field of view of the path point

under consideration, and viewing in the direction of the goal. Also, the consti-

tuents of occluded regions considered for this purpose must be within the range

of the sensor. Figure 3.1 illustrates this.

A To determine whether a point lies in the appropriate 1800 field of view of a

path point, we consider the projection of the vector going from the path point to

the point under consideration on the vector traced fromn the path point to the

goal point. If the value of the projection calculated is positive then the point lies
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in the field of view of the path point.

3.1.4. Optimistic Path Planner Algorithm

The following steps outline the implementation of the algorithm used for the

optimistic path planner. The flow of the algorithm implementation is shown in

Figure 3.2. The input is a two-dimensional model of the path planning world

with specified shapes and locations of obstacles. A vision simulator is used to

decompose this path planning world into free, obstacle, occluded or unexplored

regions.

(i) The initial position of the robot and the first goal are chosen.

(!i) Vision is simulated from the current robot position with a particular orienta-

tion of the sensor. This orientation will be specified by some high-level

module in the navigation system based on global path planning constraints.

The sensor orientation does not affect the optimistic path planner algorithm.

The output of this step is a binary array or raster representation of the

robot's environment decomposed into free regions, obstacles, occluded

regions and unexplored regions.

(Ili) Under the assumption that the occluded and unexplored regions are obsta-

cles, the staged path planning algorithm is run, using a quadtree representa-

tion of the path planning world, to obtain a negotiable path from the

present position of the robot to the goal. The output of this step is a path.

P. consistig of a sequence of quadtree nodes {P1'P2'.,p }fo thsar

to the goal point.
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(iv) The ratio 13/11 for the path P is evaluated. If this ratio is above a specified

threshold value, iLe the path is acceptable, we ask for the next goal after

traversing the acceptable path and go to step (iH) to repeat the process, or we

stop if we have reached the final goal point.

(v) If P is not acceptable, the visibility analysis is performed on the path and

the path point is determined from which to reveal occluded regions by tak-

ing new images.

* (vi) The path is traversed until this path point is reached.

(vii) The vision simulator is run for a 1800 field of view with the sensor aligned in

the direction of the goal, revealing some occluded regions. The output of this

step is again a raster representation of the robot's environment decomposed

into free regions, obstacles, occluded regions and unexplored regions.

(viii)Using a quadtree representation of the output of step (vii), the staged path

planning algorithm is run again to obtain a negotiable path from ,he present

position to the goal. We go back to step (iv) to evaluate the path.

* 23



3.2. Results

Experiments were performed on a 64X64 pixel image map containing 27

obstacles. With a vision sensor range of 50 pixels, the vision sensor simulation

took typically 2 seconds to run on a VAX - 11/785 running 4.3BSD Unix with ten

obstacles In its range of vision. The simulator program was written in C.

Figures 3.4a-e show the result of running the optimistic path planner on a

sequence of paths returned by the staged path planning algorithm of [Kambh861.

In the figures, free space is shown by white area, obstacles are black areas,

occluded regions are indicated by light cross-hatching and unexplored regions by

dots. The path is shown by dark cross-hatching and the start and goal nodes in

the quadtree by single-hatching. Below each figure is given the value of the ratio

13/11 which is used to determine whether the path requires replanning or not.

In Figures 3.4a and 3.4c, the path is found to be unacceptable because the

value of the ratio is below an acceptable threshold. The value of this threshold

was set at 0.60 after performing a large number of experiments on improving

negotiable paths in this particular obstacle configuration. The path is analyzed to

find the best candidate path point from which more images of the world are

taken In the direction of the goal point. New improved paths are shown in Fig-

iires 3.-b and 3.4d. The values of the ratios 13/11 for the new paths are found to

lie above the threshold, hence no more improvement of the paths is attempted.

TFhese results show that substantial improvement can be obtained in the

pit Ii by running the optimistic path planner. The sequence of goals to be
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attained successively to reach the final goal point lie in the sensor range in each

view and are selected at random. In a complete system, goals would be given to

the path planner by sorpie high-level navigation module.
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4. CONCLUSIONS

In this report we have shown how to treat occluded regions in a mobile

robot's path planning space. We demonstrated a procedure for deciding when (or

whether) to employ the sensor system during execution of a negotiable path to,

potentially, reveal the occluded regions as obstacles or free space for the purpose

of replanning.

Short range dynamic path planning for a mobile robot presents many

interesting problems because of robot's incomplete and limited knowledge of its

environment. The problem of reaching a goal point will involve generation of a

sequence of subgoals which will have to be successively attained to reach the final

fgoal point. It would involve selecting an "optimal" subgoal from among candi-

date subgoals at each step. Another problem presented is "representation" of

occluded and unexplored regions in the robot's path planning space. As occluded

and unexplored regions are mapped, more information about them becomes avail-

able and the representation of the robot's environment should be able to incor-

porate such changes. We should be able to make changes in the representation of

the image map with relatively low cost.

A major difficulty in dynamic path planning stems from the fact that the

robot perceives its environment through sensors and keeps track of its position

throu,lh mechanisms that, are inevitably imprecise. It is clear that these impreci-

I()rs will lea (d to world model degradation, arid identification of objet. an drea
N

.:dr(,,edy known and modeled would be. in general, 1mpossible. This dificulty will

ari( 1 when the oplifistic path planner tries to rev eal o(cluded regions in the
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vicinity of the path by taking more images of the environment. To solve this

problem, the error in the information about objects and robot position should be

modeled for the sensors concerned. Landmark navigation, i.e., referencing by

fixed and known beacons, will allow the system to reduce the robot's positional

uncertainity below some upper bound. Knowing the sensory uncertainities, the

positions of the perceived terrain features, and given the locations of previously

detected features, the new perspective may be matched against the old by vary-

ing the estimated vehicle position (within error bounds) until the best fit is found.

U'nexplored regions, i.e., the areas outside the robot's field of view, can also

be mapped in trying to find the shortest possible path to the goal. Again, a deci-

sion procedure will have to be employed to find out whether it is worthwhile

looking at the unexplored regions in the vicinity of the current path. The two-

dimensional world model used for path planning may be enhanced to categorize

areas by slope, texture, altitude, etc. This may influence the cost of a path. Other

measures which can also be included in building a cost metric for the path plan-

ning process are the time and energy required to traverse a path. Also, previ-

ously executed paths may be remembered in case the region has to be traversed

ag gai ni.
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* APPENDIX

Theorem 1

Given a quartered block B and a sample of lines distributed uni-

formly in space and orientation which pass through the block B.

Then the average number of quadrants intersected by a line passing

through the block is 2. [NelsonS7]

Theorem 2

The average number of nodes checked for intersection by

LINEOFSIGHT is bounded by 4n, where n is the number of leaf

nodes in the quadtree which lie on the line of sight.

5 Proof

From Theorem 1, the total number of siblings to be checked for intersection

at the level of leaf nodes which lie on the line of sight on an average is 2n.

Going up one level in the quadtree, the average number of gray nodes which

are parents of these siblings is 2n / -1.

SOn an average, the number of siblings to be checked for intersection at this

* level is 2. 2n / 1.

,AwlI son until we reach the root node.

:% "';!" . lS llll1l111, Il- , II)' O w '/l:l ( nI nhl et( ()f iI)(),e c.}cvk([ ()l rot-'((" (I/ ['
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. x y v dv thres-dv* dist

6 5 75 3 0 2.00

6 7 82 1 0 4.00

6 9 84 60 1 6.00

8 9 205 -7 0 8.00

• threshold for dv = 4

x, y Coordinates of a quadtree node on the path

v Amount of occluded space visible from (x,y)
. dv Derivative of v with respect to distance

traveled along the path
thres-dv Thresholded value of dv
dist Distance traveled along the path

to,.

t'

Analysis of the negotiable path shown in Figure 3.4a Indi-
cates that new images should be taken from the path node
with coordinates (6,9). The total cpu time taken by this
analysis was 2,0 seconds.
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x v v dv thres dv * dist

'"29 14 18 7 -1 0 3.16

: 30 17 182 - 18 0 6.32

35 20 73 17 1 12.16

37 26 18-1 -26 0 18.48

* threshold for dv - 4

X. V Coordinates of a quadtree node on the path
v Amount of occluded space visible from (x,y)
dv Derivative of v with respect to distance

*' traveled along the path
thres-dv Thresholded value of dv
dist Distance traveled along the path

%

Analysis of the negotiable path shown in Figure 3.-Ic indi-
cates that new images should be taken from the path node
with coordinates (35,20). The total cpu time taken by Ihis

analysis was 2.0 seconds
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