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Abstruct

A world-describing method for mobile robots is described.

The fundamental idea is that the positional relation between
any two points can be easily determined if we fix a reference
direction in the world. First a skeleton which is the set of
representative points of all objects is constructed. The
skeleton is expressed in a form of a list, the R-list of
elements, which describes relations between pairs of repre-
sentative points. The relation between each representative
point and the corresponding object is described in another
list, the I-list. The current position of the robot in the

world is dynamically described in a similar manner.



1. Introduction

A large number of intelligent mobile robots have been con-
structed for research into artificial intelligence at
Stanford Research Institute [l], at the University of
California, Berkeley [2, 3], at the California Institute of
Technology [4, 5], at LAAS [6], at MIT and elsewhere. We
also have constructed a mobile robot "Yamabiko" whose
remarkable features are self-containedness and independence

[71.

An interesting problem is "How should a mobile robot under-
stand its two-dimentional world?" The problem can be divided
into these two guestions:

(1) How can the world be described?

(2) How can the position of the robot in its world be described?

A grid model has been adopted by many authors [1, 3, 5], in
which a world is divided into many tiny squares and the pre-
sence or absence of an object in each square in expressed by

1 bit of information. This method is quite natural, but seems

to have the following disadvantages:

(1) A large memory space is needed if a high precision is
desired. In the case that the world is not bounded, this
procedure needs almost unlimited working space.

(2) The structure of the data is uniform and structured descrip-
tion of the world is difficult.

Another method is proposed by G. Giralt and others [6]. They
decompose the world into cellular areas, some of which include
obstacles.

In this paper we describe a new method to describe the world;
this method has more flexibility and efficiency than the grid

model and the cellular area method.



2. Self-Contained Robots

The authors have implemented this method on a self-contained
robot "Yamabiko III" whose features and functions are de-
scribed in this section (See Figure 1). A robot which sat-

isfies the following conditions is said to be self-contained:

(1) One that can move in an two-dimensional environment
(mobility) .

(2) One whose intelligence and power sources are contained
in a closed body (self-containedness).

(3) One that can recognize its outer world and its position
in the world (understanding its world).

Robots of this type interest us because they can work in a

variety of environments with freedom in movement. They are

useful, for example, in a street, in a fire, under water, in

.a nuclear reactor, or in a mine. Yamabiko III also works as

a "robot cameraman” [8].

Another feature of Yamabiko is that it is a multiprocessing
system. Since it works in the real world, operations by the
brain, by the legs and by the eye have to be executed simul-
taneously. Therefore Yamabiko has three processors, for the
brain, the legs and the eye.

The size of Yamabiko III is 35 x 40 x 52 cm; the weight is
about .15 Kg; the processors are 6802's. It has 2KB ROM and
16KB RAM. It has a supersonic eye, a TV camera eye, direct
current motor legs, a floating arithmetic and NiCd storage
batteries. Figure 2 shows its block diagram. Yamabiko can
get the distance and the angle to an objéct with its super-
sonic eye, can move forward or backward, and can revolve
around its center with the legs. Thus the robot has the

functions that are essential for understanding the world.

3. Describing the World

In general, an environment of a robot consists of many objects,
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for example, desks, columns, walls, chairs, blocks, rooms
and hallways. (See Figure 3(a).) Let us restrict the
world of robots to be two dimensional. We can assume that
its configuration does not vary in a short period. Hence
we call the descriprion of the world, excluding the robot

itself static data. Besides this information we need dynamic

data which tells us the current position of the robot in its
world. This is not time-invariant because the robot may

change its position.

One of the key points of our way of description is that a

reference axis is determined and every data segment is expressed

by means of this direction. This is sometimes called north,

but it does not mean that this is identical with magnetic north.

3.1 Static Data

Consider the world of Figure 3(a). First we determine a repre-

sentative point for each object. For example, rectangular and

circular objects are represented by their centers, and a wall

by one of the endpoints. Assume each object has an identifier

Pi and each representative point is designated by the iden-
tifier of the object it represents. The set of all representa-
tive points in a world is called a skeleton. The skeleton of

the world of Figure 3(a) is shown in Figure 3(b).

Second, we make two lists of data:

(1) An R-1list which deScribes the whole structure of the

skeleton and is a list of R—elements.ﬁ*)

(2) An I-list is a list of I-elements; each I-element refers

to a representative point and describes the object which

the point represents.

(#) R and I are abbreviations for "relative" and "individual"

respectively.



An R-element describes the relative relation of two repre-
sentative points. For example, the skeleton shown in Figure

4 is described by three R-elements corresponding to three

pairs of points (Pl' P2), (P2, P3) and (Pl, P4). A reference
axis is given in this world and is fixed. Vector Ple is
expressed by the distance'Zl and the angle tl with the reference
axis. They form an R-element (Pl, P2, Zl, tl). Thus the R-list
of this skeleton is ((P;, P,, t;, Ly)s (Pys Pgr sy, 1y)s

(Pll P4l t3l Z3))-

Clearly an R-segment (P, P', t, 1) is equivalent to (P', P, t+m,
7). All pairs of representative points are connected in the
R-list; for any pair (P, P') there exists a sequence of R-
elements (P, Q;, t,, ZO), (Ql, Qyr tyv Zl), ceey Qs P to
Zn) in the R-list. This list may be redundant. It means that
there may exist a loop in R-list. In the case of a world
consisting of rectangles, if its reference axis is properly
chosen, most of the third terms in R-elements should be 0, +a

-2
or +T.

Static data can have a hierarchical structure. Consider the
world depicted in Figure 5(a). This world can be described
in two levels. The top level describes only three rooms and
a hallway, as in Figure 5(b). Low level data are divided
into three parts, each of which describes the positions of
furniture in one of the rooms. This type of structured
description permits efficient processing in many of the

problems stated in Section 4.

Some examples of I-elements are

(Pl' CIRCLE, 50)

(P,, SQUARE, 100, 0)

(P, WALL, 250, —7),
where the first terms are identifiers, the second types, the
third sizes and the fourth directions of the objects.



3.2 Dynamic Data

If a robot cannot move, all it needs is the static data of
its environment because it knows the position of its eye(s)
in the map and it can guess the position of what it sees.

If the robot is mobile, however, it must know its position

in its world and have some formal means to represent relative

positions in the static world.

Let us define its position by means of the skeleton. It is
assumed that the robot is in a position from which it can

look at least two of the representative points in its world.
In Figure 6, the robot Y can see Pl and P2, among others, with

angles s s, and lengths my, M and it is heading in direc-

1’ 72 27
tion s. Thus the dynamic data are (s, (Pl, sl, ml), (Pz, Sy

m2),... ’ (Pr’ S . mr)), where r is the numbe; of representa-
tive points which the robot can look at. Clearly, the posi-

tion of Y is uniquely determined from the data above.

These values have to be updated as the robot changes its

position or direction. The rules are as follows:

(l) In case Y rotates through an angle s',
s: = s + s'.
If Y rotates clockwise, s' is negative.

(2) In case Y moves forward by m, then

for i: = 1 to r do begin m, ': =/m? + mi2 - 2mm, cos (s-s, ) ;
_y/m, 2+mi. 2_ ;2
s;: = 8; + cos
2m.m. "’
ii
m,: = m,"
i i

end

The Second Cosine Formula in trigenometry gives the evaluation

of new m, and s (See Figure 7).

When a mobile robot walks, it always updates the dynamic data.

One problem is that its evaluation of walking distance and
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rotation angles inevitally has some errors. Therefore it
also has to estimate the error, and when the value exceeds
a permissible threshold value, it must look around and deter-

mine exact mi and si values.

It is apparent that the reference axis plays an extremely
important role in this method. If the robot is given precise
static data and a good eye system, a mobile robot can

easily know the reference axis at any point in its world.
Some hardware to tell the magnetic north, however, might be

useful.

This method resembles the way people understand our world.
When we walk or drive in a town we know the direction in
which we are heading. When we have lost this knowledge of

direction, we have lost our way.

4. Algorithms

Since self-contained robots are special purpose computers,
they operate with programs. We will demonstrate some
algorithms to manipulate the data base described above.

The simplicity of these programs shows the validity of this
method of describing the world.

4.1 Evaluation of distance between representative points Pl

and‘Pz.
If an R-element (Pys P,y t, 1) is in the R-list, the answer
7 is immediate. An element (P2, Pl’ t, 1) is regarded as

(Pl, P t+m, L) as mentioned earlier.

2!
If R-elements (Pl, P3, tl’.zl) and (P3, P2’ tz, Zz) are in
the R-1list, a new R-element (Pl, P2, t, 1) is generated and
added, where t and I are evaluated as follows (See Figure 8):



s s s siniel 30
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RS ff“"; AN
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1 = /Zl + 1, 421112cos(n ty )

= T/ 2 2 : —
Zl + Zz + zzlzzcos(tl t2)

1%2+7.2-7_2
t = tl + cos_l L 2
ZZZl

In the case that (Pl' Q. s, (Ql, Qs cee ), e, (Qn' Py
*+-) are in the R-1list, the evaluation is successively made
using the above process. A path from Pl to P2 can always

be generated in this way because the P-list is connected.
4.2 Finding a route to a destination

Suppose the destination is one of the representative points.
Otherwise you can add an R-element to the R-list and can
regard it as a representative point. Let Pl be a point that
the robot is looking at and P2 be the destination. Then the
distance and the direction of vector YP, can be obtained in
a similar way to 4.1, where Y denotes the position of the
robot Yamabiko.

On the route YP2, however, there may be some obstacles. We
can avoid collisions by finding a safe path in a way similar

to one suggested in [5], [9], and will omit details here.

4.3 Generating Static Data

Suppose a robot has no data about its world. Then it has to
initially discover the whole map of the world. We assume the
following conditions over the world W:

(1) There exist no walls in the world.

(2) The robot can pass between any two objects.

(3) There are no isolated objects; for any object O, in W,

1
there exist two objects 02, O3 and a position Q such that

the robot at Q can look at Ol’ O2 and 03.



(4) At the initial configuration, there exists at least one
object in sight of the robot.

A simplified algorithm for this problem is as follows:
R-list: = ¢; look around;

repeat begin R-list: = R-list U{new R-element}; walk

along the convex path around
the current world and seek
objects

end

until no new objects are found.
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Figure. 1 Yamabiko III
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Configuration of Yamabiko III
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Figure 4.
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Figure 5. Structured Description
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Figure 6. Dynamic data
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Figure 7. Updating m;j and sj
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Figure 8. Evaluating distance
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