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This paper discusses how to control and
describe the smooth movement of a mobile robot
which has two independent driving wheels (iDWs)
that perform both steering and moving functions.
Robots which have an IDW leg system can move to any
point by using any combinations of two basic
operations: revolving and going straight.

It is easy to describe movement with two basic
operations only, but this may not be sufficient to
guarantee smooth motion. For instance, when the
robot is moving, a slight modification to its track
direction is impossible without stopping it.
Smooth motions are also needed for minimizing the
time required to complete the movement.

Theoretically, an IDW leg system can draw a
circular track with radius 0 - « if one controls
the ratio of the two wheel speeds. This principle
underlies much of the design of this control
system.

The control system described in this paper
uses three basic motion commands, supplemented by
other commands that support these. A language has
been designed for describing leg control
algorithms. Examples of the usage of these
commands and the language are shown here.

0. INTRODUCTION

Several mobile robots have been developed for

Al research. Their mobile mechanisms have two

essential functions:

(1) to ensure smooth movement, and

(2) to know the current position and direction in
the world.

Steering methods perform the first function by one

of the following schemes:

(1) steering and moving by driving wheels and
steering wheels.

(2) steering and moving by driving wheels that
have a steering function [I].

(3) steering and moving by two independent driving
wheels (IDWs) that make the robot move in any
arbitrarily selected direction [2][3]["1.
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We call the last one an IDW method. Robots with
JDW 7., systems are widely used because, without
any separate steering mechanism, they can move to
any point by a combination of revolving and going
straight.

It is easy to achieve movement using only
these two basic operations, but this does not
guarantee smooth motion. For instance, when the
robot is moving, a slight modification to its track
direction requires stopping the forward motion.
Smooth motions are useful to minimize the time
required to complete the movement.

Theoretically, an IDW leg system can draw a
circular track with any arbitrary radius 0 ~ °°
given control of the ratio of the two wheel speeds.
Furthermore, the radius of the track can be changed
smoothly by increasing or decreasing the wheel
speeds with constant acceleration. In order to
control these capabilities, the command system
described in this paper has been designed and has
been installed on a mobile robot, Yamabico 3.1 [6].

Yamabico 3.1 has two microcomputer systems for
the brain and the legs, and has a communication
channel between the two. When the robot is to go
to a destination, path finding and command sequence
planning are executed by the brain, while the leg
subsystem performs low level motor control
functions. A similar functional distribution is
used on the robot reported in reference [5].

1. THE LEG STATUS

Important information about the motion of the
robot includes its position, direction, velocity
and travelling distance, and this is called leg
status. The brain issues commands to the leg
subsystem to reference and update the leg status
and to control movement, using the interface
channel between these two subsystems. The leg
subsystem confirms to the brain that each command
has been executed. Variables of the leg status are
listed in Table 1.

This information can be divided into static
and dynamic information. Static information
includes:

(I) The position of the robot
A point C in the robot is defined as the
center of the robot. A direction D is defined on



Table 1 Leg stetus We adnpted this representation. VR and Vi, ure

the current speeds ol the right and left wheeln,
veriable value respectively, and take positive walues when the
i T i,
XX x ecoordinate robot is moving forwnr:
ol the position
Y y coordinate . {%) Fiags
o' the rohot
[ direction There ure two flaps, STRE and CRY in Lhe ler
status. The flag STRE is true if the robot i
85 travelling distance of the robot's moving straight, otherwise faise. The Tlap CNO iu
center { odometer ) true if the robot is moving at 4 ronstant spoed,
and false otherwise,
o offset value of XX
YO offset value of YY } in B command
bbo ot'fset value of DD ¥
530 offset value of 55 in a command b
VR present speed of the right driving wheel
YL preeent apeed of the left driving wheel "
S5TR true, 1f the robot is moving straight, v k- A
false, otherwise.
CNS true, if the robot 1ls moving at e
{ constant speed,
false, otherwise. i
1
1
A
o) X X

the robet, and called the reference direction, ‘''he
robot lives In e world of two-dimensional standard
coordinates. The position of the robot, P, is
expressed in a 3=tuple (x, ¥y, 8], where x and y are
the standard coordinates of its locetlon and 8 is
the a?gle betveen D and the ¥ ?xis. The standard ». THE COMMAND SYSTEM
coordinates are glven by an initializetion process _—— ==
after the robot "awakens". (See Fig. 1)

Fig., | Position of the rotuot

The brein sends orders for robot movement to
the leg subsystem throush a command sequence.
There are two Kinds ol commands:

{1} motion crmmand:

() control commands,
Mution commands are associated with the movement of
the rcbot; control commands are related to Iep
status and to the control of the execution nf a
command sequence. Esch command in the Sequence is
interpreted and executed by the lep subsystem.

XX0, YYD, DDO and SSO give, respectively, the When a commagd hes been exgrutﬂd, Lpe leyr 5vhﬁy$tvm
returns replies to the brain. The information in

difference between the current velues and the ) ; .

velues at the beginning of the most recent command the replies IHCquph'.

affecting XX, YY, DD and SS. If the position is {1) the termination of the command [normedl o

(xo’ ¥., 6.) and the travelling distance is s At . abnormal tormlnat1nn?. or

the beginning of a command, then XX0, YYO, DDV an (@) L:etvaluc of the variable in the leg
status, or

In the leg atmtus, the position {x, y, #) is
represented by XX, YY end DD in this order.

{(2) The travelling distance

The leg status has an cdometer, S8, which
records the travelling distance of the robot from
the initiml location to its present loucation.

{3) Offset values in a command

580 mre determined as: . . . ; s
XX0 = XX - XO (1) signelling that an intervnl of distance
YYO = YY - Yo or wngulnar movement has been trave [ Ted,
DO = DD - 80 o . - X
550 « 88 — @ Syntax and scemnntics of the communds are

described in 2.1 and .7, respectively, where the

syntax is & reference Janguage For describing lep
controlling algorithms. Examples of the command
sequences are ghown in D3,

where XX YY, DD and SS represent the current
values of the position and the travelling distance.

Dynamic {nformation includes:

(4) The velocity of the robot

The velocity of the robot is expreseed by the 2.1 Syntax for the Command
time derivatives of position: dx, dy and dé. 1In
dt  dt at The context-Tree syntax of the skelelon of the
& robot contreolled by the 1DW method, one of these command system is described using & variant of the
derivatives can be expressed by the other two. Buckus-Naur Form, where braces { } denote zero or
Therefore & pair of driving wheel speeds can more repetitions and square brackets [ ] enclose
expreas the velocity of the robot. optional items.
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(1) Command requences Operations of the motion commands are
<command sequence> ::= <command> {iteemmand} described in 2.2.1. Section 222 describes

{?) Commands operations; of the control commands.

ceommind - rir o <motion rommend- I

<cont P
control command 2.2.1 Motion Commands

{3) Motion commands
<metion command:> ::= <operation-
<speed specifications
funtil <termineting conditions]

The motion command causes the robot to do the
designated movement. The command is interpreted
and executed when the command is placed in the
first position of the FIFO storage. When the

“operation> ::= f:ﬁ;::;fml' lp?:m with terminating condition is satisfied, the current
vspeed sproification ::1= in <speeds oomma_nd is ter_m_mated and the next command occupies
sterminetinpg condition> ::= +variable 1- = the first position of the FIFO storage.
;“:;;]:M iw;f{ | There is a transient state between the
cne executlo_n_of two commands. ) In a_tranS|ent stat(_e,
each driving wheel moves with uniform acceleration,
{4} Control commands as discussed later.
ceontrol commands ::r <get commund- | The motion command consists of three
<update command> | specifications: an operation, a speed
set command- | specification, and a terminating condition; the
reset command: | last of these can be omitted. There are three
THuene command: operations: going straight, moving along a circle
“Fet command r:= get (evariable 1») of radius r, and revolving. The speed
supdade command > c:F update [-variable 2> specification determines the speed of the robot's
"“’““‘"f} center when it is going straight or moving on a
“net command: 2iw ey leinterval -, circular path, and the speed of the right wheel
“valuer) when the robot is revolving.
sreset commands ::= reset [<interval>)
‘queue command»  ::= terminate | cancel The operation and the speed specification of
. ) ) the command jointly determine two other values: the
(s} Miscellaneous items steady-state right and left wheel speeds. These
variable 1w ::= cvariable 2> | XX0 | vyo | are called the right target speed (rts) and the
oo | ss0 | V| vk left target speed (its), respectively.
cvariable 2- o= XKOF oYY | m | oo
“interval - 1i= LN | 8ol Details of the motion commands are:
Detuiled definitinneg of <speeds, <radiur: and
csnlue s mre nol pgiven here. {1) Gostraight command
This command causes the robot to move straight
Exampler at the specified speed v until the terminating
condition is satisfied. The speed v 1s positive if
(1) Mot jon comeunds the robot is to move forwerd and negative if
Fostroipht in v ountil USH = o backward, The target speed of each wheel is v.
turp with rin v until DDO = 4 The robot is placed in the position gy (xp. ¥, 6,)
spin inov at. the beginning of the commend, and travels &
distance s by executing the command (See Fig. ©).
{") Fontred communds The leg status after the execution of the command
et {80) update (XX, 0) changes as follows:
net. (827, 10) reset (DD} S5 =5 + 5
terminate cancel XX = x_ + 5 Ccos @
YY'yg-rssinﬂﬂ
DD = BD
2.7 Semantics for the Command
X
Each command in the sequence from the brain is
accepted by the leg subsystem in its order in the
sequence. Each motion command in a command
sequence is stored in a first in first out (FIFO) 6. )
storage and each control command is immediately 1
executed by-passing the FIFO store. After the
first command in the storage is executed and
terminated, it is discarded and the next command
is taken to be processed. If there exist no
commands in the FIFO storage, the command Pu {xu' yt!‘ 80}
'gosfraip.ht in 0' is executed; this command never -~y
terminates. 0

Fig. ¢ Movement by & gostralght command
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where s is the value of S5 at the beginning of the
command “execution.

{2) Turn command

This command causes the robot to move along &
eircule of radius r, specified by the <radius>, and
it is termipated when the terminating condition is
satisfied (See Fig. 3). If the robot is directed
to move at a speed v then the target speeds rits and
1ts are r + At v and » - dt v ! respectively,

r T

where dt is half of the tread distance, and r is
the radjus of the circle which is followed by the
robot. If r is positive then, the robot steers
toward the lert, otherwise toward the right. The
apeed v ie poBitive If the robot moves forward,
negative If it moves backward.

P, (xu. Yoo BOJ

Fig., 3 Movement by s turn command

{3) Spin command

This command causes the robot to pivet on its
center untll the terminating condition is
satisfied. If the speed v, given by the speed
specification, 1s positive then the robot revolves
counter-clockwise, and if negative then it revolves
clockwise. The target speed rts is v and 1lts is
-rts, so that the wheels move in opposite

directions. (See Fig. L) Emch variasble of the lep
status changes as follows:
55, XX, ¥Y no change
] 81, if the new direction ia el
Y

8]
Fig. L Movement by a spin command

{4) Moving in the traneient state
When a command is terminated and the next cne
is executed, there ip a change of target speeds,

182

speed r, + dt
ry o+ dt v1
r
v
r, 0 2
1th
v
0
riEe
o] t i
0 tl t2 ‘t.3 t“ tS Lime
Fig. ## Speed control in trensient states

From that time, driving wheels approach the new
target speed at a uniform acceleration. I the
center veloeity v is kepi constent, the path is
always A trochoid whose curvature changes linearly
with respect to the travelling distance.

Suppase, for example, the following command
seguence is executed:

gostraight in vo until CU,

turn with rl 1__v0 until Cl;

turn with -r_ in Vl until C2
L3

where 00, €1 and {7 are terminating ronditions.

The path for this commend sequence fs5 zhown in
Fig. 5. Fig. § shows the change of the spred rate
for the sequence.

The robot has the following target speeds at
the end of the execution of the first command:
1ts = Yor rts = Yo
At that time, the real speeds of the wheels are
equal to the target speeds.

The second vommand is sterted st Lhe Lime t
{an arrow + in Fig. 5 denotes the beginning of a

command). New target speeds are given to draw a
circle of radlus Yy at speed Yo'
r. - dt r, + dt
1
Its = VO . rte = - VD
1 1

Each driving wheel approaches Its new target speed
at uniform acceleration., In thise caese, the
transient path is a trochoid because the speed of
the robot's center is not changed.

The speeds of both wheels reach the target



speeds at the time t_; the leg is then in
stationary stete and CNS is true. The condition Cl
is satisficd At the time t_, the second command is

terminated and the last oné is started. The next
target speeds are piven ms:
r., + dt r, - 4t
ltu = _.-_r__ v, e rte = - v,
2 To

Then the left wheel speed is reduced and the right
wheel speed is increased,

(5) Terminating conditions

While the command is being executed, the leg
subsystem examines the terminating condition. If
the condition is satisfied then the command is
terminated. If the condition has the format v
where v is a variable in the leg status specified
by the <variable 1>, then the value of v,
value(v), is compared with k. The condition is
satisfied if value(v) is greater than or equal to
k when value(v) is increasing, or if value(v) is
less than or equal to k when the value(v) is
decreasing.

k,

The condition 'speed vl' is satisfied if
the speed of the robot's center is equal to the
specified value in the case of gostraight and turn
commands, or if the speed of the right wheel is
equal to the specified value in the case of the
spin command.

The condition SIR is satisfied if the robot
goes straight, which occurs when the two driving
wheels have equal speed. The condition QWS is
satisfied if both driving wheels have zero
acceleration.

Some terminating conditions may remain
unsatisfied indefinitly. The terminating condition
can be omitted. If the command has no condition

then it is not terminated.
2.2.2 Contral Commends

The acceptance and the execution of control
commands do not modify the state of the FIFO
storage and the execution state of the motion
command, except for terminate and cancel commands.
The operations of the control commands are as
follows:

(1) Get command

The value of the variable, specified by
<variable 1>, of the leg status is returned as a
reply. The returned value is the value the leg
status has at that moment.

For example, 'get (SS)' returns the value of

the odometer.

(2) Update command
The command writes the value of the variable
of the leg status specified by <variable 2>.

For example, 'update (XX, 0)' sets XX to O.

Set and reset commands

(3)
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The leg subsystem always monitors the
travelling distance, the direction of the robot,
and the other variables in the leg status. It has

a mechanism which can generate signals for the
brain at a given distance or direction interval.
For example, signals can be generated each time the
robot moves 10 cm. This feature is useful, for
example, when the robot measures distances to the
left side wall at equal intervals. The intervals
in distance and direction are recorded in SSI and
DD1, respectively. DDl and SSI are not included in
the leg status because they need not be read by the
brain.

When
subsystem
the robot
direction.

a set command is accepted, the leg
begins to generate signals each time
moves the specified distance or

The reset command terminates this generation
of signals.

2.3 Exemples of Command Sequences

Theese examples show the usage of the command
sequence.

{1} Moving straight-1
The robot moves m distance &. It starts from
n stopped state, and stops at the destinetion.
gostraeight in v until & - ld;
gostraight in O until speed = &
where . is the braking distance or distance
requireg to stop the robot when it is moving at &
speed v, end it is known.

The path and the speed rate change are shown 1in
Fig., T.

i
o - g
4 4
START AL
acceleration deceleration
speed
v
| .
time
" 4' _:. _:. .
E -8 g distance

Fig. T Moving strajght-1

{(2) Moving straipght-2

This is similar to {1}, except that the robot
slows Lo its minimum possible speed v, before it
reaches the destination, then stops. Thia seguence
iz better than the sequence described in (1) for
travellipng an accurate distance. The apeed rate Is
altered as shown in Fig. 8.



apeed

Y1
Yo
time
+ t $ t +—+
El £ - Ed g distance
Fig. 8 Moving straight-2
gostraight in \rl until S50 = ll‘,
gostraight in i) uptil S50 = R7~ ?.l - Ed;
gostralght in 0 until speed = 0

{3) Changing the direction
The robot revolves through the angle & {See
Fig. 9}
apin in v, until DDO = -4
spin in 0" until speed 4]
where B, is the mngle required to stop the robot
when it"is revolving at apeed Voo

4

8

1lsing the sequences described above, the robot
can move anywhere. This does not, however, ABssume
smonth motion.

Fig. 9 8Spin turn

L)
1]

F]

Fig. 10 Modification of the walking direction

{4) Modification of the walking direction
While the robot is moving, it modifies 1ts

valking direction by & small angle 48 (See

Fig. 10),
turn with r in v until DDO = A8/Z;
gestraight in v until some terminating
condition

where the value of r can be any arbitrary small

value,

{5} Charging lane
The robot changes from one lane to spnother
tee Fig. 11).
turn with r in v until DDC = AB/2;
gostralght in v until STR;
turn with -r in v until DDD = -46/2;
gostraight in v until STR
where r can take mpy small value, and 40 is eny
amall engle.

7 84

Fip. 1, Changing lanes

3. CONCLUDING REMARKS

We have presented a command system for
controlling movement of a mobile robot which

is
steered and moved by controlling two driving wheels

independently. Smooth motions can be achieved
through using this command system, and the
terminating condition is also useful.

We have been implementing the leg status and
the command system on a mobile robot, Yamnbico 3.1.
The implementation and results will be reported in
subsequent papers.
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