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The dynamically reconfigurable robotic system (DRRS) is a new kind of robotic
system which is able to reconfigure itself to optimal structure depending on the purpose
and environment. To realize this concept, we have proposed CEBOT (cellular
robotics). Communication is needed in the CEBOT system as follows. When cells are
separated, the communication master cell needs to know the other cell’s function and
positions and determine the target cell for docking. Mobile cells should be able to
coordinate with other mobile cells. When cells are docked, forming cell structure/
module, a master cell should control the bending joint cell and know of which cells the
construction is composed. In this paper, we propose a communication protocol for both
the cases with an optical sensor applicable to CEBOT. Some experimental results are
shown by realizing the proposed communication method between cells.
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1. Introduction

The cellular robotic system “CEBOT” is a new
kind of multiple distributed intelligent robotic system
which can reconfigure both it hardware structure and
software structure in order to carry out many sorts of
tasks under various environments. CEBOT consists of
many basic units called “cells”. Therefore, CEBOT is
very similar to a living creature in its structure. The
basic concept of CEBOT, a method of realizing auto-
matic approach, docking, and separating, and an
optimal structure planning method step have already
been studied by the authors™~®. Each cell has one
simple function, a sensor system, a communication
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system, a database, and a knowledge base. When
many cells combine and configure a complicated struc-
ture, the cells can perform difficult tasks which a
single cell cannot carry out. During task execution,
each cell must communicate with others because a cell
needs many kinds of data of other cells, for example,
the output of a photosensor for detecting other cells,
the output of the ultrasonic sensor for obstacle avoid-
ance, and the value of position sensor for controlling

iy

Fig. 1 Application of CEBOT inside a tank
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the structure. In cases in which many cells carry out a
given task cooperatively, it is necessary for cells to
communicate with each other. Communication is a
very important problem for developing a dynamically
reconfigurable robotic system. Thus, this paper
mainly deals with the communication of a distributed
system. In particular, the necessity of communica-
tion and two communication protocols for the dis-
tributed system are reported. Based on the protocols,
some types of communication among cells are real-
ized by using the optical communication sensor for
the undocked state and the communication bus for
the docked state.

2. Outline of CEBOT

CEBOT is a system which is constructed of auton-
omous components called “cells” or “modules”.

A cell is an intellectual function unit which has
one function and more than one connectable face.

A module is an intellectual function component
which is constructed of cells and has more than one
connectable face.

The cell literally corresponds to a biological cell ;
the module corresponds to a biological cellulation or
organ which is group of cells. The cell type is shown
in Table 1, and examples of cells (series II) that we
fabricated are shown in Figs. 2 and 3. Figure 2 shows
the cells in an undocked state, while Fig. 3 shows a
constructed module of the docked cells. Every cell has
eight LEDs and three photodiodes (PD 1, 2, 3) for
autonomous approach and docking and three ultra-
sonic sensors (one transmitter, two receivers) for
obstacle avoidance (see Fig. 4). The efficiency of the
sensor arrangement and the experimental results of
automatic approach, docking, detaching and obstacle
avoidance have already been reported. Every cell has
two communication systems. One is an optical rotat-
ing sensor on the front connectable face for cells in the

Table 1 Cell type

cell type symbol

moving cell

bending cell 1

bending cell 2

rotating cell

sliding cell

i
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Fig. 3 Photo of CEBOT in docked state
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Fig. 4 Sensor arrangement
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undocked state and the other is a communication
bus-line (COMBUS) for cells in the docked state.
There are ten lines between the front and back faces
in CEBOT and the structure COMBUS results from
jointing the connectable face. A mobile cell has two
pulse motors for moving, and a bending joint cell
controls the bending angle by its own DC motor. The
total control system of CEBOT is shown in Fig. 5.

3. Necessity of Communication between Cell

In order for a system to be autonomous, decentral-
ized and coordinated, communication between cells is
necessary. The necessity of communication under
both states is shown as follows.

3.1 The necessity of communication in the un-
docked state

When CEBOT creates an optimal structure for a
given task, CEBOT needs to communicate for the
following reasons.

(1) A moving master cell must know if cells with
the desired function are there.

There are various cell types (see Table 1). There-
fore, a mobile cell/module must be able to recognize
whether or not the cell with the desired function is
there.

(2) The master cell must choose one target cell
from the suitable function cells.

If there are many cells which have the desired
function, a mobile cell must choose which cell to
couple with.

(3) The master must measure the relative angle
and distance.

After the master cell chooses the target cell, the

HOOKFOTENTIO |
L
—+{ HOOK SERVOCIRCUIT |—+{  HOOKDCMOTOR |
—+{_PULSE MOTORDRIVER |—*_PULSEMOTORL.R |
o
a —»{" LEDDRIVER [ LED(aPPROACH) |
el . LED DRIVER ] —s{" LED RECOGNTION) |
te—sl " COMBUSDRIVER __+—»] COMBUSLINE |
[
I—»{ ULTRASONICSENSOR USS SENDER
— je—| CIRCUIT USS RECEIVER 1.2
[<9
2 PHOTOTRANSSTOR PHOTO=
Q a AMPLIFIER TRANSISTOR 1.2.3
< PHOTODIODE RECOGNITION
AMPLIF PHOTODIODE
{ RECOGNTIION POTENTIO }
—_— ’
|—+  DCMOTORDRIVER _}—#{ RECOGNITION DC MOTCR |
<
& [——*{_BENDING JOINT SERVO |—+{ nmomc;o;m*morou |
BENDING POTENTIO |

Fig. 5 Control system structure of CEBOT
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data of the relative angle and distance between cells
aid in autonomous approach and docking.

(4) Coordinated control is realized by communi-
cation.

When a mobile cell carries a large structure
which cannot be carried by one cell, it can be carried
by several cells.

3.2 The necessity of communication in the dock-
ed state

After CEBOT constructs the optimal structure,
communication is needed for the following reasons:

(1) To control cell structure.

A moving master cell must control cell structure
to execute given tasks. For example, the master cell
changes the angle of the bending joint cell in the
structure.

(2) For transmitting data to other cells.

When a mobile cell constructs a mobile module
with other cells, the mobile cell requires data from
other cells.

In the case of autonomous docking, the mobile
cell requires data from the cell’s photodiodes at the
front of the module. In the case of obstacle avoidance,
the mobile cell requires data from the ultrasonic
Sensors.

(3) For self-checking.

One of the features of CEBOT is fault tolerance.
If a part of the module breaks down, CEBOT can
maintain its functions by substituting another cell for
the malfunctioning cell, so it is not necessary to
change the whole system. Therefore, it is necessary to
communicate in order to know of what cells the
structure is composed and for self-checking.

4. Communication Protocol

4.1 Communication protocol in the undocked
state

Communication in the undocked state is carried

out by the serial 12-bit signal. The 12 bits are divided
into three parts (H, M, L-Digit) of 4 bits. The mean-
ings of function words are transmitted by H-digit,
sender cell address is transmitted by the M-digit, and
the L-digit indicates the receiver cell address. Also, 12
bits are sandwiched between one start bit and two
stop bits (see Fig.6). The error is checked by two
methods. One, which is on the word level, involves
checking whether or not both start and stop bits are
received. The other, which is the communication level,
involves the checking of the function word. Many
controls are realized by changing the H-digit. This
time, we define the function word, as shown in Table
2, in order to realize all recognition. The measuring
relative angle, the (6, &) and distance (x) are shown
in Fig.7. Figure 8 shows the basic sequence of the
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communication. This communication is carried out in
6 steps as follows :

step 1: A communication master cell calls cells with
desired function. Communication slave cells
adjust their sensor to the communication
master cell and stop rotating sensor (rough
adjustment).

A desired function cell answers. The other
cells start to rotate the sensor again.

The communication master cell selects an
object cell which answers first.

step 2:

step 3:

Table 2 Communication sequence control scheme

step 2 3”3 DESCRIPTION

111]x]|F|x calls cell with function F

one cell with function F
X| (address=y)answers

y
X|y| x calls y (y stops rotation)
y
X

x| waiting for end of adjustment

x finishes receiver adjustment
Y] waiting for_end of adjustment

y finishes receiver adjustment
6 |6|datal © and transmits 0

2
3
4
5

wn (Wl

control function
transmitter address
receiver address

Digitl:
Digit2:
Digit3:

High
Low

* H-DIGIT M-DIGIT L-DIGIT 3k

®© @ @ e 6

Start bit,

Data word function, H-digit
Transmitter address or data, M-digit
Receiver address or data, L-digit
Two stop bits.

Fig. 6 Serial 8-bit communication protocol
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Fig. 7 Geometry of sensor and receiver
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The master cell adjusts the rotating sensor to
the object cell (fine adjustment).

The object cell adjusts the sensor to the
master cell again (fine adjustment).

The object cell transmits relative angle data
(see Fig. 7).

In all steps, if there is response in transmitting
communication words during a set time, the communi-
cation sequence proceeds. However, if there is no
response, it is a recognized error. The experimental
results of this communication protocol are shown in
section 6. 1.

4.2 Communication protocol in the docked state

The communication in the docked state is done by
parallel 8-bit signal. The 8 bits are divided into three
parts, as shown in Table 3. One bit is allocated to
show whether or not transmitted signals are valid,
three bits show the meaning of the signals (function
word) and the remaining four bits show the value
related to the function word (data bit). If the “data
valid“ shows low, all signals are valid. Table 4 shows
the relationship between the kind of function word
and communication bit. As shown in Table 4, function
words are composed of data, cell address and control

step 4:
step 5:

step 6:

START

04—
Desire
Cell-Function | | Another
Function

Request to
Fine Adjustment

lFine Adjustment

I
“Request to send
Data 02

Calculate

01 92 x

Fig. 8 Algorithm for communication in undocked state
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word. The value of the sensor is shown by the function
word (data). The function word (address) is used in
the case of calling cells. The function word (control)
shows the meaning of communication signals. It is

Table 3 Pin assignment of the connector

Pin-No}] Name Description
1 Bit7 Data valid, activ low
8 Bit6 Bus function 2
2 Bit5 Bus function 1
9 Bit4 Bus function 0
3 Bit3 Data bit 3
10 Bit2 Data bit 2
4 Bitl Data bit 1
11 Bit0 Data bit 0
5 GND Signal ground
12 GND Signal ground
6,7, Future expansion for
13,14 power supply lines
Table 4 Bus function bit
Bit Bus function,
2 10| data word type
0 0 0| Data low digit
001 Data high digit
01 0] Address low digit
011 Address high digit
1 00| Control low digit
1 01| Control high digit
1 10| spare
111 bus reset

Table 5 List of control words and their function

Cirl Description

$0x Confirmation from cell [x]

$10 Attention, next word is address
311 End of Attention, next word address
$12 | Check for cell malfunction

$20 | Read value of left photodiode

$21 Read value of center photodiode
$22 | Read value of right photodiode
$23 Read value of rotating photodiode
$24 Read obstacle sensor, left receiver
$25 Read obstacle sensor, right receiver
$32 Read present actuator position

$42 Change actuator to new position
z=0 -> hook coupling mechanism
z=1 <> joint actuator

z=2 -> rotating sensor motor

z=3 -> obstacle sensor, sender
2=4 -> LEDs for attitude finding
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possible to achieve many communications through the
changing of meanings of control words (see Table 5).
The communication is carried out in three steps (see
Fig.9). Table 6 shows an example of communication
by the defined protocol. In this example, a mobile cell
requests a cell which is docked on the front of the
mobile cell to transmit the value of the left photodiode
and the cell answers it. The experimental results are
shown in section 6. 2.

5. Communication method

On the basis of the protocol shown in section 4, a
signal is transmitted by the following methods.
5.1 Communication method under separated
state
The communication is realized by rotating the
communication sensor (see Fig. 10). It is controlled by
a DC motor, and it has one LED (infrared type) for
the transmitter and one photodiode for the receiver.
The example of a rotating sensor is shown in Fig. 11.
A pulse is produced when LED is turned on and off by
DI/DO. The photodiode receives and amplifies the

Table 6 Example of transfer sequence

Cycle| sender | Data| Type Description
No. | M S
0 o $1 [ Cul-H Attention followed by an
1 [ ] $0 | Cerl-L address word (control $10)
2 [ ] $M | Addc-H | M: address of master cell
3 [ $S | Addr-L | S: address of slave cell
4 ®| $0 | Cul-H Confirmation by
5 ®| $S | Cul-L slave cell §
6 ® $2 | Cul-H Photodiode PD1 data
7 [J $0 | Cul-L request (control $20)
8 ® | $M | Data-H Slave cell S sends 16-bit
9 @ | SN | Data-L photodiode value
10 ® | SN | Data-H M: most, N:next, L:least
11 ® | SL | Data-L significant digit
1210 $1 | Cul-H Master cell M sends End
13{ @ $1L | Cul-L of altention 10 slave (cul $11)
14 ] @ $M | Addr-H | M: address of master cell
1s|@® $S | Addr-L | S: address of slave cell
16 ®] $0 | Cul-H Confirmation by
17 ®| $S | Cul-L stave cell S

| celt [x] sends attention to cell [y)

I >STEP 1
| cell [y) confirms attention
| cell [x] selects transfer sequence

I STEP 2
| cell [y] sends/receives data

| cell [x) ends attention of celi [y]
I STEP 3
e

I cell {y] confirms end of sequenc

Fig. 9 Three-step handshake communication sequence
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pulse. The output of the photodiode is taken in A/D
and whether the output value of pulse is larger than
the threshold or not is recognized. The relative dis-
tance between the sender cell and the receiver cell is
measured according to the output value of the
photodiode. The output value of LED and photodiode
which is the experimental result of communication
under the undocked state is shown in Fig, 12. Figure 13
shows the relation between the relative distance (xr)
and the output value of the photodiode. The communi-
cation speed is about 1 Kbps, as shown in Fig. 12. The
direction of the rotating sensor is measured by a
potentiometer in the sensor module.
5.2 Communication method under docked state
In the docked state, the communication is carried
out through COMBUS connected by 14-pin connector
(see Fig. 14).Transmitting and receiving are perfor-
med by DI/DO.

Sl i[3 LED :'

Qb= <—* . :

= | = Transmitter)|:

£ S4:[5| [PHOTO DIODE:
i, e = (Receiver) ;
= I [ | ;
&} L] . :
e —POTENTIO | :

< Drive |: [ ] 5

A *CircuitfDC MOTOR | :

I'IrU'lﬂ_FI :.. m chan 1 (LED

t chan 2 (P,D

Fig. 12 Signal timing diagram
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6. Experimental Results

The communicatin experiments are performed on

the basis of the communication protocol.
6.1 Experimental results of communication in

the undocked state

Two of the purposes of communication are cell
identificatin and automatic measurement of the rela-
tive distance and angle. Three cells are arranged as
shown in Fig. 15, and communication between the
master cell (cell-0) and the slave cell (cell-1) is
achieved. Figure 16 shows the communication
sequence as shown on a computer monitor. In Fig. 16,

N
- % —nol
o o 2 --no?2
= %
B K
C) \
fa) L\\}\k
o L
2r “"L\h_
«-!"1h-0——

05 15 25 35 45 55 65 75 85 05105
Distance =

Fig. 13 Output of photodiode dependent on LED distance
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Fig. 14 Concept of COMBUS
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Fig. 15 Setting of mobile and object cells
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the communication statements are shown as com-

ments, and the numbers to the left of the comments

indicate the communication step as follows.

®-@: Decision of master cell’s address and desired
cell function.

@-@: All cells except the communication master cell

adjust their sensors to the sender cell.

The communication sequence is followed in

order.

@: The communication master cell calculates the

relative distance and angle.

The experimental results show that after the
master cell address and desired function are decided
by the operator, automatic communication is execut-
ed and the master cell recognizes the relative angle,
which is 6, & and the distance, which is x as 51.4°,
67.7°, and 29 cm. The angle error is about 15° and the
distance error is about 2cm (6.1 %). The angle error
is caused by the directivity of a photosensor, so the
angle error can be reduced by using a more strongly
focused sensor. The most important aim of the com-
munication in the undocked state is cell identification ;
therefore, it is not necessary to use a strongly focused
sensor. After identifying the cell, automatic approach
and docking are realized by the existing sensor
arrangement (see Fig.4), so it is sufficient for a
master cell to measure the relative distance as shown
in Figs. 17, and 18. Figure 17 shows the output of the
potentiometer in the case of communication between

®-:

7 _[ scnder 0

MOVING_CELL=1
TARGET CELLo2
BENDING_JOINT _CELLe3
ROTATING_JOINT_CELLe4
SLIDING_JOINT_CELLsS
function t 1}

| cell #1 rough adjustment ended.

cell 22 rough adjustment ended.

[Fdata error. 808

data error. 800

data error. [}

cell a2 has received data 101 .

—tte¢scell 80 calls cell wilh funeclion 1.

cell 21 has received data 101 .

_*secel| 80 calla cell vith function 1.

f cell 82 has not the desired function!
cell 20 has sent data 101

cell #0 has received data 210 .

ssecell #1 vith function O answers.

l.cell 21 has sent data 210

cell ¥l has recelved data 301 .
soocell 80 acknowledges recelver 1.

|_cell 20 has sent data 201

cell 20 has received data 410 .
sescell B! sends adjustoent request to cell 0.

© O O N N

~
| o

1_ cell 30 fine adjustment ended.
cell #1 has sent data 410
cell 81 has reccived data 501 .
sescell 80 finishes fine adjustaent and
sends flne adjustoenl request to cell |.

~—
-~

cell 21 fine adjustoent ended.

|_cell 20 has sent data 501

cell 80 has received data 62¢ .

esscell #1 fininhes {ine adjustinent and transfers data.
Transfer scquence ended successfully!

cell 20 has received thela2 = 67.7

cell 20 theta 1 = 51.4

distance x = 29 cn

N

Fig. 16 Communication experimental result
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cell-0 and cell-1 while Fig. 18 does that between cell-
0 and cell-2. All numbers in Figs. 17, and 18 corre-
spond to step numbers in Fig. 16. Both Fig. 17 and Fig.
18 show that the object cell has two sensor adjust-
ments, one of which is a rough adjustment and the
other, a fine adjustment. The other cells start to rotate
the sensor for preparation of the next communication
after rough adjustment.

6.2 Experimental result of communication in the

docked state
The experiment on communication with COM-

BUS is performed under the cell location, as shown in
Fig. 19. The communication sequene is shown in Table
6, the description of communication words is shown in
Tables 3 and 4, and the output of COMBUS is shown
in Fig. 20. In each step number in Fig. 20, the commu-
nication is executed as follows:
@®; Cell-0 calls cell-3.
® ; Cell-3 answers it.
@ ; Cell-0 requests the data value of PDI from cell-3.

Miif“"ffgg_“'. ]l‘;;"'T

— 'f"'"—_“\\'.._.;_fﬁ

CELL 2

chuL Y Y

R - --10 “f_~12
"/W/ﬁ///‘/‘/‘/‘/’/‘/‘/‘//W/‘/////‘/////‘//‘/‘/‘/‘/‘/‘!f//_—_‘

CELLO

| (] ! ]
0 50 700 150 200
Time sec

Fig. 18 Sensor behavior (sender cell-0, receiver cell-2)

= ¢-PD]
DMC DBICDSICDTC P
o= o o 0

Fig. 19 Communication example for a docked CEBOT
structure
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—chan o t fuuc 1 )

t)

L I )

1

chan 7 ( func
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® 00 ©

@ l@}

Fig. 20 COMBUS timing diagram

. @ Cell-3 transmits the data value of PDI.

®; Cell-0 announces the end of communication with
cell-3.

® ; Cel-3 responds to it.

In this experiment, the output value of PD1 of cell-3 is

recognized as 407 in the hexa-decimal sysetem num-

ber by cell-0. Thus the aim of the communication is

achieved. It takes about 140 ms to complete this com-

munication, as shown in Fig. 20.

7. Conclusions

(1) We have explained the necessity of the com-
munication in both the docked and undocked states
for CEBOT as an autnomous decentralized coordinat-
ed system and we have proposed a method for achiev-
ing this.

(2) We defined the communication protocol in
the undocked state and realized it by optical sensor
(LED, PD).

(3) We determined the communication protocol
in the docked state and realized it by sending the PD
value by COMBUS in the cell structure.

In this paper, we have reported the recognition
and communication system of CEBOT. This commu-

nication makes CEBOT flexible for tasks and realizes
the control of the cell structure. This system necessi-
tates future research in the field of advanced robotics.
By solving these probems, the dynaically reconfiguble
robotic system which can execute many tasks under
various environments will be realizd.
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