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A b s t r a c t  W e  propose  a biomimetic ,  two-layered,  hierarchi-  
cal control  structure for adapt ive  locomot ion of a hexapod  
robot.  In this structure, the lower layer consists of six uni- 
form subsystems. Each subsystem interacts locally with its 
neighbor ing subsystems, and au tonomously  controls its own 
leg movements  according to the weighted sum of three  basic 
vector  fields that  represent  the three  basic mot ion  pa t te rns  
of the robot  body. The upper - layer  control ler  decides the 
in tended body movement ,  and sends the lower- layer  con- 
trollers three  variables as the weights of  each basic vector  
field. This approach  greatly reduces  the communicat ion 
be tween the two layers, and contr ibutes  to real- t ime adap-  
tive locomotion.  3D dynamic simulations,  as well as experi-  
ments  with a real  modular ized hexapod  robot ,  show the 
effectiveness of this hierarchical  structure. 

K e y  w o r d s  Multi legged robot  - Hierarchical  structure - 
Locomot ion  pa t te rn  - Dis t r ibuted  coopera t ion  �9 Vector  
fields 

1 Introduction 

The ul t imate purpose  of our work is to build a mult i legged 
robo t  that  can achieve real- t ime au tonomous  adapt ive  loco- 
mot ion  in a complex environment .  Fo r  a complex system 
with many degrees  of f reedom, such as a mult i legged robot ,  
the computa t iona l  load for its control  tends to increase,  
which poses a serious p rob lem in realizing real- t ime adapta-  
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tion to the environment .  Consider ing that  an au tonomous  
robot  not  only has to control  many  actuators,  but  also has to 
collect and process enormous  quanti t ies of spa t i a l - t empora l  
environmental  informat ion and then plan its mot ion  strat-  
egy, it is impor tan t  to reduce the computa t ional  load  as 
much as possible.  In this article, a dis t r ibuted system in 
which the entire system is control led  through coopera t ion  
be tween  several  processors  is discussed as one method  for 
reducing the control  load on each processor.  Such coopera-  
t ion through local interact ions be tween processors  that  
handle  only local informat ion allows globally ba lanced  
behavior  from the system. However ,  it is difficult for a 
dis t r ibuted structure to rapidly  plan the behavior  of the 
entire system based  on each subcontroller ,  because  the 
communicat ion t ime for local interact ions tends to increase.  
In order  to achieve real- t ime adapt ive  locomotion,  it  is de- 
sirable for the robo t  to possess the  benefits of both  distrib- 
uted control  and central ized control.  

Nature  provides  us with clues on how to real ize such 
a structure. For  example,  animals have quite e labora te  
systems to control  their  mul t ip le  degrees of f reedom in 
motions.  They  appear  to be very skillful at performing envi- 
ronmenta l ly  adapt ive movements .  How do they manage  to 
overcome such knot ty  problems?  One possible answer to 
this quest ion is as follows. Animals  may solve the p r o b l e m  
by using the locomot ion  control  structure shown schemati-  
cally in Fig. 1, which is a control  system that  can be rega rded  
as a hierarchical  structure consisting of two layers, I i.e., the 
upper  bra in  layer and the lower central  pa t te rn  genera tor  
(CPG)  layer. The brain layer  performs a global mot ion  plan 
for the body,  while the C P G  layer realizes the coord ina ted  
control  of every leg. The assumption that the CPG consists 
of several  nervous oscillators 2 is widely accepted.  The  oscil- 
lators interact  with each o ther  locally, and regulate  the pe-  
r iodic movement  of the legs. In  this sense, the C P G  layer  
can be regarded as a dis t r ibuted control  system consisting of 
the subsystems enclosed by the dot ted  lines in Fig. 1. 

Gis ter  et  al. 3 and Mussa- lvald i  and Gis ter  4 invest igated 
the organizat ion of the mo to r  output  using spinally dis- 
sected frogs. They s t imulated the spinal cord with micro- 
electrodes,  and observed the isometric forces p roduced  by 



the muscles of the legs. M assa-Ivaldi and Gister  4 repor ted  
that  when elicited by a sir  gle st imulation,  the ankle posi t ion 
converged to a single e 4uilibrium point  of  a force vector  
field, and the point  of convergence was shifted by superim- 
posing several  vector  fields resulting from mult iple  stimula- 
tions. These  studies show that  complex  movements  can be 
achieved by the sum of several  basic movements .  This 
means that the upper  layer can descr ibe a complex move-  
ment  with a small number  of parameters ,  such as the weight 
of the basic vector  fields. 

Inspi red  by such studies on mot ion  control  in animals, we 
have appl ied  a hierarchical  control  s tructure to the control  of 
a mult i legged robot.  This robot  consists of two control layers .  
The upper - layer  control ler  plans the body movements  and 
broadcasts  three  variables only to the lower- layer  control-  
lers. In  the lower layer,  six homogeneous  controllers con- 
struct a dis t r ibuted system such as the CPG. They receive the 
variables from the upper  layer and control  the leg move-  
ments. We  focus on the highly effective coding method  
be tween the two layers in order  to t ranslate  a designated 
t runk movement  smoothly  into individual  leg movements .  

This article is organized as follows. In Sect. 2, the hierar-  
chical control  structure as well as the functions of the two 
layers are described.  A leg movement  is character ized by 
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the swing timing between the legs and a trajectory.  Sect ion 
3 considers how to coordina te  the swing timing. A cording 
me thod  to calculate the t ra jectory of  each leg is p resen ted  in 
Sect. 4. W e  evaluate  our  approach  with 3D dynamic simula- 
tions, and in exper iments  with an actual  mult i legged robo t  
named  "Caterpi l lar"  in Sect. 5. Finally, some conclusions 
are  given in Sect. 6. 

2 Synthesis of a hierarchical control structure 

The  hierarchical  control  structure for Caterpi l lar  is shown 
in Fig. 2. Caterpi l lar  consists of two control  layers, each 
playing a different  role. The  upper  layer is a centra l ized 
control  par t  which plans and decides the  in tended body  
movemen t  in rapid  response to environmenta l  changes. 
Meanwhile ,  the lower layer works as a dis t r ibuted system 
consisting of uniform subsystems. The  whole robot  move-  
ment  is real ized by the au tonomous  and coopera t ive  behav-  
ior  of each subsystem. The  details of both layers are  
p resen ted  below. 

2.1 U p p e r  layer 

The  upper  layer  consists of a processor,  the external  sen- 
sors, and communicat ion channels,  and plays the role of  a 
brain.  In  order  to achieve real- t ime adapt ive  movement ,  it  is 
reasonable  to set a central  controller .  The role of this layer  
is to make  plans for the robot  body based on environmenta l  
information.  The  plans are t ranslated to three variables,  
which are sent to all the subcontrol lers  in the lower layer. I t  
is impor tan t  to note that  the upper- layer  control ler  b road-  
casts the same set of variables to all lower control lers  for 
each specific robot  movement .  This is the key to reducing 
the load in leg control.  The details  of this coding method  are  
descr ibed in Sect. 4. 

Fig. 1. Hierarchical control structure in animals 

2.2 Lower  layer  

The  lower layer works as a CPG. It  consists of six uniform 
subsystems. Each  subsystem has one leg with three degrees  

Fig. 2. Hierarchical control struc- 
ture of the six-legged robot 
"Caterpillar" 
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Fig. 3. Time series of the relation 
between leg state and phase of 
oscillator 

of f reedom (d.o.f.), one processor, three touch sensors, 
three communication channels, and one toggle switch. 
These are arranged in two lines along the rostral-caudal 
line (see Fig. 4, right). By recognizing this arrangement, all 
subsystems can process using the same program even 
though they are set in different positions. If one subsystem 
is connected to another, a touch sensor is turned on and the 
leg detects its neighbor. Switching a toggle switch tells 
a subsystem on which side (left or right) it is positioned. 
This information allows the subsystems to recognize their 
location within the robot body, as well as the direction of 
the robot 's  head. Two of the communicat ion channels are 
connected to neighbors, and the other is corrected to the 
upper-layer controller. The former are arranged as shown 
in the bot tom left-hand panel of Fig. 2, and send data 
bidirectionally. Through interaction via these channels, all 
the lower-layer controllers decide their own swing timing, 
which means that this interaction guarantees a continuous 
stable gait pattern. The details of the gait-pattern genera- 
tions are described in Sect. 3, and more  details of the 
subsystem's structure can be found in in the literature. 5 The 
third communication channel transfers a command from 
the upper layer to the lower layer. Currently, the lower- 
layer controllers use this channel for reception only. Based 
on this information, each lower-layer processor determines 
an adequate trajectory for its leg, the detailed algorithm of 
which is given in Sect. 4. 

Several studies have considered the application of a dis- 
tributed control structure for generating the gait patterns of 
multilegged robot. 6-8 These studies focus on the distribution 
in the algorithm and/or the software level. However,  there 
is no study that tried to expand the distribution to the 
hardware level. In our control structure, the subsystems 
remain highly independent from each other, not only on the 
software level, but also on the hardware level. This struc- 
ture brings three advantages from the engineering point of 
view. First, since one controller controls only one leg, a 
system covered by one controller is quite small, which 
means that the program code development is simple. Sec- 
ond, the structure of each subsystem is also not complex, 
and therefore the robustness of the hardware is increased. 
The last advantage is the ease of  repairs, i.e., by replacing 

the defective subsystem with a new one, the whole robot  
system can be recovered rapidly. 

3 Leg-phase control by interaction 
between oscillators 

During walking, since leg motion is a periodic movement ,  
the state of a leg can be associated with the phase of a 
periodic oscillator. Figure 3 represents the relationship be- 
tween the foot position and the oscillator phase. In this 
figure, the left-hand and right-hand panels show the peri- 
odic oscillator and the side view of  one subsystem, respec- 
tively. In the left-hand panel, the small circle indicates the 
phase of the oscillator, which is represented by 0. The four 
points marked A, B, C, and D on the circle are the points 
corresponding to the four small squares representing the 
foot positions in the right-hand panel. The dotted arrow in 
the right-hand panel indicates the rostral direction. The 
actual positions of A, B, and C are changed according to the 
desired trajectory, and that of D is fixed relative to the coxa, 
i.e., the joint between the body and the leg. The lower-layer 
processors interact locally with each other and adjust their 
own oscillator phase according to phase differences be- 
tween neighbors based on the following gradient dynamics: 

dOi _ o) - ~-" OW(~ip) 
(1) 

where O~ is the phase of the oscillator in the i-th subsystem, 
co is the constant angular velocity, and W(~p) is the poten- 
tial function defined as 

= c o s ( , , . .  - . . . .d )} ]  (2) 

where T and h are constant values. ~ip is the phase differ- 
ence between the i-th subsystem and its neighbor. Subscript 
d indicates the direction where neighbors exist (forward, 
backward, or side), and apipa is the target value of ~pip. In a 
gradient system in which the potential is given by Eq. 2, ~pip 
converges to ~pd. 9 Therefore,  the phase of each oscillator 
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and the state of each leg are determined relative to each 
other. After  convergence, the second term on the right- 
hand side of Eq. i is 0, and 01 moves with a constant angular 
velocity. This means that if the reference clocks of  all sub- 
systems remain synchronized with each other, communica- 
tion between the lower controllers is not needed after 
convergence. Under  these conditions, a reduction in com- 
munication costs can be expected. 

Any  gait can be described by ~ipd. Variations in walking 
speed within a small range are realized by a change in stance 
length, i.e., leg trajectory. However,  drastic changes cannot 
happen without a gait shift. It is easy for the proposed 
structure to introduce a gait shift. In previous w o r k y  ~ other 
gait types have been generated by controlling ~ip,~ and co. 
Since we focus on how to generate leg trajectories in order 
to realize arbitrary locomotion of a robot  body, we work 
with a tripod gait only. This gait allows the hexapod to 
progress with the fastest possible walking speed. Figure 4 
shows a gait diagram of a tripod gait. This represents the 
state of each leg as a time series. The bold and fine lines 
represent the stance and swing phases, respectively. It is 
clear f rom this figure that each leg is in antiphase against its 
neighbors in this gait, and setting all the ~ipd to r~ guarantees 
this gait. co is set to a constant value to maintain the gait, and 
in practice this value is decided from the values derived 
from the actuators used for the robot  legs. 

4 Trajectory control based on a vector field 

The interaction described in Sect. 3 can generate a steady 
gait pattern which prevents the robot  falling down. How- 
ever, this gait is not sufficient to drive the robot  along arbi- 
trary paths. In this section, a gait cording method to help 
each lower-layer controller to estimate its leg trajectory 
is discussed. For  simplicity, the movement  of the robot  is 
restricted to a flat plane. Under  these condition, any robot  
movement  can be described by two basic motions: transla- 
tion and rotation. In a translation, all the points on the robot  
body progress in the same direction for the same distance 
(Fig. 5). In Fig. 5, a rectangle and six large circles indicate 
the robot  body and the coxae of the legs, respectively, while 
the small circles indicate the center of  the robot body. It is 
also possible to decompose the translation movement  into 
two elements, i.e., in the rostral and the lateral directions. 
Each motion element is represented by one vector field, A 
or B, in Fig. 6. These fields are 

A = / ~ / ,  B = ( 1 0 /  (3) 

Fig. 5. Translational movement 

f f 

f f 

A 

. . . .  

B 
Fig. 6. The two basic vector fields for translation 

Fig. 7. Rotational movement 

\ 

t Rotational 
c e n t e r  

A coordinate system for these fields is fixed on the robot  
body, whose vertical and horizontal axes correspond to the 
rostral axis (caudal to rostral) and the lateral axis (medial to 
lateral), respectively. The positive directions are the rostral 
and right-hand side directions, and the origin is set at the 
center of the robot  body. A vector in this field indicates 
the desired direction at the corresponding point, and the 
desired distance is proportional to its norm. 

The second basic motion is rotation. In rotational move- 
ments, all the points on the robot  rotate by about the same 
angle around the rotational center, and the distance moved 
is proport ional  to the distance from the rotational center 
(Fig. 7). A rotational movement  is also represented by one 
vector field, as shown in Fig. 8. Its coordinate system is the 
same as in the case of translation. This field is 
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Fig. 10. Gentle curving motion generated by the vector field in Fig. 9 

Fig. 8. Basic vector field for rotation 
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Fig. 9. Vector field generated, resulting in a gentle curving motion 

where  x and y are horizontal  and vertical variables, respec- 
tively. One can obtain any movemen t  from the weighted 
sum of these three  basic vector  fields, as follows: 

V = alA + a2B + a3R (5) 

If a 3 r O, the posi t ion of the ro ta t ional  center  (XcYc) is 
given by 

Xc  - al , Yc - a2 
a3 a3 (6) 

Fo r  example,  a given pa rame te r  set (a~,az,a3) = (2.0, 0.0, 
0.08) produces  a vector field such as the one shown in Fig. 9. 
A set of vectors is genera ted  a round  a rota t ional  center,  
which is indicated by a black dot  on the horizontal  axis. This 
field represents  a gentle curving motion,  as in Fig. 10. Since 
each subsystem knows the posi t ion of its coxa in the vector  
field, the leg t rajectory for moving the coxa can be calcu- 
la ted based on the vector  at the point  corresponding to the 
posi t ion of the coxa in the vector  field. 

The sequence of informat ion and command  from the 
upper  layer to lower- layer  subsystems is concluded as fol- 
lows. Based on the envi ronmenta l  constraints,  the upper-  
layer  processor  generates  a vector  field V for the desired 
movement ,  and sends weights (al,a2,a3) to all the lower- 
layer processors.  Each lower- layer  processor  reconstructs  V 
and refers to a vector, v a V, at a posi t ion corresponding to 

its coxa. Each leg t ra jectory is der ived from v by indicat ing 
the desired coxa trajectory.  

There  are  four points  which character ize the leg t rajecto-  
ries. These  points cor respond to the phase of the oscil lator  
(see Fig. 3). Point  D is a home posi t ion of one leg, and the 
tip of the leg reaches at this specific point  when the phase  of 
the oscil lator  becomes  3~/2. W h e n  the phase of the oscilla- 
tor becomes  0, the desired t ra jectory  in this step is calcu- 
lated. A t  first, two specific points  in the t ra jectory are 
decided: the pos ter ior  ex t reme posi t ion (PEP) and the ante-  
rior ex t reme posi t ion (AEP) .  The  PEP is a point  where  the 
state of the leg changes f rom the stance phase to the swing 
phase (in Fig. 3, this is poin t  A) .  Meanwhile ,  the A E P  is a 
point  which is changing f rom the swing phase to the stance 
phase (Fig. 3 poin t  C). Note  that  the A E P  in a s tep is 
identical  to the PEP  in the next  step, since walking is a 
per iodic  motion.  The  A E P  and P E P  are der ived as follows. 
When  a3 --- 0, i.e., t ransla t ional  motion,  the A E P  and the 
PEP are set a relat ive to the poin t  D. Point  D is the middle  
point  be tween  the A E P  and the PEP. The direct ion from 
the A E P  to the PEP  is oppos i te  to the direct ion of v. The  
distance be tween the A E P  and the PEP, i.e., the str ide 
(defined as S), is calculated by the product  of the no rm of v 
and a constant  value set by the size of the robot.  We  call the 
state that the tip of the leg reaches  at point  A (=  PEP)  
condi t ion A,  and the o ther  states are labeled in the same 
way. In t ranslat ional  movement ,  the coxa moves in the first 
half of S f rom condi t ion C to condit ion D. Then in the 
second half of S, the coxa moves  from condit ion D to condi-  
t ion A.  In total,  each coxa moves  by S in the direct ion v with 
one step. Figure 11 il lustrates the relat ions be tween the 
mot ion  of a subsystem and its leg condit ions in the stance 
phase.  This is a top  view of the subsystem working as the 
right middle  leg. Figure l l a  shows the body  movemen t  
relat ive to the grounding point.  On  the global coordinates ,  
points  A,  C, and D are at the same point  in one stance 
phase. The  dashed arrow indicates the direct ion of progress,  
and the subscripts n and n + 1 indicate the number  of steps. 
F rom the n-th condi t ion C to the (n + 1)-th condit ion A,  the 
body is moved  through S. Figure  l l b  shows the relat ions of 
the points  A,  C, and D to the coordinates  fixed on the coxa. 
Point  D is the middle  point  be tween  points  A and C. A t  any 
momen t  in the stance phase,  the desired joint  angles are  set 
to values which will mean  that  the coxa moves by S in the 
same direct ion as v. In the swing phase,  the lateral  and 
caudal  e lements  of the t ra jector ies  are set at a l inearly inter-  
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Fig. 12. The relations of leg conditions and body positions in the stance 
phase of rotational movement, a The grounding position is the refer- 
ence point, b The coxa is the reference point 

polated position between the A E P  and the PEP, and the 
swing height is set by a function that makes the trajectory 
form an arch shape. When the phase of the oscillator is re/2, 
the tip reaches at the highest point, and the leg is in condi- 
tion B. The height in condition B is constant, and this 
is decided by the size of the leg. On  the other hand, in 
rotational movement,  the maximum rotating angle with one 
step, 6 . . . .  is given by 

Fig. 13. Trajectory for each leg generated by the command for a gentle 
curve 

axes are identical to the robot  body coordinates. The posi- 
tion of each panel corresponds to the arranged position of 
each subsystem in the robot (see Fig. 4, right). The values in 
Fig. 13 mean the displacement from the coxa to the tip of  
the leg (cm). It  is clear that each subsystem calculates a 
different trajectory according to its position in the robot  
body. 

5 Simulation and experimental results 

{ ~ m a x  = ca3 S 

6max = sig(a3)- 

(ifa,  = a 2 =  0) 

(if al ~ 0 and/or  a2 ~ 0) 
(7) 

where c is a constant value, and r = ~ + Y~ is the rota- 

tional radius from Eq. 6. The function sig(*) means the sign 
of the variable. The desired angle of each joint is set to the 
value that the coxa rotates around the rotational center. 
Note that the rotational radius of the coxa is not r, because 
r is the distance from the center of  the robot  body to the 
rotational center (see Fig. 9). The coxa rotates through half 
of ~ m a x  from condition C to condition D, and then rotates 
through the remaining half between condition D and condi- 
tion A (Fig. 12a). In rotational movement ,  point D is not 
always the middle point between A and C (Fig. 12b). The 
desired leg trajectories in the stance phase, which are made 
by each subsystem with the parameter  set (al,a2,a3) = (2.0, 
0.0, 0.08), are compared in Fig. 13. The directions of the 

A simulator for studying dynamic gait generation has been 
developed using the 3D dynamic simulation library "Vor-  
tex". 11 Figure 14a shows the graphic results. In order to 
confirm the effectiveness of our approach, the track of the 
robot  resulting from given parameter  sets is displayed in 
Fig. 15. The bold line represents the track of the center of  
the body, and the direction of each arrow shows the posture 
of  the body every second. The robot  starts from (0,0) and 
makes five motions according to five parameter  sets which 
vary with time, as shown in Table 1. The coordinates of this 
graph are fixed on the ground, and the unit of length is 
centimetres. 

At  the beginning of the simulation, the trunk trajectory 
does not follow the commanded straight line. This is caused 
by the transitional state between oscillators. The initial 
value for each oscillator takes a random value ( -0 .1 ,  0.1) 
(rad), and the resultant gait does not converge during the 
transitional period. After  this period, a stable tripod gait is 
generated. 
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Fig. 15. Simulation results for a truck with varying commands 

Table 2. Fundamental specifications of "Caterpillar" 

Size (L,W,H) 57,35,35 (cm) 

Weight (one module/total) 
Power supply (actuator/circuit) 
d.o.f. (one module/total) 
MPU 
MPU frequency 
Actuator 
Maximum speed 

0.72/4.6 (kg) 
External (DC8V/DC9V) 
3/18 
Hitachi HS-539F 
10 (MHz) 
KO PROPO PDS-2144FET 
12 (cm/s) 

a b 

Fig. 14. 3D graphical simulation and experimental results during 
gentle curving motion 

TaMe 1. Parameter sets with passing time 

Time (s) al a2 a3 

0 --< t <- 5 2.0 0.0 0.0 
5 < t --< 15 1.0 1.0 0.0 

15 < t -< 42 2.0 0.0 -0.1 
42 < t ~< 48 -1.5 0.0 0.0 
48 < t <-- 58 0.0 0.0 -0.3 

In the third period,  the ro ta t ional  center  is at (64.5, 0.54). 
A t  the beginning of the third period,  the robot  is at (43.9, 
0.16), and the unit  vector  represent ing its or ienta t ion is 
( -0 .01 ,  0.999). Consider ing that  the ro ta t ional  center  is 
expressed as a value of the coordinates  fixed on the robo t  
body,  it is clear that  the center  of the circular t ra jectory  of 
the trunk matches the result  der ived from Eq. 6. 

The  p roposed  approach  has also been implemented  with 
Caterpil lar .  The fundamenta l  specifications of Caterpi l la r  
are given in Table  2. Figure  14b shows an exper imenta l  
scene which confirms that  Caterpi l lar  can walk along the 
correct  t ra jectory genera ted  by a given pa ramete r  set. This 
pa rame te r  set makes  the robo t  per form a lef t-hand curving 
mot ion with a 25-cm radius. Figures 9 and 13 show the 
vector  field genera ted  and the trajectories  of each leg, re- 
spectively. The  results shown in Figs. 9, 13, and 14a use the  
same pa ramete r  set. Consider ing the size of the robot  body,  
the displacement  from the ro ta t ional  center  ( indicated by 
a str iped cone) is kept  approximate ly  within the desired 
length. 

Figure 16 shows the second exper iment  to confirm the 
response from varying commands.  Using a wireless control-  
ler, a human opera to r  sends three  weights of basic vector  
fields as commands.  The  task in this exper iment  is for the 
robot  to pass through the nar row path  shown in Fig. 16. 
Caterpi l lar  rapidly generates  its gait in response to the com- 
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Fig. 16. An experiment to pass through a narrow pathway 

mand,  and smooth  movements  were  observed.  The film files 
of these exper imenta l  results can be  found on our web site. ~2 

6 Conclusions 

It is well  known that  to control  a large-scale complex sys- 
tem, it is be t te r  to design a decentra l ized control  structure in 
order  to distr ibute the computa t iona l  load. However ,  if we 
only use a dis t r ibuted structure, there  will be an enormous  
amount  of informat ion passing be tween  each subsystem, 
which makes  it difficult for the  system to realize a fast 
response to environmenta l  changes. In other  words, there  
is a t rade-off  be tween central ized control  and dis t r ibuted 
control.  

In  this article, which was inspired by the mot ion  control  
structures of animals, we p ropose  a hierarchical  control  
structure for a mult i legged robot  as a solution to the above 
trade-off.  The effectiveness of our  approach  was confirmed 
by 3D simulations and exper iments  with a hexapod robot .  
The s imulat ion result  showed that  precise body trajectories  
are genera ted  according to several  pa rame te r  sets. The ex- 
per imenta l  results showed that  a smooth  adaptive move-  
ment  was real ized by switched commands ,  despite the use of 
slow processors.  This result  indicates that  our hierarchical  
control  structure succeeded in reducing the total  computa-  
t ional  cost. 

W e  have al ready combined Caterpi l lar  with other  de- 
vices, and repor ted  on gait genera t ion  by visual informat ion 
received via a fixed CCD camera,  ~3 and voice recognit ion 
used for getting the weights of the vector  field. 14 In both  
studies, an external  computer  dec ided  the desired paths,  
and the upper- layer  control ler  on Caterpi l lar  worked only 
as a channel  connecting the external  computer  and the 
lower- layer  controllers.  Strictly speaking,  in these studies 
Caterpi l lar  is not  an au tonomous  robot .  Currently,  we are 
also developing a camera  module  and force sensors in o rder  
to achieve an au tonomous  adapt ive  locomot ion robot.  Af-  
ter considering the computa t ional  load  as well as the robot ' s  
weight,  we used an artificial re t ina chip as a camera  module  
to allow Caterpi l lar  to receive external  information.  In ad- 
dition, force sensors were instal led at the tip of every leg to 
measure  the slight roughness of the terrain. The sensors 
a t tached to the lower subsystems will play a part icular ly 

impor tan t  role  in our  future work. We will extend our ap- 
proach to in t roduce different  types of basic vector  field, 
which will include the desired force information in o rde r  to 
compensa te  for the dynamics of body movements .  The  
force vector  field is created not  only by the upper - layer  
controller ,  but  also by the lower- layer  controllers based  
on the informat ion measured  by the sensors of the lower  
subsystems. 
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