Emergence of Quadruped Walk by a Combination of Reflexes
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Abstract lose balance, to keep the image of the hand constant,
Several behaviors of living things seem to be cons@nd so forth. Following this consideration, we come to
quences of combinations of simple reflexes. By this hypothth€ idea that the robot can also be controlled by several
sis, emergence of walk of a quadruped robot is demonstratéflexes.
by a combination of two reflexes in this paper. One reflex is In the field of biology and physiology, they assume
to move its body according to movement of a target objetihat several purposive behaviors emerge by combina-
which the robot gaze at, a vision-cued swaying reflex. THeons of elemental reflexes. Although the reflex of nat-
other is a gait reflex, a gait of a free leg so as not to make&al creatures should be different from that of artifacts,
the robot fall down. As a consequence of these reflexes, thee can still learn how to construct a behavior of a
quadruped robot can walk according to the movement of tiebot. It may be designed by a combination of ele-

target object. ments each of which does not exactly correspond to a
behavior. If the element acts in a reactive manner with-
1. Introduction out considering heavy reconstruction, we can call it a

reflex of a robot.

Among mobile abilities of robots, legged locomotion The aim of this paper is emergence of walking by a
has an advantage to the others owing to its adaggmbmatmn of sggh artificial reflgxes. We mtroducg
tivity/robustness against changes of terrain. Thet&O relfexes, a vision-cued swaying reflex and a gait
have been numerous studies on legged locomotion/f#{l€x. The vision-cued reflex is realized by an adap-
robotics [1] to utilize this advantage. Another reasofiV€ Vvisual servoing controller [3]. The gait reflex is

why legged locomotion receives the attention is th&g@lized by a lifted leg controller that generates a re-

most of natural living things such as human, animalg,eCtive gait which consists of three steps: (1) selecting
and insects utilize the ability. a leg to be lifted so as to increase the body stability,

c52) shifting (lift up, move, and down) one of other legs

Mos_t common way o rea_llze walking of a legge to enable the selected leg lifted, and (3) shifting the
robot is (1) designing a trajectory of each leg con-

sidering kinematics and dynamics of the robot in ag_elected leg. ) ] ] ]
sumed/estimated terrain, and (2) applying a control In the rest Qf this art|cl_e,_ we first discuss on emer-
scheme to make each leg track the trajectory. Sincedgnce of walking by the vision-cued reflex and the gait
is necessary to know the shape of the ground and kir{gﬂex. Then, an adaptive visual servomg'controllgr'and
matic/dynamic parameters of the robot beforehand iftéd lég controller are proposed to realize the vision-
the resultant robot system cannot be adaptive agaif4€d reflex and the gait reflex, respectively. To realize
changes of environment. There are several atteme?SE refle_xe_s simultaneously, ahybrld_controller is de-
(for example [2]) to make the robot adaptive by usinﬂved (_:onS|st|ng of thgse controller_s. Finally, we show
external sensors such as cameras, which still lack fofXPerimental results in a real environment to demon-
quick response since they need to reconstruct the shgpéte that the proposed combination of reflexes can
of the ground by the external sensor signal. emgerge quadruped walking.

Let us consider walking of an infant leaded by .
his/her mother. The mother may show her hand to t#e  Emergence of Walking
infant, and the infant tries to chase the hand. It does not
seem to be true that the infant reconstructs geometrylofthis paper, we are going to deal with a quadruped
the ground, calculates desired trajectories, and movedot that has camera(s) on it (Figure 1). The robot is
legs. He/she may have primal reflexes such as notgazing at a visual target and trying to keep observed



3. Vision-cued Swaying Reflex

To realize vision-cued swaying according to the move-
ment of the target, we apply visual servoing [4, 5].
The visual servoing controller feeds the visual infor-
mation back to control inputs directly, which makes
the robot response quick and robust. There have been
(a) When the visual taget moves, many studies on visual servoing applied to manipula-
tors, but only one for legged robots [6] to the best of
our knowledge. In the paper, to apply visual servoing
to alegged robot, stance servoing control is introduced.
Another difficulty to apply visual servoing to the
legged robot is that the relation between change of fea-
tures in the image plane and joint displacement is un-
known when the geometry of the terrain is unknown.
(b) the vision-cued reflex makes the robot sway, and 10 €stimate the relation, we have to use an on-line es-
timator [3, 7].
) i In this section, we quickly introduce adaptive visual
servoing control for legged robots to realize a vision-
cued swaying reflex, consisting of a stance servoing
controller, an on-line estimator, and a visual servoing
controller.

O] O]

] ) 3.1. Stance servoing control
(c) finally, the gait reflex makes another step.

Figure 1: Legged robot walking emerges by tracking a visukiirst, we introduce the stance servoing controller to
target. keep distances between feet constant. et be a
position vector of the foot with respect to the robot
coordinate frame, fixed to the robot body. Since a
stance vectal, a correction vector of distance between
feet, is a function of*r;, we can derive a velocity re-
lation:
I=J, ", 1)

. . R, _ [R,. TR, T R,, TWT —
target images constant. Therefore, the robot will sw. er(; "= [Fri® Pt - T ]. candJy, =
according to the movement of the target (Figure 1(a) 1/ r*. From eq.(1), we can obtain a stance servo-
This is a vision-cued reflex built in the robot. ing controller:

The robot also has force sensors at its feet. By these o, — g, *K (I, — 1) + (I — J, T, )k, (2)
force sensors, the robot can observe the ZMP (zero mo-
ment point) which is used to calculate a stability meavhereJ;, ™, 14, K, andk; denote the pseudo-inverse
sure. Yet another reflex of the robot is a gait reflex bjpatrix of J;,., the desired stance vector, a gain matrix,
utilizing this stability measure. When the stability igihd an arbitrary vector that describes redundancy, re-

small (Figure 1(b)), the robot will make steps to enspectively. Utilizing the second term on the right hand
large it (Figure 1(c)). side, we can apply servoing control.

Because of a combination of these two reflexes, the
robot will sway when the movement of the target i§-2. Visual servoing control
small, and it will walk when the movement is large.
Note that these reflexes do not necessarily correspotitem the camera(s) attached to the robot body, one can
to a behavior We do not explicitly program walking get some image features such as position, line length,
of a quadruped, but it emgerges as a consequencecohtour length, and/or area of certain image patterns.
two reflexes. Let a vector of the image features e Assume that



Top view of supporting leg polygon

the target is moving so slowly that one can neglect the

,,,,,,,,,,,, O
velocity of the target comparing to the velocity of the ?\w oo |
robot. If the stance servoing controller (2) keeps the 3 Stabiliy margin!
feet distances constant, the image feature vecisra | e g
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(a) a stable pose
Where.]x,,« = a(l?/aRT'T. Supporting leg triangles
By utilizing null space of eq.(2), we can derive an
adaptive visual servoing controller for a legged robot,

u = J,TKi(lg-1)
I = Tt T T — T T}
{Ko(@a—@) = Tor T Ki(la = 1)} (4) S

. . . . (b) an unstable pose
whereK , denote a gain matrix for visual servoing.

Figure 2: The stability margin is the shortest distance be-
3.3.  On-line estimator tween the ZMP and a side of the supporting leg polygon. If
the margin is large, the robot is stable, otherwise it is unsta-
The Jacobian matrixJ,, is a function not only ble-
of intrinsic camera parameters but also of posi-
tion/orientation of the visual target w. r. &5, and
of geometry of the terrain. Since the legged robot i$1. The reflective gait procedure
moving in unknown terrain and the position of target is

also unknown., the robot. must .estimdtgr.on-lihe. We adopt a stability margin [9], the shortest distance
We can derive an on-line estimator to identify a norpetween the ZMP and a side of the supporting leg poly-

linear system in the discrete time domain [3], gon (the boudaries of the support pattern), as a stabil-
R R ity measure of the legged robot (see Figure 2). As
Jor(k) = Juor(k—1) the robot sways the body, the margin becomes small
+{Axz(k) — 3m(k —1)Au(k)} as shown in Figure 2(b). To recover the stability, the
Au(k) W (k= 1) robot has to move one of legs indicated as'in the

, (5) figure so as to increase the margin. However, both legs
can not be lifted up immediately because they are in-

~ , cluded in two supporing triangles where the ZMP is
whereJ,.,.(k), u(k)(= T6), p, and W (k) denote a jnside. To lift up one of the legs (which we cadirget

constant Jacgbian matrix, a control input vgctor in th@g in the following), therefore, one of the others in-
k-th step during sampling rafg, an appropriate pos- gicated as &” has to be moved as shown in Figure 3.

itive constant and a weighting matrix, respectively. Ifp;s is areactive gaitprocedure since it is reactive to
a case thaW is a covariance matrix and that is in e movement of the ZMP.

the rangd) < p < 1, the proposed estimator is a well-
known weighted recursive least squares estimator [811. 5

By using estimated .. instead ofJ .. in the visual
servoing controller (4), we can realize a vision-cu
reflex of the legged robot.

p+ Au(k)"W(k — 1) Au(k)

Lifted leg control algorithm

e\s{/e can realize the reflective gait by a simple algorithm
as follows. The positions of the lifted legs fall into

) - two cases with respect to the relationship between the

4. Gait ReﬂeX to Increase BOdy Stabl|lty Supporting |egs and;zmp, the Ve|ocity of ZMP (See

Figure 4): a hind leg case and a fore leg one.

To realize a gait reflex, we proposed a gait stategy

based on a body stability measure calculated from tfiide hind leg case(Figure 4(a): The lifted leg is the

ZMP. diagonal leg of leg(A) or leg(B).) The robot



5.1. A quadruped for experiements

In Figure 5, a legged robot TITAN-VIII [10] and its
controller used for the experiment are shown. The

(a) To lift the target leg (right belowx”), the robot have to legged robot is equ_lpped with one CCD Cam_era (EVI-
move one of the others to make the target leg out of one 0310. SONY). The image from the camera is sent to

supporting triangles. a tracking unit (TRV-CPDG, FUjitSU) equipped with a
,,,,,,,,,,, X high-speed correlation processor [11]. Before starting
RSN an experiment, we give thraé[pixel] x 16[pixel] pat-
z terns (called reference patterns) to be tracked. Dur-

@O Y ing the experiment the unit feeds coordinates where the
) mﬂ.‘: © _correlation coefficient is the highest with respect to the
(b) After moving the leg, the target leg can be lifted Up sinChyterance patterns to the host computer G6-200 (Gate-

itis no more inside the supporting triangle. way2000, CPU:Intel Pentium Pro 200MHz) through a
Figure 3: The procedure of the reflective gait PCl-bus link in real-time (33[ms]).

Each joint of the legged robot is equipped with a
potentiometer to observe its angle. Each foot is also
equipped with a force sensor to observe its foot force
and to estimate the ZMP. The observed joint angles and
the foot forces are sent to the computer through an A/D
converter board (RIF-01, Fujitsu). The computer cal-
culates the desired joint velocities and sends the com-
mands to the velocity controllers of joints through a

I @ D/A converter board (RIF-01, Fujitsu). A hand cart
j:’\ Z’“’ e is used as a visual target on which 3 target marks are
ed)es— PO drawn.
(a) a hind leg case (a) a fore leg case

. . ) . 5.2. Experimental results
Figure 4: Supporting leg triangles and a lifted leg

An example of emerged walking is shown in Figure 6.

At t=2.0[s], the cart began to move rightward. The
moves the lifted leg to keep ZMP inside the nextobot was initially supported by right-fore-leg (RF),
supporting leg triangle which consists of leg(A)eft-fore-leg (LF), and left-hind-leg (LH). The ini-
(or leg(B)), leg(C), and the lifted leg. Subsetial lifted leg was right-hind-leg (RH). The robot was
quently, leg(B) (or leg(A)) becomes the lifted legswinging its body as the target motion and switched the

lifted leg from RH to LF att=14.0[s], which was the

The fore leg case(Figure 4(b): The lifted leg is the fore leg case. Subsequently, it switched the lifted leg

diagonal leg of leg (C).) The robot moves thérom LF to RF (the hind leg case) &t23.0[s], from
lifted leg to appropriate position in front of it, butRF to LH (the fore leg case) &£32.0[s], from LH to
does not touch down yet. If the ZMP moves inta F (the hind leg case) @39.0[s]. In Figure 6, we can
the next supporting leg triangle which consists afee how the legged robot behaved reflectively to track
leg(A), leg(B), and the lifted leg, then it is natu-the visual target.
rally touched down, and subsequently leg(C) be-

comes the lifted leg. 6. Conclusion and Disscussions

5. Experiments Emergence of wallk of a quadruped has _beep demon-
strated by a combination of two reflexes in this paper.

As a consequence of these reflexes, the real quadruped
We apply the proposed two controllers to a real quadrijz, ked to track the moving target. We expect that this

ped robot to realize two reflexes. Emergence of Walb\-,ay of building a robot may be adaptive to changes
ing is demonstrated in this section.
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Figure 5: An experimental system: A quadruped “TITAN-
VIII" and its controller used for the experiments.

of the environment, and that an unexpected behavior

t=3\2.0[s] | t=39.0[s]

emerges as a consequence of a combination of reflexggyre 6: An experimental result: The legged robot walks
the robot body, and the environment. reflectively to follow the movement of the target.

The hypothesis, several purposive behaviors emerge
by combinations of elemental reflexes, must be dem-
onstrated by more variety of tasks and robots. We havB
demonstrated a case of an arm and a case of a hangl
with several reflexes in other papers[12, 13]. However,
still more examples are needed.

A robot, as a universal machine, ought to have adagd4]
tivity, ability to estimate appropriate control parame-
ters and/or structure to achieve a given task in an envi-
ronment. So as to have such adaptivity against changes
of task and environment, a robot needs to have Iargé?]
number of actuators and more variety of sensors. Such
many degrees of freedom are expected to be controlled
easily by the proposed method. [6]
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