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Abstract— In this research, Genetic algorithm (GA) is used as
pose-tracking method “1-step GA,” to solve on-line optimization
problem for 3-D visual servoing. A correlation function between
the target object projected in camera flame and model defined
in the control computer is used for a fitness function to be
optimized by the 1-step GA. The optimization process for
real-time object tracking has been examined on a view point
of realizing real-time pose estimation utilizing eye-vergence
function. We have confirmed that the 1-step GA optimization
method together with eye-vergence correlation fitness function
worked cooperatively and how the eye-vergence helped real-time
optimization processes in time-domain during visual servoing.

Index Terms— Visual servoing, Eye-vergence, GA.

I. INTRODUCTION

Visual servoing is a control method of robot’s motion
through visual information in the feedback loop, which is
obtained from visual cameras [1]-[4]. Some methods have
already been proposed to improve observation abilities, by
using stereo cameras [5], multiple cameras [6], and two cam-
eras; with one fixed on the end-effector, and the other done
in the workspace [7]. These methods obtain different views
to observe the object by increasing the number of cameras,
leaving the system less adaptive for changing environment.

The problem to find position/orientation , i. e, poseof
an object relatively based on hand-eye camera flame can
be transposed to the optimization problem of correlation
function. In this research, we use Genetic Algorithm(GA)
to get the maximum correlation value within less than video
rate, “1-step GA” algorithm that is on-line estimation method
[8].

The pose of an actual object are expressed with the pose
of the coordinate system X, being fixed to the object, and
the object’s pose estimated by 1-step GA is expressed as
Y - It is natural there should always exist an error, then
MT, 4 x 4 homogeneous Matrix representing the pose
relation between the actual object X,; and the detected
one X, is usually not identity matrix. It is necessary to
decrease this estimation error M T xr- Then, we compared the
pose of the object calculated by full search of fitness value
with the pose estimated by 1-step GA. The fitness function
means correlation between projected target object to left and
right camera image and 3-D target model predefined in the
computer.
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Fig. 1.

Object and the visual-servoing system

By a previous work, it has been shown that the track-
ing performance could be improved by using eye-vergence
system. However, the argument is not based on what kind
of preferable influence the eye-vergence system can affect
on-line optimization process of 1-step GA. In this research,
visual servoing experiment was performed on the point of
frequency response as shown in Fig. 1, where target object
represented by 3, was oscillated by sinusoidal function and
end-effector and eye-vergence systems are both controlled
to keep desired pose relations that it constant desired pose
relations. We clarify how the eye-vergence system can im-
prove the dynamical performance of 1-step GA to tracking
the moving target object, through comparing time-varying
distribution of correlation function and the pose found by 1-
step GA in the time-varying correlation distribution. GA and
a object through the optimizing action of GA’s gene during
visual servoing with eye-vergence.

II. OBJECT ESTIMATION METHOD

Visual servoing system used in this research needs real-
time estimation. Dynamic image given by video camera
constitutes of still pictures input successively in order by
a time series. Tracking an object in video is realized by
estimating the object in a still picture continuously within
a video rate (33 [ms]). Therefore, this section explains the
outline of the estimation technique for the still picture of one
sheet.

The pose of 3-D model ¢ = (z,y,z,€1,€2,€3) (€ is
orientation variable of quaternion) is determined by the
gene of GA. The 2-D models are obtained by projecting
the 3-D model onto either side of left and right camera
flame. This 2-D model is evaluated by calculating a fitness
function defined by correlation between the 2-D model and



the input image. And when the pose ¢ of the solid model
coincides with the pose of the object, the correlation function
has been designed to have maximum value. Therefore, the
pose estimation problem of the object is convertible into
optimization problem to find ¢ maximizing the correlation
function, i.e., fitness function [8]. There are various methods
to solve optimization problem that the maximum of a given
distribution is searched for and discovered. Simplest and easy
method is full search method. Although full search method
can discover the maximum by calculating all the values of
the function and can certainly discover the maximum value,
it is inefficient. That is, it has the fault of spending much
computation time. It is important for real-time pose tracking
that needs calculation time to be very short—within video rate,
33[ms]-in this research, GA has been applied for the pose
tracking in a form of “l-step GA” [8]. If GA’s gene should
give high correlation function value,F it could be assumed
that the gene’s pose almost coincides with the actual real
target object’s pose. Thereby, the pose ¢ of the object are
measurable in real-time.

A. Model-based Matching Method

In this section, a model-based matching method was pre-
sented. The images input from a right-and-left video cameras
are composed by hue value ranging from 0 to 255. The
searching model is shown as Fig. 2. The model constituted
inside spaces Sg,in(¢) and Si i, (¢), and outsize spaces
Skout(¢) and St out (@), in order to evaluate difference of
hue value between the object and the circumference. The
hue value of right image at the position '%r; is expressed
as p(®r;), and the hue value of left image at the position
ILp, is expressed as p(!Lr;). Equation (1) shows the fitness
function that calculate the correlation function between the
search model and image.

Z p(IRT‘i,)* Z p([RTZ‘))

IRP,€SR,in(P) TRT, €Sk 0ut (P)

F(g)=1 (
(X ptra— Y w2
ILriESL.in(¢) ILriGSL,out(¢)
= (Fr(9) + Fr()} /2 (M)

The projected model area, S, 4(p = L, R; ¢ = in,out) are
all depending on the model’s assumed pose that in designated
by gene of GA’s evolutionary processes. In the right imaging
range, Eq. (1) deducts the total value in Sg out(¢), from
Sg,in(¢) and obtains the fitness value of the right image from
the total value of the hue value p('fr;) of an input image.
The left imaging range is also the same. The fitness value of
the left and the right is added and an average is taken. The
image of the left and the right is simultaneously evaluated
using this fitness function. This fitness function composed
of “in” and “out” area aimed at to determine correlation
value more emphasized then calculating correlation merely
by solid model. When a solid model Sg,in(¢) and St i ()
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are cprrectly in agreement with the object, both in the right-
and-left image, the object and the search model must be in
agreement in 3-D pose. Though there is no gurantee that the
variables to give the highest peek of the correlation function,
i.e., fitness function ?coincider? with the true pose of object,
but we can make effects to realize such conditions; righting
condition, shape and ?? of the target, simple backdrop, and
so on. Then we assume in this paper that highest peak of
the fitness function indicates that the variables to give the
peak represents true pose of the target object. It is defined as
Fr(¢) =0if Fr(¢) <0 and Fr(¢) =0 if F(¢) <0.

B. The Optimal Solution Searching Method using GA

By using a fitness function, the problem searches for the
pose of an object can be transposed to the problem which
searches for the maximum of a fitness function F'(¢). In this
research, we use GA to get the maximum fitness value within
less that video rate. Moreover, the gene information showing
the position/orientation on the individual in this research is
shown below.

b ty b
011000100111 000011000111001100111101
12bit 12bit 12bit
‘1 €2 &
110101001001 000101111001 001101111001
12bit 12bit 12bit

The position/orientation of the individual shows the pose of
the solid model in the Model-based Matching method. Top



(b) Smaller possible (c) Not in the center
sight area of the sight

(a) Cannot be seen when the
object near to the cameras

Fig. 4. Disadvantage of fixed camera system

(0 In the center
of the sight

R
(b) Bigger possible
sight area

(a) Can be seen when the
object near to the cameras

Fig. 5. Advantage of Eye-vergence system

36 bits with every 12 bits of this gene express the position
coordinate of a solid model, and remainder 36 bits with every
12 bits expresses the orientation of the solid model, where
the orientation is defined by quaternion. Bit used at this time
may be reduced for searching time shortening.

Next, each individual gene get fitness value from the
fitness function F'(¢) using its pose information. Evolution
processing is performed based on the superiority or inferiority
of this value, and a set of the next generation is generated
through GA’s process. At this time, the pose in which fitness
value was high in former generation, that is, it approaches
toward the maximum neighborhood of the fitness function
showing object. By repeating this processing (change of
generation), GA discovers the maximum value showing the
true pose of the target object.

However, normal GA needs to wait for convergence for a
definite period of time. When a fitness function shows a value
high enough and estimation of object is completed often more
time has passed by, then, there is a possibility that the sur-
rounding situation is changing a lot,that means target object
exists at very different pose. Therefore we use 1-step GA
(Fig. 3). 1-step GA is on-line estimation method [8]. While
using the elitist model of the GA, the position/orientation
of a target can be detect in every new image by that of
the searching model given by the best individual in the
population. Of the 1-step GA’s evolving speed to optimize
the fitness function should be faster than the target object’s
moving speed, the we can pose that best gene can track the
moving optimal point of the fitness function where variables
represent the target pose [9]. This feature happens to be
favorable for real-time visual estimation.

ITI. SERVOING SYSTEM
A. Eye-vergence System

Although hand-eye composition has a deficit that servo
operation may become unstable easily by vibration of the
hand and time-delay of visual pose detection compared with
floor-fixed camera composition, there is good point in which
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Fig. 6. Hand & Eye-Vergence Visual Servo System

a viewpoint can be chosen accommodatively. In this paper,
the visual servoing of hand-eye composition with two cam-
eras is considered. If it assumes that object form is known, it
is possible to measure six variables of a position/orientation
also by a simple eye. However, it is known well that there is
a problem in the precision for measurement of the distance
between camera and objects, and compound eye composition
is used for it here.

A fixed-hand-eye system has some disadvantages, making
the observing ability deteriorated depending on the relative
geometry of the camera and the target. Such as: the robot
cannot observe the object well when it is near the cameras
(Fig. 4 (a)), small intersection of the possible sight space of
the two cameras (Fig. 4 (b)), and the image of the object
cannot appear in the center of both cameras, so we could
not get clear image information of target and its periphery,
reducing the pose measurement accuracy (Fig. 4 (c)). To
solve the problems above, in this research, we have chosen
Eye-Vergence system that gives the cameras an ability to
rotate themselves to project a target at center of the images.

Thus it is possible to change the pose of the cameras
in order to observe the object better, as it is shown in
Fig. 5, enhancing the measurement accuracy in trigonometric
calculation and avoiding peripheral distortion of camera lens
by observing target at the center of lens.

B. Hand & Eye Visual Servoing Controller

The block diagram of our proposed hand & eye-vergence
visual servoing controller is shown in Fig. 6. Each joint angle
of a manipulator is set to g5 = [q1," - -, ¢7], pan tilt angle
of a camera is set to q. = [gs, g9, q10], the desired angle of
each link is set to g4. The hardware control system of the
velocity-based servo system of Mitsubishi Heavy Industries,
Ltd PA10 is expressed as

@

where Kgp and K gp are symmetric positive definite ma-
trices to determine PD gain. Moreover, the target angle of a

T=Ksp(q,—q)+ Ksp(q, —q)
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camera is set with g, and the error of an angle is defined
as

Aq. = qeq — g 3)

The controller of eye-visual servoing is given by

(.ch = KPchc (4)
where K p_ are positive control gain. The visual servoing is
performed using these controllers [10].

IV. POSE TRACKING BY 1-STEP GA

In this part, analyses of real-time pose tracking perfor-
mance of 1-step GA are extended using experiments of
frequency responses.

A. Experiment Condition

The initial hand pose is defined as X g,, and the initial
object pose is defined as ¥,7,. The homogeneous transfor-
mation matrix from Xy to X, and from Xy to Xy, are:

0 0 —1 —1435[mm]
1 0 0 0[mm)]
w —
Two=19 _1 o 499[mm] |’ )
0 0 0 1
0 0 -1 —890[mm)|
w |1 0 o0 0[mm)]
Teo=10o 1 o 499[mm] |’ ©)
0 0 0 1

where the above relations between X5, Xg,, Zw are
depicted in Fig. 7. The target object moves according to the
following time function as:

Mo (t) = =150 + 150 cos(wt ) [mm). @)

The relation between the object and the desired end-effector
is set as:

Edapy vy = [0, =90[mim], 545[mm)], 0,0, 0]. ®)
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Since it is reasonable that the target object is incorrectly
estimated when fitness value was low, visual servoing motion
will be stopped in consideration of the safety during exper-
iments on condition that fitness value decreased to 0.1 or
below. The fitness function is made of correlation function
of target object in the camera scene and the model predefined
in the control computer, then the correlation function value
presents convicting level of the detected peak by 1-step GA
expressing the real target moving arround the robot in the
environment. Table I shows information set on GA used in
this experiment.

B. Experiment Results

In this experiment, position (x, y, z coordinates) was
unknown and a true value was given to posture. In this case,
the variables in genes of the 1-step-GA pose-tracking-system
are only x, y, z, positions and the variables for orientation
defined by quaternion are fixed to the right value and not
updated by 1-step GA. The desired relation between the target

TABLE I
GA
Number of individual 20
Length of gene 72[bit]
Selection rate 0.40
Mutation 0.10
-200< t, <200
Search range -195< ty <5
ZE) 350< t, <750
-0.3< €1, €2,€3 <0.3
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object and the desired end-effector is set as Eq.(8). In this
paper, with the two kinds of w- w = 0.209 (Period: T = 30[s]
) and w = 1.256 (Period: T = 5[s] )- the visual servoing
experiments were performed, and distribution of the fitness
value is calculated against all possible positions of z-z plane,
where the value of z-z position that gives the highest peak
means the target’s z-z position. Then the difference of the
pose of GA and the variable to give the highest peak shows
the detection error of pose by 1-step GA.

Fig. 8 shows the fitness value distribution in z-z plane of a
right-and-left camera, where densely dotted area means high
level of fitness function and Figs. 9- 11 shows the results of
full search by the relation between a hand and an object. In
Fig. 9, the time varying fitness function distribution combined
by both left and right camera is depicted, and the position
of the white circle with a notation “GA” represents that the
I-step GA has found the indicated position represents most
possible position.

Therefore the deviation between the peak ( target real
position) and the GA’s position means on-line tracking error
of object in 3-D space as shown in Fig. 9.
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Fig. 10 depicts the situation that the object place nearer
than prescribed desired position relation of the object and the
hand, and Fig. 11 shown vice versa. The circular frequency of
the target object of Fig. 12 is w = 0.209, and the one of the
target object of Fig. 13 is w = 1.256. It is the result obtained
by full search in the plane of z-z in Xy for fitness value
once every 4 seconds. GA’s gene gotten highest fitness value
is displayed on these results by the white circle. The position
of the depth direction ( z-direction) of the hand in Yy, the
estimation results and the relation of the position of the depth
direction of an actual object are shown in the graph. When
period of the target’s motion is 7 = 30[s], it can be seen that
the end-effector tracks the target with some place delay. but
the 1-step GA tracks correctly the highest peak changing its
position in real time. Even though the condiction T' = 5[s] in
Fig. 13 makes the correct tracking of end-effector difficult,
1-step GA maintains real-time tracking of target through real-
time optimization of time-varying fitness distributions. And
the relation with full search results is shown. When fitness
value is so high, it is deep-colored; inversely, it is light-
colored if fitness value is low.
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C. Discussion

Full search results of fitness value show that fitness value
is distributed in the shape of x centering on a deep-colored
point (fitness value is high). This visual servoing is compound
eye composition, and it is asking for fitness value, using
simultaneously the image obtained from the right-and-left
camera (Fig. 8). thereby, GA becomes easy to discover an
object.

Fig. 9 - Fig. 11 is a figure showing the relation of the
result of full search, and the position of a hand and a target
object. In Fig. 9, it is a result of full search when the hand
and the target object are maintaining target relations. The
error of the highest point of fitness value and GA is defined
as estimation error. Fig. 10 shows full search results when
the relation between a target object and a hand is nearer than
target relations. Fig. 11 shows full search results when the
relation between a target object and a hand is further than
target relations. In these cases, the control error exists.

Fig. 12 show a result when the speed of a target object is
slow. GA is in a deep-colored point (fitness value is high).
That is, a target object is discovered, and it follows, without
being behind. Fig. 13 show a result when the speed of a
target object is quick. GA is in a light-colored point (fitness
value is low). That is, it follows later than a target object.
Moreover, the position/orientation of the target object in full
search results of fitness value, especially, the relation between
the position of the direction of z and a hand cannot be
maintaining the interval of 545[mm], which is the preset
value shown in the Eq.(8). Fig. 13 (d), (i) show the relation
in which the distance of the direction of z of a target object
and a hand is closer than a preset value (Fig. 10). Fig. 13 (f),
(k) show the relation in which the distance of the direction of
z of a target object and a hand is further than a preset value
(Fig. 11).Because the torque of a hand is large, a phase delay
has arisen to the quick motion of a target object.

Like Fig. 10, even when a hand is in a near position to
a target object, the maximum of the fitness value obtained
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by full search shows a high value like Fig. 13 (d), (i). This
shows the advantage of the Eye-vergence system in Fig. 5
(a).

In 0 second to 4 seconds in Fig. 13, the error of the
estimation result by the position of an actual object and GA
is large. Then, full search of fitness value was performed for
0 second to 4 seconds for every second. A result is shown
in Fig.14. In Fig.13, when the estimation error of GA and a
target object was large, distribution of fitness value was thin
on the whole, and tends to find a target object was not able to
be said. However, Fig.14 showed that GA may not be able to
discover the target object, even if distribution of fitness value
was deep and was in the state of being easy to find a target
object. It is thought that it has slow flattery of a hand and it
starts since the object is located out of the searching area of
GA.

V. CONCLUSION

In this paper, the visual servoing was performed in the
experiment of frequency response, and the action of GA gene
in a visual servoing was shown. The real-time estimation
tracking error has been grasped by clarifying relationship
of GA and an object. 1-step GA became easy to calculate
the optimal solution with eye-vergence system. Full search
results were able to shown one of the characteristics of eye-
vergence system. There was a case that the object was out of
the search range of GA. As a future subject, it is necessary
to consider change of the searching area of GA.
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