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Abstract: In this paper, we analyze and compare four image-basedl\@snaing control laws. Three
of them are classical while a new one is proposed. This newaldaw is based on a behavior controller
to adjust the movement of the camera. It can also be used torshétween the classical methods. An
analytical study of all control schemes when translationation along and rotational motion around
the optical axis is also presented. Finally, simulation expkerimental results show that the new control
law with a behavior controller has a wider range of succean the other control schemes and can be
used to avoid local minima and singularities.
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1. INTRODUCTION 2. NEW CONTROLLER WITH A BEHAVIOR
PARAMETER

Visual servoing is a well known approach to increase the )

accuracy, the versatility and the robustness of a visietia Lets € R* be the vector of the selectddvisual featuress*
robotic system [11, 5]. Two main aspects have a great impa&eir desired value a}nd € R the instantaneous veloplty of the
on the behavior of any visual servoing scheme: the selectig@mera. Most classical control laws have the following form
of the visual features used as input of the control law and V= —)\ f+(s — 5 1)
the form of the control scheme. As for the visual features, . ®

they can be selected in the image space (point coordinategd)ere) is a gain and.s is the pseudoinverse of an estimation
parameters representing straight lines or ellipses, msnen or an approximation of the interaction matrix related sto
[8, 12, 6, 9, 4]), in the Cartesian space (pose, coordindtes @efined such that = Lsv wherev = (v,w) with v the
3D points,... [16, 18]), or composed of a mixture of both lsndtranslational velocity and the rotational one). Different forms

of features attempting to incorporate the advantages df bofor I_ have been proposed in the past [8, 14, 5]. For simplicity,

image-based and position-based methods [13, 7, 2]. As or tye consider that all values can be computed accuratelyingad
choice of the control law [8, 14, 5], it affects the behavibtt®  to the following choices

selected visual features (local or global exponential e,

second order minimization, ...) and may lead, or not, tolloca 1) : Ly =Le- @)
minima and singularities [3]. —~

. . . . . 2) : Lg = Ly 3
This paper is not concerned with the choice of the visual —
features, but with the analysis of different control scheriidat 3) : Lg = (Lg + Lgy)) /2. (4)
is why we will consider the most usual and simple features, th -

are the Cartesian coordinates of image points. As for the@lon In the first caseLs is constant during all the servo since it
schemes, we consider three classical control laws and we als the value of the interaction matrix computed at the desire
propose in this paper a new control law that follows an hybridonfiguration. In the second cade, changes at each iteration
strategy. It is based on a behavior parameter that can beaisedf the servo since the current value of the interaction masri
tune the weight of the current and the desired interactiamixa used. Finally, in the third case, the average of these tweegdb

in the control law. We will see that !n some configurationg,geq [14]. These three usual choices]fférwhen used with (1)
where all other control schemes fail, this new control laaves define three distinct control laws, that we will denote D, C

the system to converge. The paper also includes an analygisy A (for desired, current and average respectively) in the
of the control laws with respect to translational motionr@o (emainder of the paper.

and rotational motion around the optical axis. As we will,see

singularity of the control law proposed in [14] will be extigd ~ As explained in [17], it is possible to improve the behavibr o
thanks to this analysis. control law A by using:

The paper is organized as follows: In Section 2, classical Ls = (Ls © Te + Lg(y))/2

control schemes are recalled from which the control law witlyhere<” T is the spatial motion transform matrix to transform
a behavior controller is proposed. In Section 3, an analysis velocities expressed in the desired camera frame to therturr
the control laws in the presence of rotation and translatio.  camera frame. However, we will not consider this supplemen-
the camera optical axis is presented. Finally, experimh@mtd  tary control scheme in the following.

simulation results are presented in Section 4. ) )
On one hand, near the desired pose where the srrog* is

1 Mohammed Marey is granted by the Egyptian Government. low, the same behavior is obtained whatever the choidgsof
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since we have in that cadg,;) ~ Ls-. On the other hand, -1 T 9

as soon as — s* is large, it is well known that the choice of L. - | Z 0 = —(1+2%) y
Ls induces a particular behavior of the system since we thus * 0 —1y 144> —ay -z
haveLg;, # Ls-. This motivates the current research on the YAA

determination of visual features such that the interactiatrix Using four points, the visual feature vectds s = (g, 71, T2,
is constant in all the configuration space of the camera,tbuta;. yq, y1, yo, y3) whose desired value i = (z§, 2}, x5, =3,
is clearly still an open problem, and, as already said, net thy o & %),

subject of this paper.

Caselir, =90°&t, = (Z — Z*) The coordinates of the

From (2), (3) and (4), a general form fbg can easily be written o points wir.t. the camera frame at the initial and thereels

by introducing a behavior controllgr € R poses are denotegly = (—L,—L,Z), pan = (-L,L,Z),
L.=Lg = (BLg + (1 — B)Lyy). 5y pi2=(L,L,Z),piz=(L,—L,Z),pao = (—L,L,Z*), psr =

o Le=Le= (e + 1 Alu) ® L1029 e = (LSL.2%) andpa = (~L,-L,2°).
Using (5) in (1), we obtain a new control law, denoted G inet | = L/Z andi* = L/Z*. The initial value ofs is

the following (for “general”). Control laws D, C, and A are thens; = (=1,-1,1,1,—1,1,1,—1), the desired value is* =
known to be locally asymptotically stable only [5]. The same_jx [* [* —[* [* 1*, —I*, —I*) ands; — s* = (= +1*, — —

is also true for control law G. Of course, if = 1, we find  p* * —j 41 —[—[* [ —1* [+, 1* —1) is the error vector.
again control law D, if3 = 0, we obtain control law C, and if Using the analytical form oL, it is possible to compute the
3 = 1/2 we obtain control law A. Control law G could thus beanalytical form ofLg defined in (5) and then its pseudoinverse
used to switch between the different control schemes dtinég L. Using Z = [*Z*/I, we obtain after computations and
execution of the task. Switching strategies have alrea@y besjmpiifications

proposed in [10, 1] but, in these works, switching is perfedm

between image-based and position-based approachessthat i T6 7€ —C —f —c e me €l

between different features, while here the features arsatme Tar e e @ e T meo T

but their control would be different. L= :Zi 24 _C; _624 A

In this paper, we are not interested in designing a possible 00 0 0 e - 6 —cs
strategy to switch between the different control laws. We ar €7 ¢ Te —er ¢ mer mC T

looking if particular values off provide a better behavior of the where, whens € [0; 1],

system. Indeed, the main interesting property of contrel@ 157

obtained using (5) is that the behavior of the system changeg =

gradually from the behavior using control law C to the bebavi 4Bl + (1 = B)l) R )
using control law A whers varies from0 to 1/2, and similarly, 0 if pI*" = (1-pB)l
the behavior changes gradually from the behavior usingebnt ¢1 = B+ 1)+ (1— B)(1+12) |

law A to the behavior using control law D whehvaries from “0 (B2 — (1 — B)I2) eise.

1/2to 1. Hence, this new control scheme allows us to adapt the I*Z* (Bl + (1 — B)I) I*Z*(Bl* — (1 — B)I)

behavior of the system based on the selected valyg dfe €3 = 8((1— B)25 + 213) ¢4 8((1— B)2 + g2°%)

will see in Section 4.1 that particular values®indeed allows 0 if m*z —(1- B2
the system to converge while the other control schemesdiail f =~ _1 -
some configurations. €= . else.
: . : I 4Bl — (1= B)I?)
Let us finally note that in case of modeling or calibratioroesy BI*2 4 (1 — B)I2 BI*2 — (1 —B)I12

the matricesLs- and Lg(;) have to be respectively replaced ¢6 = cr =

by approximationsLg- and L/Sa but that does not change
the general properties of the control schemes as long as
approximations are not too coarse.

8((1— )23 +6207)" " 8((1— B2 + 547
tHging the value ofs; — s*, the initial velocity v; is easily
deduced from (1) as

vi = (0,0,v;,0,0,w;) (6)
3. MOTION ALONG AND AROUND THE OPTICAL AXIS where
‘ CAZF(BI — (1 - B)I2) OB+ (1= B)I)
z *3 ’ z *3
This section presents an analytical analysis of the cofaved B+ (1= B)21° B+ (1= B)21°

described previously when the camera displacement is a cofs expected, the initial camera motion consists in perfogw
bination of a translation, and a rotation-, w.r.t. the camera translation combined with a rotation whose value only delgen
optical axis. As usually done in IBVS, we have considered ann image data and on the chosen valuedoand A. We can
object composed of four points forming a square. note thafl; is singular if31** = (1 — ()I2. For instance, such
Q_singularity occurs wheh=[* (i.e. Z = Z*) and( = 1/2,
which is very surprising. The control law A proposed in [14]
i]ssthus singular for a pure rotation 66°, which had not been
exhibited before as far as we know. In fact, the only way to
avoid this singularity whatever the valuelofnd(* is to select
The coordinates of a 3D point in the camera frame are denotéd= 0 or 5 = 1. As can be seen on (6), this singularity has
(X,Y, Z) and the coordinates of that point on the image planeo effect on the computed velocity in perfect conditiong, he
are given byx = (x,y) withz = X/Z andy = Y/Z. Itiswell  we will see in Section 4.1, a quite unstable behavior is olethi
known that the interaction matrix related=tds given by in the presence of image noise or for configurations near that

The study includes two cases in which the movement along
axis is fromZ to Z* and where-, = 90° in the first case and
r, = 180° in the second case. In both cases, the object plane
parallel to the image plane.



singularity (such that for instance the object plane is afmo
parallel to the image plane).

WhenZ = Z* thenl = [* and the initial velocityv; becomes

B AZ*(28 — 1) A
vi = <0’0’262—2ﬁ+1’0’0’2ﬁ2—2ﬁ+1>'

In that classical case, the velocity contains an unexpected
translation whose direction depends on the valug @f, < 0
if 3 < 1/2andv, > 0if 8 > 1/2). The only way to avoid Fig. 1. Afma6 robot
this nonzero translation is to selg¢t= 1/2 as already shown 157
in [14], butLg is singular in that case...

OG- A)

Coming back to the more general case and settingl in L, O BA+I)+(1-B)(1+1?)
the initial velocityv; using control law D is given by €1 =< B2 + (1 — B)12

N 0 if B1*% = (1 — B)12

Vi = (0,0J\Z*,0,0, ) . @) o= *zZ*
[ 5 5 else
8(Blx" — (1= B)I?)
Whatever the value of, that is even whetl < Z* in which or = 1
case the camera has to move backward, the initial camera * 4(55*2 + (1 = pB)12)
motion contains a forward translational term. This suipgs 0 if B1* = (1 —pB)I
result extends the same property obtained when Z* [5]. ey = olse
Setting = 0, the initial velocityv; using the control law C is 8(Bl* — (1= P)I)
now Proceeding as before, we obtain using the valug ef s*
—N*Z* Al* .=
! ! 0 if B1*2 = (1 — B)12

In that case, the initial camera motion contains a backward wherev, = AZ*C(+17)
translational term whatever the value 5f that is even when BI¥? — (1 — B)I2 '

Z > Z*. We can even note that, motes small,i.e more | || cases, no rotational motion is produced while a trans-
Z is large, more the initial backward motion is large, which iS5tional motion is generally obtained, but whefr® = (1 —
even more surprising than the result obtainedor 1. These — 3y,2'y \which casel is singular, leading to a repulsive local
results extend thus largely the property exhibited in [BEWh \inimum wheres, = 0. Such a case occurs for instance when
Z = z*. By comparing (7) and (8), we can also note that the; _ 7= e | — 7*) and3 = 1/2, which corresponds to the
amplitude of the rotational motion using control laws D and Gontrol law proposed in [14]. Another singularity occursamh
is surprisingly not the same as longlag [*, that is as soon as BI* = (1— )1, which is also the case whér= I* andg = 1/2.
Z + 7. ’
. . . . Of course, whery = Z*, we find again the results given in [3]:
Setting3 = 1/2, the velocityv; using control law A is a pure forward motion is involved whefi = 1 and a pure
ek /%2 12 N N backward motion is involved whef = 0. More generally, for
Vi = (0,0, 207 lg(l ! ),0,07 2N (1 +31 )> . B8 = 1andg3 = 0, the direction of motion is the same (i.e.
I+ 13 BB+ 1* forward or backward) whatever the value loénd (*, that is
In that case, a good behavior is obtained since the traostdti Whatever the value of with respect taZ”. For any other value
motion is always in the expected directian (< 0 whenl* < I, of 8, the d|rect|o? of motion depends on the relative valug of
that is whenZ < Z*,v, > 0 whenl* > [ (Z > Z*), and, as with respect taZ*, but unfortunately, there does not exist any

already saidy, = 0 whenl = [* (whereZ = Z* but where value of 5 that will give a good behavior in that case since no
L is singulari rotational motion is computed by the control law.

4. RESULTS

Case 2. r, = 180° & t, = (Z — Z*) We now consider
the more problematic case where the camera displacementristhis section, experimental and simulation results averyi
composed of a translation and of a*fOta“Om?@O afo}jnd the They have been obtained using the ViSP library [15] in which
camera optical axis. In that caser-s* = (I+1", = —I",—l—=  the new control schemes have been implemented.
P41, =1 = 1%, =1 = I*, 1+ 1*,1 4+ 1) andL is given by

4.1 Experimental results: Sngularities

—cp —Ccp —Ccp —Ccp —C1 €1 —C1 C1

e e A e e T T oo The experimental results have been obtained on a six degrees

e - o o0 0 o0 of freedom robot as shown in Fig. 1. They allow to validate

4 C4 C4 C4 . . T : .

0 0 0 0 c4 —cs ca —ca the analysis presented in the previous section about th@mot

€5 C5 —Cs5 —Cs5 C5 —Cs5 —C5 Cs along and around the optical axis. Note that the velocities a
saturated to forbid the application of too high values which

where, wherp € [0;1], may be computed near a singularity. More precisely, allaiglo

Lt—|—¢ ¢ ¢ —c3 3 c3 —c3 —c3
5=
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Fig. 2. Experimental results. CaseA (= 170° andt, = 0.5 m)in (a), (b) and (c); case B{ = 180° and¢, = 0.5 m) in (d). Top
line: camera velocity components (in m/s and rad/s), mitidée visual features error components and global errdtpbo

line: image points trajectories.

components are normalized when needed so that the maximM& Smulation Results: Optical Axis Studies

one is not more than 10 cm/s or 10 deg/s.
A general description of the camera behavior when the reduir

mnovement is along the optical axis with all possible values
of r, is now given. It has been obtained through extensive
Simulations. As for the experimental results, we havelset

Case A Inthis first case, the required camera motion is co
posed of a rotation 0of70° around the optical axis combined
with a translation of 0.5 m along the optical axis toward th o : ;
object (a square once again). As usual, gaihas been set 0.1, the initial camera pose ig), 0, 1,0,0,7.), and the desired

to 0.1. As expected unfortunately, control law D makes thE&Mera pose i€0,0,0.5,0,0,0) so that the square appears as
points leave the camera field of view due to a forward motiorft centered square in the image W't.h = 0.2and! = 0.1. .

while control law C makes the robot reach its joints limits/V€ have also set = 0.1 and saturation terms on the velocity

due to a backward motion. As can be seen in Fig. 2.a, contfgPMPonents have been introduced.

law A starts with high value ob. toward the object, while,  Applying control law D, the camera rotates and translates
increases until the translational motion is almost finisk&sl  toward the desired pose without any additional movement as
demonstrated in the analytical study, since the pure ootati soon as-, < 78°. Whenr, > 78°, the camera continues its
r. = 90° corresponds to a singularity of control law A, thetranslational motion after reaching = Z* and then moves
behavior of the system is quite unstable near this configurgack toward the desired pose. The translation increases as
tion, that is from iterations 800 to 1200, as can be observeficreases (see Fig. 3.a). When> 155°, the control law fails

in Fig. 2.a. As can be seen in Fig. 2.b, using control law Gince the camera reaches the object plane wHere0. Finally,

with 3 = 0.45 enables to decrease significantly the effect, reaches its saturated maximal value at the first iteration of
of the singularity near, = 907, while its effect completely the control scheme while, reaches its saturated value after
disappears foB = 0.35 (see Fig. 2.c). several iterations (see Fig. 3.a).

. . . Applying control law C, the camera rotates and translates co
Case B In this second case, the task is still to perforrr}erz:rt)lgag long as, < 61°. Whenr, > 61°, the camera starts

aiigagilgé?ignogggoomFtiOVl\J/?(;dztgeshootyvicihgurtegzwsbg]tigir?g(ihovmg backward and then translates forward. The backward
-9 : ranslation increases ag increases (see Fig. 3.b). We can note

fc%rmcoc?r::aonltéa\évh (’)A (tt?gtt ;Sr’]eGszxltt'gﬁ of tr?éS)c.ameeraveslt(z)a?ttsy on Fig. 3.b that the maximal rotational velocity is reachad a
P W ' WiEturated when the translational motion changes from back-

a pure transla_ltlon toward™. From the analytical study,_ NO \vard to forward. The number of iterations required to reach
rotational motion should occur. However, due to small imag e desired pose increases rapidly when> 150°. Finally
noise and to the use of a real robot, that is a non perfectv},/ ) :

calibrated system, the robot moves away from the repulsiv henr, 2 178.6° the backward translanon is so large that the
- ' o Camera is not able to reach the desired pose.

local minimum and starts to rotate. The effect of the singtyla

at 90° is clearly visible, but after its crossing, the systentControl law A converges with a perfect behavior (that is with

converges to the desired pose. any supplementary translation) as longs < 180° (see
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Fig. 3. Simulation results for optical axis studies obtdiméent, = 0.5 m andr, = 120°.

Fig. 3.c). As discussed before, control law A has a singylarilaw A, it is the first time, as far as we know, that such a local
whenr, = 180°, that is why the velocity components areminimum problem is exhibited. Finally, control law G is the
saturated at the beginning of the servo for large values.of  only one to converge to the desired pose as sodhdH$ <

0 < 0.569 (see Fig. 4.d). The oscillations observed in the
X ‘camera velocity and in the points coordinates allow the came
tained based on the value selected forWhen the value of to go out from the workspace corresponding to the attractive

f is near 100, 1 and 1/2, the behavior of the control 1aw ;o7 of the Jocal minimum for the other control schemes.
approaches the behavior of control laws C, D and A respec-

tively. Best selection of3 leads to enhance the behavior of

the control law for a given displacement. For example, when 5. CONCLUSIONS

r, = 120°, control law G allows the camera to reach its desired

pose wherg € [—0.08,1.19] with the best behavior obtained The control laws used in image-based visual servoing haie th
when 8 = 0.285 (see Fig. 3.d). In that case, the rotationalespective drawbacks and strengths. In some cases, alcontro
velocityw, reaches its maximum value at the first iteration. Théaw is not able to converge while the others succeed. In other
error on each point coordinates starts also to decrease fatth cases, all classical control laws may fail. Different baebes/
iteration. When-, = 170°, the camera reaches its desired posmay explain these failures. For example, the camera moves
as long ag € [0.33, 0.85] with best behavior obtained wheh  to infinity, the camera moves to be too near to the object, the

Applying the new control law G, different behaviors are ob

is between 0.35 and 0.4. camera reaches a local minimum or a singular configuration. |
this paper, new configurations have been exhibited, for the fi
4.3 Smulation results: Local Minima time as far as we know: a local minimum for all classical cohtr

schemes, especially for the control law proposed in [14]. A
Now, we consider a difficult configuration and compare thsingularity of the control scheme proposed in [14] has also
results obtained with the different control schemes dbedri been exhibited and its effects have been emphasized through
previously. A pose is denoted gs = (t,r) wheret is the experiments obtained on a 6 dof robot. New surprising result
translation expressed in meter andhe roll, pitch and yaw have also been obtained for the other classical controhseke
angles expressed in degrees. The desired camera poseris gfee motion combining translation along and rotation arotinel
by (0,0, 1, 45,—-30,30) which means that the desired positionoptical axis. Finally, a new control law based on a behavorc
of the image plane is not parallel to the object. The initiatroller has also been proposed. Settihg- 0, 1, or 1/2 would
camera pose is given b, 0, 1, —46, 30, 30). As can be seen allow to switch between the three most classical schemes but
on Fig. 4.a, using control law D, the camera is first motiosleswe have prefered to analyse the behavior of the control sehem
as in a local minimum, and then starts to diverge so that tHer all possible values of this parameter. In all consideraskes
points leave the camera field of view. Even if we do not conrsidédifficult configurations subject to local minima for all skical
this constraint (we are here in simulation where an imageeplaschemes, motion along and around the optical axis), it has
of infinite size can be assumed), the camera then reaches #hways been possible to determine values of this parameter
object plane whereZ = 0, leading of course to a failure. From that provide a satisfactory behavior of the control scheime.
the results depicted in Fig. 4.b and 4.c, we can see thatalontfact, the suitable values of the behavior controller relytios
laws C and A both fail in a local minimum. As for control displacement that the camera has to realize. Future wotk wil
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Fig. 4. Simulation results for local minima situation

thus be devoted to determining how to select automatichéy t [9]
value of the behavior controller to obtain a good behavialiin
cases. Modifying on line the value of the behavior controlle
during the task execution will be also studied.
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