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Abstract in a single expression both the classical robot Jacobian

This paper presents a new approach to controlling a rodd@int to end-effector velocities), and the classical Jaco-
from video-feedback. In contrast to classical approaches, th&n of image-based visual servoing (3D to 2D point-
entire system is modeled by means of projective geometMglOCities).
For the robot’'s geometry in particular, we introduce a new Finally, we provide a practical method in order to es-
formalism ‘projective kinemati¢s As a result, motions in timate the projective kinematic model, to calculate the
joint- and image-space can be related without metric calibrprojective Jacobian, and we report on an experimental
tion, and a corresponding visual control law can be derivedystem for visual control using projective kinematics
We present experiments for projective robot calibration ara@ind a pair of uncalibrated cameras .
visual servoing, both using uncalibrated cameras.

2. Metric and Projective Camera Spaces
1. Introduction

In this section, we recapitulate the properties of a

Visual servoing of robot manipulators is a key techstereo camera. We will view it as a triangulation de-
nique where the appearance of an object in the imagee which can be operated either in metric or in pro-
plane is used to control the velocity of the end-effectgective mode, depending on the degree of calibration,
aiming to guide it to a desired position. The majority ond perform a respective reconstruction of the three-
visual servoing methods proposed so far use calibratéithensional workspace. A stereo rig being calibrated
robots and calibrated cameras. Although it has beallows a metric camera space to be defined. It being
shown that the behavior of visual control loops doascalibrated allows only a projective camera space to
not degrade too much in the presence of coarse calibba-defined, in which Euclidean notions such as orthog-
tion, the latter remains a complex and time-consumiramality, angle, and length, as well as affine notions such
procedure, requiring special-purpose devices suchassparallelism, and length-ratio lack definition. But in
theodolites and calibration jigs. both sorts of ambient spaces stereo projection can be

In this paper we introduce a new representation 8kpressed by a pair of projection matrices, mapping
robot manipulators and of articulated mechanisms &P world-pointsM or N = (z,y,2,1)" onto 2D
general. Unlike previous approaches, a non-metric dgiage-pointsm = (u,v,1)",m’ = («/,v/,1)". In
scription of robot motion based on projective transfofomogeneouscoordinates they are:
mations is investigated. To control a robot using pro-
jective repre_sentat?ons rat_herthan Euclidean ones, bOthmetric: m o~ [KM N, m/ ~ [K’R’|K’t’] N,
the robot’s direct kinematic map and the Jacobian ma- 1)
trix must be defined non-metrically.

The elementary joint motions that can be perform
by a robot manipulator are pure rotations and transla-
tions. They give rise to corresponding projective magvhereK, K’ andR/, ¢’ hold an intrinsic and an extrin-
pings which can be parameterized as special kinds st calibration, respectively, ari®l, P’ hold an epipolar
homographies, calledrojective rotationsand projec- calibration, only.

tive translations The Lie-group properties of these Both cases, (1) and (2), describe a pair of projection

projective representations of elementary motions allolys, and solving foM or N amounts to triangulating
us to characterize the direct kinematic map and the Ja-

cobian matrix of a manipulator, leading to projective
equivalents to the classical metric ones. They replacel~ denotes the homogeneous equality “up-to-scale”.

géojective: m~PM, m ~P' M, 2




in the respective ambient space: They inheritits Lie group structure, and corresponding
Lie-algebra representatiobbr [3]

projective: [ AM =0 (3) Hgr~Hy TrrHps, Hgr = czp(Hgr). (5)
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Naturally, points(z, y, z,0)? in metric camera space
The so reconstructed points are related by a coi¢ on a plane(0,0,0, 1) called “at infinity”. Finite
stant “upgrade” mapping from projective to Euclideadisplacements leave this topological property invariant,
camera space, which encapsulates calibration of a rigigpressed by a fourth coefficient eititeor 1. Switch-
stereo rig [1]: a pair of rigidly linked cameras with fixing to projective means that the infinity plane has the
intrinsic parameters, defining the special plarfede- fix but unknown coordinates” in H gz, but still a fi-
scribed later on, nite projective displacement always maps the plane at
infinity onto itself.
N~HmM, Hp~ {Ifl;lﬂ. (4)
_ _ _3. Projective Kinematics
Switching between ambient spaces also means switch-

ing between transformation groups, the consequen(fﬁsthis section, closed form expressions for the mo-

of which will be illustrated now. For robotics, coordi-,. ) : . )
: : tion and kinematics of a robot manipulator are recapit-
nates and transformations being homogeneous allows )
. . .“ulated, where the chosen formalism based on the expo-
displacements to be linearly represented by matrixes

T € SE(3) at a price no higher than adding a fourtlﬂresr,:t:ilec:ixaigstlcf :;g?}%?;?]'sn;rd?(;j[:c'g\loiil’r';e_
coefficientl and a fourth row(0,0,0,1). For com- 9 broJ

puter vision, coordinates being homogeneous and prmat|cs introduced subsequently. In contrast to the pop-

" . A . War Denavit-Hartenberg method, the joint-transforms
jective allows perspective projectiba being actually

) o i are expressed relative to a single reference frame: here
non-linear —, projective reconstruction (3), or a gerj-

eral projective transformation (“homographies”) to b metric) camera space. Therefore, switching the ambi-

. . . .__ent space from metric to projective allows to elegantly
linearly represented by matrix equations. The price IS . . . h
d directly generalize to a projective formulation of

no h|.gher than allowing a free scalar in aII_ vectors an@bot kinematics. Its building-blocks are “projective
matrices, e.g. alhM solve the reconstruction (3).

i +7" rotations” which represent elementary revolutions of
Consequently, a x 4 homography in projective the joints.

space has 15 degrees-of-freedatof), thus requires
five points to be completely defined, in contrast to
three points required to define a displacement. Her‘bééing located at points; and having unit directions
we only sketch a linear method to determine a homog— ) o :

. . . . . i, determine twistsT'r; [4] which act on camera
raphy given five 3D-pointsA,, and their coordlnatesS ace as a pure rotatiah, (6;) (| ]« is 3 x 3 anti-
B, after atransformation, e.g. a motion or a change P > ap RilVe x

p ’
. . symmetric form).
perspective. For greater detail consult [2].

= W; Wil C; ~
MAp,=HB,, p=1,...,5 Tr= [[ T]X | ]OX }v Tri = exp(0;Tr;). (6)

(0]
B=[Bi B; By Bi], A=[A, Ay A3 Ad], Therefore, given a general joint-space motjoda RS,
H =A"'B, D =diagA1, A2, A3, Ag) the revolutions of all joints can be concatenated to a
product-of-exponentialpp#é [5], describing the end-

For concreteness, consider a robot at the orzgim
= o of its joint-angle spacg < RS. Its joint axes,

_ / L
H =~DH, DA; = HBs. effector’s displacement
In particular, the fix homographic relatioH oz be- 6 .
tween projective and metric camera space determines a T(q) = H exp(0; Tri) (7)
projective camera framedhat can be imagined as five i=1

points in rigid linkage with the cameras. ThereforeQbviously, for the robot haveing moved to a config-
rigid displacement¥ 7 in metric camera space act oruration @ other than zero, the twists change say to
projective camera space apmjective displacementsTRj(Q), reflecting the axis’ new locations. Thus the
Hrr, a group of homographies conjugatedd(3). formulation of the robot Jacobian in (8) describing the

2The image plane of a pinhole camera is commonly representgorl_]d_eﬁecmr s velocity for the robot & and driving

as a 2D projective plan®2, such that homogeneous coordinatedOiNt-velocity g:

Az, My, \2)T ~ (x/z,y/2,1)T represent a point and implicitly N 4
its perspective projection. T(q) =01 Tr(Q) + - +06Tre(Q). (8)




Let's now consider what happens to the above formin practice (13) is used to define and calculate the for-
lae if we switch to projective camera space, where tlveard kinematic map and (15) is used to calculate the
interested reader is referred to [3] or [6] for greater dgrojective model of a joint from a single trial motion.
tail. Forma”y, the prOjeCtive robot motion writes sim- As in the metric case (8), an Operaﬁgr}% repre-

ply asH(q) = HpT(q)Hps (5), (7). Moreover, sents a joint in the spatial position it has at zero, but
the fact that all revolutions are represented in camegso encodes how this rotation acts on projective cam-
space permits also to conjugate the inner factors of tBea space. For the robot having moved to configuration
poe(7). So, a new formulation of forward kinematich, the projective model gives also the necessary up-
is obtained which is purely projective in the sense thghte to the axis’ new locations (CTz;(Q)):

each exponential represents a joint revolution relative

to projective camera space as only ambient space: I:IRi(Q) — [Hi(Q)I:IRi[Hq;_l(Q); where (16)

6 i
H(q) = Hpg [ [ exp(6i Tri)Hpe ) Hi(Q) = [ [ e%™", andHgi(0) = Hgi.  (17)
i=1 Jj=1

6 6
_ H:lexp 0,1 i VH gy = Hgi(6;) (10) In practice, this formalism is used in projective robot-
H ro xP(0:Tri) H @) calibration (section 5.1.) and in the computation of the

Jacobian matrix (section 4.1.).

i=1 i=1

Having a closer look at therojective rotationd r(6)
in (10), (see [3]) for greater detail, reveals that each of
them gives rise to a one-parameter group of homogras
phies, which is algebraically characterized byJts-

dan matrixJ ; and respectivdordan decomposition  In this section, we derive and explain the relationship
b -sin b between velocities of joint-space motion, projective
Ccos =sin

Hp(0) = H TS |:sigc9 cos 0 §§} T,Hp, (11) Motion, andimage motion. We will formulate a control
0 0 01 law in projective camera space that allows for directly
H;l Jr(9) Hj, (12) servoing robot joint velocities using video-feedback
. from a rigid but uncalibrated stereo rig.
whereexp(§Tr) = T;'JgT,; (10). We can inter-
pret this geometrically like: firsHps changes from 4 1 Projective motor-image Jacobian
projective to metric camera spack,; changes rigidly

;Oalzli f;arr;: tvr\]'g(?jzéx;i;i‘:‘) r?ri]nt:]heisj?rlgﬁnae)(lsﬁ:vcgvz_r The Jacobian matrix will be derived as a closed form
YR J ’ ‘expression, depending on the robot’s current configu-

an entirely projective representation (12) cannot SeP&tion q(t) and the current coordinate() of the

rate the cal|brat|?erE, sm%e camera and I(memémcconsidered 3D point. Its model parameters are the
parameters are “scrambled” ;. All the same, the -

groupsH » (6) being conjugate forms dfx(6), a ma- projective operator¥l z; representing the joints. The

trix representation 0§O(2), form a Lie group. having projective kinematic model is update in (18) for the

. X .. Jobot now at a general configuratiéhusing updated
a Lie algebra (14) and an exponential form (13) WI'[FI o ) - i
closed-form solution in “Rodrigues-forf” operatordH i;(Q) described in (16). Since currently

Q = q(t), all exponentials obviously evaluate to iden-
Hp(6) = Hr 4 sindF g + (1-cos0)E2, (13) tit_y, such that the partial derivatives Bf(q¢ — Q) (18)
with respect td; actually equal the updated operators:

Visual Control
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Therefore, we propose these Lie algebras as a faithquI(q -Q)= };[1 xp ((qi’ - Q) R”"(Q)) » (18)
and purely projective representations of revolute joints.
Fortunately, their matrix representation can be recov- H(q(t) — Q) _ 3 OH(qi(t) — Q;) 99
t 0;

ered from a group element other than by an unstable d p 0 ot’
Jordan decompositiorfs: 6
Hp = O] Silng(HR—HE{l),COSH = %(tr Hpg-2). (15) H(q) = 2_297 Hri(Q), atq(t) = Q. (19)

SCf. I+ sinf + (1 — cosf)[w]?% to go fromso(3) to . _ .
50(3). simblwl 4 (1= cosb)lwli 0 g o) Equation (19) is to be read: for a general articulated

“Cf 51— (R — RT)to go fromSO(3) to so(3). motion at an instant, a “velocity” of projective end-



effector motion is obtained as instantaneous linear sti2. Control law
perposition of velocity components caused by each of

the joints. Finally, we explicit a control law based on the pro-
Consider now a 3D-poimd/ undergoing the trajec- jective kinematic formalism. It controls the joint-

tory H (g(t)) M. A matrix form of M, its “velocity” velocities of the robot arm in order to move the tool

in projective camera space, follows immediately, agatn a desired workspace position. The latter is implic-

an instantaneous linear superposition (21) itly specified by the image targets’, s'*, i.e. the
. Hla(t) — O\M  OH(q — O\M image projections of tool markers pre-recorded at the
M = (a(t) ~ Q) = (a-Q) -q, (20) goal. The feedback consists of the current left- and
dt 99 ight i ’ of the mark h d
X R e right imagess, s’ of the markers, as they are extracte
= [HRl(Q)M, . HRG(Q)M] -q. (21) from the video stream. Along the lines of [8], a law
Tt 2) with exponential convergence rate (Fig. 6) is obtained

by applying joint velocitiesy that impose the image-
The free scale\ in the projetive reconstruction of eachvelocitiess, s’ to be proportional to the current error
point (3) allows the velocity of a point to be definedrectorss* — s, s'* — s’, and so leveling it down to zero
likewise up to this scalar, only [3]. This unpleas- . n
ant ambiguity however vanishes as soon as its image- S} - 3}* J/(Ml’ Q)

projectionss = G(PAM) (22) and yhe respective im- 51751 J'(My,Q

age velocitys = dG(PM ((t))/dt are considered: g=—| %27 %2 J EMQ’ Q
(

|
sy—s," | |7(M.Q) (@5)
. dG(m) P -y s3—s3* | | T (M, Q)
_ _ f mi/m _|m m
= e = () Som l 0 A - sy—si") [I(Ms.Q)
3 "(m)_ The Jacobian matrix is of size x 6, wheren is the
90G(PM 9G(P'M ¢ number of control points, but for the Jacobian matrix
5= 9G(PM) )PM, 8= (7/)P’M to be non-singular generally at least three points are
h/—/am ﬂ,_/ required. Intuitively, a pair of image-velocities for a
I (M) I3 (M) single point results througlip, Jp: in @ 3D point-

(22) velocity, thus further constrains the solution through
Jy to a 3dof linear form of joint-velocities. A sec-
Globally, the Jacobians of perspective projectiin  ond pair however, due to an additional rigid constraint,
Jp, and that of articulated motiod combine t0 results just in a Zof pencil of 3D point-velocities,
the motor-image Jacobiang(M, Q) andJ’ (M, @), thus constrains the solution to adbflinear form. The
which once again show an instantaneous linear supgird pair, taking into account further two rigidity con-
position of the image-velocities caused by each of tRgraints, fixes the lagiof of the solution. The used
joints: pseudo-inverse assures a best-fit to the desired “linear”
§=Ja(M)I(Q, M) ¢=3(M,Q)-q, (23) imgge.-velocities in the least-squares sense. A constant
. gain yields exponential convergence.
- 9i~[J M)Hr(Q)M| . 24
; (M (Q) 2x6 @9 5. Experiments

It is most important to understand thlacobian as a
sound analytic expressidn @, M. Itis sound for an A number of experiments including self-calibration of
arbitrary configuratior) of the robot and for an arbi- @ robot (the robot moves its articulations, one by one,
trary pointM, e.g. on the tool. Therefore, it allows forin front of an uncalibrated stereo rig) and a visual ser-
global visual seroving since it is valid over the entir&0ing experiment (the target position and robot trajec-
configuration space and allows for arbitrary shapes tfries are specified in the image planes) will illustrate
the tool to be recovered on-the-fly. In contrast to exhe interest of the new paradigm outlined in this paper.
isting formulations of visual servoing, the Jacobian is Throughout all the experiments, the input data con-
neither an on-line estimated linear model [7], nor an aists of the image-points of four white markers on a
priori given approximation around the target [8], [9]black plate which is rigidly attached onto the end-
Above that, metric-representations, which would resffector. They are extracted from the raw images by
quire a-priori calibration, were successfully eliminatefirst thresholding the intensity image and then localiz-
in favor of projective camera space and projective kinéag the centers of gravity with sub-pixel accuracy. Ad-
matics. ditionally, the robot’s joint-configuratiog(t) is read



for all j min>"d (57, Pexp(6" — 0" Hey) M) +d (7%, P exp((0°F — 0 Hr) M), (26)

Hp;
i iy, 230 (o1 P Har () Mo+ (7P Har () Mo @)

all Hy;

J(,
4% g)—> projective @Mm) M,
o motor-to-image . My Mg
$.6.8 Jacobian matrix I@ M)
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Figure 1: Schema of the projective kinematics based vis
control law.

at each time: a stereo images pair is taken. For th
sake of simplicity, we use single letters to genericallj
denote all four points:M for the reconstructionm,
m/’ for its theoretical, ang, s’ for its actual image-
measurements in pixel coordinates.

5.1. Recovering Projective Kinematics Figure 2: The image data of the six trial-motions.

The basic principle is to define an objective functiognd the proiective imaae points. which are a func-
which takes model parameters and physical measuf pro) ge p '

. . " . ion of the model parameters. For the sake of simplic-
ments, while at the same time giving a physicall

. LS . . 1ty, we used to denote the total error over the four im-

meaningful error measure. Minimizing this objective
. ) age measurements.

then determines a best fit of model parameters. Pro=
jective quantities, such as reconstructidis allow a- 2 2\ 1/2
priori only an “algebraic” error to be defined, whichd(s,m) = ((Su - m) + (Sv - %ﬁ) ) - (29)
lacks a physical or statistical meaning. In our case,
the measurements are the robot joint angles, and thd-or concreteness, consider thie= 1...6 joints
measured pixel-coordinates of the markers’ imageand a trial motion (Fig. 2) of each joinptfrom con-
The angles are considered accurate, whereas the imfigerationg’' to configurationg;’*, where all but the
measurements are assumed to be disturbed by randdfnjoint remain locked, which itself moves from an-
Gaussian noise. Therefore, the main objective to lpée #7' to angles¢’*. The positionsg’! are chosen
minimized is the Euclidean pixel distanéés, m) be- in order to obtain nice circular trajectories in the im-
tween the actually measured image poits (s,,s,) age. Analogously, the reconstructed markers in the



agiuess can be obtained from the results of the first step

Table 1: Res_ults of projective robot callbrat_lon. Note, th.using the formalism in (16). In addition, the multiply
angles and link length result from upgrading to a metric

model, subject to stability matters. reconstructed markers are replaced by a single a-priori

fix free reconstructioq, e.gMq = M;. Thus, step two re-
residual 3D-points 3D-points flects tha’F the joints are part of one and the_sgme _artlcu-
image-error | image-err [px]| image-err [px] Ia_ted_chaln and that the four markers Qre rlglc_jly linked
s 1 055 013 with its end. As a results, we get a first estimate for
) O. 12 O. 0 the total of 60 parameters in the projective kinematic
axis : - model after minimizing equation (27).
axis 3 0.15 0.09 . . :
- In an additional third step, also the 3D-coordinates
axis 4 0.16 0.12 - .
. of points M, are allowed to vary and are refined a-
axis 5 0.16 0.10 . . ) .
XIS 6 024 016 posteriori together with the kinematic parameters (28).
_ - = ' = This removes the bias resulting from a-priori privileg-
axisangles | Factory[’] [ Lab[’] | ing pointsM, as done in (27) and (26), and effectively
axis 1, 2 90 89.72 improved precision (Table 1). In order to evalute the
axis 2, 3 0 0.28 metric dimensions “hidden” by the projective model,
axis 3, 4 90 89.71 we have also quoted in Table 1 the results of a re-
axis 4,5 a0 90.002 cent experiment on self-calibration of aa8bli RX90
axis 5, 6 90 90.10 robot having a PUMA-alike geometry [11]. There,
[ link lengths | Factory [mm]] Lab[mm] | the camera parameters and kinemati_c parameters are
Tk 1 0 05520 separated such that the robot's Denavit-Hartenberg pa-
. : rameters can be recovered up-to-scale. Conclusively,
link 2 (scale) 400 400 T . X .
- a projective calibration of the robot has been fit that
link 3 800 800.5457 : ;
K 0 00633 agrees with the measurements down to their absolute
I! S 0 0'0347 precision, i.e. subpixel-accuracy of the markers. A
n i metric self-calibration, known for its inherent unstabil-

| link axis 4, 6 | 0.3 | 01895 | ity, shows good agreement with factory-given Denavit-
Hartenberg parameters.

first position are indexed a&f7!, their subsequent 3D-
positions asM7*, and their projective images as’*
andm 7% (2). Hence, givelM7!, all the subsequent

(2), while the operator¥lz; = Hp;(g’") are the un-
known model parameters. Having also indexed the irf™
age measurements a4 ands'/*, the above charac-
terized objective function is obtained in (26). An ini y .,
tial guess is found by applying (15) to a single rot | i

tion. Still, the implementation of this minimization isf® F “=
non-trivial, since the 16 coefficients &f r; have only stereo rig and six-axes robot.
10 degrees of freedom, due to algebraic constrains
free “gauge parameters”. In [10] we devise a min
mal parameterization, together with explicit solution
of the arising constraints. Note that in the experimen
the numerical implementations of equations (26)-(2
are over sets of 10 parameters which expanddtoal
operator.

We devise a three-step estimation process, im t
first of which the jointsH r; Were treated separately,
and the markera/;; were a-priori reconstructed, sep-obot in start-position.
arately for each joint. In the second step, the so_. ) . .
far independent operators are gathered to an explici{:'gure 3: Overview of system for stereo visual servoing
and complete projective kinematic model, expressed in
terms of operators at zeldp; = fIRi(o). An initial

reprojected target image.



Visual Servoing: Image Trajectories Visual Servoing: Image Trajectories. Visual Servoing: Joint Trajectories
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Figure 4: Image trajectories of marker points. R R )

iteration 4

. . L . . Figure 5: Joint-space trajectories.
5.2. Visual Control using Projective Kinematics

We present results obtained with the visual servoing

system under development in the VIGOR-project (ES- i

PRIT LTR 26247). The general setup constists of I = adEnth
an independent stereo camera controlling a six-axes

Stdubli robot RX90. The task under consideration is
a 6-dof alignment of tool and workpiece, in our case

of a welding torch or a gripper and a metal ship-part
(Fig. 3). The alignment is once recorded or just calcu-
lated from CAD-data, and reprojected onto the images
of the work-piece taken at task-time [12]. Also at task-

time, the projective kinematics relating the robot to the s ; -
stereo system is established (section 5.1.). Then run- CE R el P

ning the visual servoing loop of section 4.2. performs

the alignment. Thanks to the precise model estimate, Figure 6: Exponential convergence at different gains.
equations (2) and (18) allow to predict the marker posi-

tions from joint-angle measurements so that the burden

of feature extraction and tracking is greatly reduced,

resultlng n mcrea_sed robustness and_trackmg r"ing\’/‘?s}ible configuration space. The sound relationship be-
Figure 3 gives an idea of the complexity of dlsplaceﬁ—

ments that can be reached. Nevertheless, the resulqueen_Jomt. and image-space prepares the grogn_d for
re intelligent control laws that incorporate joint-

joint-.space trqjector_ies are still very smooth (Fig..5 ace reasoning. So, avoidance of joint-limits, singu-
and image-trajectories are close to the expected Im‘?aigrrities or “Workspac;a limits” (collisions occlljsions
behaviour, as far as rigidity permits (Fig. 4). Addi- ' '

tionally, the gain can be largely varied (Fig. 6) withou‘grOJGCted onto joint-space) become feasible, in addi-

stability of control or robustness of tracking being ret-Ion to optimal control techniques, such as shortest-

; . .2 . path, shortest-time, etc. Last but not least, this formal-
ally affected, allowing even for an adaptive gain with . : o
. ism opens perspectives for the design of “visual mech-
steep close-to-linear convergence.

anisms”, meaning that a camera is assuring by means

) ) of a visual control loop that a visual kinematic con-

6. Discussion straint is respected. For instance the control of a robot
arm reaching through a hole, manipulating without oc-

We have shown how to projectively represent a kineluding the tele-operators’ view, or co-operating with

matic model and how to recover it from image meaa mobile observer robot.

surements only. Neither a-priori knowledge, nor met-

ric information is required. This representation of\cknowledgements

robot kinematics is predestinated for visual control of

arobotin order to perform basic reaching, grasping, §he authors are very grateful towards the European
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