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1 Parameterization of the Image Jacobian

The parameterization of the Image Jacobian is presented for a pinhole camera and a YTDOF
collaborative robot manipulator Kinova Gen3. The proposed adaptive visual servoing algo-

rithm is presented in Table 1.

Table 1: Algorithm for Adaptive Visual Servoing without image velocity measurement

Robotic Z.)v = JLJ(97pv) 0 Py = [p{y a"U}T

System M(0) 6+ C(0,0) 6+ G(0) = Yy4(0,0,6,0) ag =7
JL(0)w =Y, (0,w) aL

Parameterization | J.(0)w = Y,(0,w) a.

jv(evpv) w = YJ_(vavvw) dJ_ - Yz(gvpvvw) dz
_ L)

Regressor Y, (0, py,w) = (a0)> 12 Y, (6,w)

Matrices Y. (0,py, w) = (a0)? (pwys_ oc) Y. (6,w)

2(ay)?

Output error

€o = Pzy — Pzy

Pvd = [p;{yd a'ud]T

€y = Pv — Puvd €xy = Pzy — Pzyd

€a = Gy — Qo4

Robot Control law | 7 = Yy4(0,0,6,,0,) g — Kp o, Kp=K}L>0.
o=0-0,
Cascade Strategy 6, =u

Visual Servoing law

w=JI(0,py) [ Poa — Ko (Po — Doa)] K, = diag{ K., ka}

Adaptive

Observer

ﬁwy = (av)% \‘jj__(pwy_oc""ezy) sz U — Koeo + K:M/ ea:y
Do = [ﬁ{y av]T K, = Kg >0 Kmy = Kfy >0

Adaptation laws

ag=-TqY](0,0,6,,0,)0, Iy=T7>0.

. _ €xy—C€o
a; =T Y] (0,py,u) [ Y 1 r, =1r">o0.
€q

G, = T, YT (0, po, ) [e‘”?"_e"] r.=r17>0.
€a
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1.1 Kinova Gen3 Kinematics

Here the Kinova Gen3 manipulator (Figure 1) is considered.
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Figure 1: Schematics of the Kinova Gen3 7-DoF manipulator
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The Denavit-Hartenberg parameters for this manipulator are presented in table 2.

| Link | @ (rad) [ a (m) | 6 (rad) | d (m) |

0 (from base) ™ 0 0 0.285
1 /2 0 01 0
2 /2 0 | Oat+m | 0O
3 /2 0 O3 +7m | —0.42
1 /2 0 | —6st+n]| O
5 /2 0 0s+m | —0.31
6 /2 0 —0s + 0
7 m 0 07 +m | —0.36

Table 2: Denavit-Hartenberg standard parameters for Kinova Gen3. Parameter d; includes
the distance to the QR~code centroid.

Here, the Kinova Gen3 manipulator is controlled with 4-DoF, through joints 61, 02, 04,
and #g. The remaining joints are considered fixed at 63 = 7, 05 =0, 7 = 0.

Consider the following abbreviations: s; =sin(61), ¢1 =cos(61), sz =sin(62), ca = cos(f2),
Soq4=sin(02—0y4), cog =cos(02—0y4), s246=sin(03—04—0), and co46 =cos(f2 —0s—bg).

Then, the forward kinematics is given by:

Dz c1 (2 52413 524 + 14 S246)
Py | _ | s1(l2 52+ 13 s24+ la S246)
Dz Iy + 13 co 4 I3 ca4 + 14 co46)
® o — 04 — b
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where ¢ is the end-effector pitch, {1 =—dy, lo =—d3, I3=—d5, and 4 = —d7 are the manipulator
links (d; from table 2).
The manipulator differential kinematic is given by:

Dz
Py | — 70)
|-
¢
where J is the manipulator Jacobian:
—51(l252 + l3524 + ls5246)  c1(laca + I3coq + lacass)  —ci1(lzcas + lacoss) —cilacass
J(0)= —c1(l2s2 + U3824 + las2a6)  —s1(laca + l3c0a + lacoss)  s1(l3c2a + lacass)  s1lacoae
0 —(l2s2 + 13524 + l45246) I3524 + 45246 lys246
0 1 -1 -1

1.2 Kinematics Model

First, consider the following equation for the differential kinematics of position p, of the target
as seen through a pinhole camera, where the target is attached to the end-effector:

e ] | @)L= ey —0e) ) | -
=[] - [ P 0= N0 0 .

where J, (6, p,) is the image feature Jacobian matrix, with J, =K, J(0) and J, =LK, J(0)
being the image plane and depth Jacobian matrices, respectively; J(#) is the position Jaco-
bian, o. = [320,240]7, B € R* is the depth-to-area transformation constant given by,

1
w(t) 2(t) =5 ¥, (2)
and, K, and K, are given by
fa 0 0
Km:[o fo o | B Kp.=[0 0 1] Ry, (3)

where f >0 is the focal length of the camera lens a €R is the camera scaling factor in pizels
per unit of length. Rp. € SO(3) is the rotation matrix of the camera frame with respect to
the base frame.

In the following sections, we present the planar and depth parameterizations of the ex-
perimental setup.

1.3 Parameterization of the Planar Jacobian J;

Considering the parameter vector a given by:

[ar, | [ Bfacos(p) ]
ai, I3 8 f a cos(o)
ai, | | luBfacos(o)

T an, | T | kBfasing) |
ai, I3 B f a sin(¢)

L ais | | laBfasin(e) |
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the Planar Jacobian J, = K, J(#) is given by:

where

iy,
i,
1,
i
S
JJ-22
JJ-23
JJ-24

J, = Jig Jin Ji Jiy
JJ-21 ']J-22 JJ-23 JJ-24 ’

—Q],5152 — 01,51524 — (13515246 — A1 ,C152 — Q] ;C1524 — G 4C15246,
G1,C€1C2+ a]1,C1C24 + A1 4C1C246 — A1, 51C2 — G1551C24 — G 151C246,
—Q1,C1C24 — Q] 4,C1C246 + A1 581C24 + Q1 4S1C246,

—Q5C1C246 + A1 451C246,

11,8182+ 4181524 + G14515246 — G1,C182 — Q1 ,C1824 — A1 5C15246,
—a],C1C2 — A 15C1C24 — Q1gC1C246 — A1 151C2 — A],51C24 — A1 351C246,
a15C1C24 + Q1 4C1C246 + A1 ,51C24 + Q1 581C246,

a1C1C246 + Q1 351C246-

Then, considering the control signal u = [u; us u4 ug)", we can parameterize

where

and

JJ_(Q) u = YJ_(Q,U) a |

_ YJ-11 YJ-12 YJ-13 YJ-14 YJ-15 YJ-16

Y, = YJ_21 YJ_QQ YJ_% YJ_24 YJ—25 YJ_% )
Yi,, = —sas1u1 + cacrug,
Yi, = —sasiur + cauci(uz — ug),
Y, = —saesiur + caueci(uz — ug — ug),
Yi,, = —sciu1 — sicoug,
Yi,, = —saaciui — caas1(ug — uq),
Yie = —saeciur — sicaa6(uz — ug — ug),
Yi,, = —cisour — casiug,
Yi,, = —s2ciug —causi(ug — uy),
Yi,, = —saeciur — 624681(u2 — ug — ug),
YJ-24 = S251U1 — C2C1U2,
Yi,, = susiur — caci(u — ug),
Yi, = s24681U1 — c246C1(u2 — Ug — Ug).

1.4 Parameterization of the Depth Jacobian J,

Consider the parameter vector a, given by

Az ) /3
a, = Azy = l3 /B
Azs ly ﬁ
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The depth Jacobian J, = SK,.J(0) is given by:
Jz = [ le ng ng JZ4 ]7
where

= 0,

= T0z 82 = Az 524 — (235246,

[y

= (;,524 + Gz35246,

w

|

N

=  (235246-
Then, considering the control signal u = [u; ugz uyg UG]T, we can parameterize
J(0) u=Y,(0,u) a.

where
Y, = [ —Soug  —Soq(ug—ug) —S246(u2—ug—ug) ]
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