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Abstract  

This paper proposes a methodological framework for trajectory generation in projective space. The framework 

en-ables trajectories that respect rigidity constraints of structure and motion, that are furthermore uniform and 

optimal in terms of Euclidean configuration, eventhough no camera calibration is assumed.  

In a projective reconstruction of the scene, obtained e.g. from an uncalibrated stereo-rig, the homography 

between corresponding feature points on a rigid object in different positions is employed to represent its spatial 

configuration. From its algebraic structure -it is similar to a rigid motion -decoupling of rotation and translation, 

and uniform interpolation of trajectories are derived.  

Speaking in robotic terms, the merely point-to-point definitions of goals, as present in current approaches to vi-

sual servoing, are extended to a guarded motion along via points on complete-path trajectories which result from in-

terpolation of a demanded type of motion. Translationonly, rotation-first, rotation-last task-functions are further 

explicited.  

 

Introduction and motivation  

Computer vision in robotics started as off-line system for part-or landmark-recognition, trajectory planning or mobile 

robot navigation, and computer-aided quality control. From the continuing increase in the capabilities of these 

systems and especially from the decrease of run-time towards real-time, the integration of computer vision into the 

on-line loop has become feasible. In consequence, the do-main of vision systems has extended to object detection, 

object tracking and pose estimation for the purposes of obstacle avoidance, target tracking, execution monitoring, 

and finally for position-based control. The respective control laws run an open loop which consists of successive but 

well separated stages, one for determining the position of the manipulator and one for correcting this position by 

actuator motions towards the control objective. These approaches are classified as “look-and-move” [6].  

1.1 Closed-loop image-based approach  

Further reduction of cycle time nowadays allows a full integration of dynamic visual sensor input into closed-loop 

feedback control [3]. In contrast to open-loop control, a closed-loop is less sensitive to inaccuracies in calibration, is 

robust to disturbances during execution, requires however careful design of its dynamics in order to ensure con-

vergence and stability [12]. Indeed, such dynamic visual servoing systems have recently been developed. They are 

called ”image-based”, since the target is given merely in terms of images, e.g. by a set of image points, since the 

error-function is a distance between the current and the desired configuration of these image points, and since the 

control-law reduces this error by servoing a robot in closedloop mode without explicitely determining pose or spatial 

structure [5]. For these control-laws, local convergence and stability in presence of calibration errors has been 

demonstrated [2]. The principal deficiencies are that these approaches enable only point-to-point goals, that 

trajectories are not further confined, particularly that they are not optimal, that vanishing features due to occlusion or 

loss of focus often result in divergence, and that even in case of complete visibility convergence is guaranteed only 

locally. All these are consequences of the fact that rigidity of structure and motion is no longer ensured when 



calculations are solely image-based. More figuratively, the straight-forward descend on the gradient of image error in 

P-controllers does not “look-ahead”. So, either local minima might trap the controller before reaching the final goal 

or sudden changes in error due to occlusion or loss of focus cause divergence. Furthermore, trajectories induced by 

image-based gradient descend are neither physically valid nor optimal, i.e. they tend to deform structure by violating 

rigidity of motion and additionally fail to constrain motion to the shortest path towards the goal and direction of 

approach. 

 

1.2 Generic task-functions  

In this paper, we propose a method for complete-path goal definition and subsequent generation of optimal 

trajectories for image-based visual servoing. Although just weakly calibrated stereo-rigs are assumed, trajectories 

respect rigidity and guarantee shortest path-to-goal. At first, trajectories are calculated in projective space from a 

spatial reconstruction of the scene. They are later reprojected to the images  

to serve as set-points for image-based control.  

The investigated classes of complete-path trajectories  

W  
z  

y  

include translation-only, parallel-translation, rotation-first, rotation-last trajectories. A Cartesian-move mode in pro-

jective space should also be feasible. These occur quite often in pratice. For instance, the list of orders given by an 

operator in video-based telemanipulation constitutes 
w 

generic robotic tasks that correspond to certain trajectory 

classes:  

 
optical 

axis 

 

Figure 1: Pin-hole camera model.  

2.2 Intrinsic geometry  

A canonical affine frame D is attached to the video-camera (CCD), such that the u-v-origin is the pixel origin, the u-

axis is parallel to pixel columns, the v-axis is again parallel to image scan-lines, and the w-axis is parallel to the 

optical axis with unit length f in negative z-direction. Units on the u-and v-axis are in pixel of width 1/ku and of 

height 1/kv . The transition from camera-frame C to video-frame D is by the affine transform A (Fig. 1).  
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(1)  

The deviation of the u-axis from orthogonality to v introduces a affine skew in the focal plane by kuv .  

2.3 Image projection  

In D, normalization with γ yields affine space coordinates [U, V, W]
T 

of N . Normalizing with γW results in image 

coordinates [u, v]
T 

in pixel.  
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. • grasp object, e.g. fix, load part  

. • lift object, e.g. car disassembly  

. • put-down object on table, e.g. surface mount  

. • insert peg into hole, e.g. plug in socket  

. • turn object, e.g. turn valve  

. • drag object, e.g. move heavy load  

. • parallel alignment of tool to target, e.g. driver to screw  

. • perpendicular alignment of tool and planar target, e.g. drill normal to surface  

. • angular alignment of tool and target, e.g. spray-can normal to surface  
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focal plane (Fig. 1) .  
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: S
crew

-g
eo

m
etry

 o
f a rig

id
 d

isp
lacem

en
t o

f a g
rip

p
er (so

lid
 lin

es). T
h

e d
isp

lacem
en

t in
 th

e o
rig

in
al fram

e is d
raw

n
 in

 d
o

tted
 lin

es, th
e resp

ectiv
e screw

 d
isp

lacem
en

t in
 

d
ash

ed
 lin

es.  

w
h

ere γ
 is an

 arb
itrary

 scale facto
r. S

T
 rectifi

es p
ro

jec
tiv

e co
o

rd
in

ates, su
ch

 th
at tran

slatio
n

 is o
f u

n
it len

g
th

 in
 z

-d
irectio

n
.  

A
lg

eb
raically

 J
T

 is ch
aracterized

 b
y

 d
e
t (J

T
 )=

 1
, tra

c
e

(J
T

 )=
 4

, th
e q

u
ad

ru
p

le eig
en

v
alu

e �
 =

1
,an

d
 th

e d
im

 =
3

eig
en

sp
ace E

1
 =

[x
, y

, z
, 0

]
T

 , w
h

ich
 sp

an
s 

p
o

in
tw

ise th
e p

lan
e at in

fi
n

ity
 �

�
 T

 =
[0

, 0
, 0

, 1
],w

h
ich

 is at th
e sam

e tim
e th

e eig
en

sp
ace’s o

rth
o
g

o
n

al co
m

p
lem

en
t  

�
�

 T
  

E
1
 =

0
. F

ro
m

 d
u

ality
, th

e p
lan

e tran
sfo

rm
atio

n
 co

rresp
o

n
d

in
g
 to

 H
T

 fo
llo

w
s as  

⎞
⎡   

1
0

 0
0

 H
T

 −
T

 0
0
�

 

=
1
/γ

 S
T

 −
T

 ⎦  0
1

 ⎣  S
T

 T
 , (1

0
) 

⎤  0
0

 1
0

 0
0
−

1
1

  T
 



N
o

w
, th

e d
u

al eig
en

sp
ace E

−
T

 =
[x

, y
, 0

,t ]is th
e su

b
 

1
  

sp
ace o

f p
lan

es p
arallel to

 th
e tran

slatio
n

, in
clu

d
in

g
 th

e p
lan

e at in
fi

n
ity

, an
d
 th

e o
rth

o
g
o

n
al co

m
p

lem
en

t N
 �

 =
 [0

, 0
, 1

, 0
]

T
 is th

e d
irectio

n
 o

f tran
slatio

n
.  

T
h

e tran
slatio

n
 d

irectio
n

 is in
 th

e p
o

in
t eig

en
sp

ace E
1
 as w

ell as th
e p

lan
e at in

fi
n

ity
 is in

 th
e p

lan
e eig

en
sp

ace E
−

T
 . 

1
  

A
lth

o
u

g
h
 th

ey
 can

n
o

t b
e d

istin
g

u
ish

ed
 fro

m
 an

y
 o

th
er v

ec
to

r o
f th

e eig
en

sp
ace, th

eir p
ro

p
erty

 o
f b

ein
g
 o

rth
o

g
o

n
al co

m
p

lem
en

t o
f th

e resp
ectiv

e d
u
al eig

en
sp

ace 

allo
w

s th
eir calcu

latio
n

 fro
m

 a g
iv

en
 H

T
 . W

e w
ill p

ro
p

o
se an

 effi
cien

t alg
o

rith
m

 fo
r d

o
in

g
 so

 in
 sectio

n
 4

.  

T
h

e sim
ilarity

 o
f H

T
 to

 J
T

 b
y

 S
T

 im
p

lies d
irectly

 d
e
t (H

T
 )=

 γ
, tra

c
e

(H
T

 )=
 4
γ

, a q
u

ad
ru

p
le eig

en
-v

alu
e �

 =
 γ

, an
d

 a tran
sfo

rm
ed

 eig
en

sp
ace E

γ
 =

  

S
T

 −
1
 

[x
, y

, z
, 0

]
T

 . A
n

alo
g

o
u

s arg
u
m

en
ts ap

p
ly

 to
 th

e d
u

al tran
sfo

rm
. In

 th
e fo

llo
w

in
g

, w
e in

tro
d

u
ce a red

u
ced

 p
aram

eteriza
tio

n
 fo

r a p
ro

jectiv
e 

tran
slatio

n
. B

ased
 o

n
 th

is, th
e g

eo
- 

F
ig

u
re 4

: P
ro

jectiv
e tran

slatio
n

 H
T

, m
ap

p
in

g
 p

o
in

ts M
i(0

) o
n

to
 M

i(1
) . T

h
e eig

en
sp

ace o
f th

e p
o

in
t-tran

slatio
n
 H

T
sp

an
s th

e p
lan

e at in
fi

n
ity

 �
1

, e.g
. w

ith
 th

e v
an

ish
in

g
 p

o
in

ts o
f 

co
o

rd
in

ate ax
is �

x
, �

y
, �

z
as b

asis. T
h

e eig
en

sp
ace o

f th
e p

lan
e-tran

slatio
n
 H

,Tis sp
an

n
ed

 b
y

 th
e p

lan
e at in

fi
n

ity
 an

d
  

T
tw

o
 p

lan
es p

arallel to
 th

e tran
slatio

n
, e.g

. �
1

, �
x
T

, �
y
T

an
d

 th
e v

an
ish

in
g
 p

o
in

t o
f th

e tran
slatio

n
 �

T
is th

e in
tersectio

n
 o

f th
ese th

ree p
lan

es.  

m
etric in

terp
retatio

n
s o

f th
e p

aram
eter v

ecto
rs fo

llo
w

 easily
 an

d
 a facto

rizatio
n

-b
ased

 alg
o

rith
m

 fo
r affi

n
e au

to
calib

ratio
n

 o
f a stere

o
-rig

 is d
eriv

ed
. T

h
en

, a w
ay

 

to
 calcu

late th
e p

ro
jectiv

e tran
slatio

n
 b

etw
een

 a g
iv

en
 p

o
in

t p
air an

d
 th

e d
eco

m
p
o

sitio
n

 o
f a g

en
eral p

ro
jectiv

e d
isp

lacem
en

t in
to

 ro
tatio

n
 an

d
 tran

slatio
n

 is 

sh
o

w
n

.  

A
fter th

at, th
e task

-fu
n

ctio
n

 o
f tran

slatio
n

al m
o

tio
n

 is e
x

p
licited

. T
h

e o
ften

 fo
u

n
d

 p
o

in
t-to

-p
o

in
t d

efi
n

itio
n

 o
f a p

o
sitio

n
in

g
 task

 is ex
ten

d
ed

 to
 a rig

id
 tran

slatio
n
 

o
f 

th
e 

co
m

p
lete 

o
b

ject 
alo

n
g

 
a 

co
n

tin
u

o
u

s-p
ath

, 
w

h
ich

 
y

ield
s 

a 
g

lo
b

ally
 

ad
m

issib
le 

task
-fu

n
ctio

n
 

in
 

th
e 

im
ag

e 
d

o
m

ain
. 

T
h

e 
u
n

ifo
rm

, 
sh

ap
e
-p

reserv
in

g
 

in
terp

o
latio

n
 o

f im
ag

e trajecto
ries an

d
 th

e in
co

rp
o
ratio

n
 o

f a-p
rio

ri v
elo

city
 p

ro
fi

les are fi
n
ally

 d
ev

elo
p

ed
.  

3
.1

 R
ed

u
ced

 p
a
ra

m
eter

iza
tio

n
  

In
 th

e n
ew

 fo
rm

, th
e n

u
m

b
er o

f p
aram

eters o
f H

T
 red

u
ces to

 eig
h

t, fo
u
r o

f th
em

 are fi
x

 fo
r all tran

slatio
n

s, th
e rem

ain
in

g
 fo

u
r ch

aracterize th
e p

resen
t tran

slatio
n
, 

p
lu

s an
 arb

itrary
 scale facto

r.  

A
fter w

ritin
g

 th
e co

lu
m

n
s o

f S
T

 −
1
 as c

i, th
e ro

w
s o

f S
T

 as r
i T

 , an
d

 sep
aratin

g
 th

e id
en

tity
 m

atrix
 I , eq

u
atio

n
 (1

0
) b

eco
m

es:  

�
 �

⎞
 ⎡⎛

⎛
  

0
0

0
0

 ⎠
⎦  0

0
0

0
 �

⎜
 ⎜

 

H
T

 =
 γ

 �
 S

T
 −

1
 ⎠

I +
⎤  ⎣⎝

 S
T

 ⎝
 (1

1
) 

0
0

0
1

 0
0

0
0

  

�
⎞

 ⎡⎞
 

T
 ⎡⎛

  



1
  

T
  

⎠
⎦  �

⎦  r
2

 �
⎜

  

=
 γ

 �
 I +

⎤  c
1

 c
2

 c
3

 c
4

 ⎣  E
3
4⎤  T

 ⎣⎝
  

3
  

T
  

4
  

=
 γ

 I +
c

3
 r

4
 T

 �
 (1

2
)  

=
 γ

 (I +
H

0). (1
3

)  

T
h

e v
ecto

rs c
3
 an

d
 r

4
 h

o
w

ev
er are n

o
t fu

lly
 in

d
ep

en
d

an
t: tra

c
e

(H
T

 )=
 4
γ
 fo

llo
w

s fro
m

 sim
ilarity

, an
d

 co
n

seq
u

en
tly

 tra
c
e

(H
0)=

 0
. T

h
is can

 lik
ew

ise b
e seen

 

fro
m

  

r
4
 T

 c
3
 =

0
, (1

4
)  

sin
ce S

T
 S

T
 −

1
 =

0
. H

en
ce, H

0
 is a “zero

”-m
atrix

 in
 th

e sen
se th

at it h
as ran

k
 1

 an
d

 trace 0
.  

3
.2

 P
la

n
e a

t in
fi

n
ity

  

A
s sh

o
w

n
 in

 sectio
n

 2
.6

, r
4
 is th

e p
lan

e at in
fi

n
ity

 �
�

 in
 th

e p
ro

jectiv
e fram

e R
. M

u
ltip

ly
in

g
 (1

2
) fro

m
 th

e left r
4
 

T
 H

T
 =

 γ
 r

4
 

T
 sh

o
w

s th
at r

4
 

T
 is a left 

eig
en

v
ecto

r o
f H

T
 ,i.e. r

4
 is eig

en
v

ecto
r o

f H
T

 −
T

 to
 eig

en
v

alu
e 1

/γ
.In

 g
eo

m
etric term

s, r
4
 is a fi

x
ed

 p
lan

e o
f th

e p
lan

e
-tran

sfo
rm

  

H
T

 −
T

  

. W
h

at is m
o

re, r
4
 is a p

lan
e o

f fi
x

ed
 p

o
in

ts, as is easily
 seen

 b
y

 m
u

ltip
ly

in
g

 (1
2
) fro

m
 th

e rig
h

t b
y

 a p
o

in
t M

 in
 th

is p
lan

e, i.e. b
y

 a p
o

in
t w

h
ich

 satisfi
es 

r
4
 T

 M
 =

0
.  

3
.3

 V
a
n

ish
in

g
 p

o
in

t  

A
n

 en
d

lessly
 co

n
tin

u
ed

 tran
slatio

n
 o

f an
 affi

n
e p

o
in

t N
(t ) alo

n
g
 d

irectio
n

 v
ecto

r �
=

[u
, v

, w
]

T
 resu

lts at th
e lim

it in
 th

e “v
an

ish
in

g
 p

o
in

t” N
�

, w
h

ich
 

co
rresp

o
n
d

s to
 th

e d
irectio

n
 o

f tran
slatio

n
  

⎞
 ⎡⎞

⎡   
U

 +
 tu

 u
 �

⎦  v
 �

  

⎦�
 

N
�

 :=
 lim

 N
(t ) =

 lim
 ⎦  V

 +
 t v

 =
 ⎦ �

 . (1
5

)  

⎣⎤  w
 ⎣  



t∞
�

 t∞
�

 ⎤  W
 +

 tw
  

1
0

  

It o
b

v
io

u
sly

 lies in
 th

e p
lan

e at in
fi

n
ity

 P
i �

 T
 N
�

 =
0

.Its im
ag

e P
N
�

 is called
 “fo

cu
s o

f ex
p
an

sio
n

” o
f th

e g
iv

en
 tran

slatio
n

.  

In
 th

e affi
n

e fram
e o

f (1
0

), tran
slatio

n
 is alo

n
g

 th
e z

-ax
is an

d
 th

e v
an

ish
in

g
 p

o
in

t b
eco

m
es N

�
 =

[0
, 0

, 1
, 0

]
T

 .G
o

in
g

 b
ack

 to
 th

e p
ro

jectiv
e fram

e R
 b

y
 S

T
 −

1
 

sh
o

w
s th

at th
e co

lu
m

n
 c

3
 ap

p
earin

g
 in

 (1
2

) h
o

ld
s th

e p
ro

jectiv
e co

o
rd

in
ates M

�
 o

f th
e v

an
ish

in
g

 p
o

in
t, w

h
ich

 ch
aracterizes p

ro
jectiv

e tran
slatio

n
s alo

n
g

 th
is 

d
irectio

n
, in

d
ep

en
d

an
t o

f th
eir am

p
litu

d
e. M

o
re fo

rm
ally

, c
3
 is an

 eig
en

v
ecto

r o
f H

T
 , w

h
ich

 is ev
id

en
t b

y
 m

u
ltip

ly
in

g
 (1

2
) fro

m
 th

e rig
h

t.  

T
o

 su
m

 u
p
, a p

ro
jectiv

e tran
slatio

n
 H

T
 d

ep
en

d
s m

erely
 o

n
 a scalar facto

r γ
 an

d
 tw

o
 v

ecto
rs r

4
 an

d
 c

3, w
h

ich
 ap

p
ear as a ro

w
 o

f th
e rectify

in
g

 h
o

m
o

g
rap

h
y
 

an
d

 a co
lu

m
n

 o
f its in

v
erse, resp

ectiv
ely

. T
h

ey
 o

b
ey

 a sin
g

le co
n

strain
t r

4
 

T
 c

3
 =

0
. In

 g
eo

m
etric term

s, c
3
 is th

e d
irectio

n
 o

f tran
slatio

n
, r

4
 is th

e p
lan

e at 

in
fi

n
ity

, an
d

 th
e co

n
strain

t p
laces c

3
 at in

fi
n

ity
, i.e. it is th

e lim
it o

f all p
o

in
ts tran

sla
tin

g
 in

 th
is d

irectio
n

. T
h

e v
an

ish
in

g
 p

o
in

t c
3
 is eig

en
v

ecto
r o

f th
e 

p
o

in
t-tran

slatio
n

 H
T

 , th
e p

lan
e at in

fi
n

ity
 r

4
 is eig

en
v

ecto
r o

f th
e p

lan
e-tran

slatio
n

 H
−

T
 . T

h
e eig

en
sp

ace  

T
 o

f H
T

 is th
e p

lan
e at in

fi
n

ity
 an

d
 H

T
 leav

es all v
an

ish
in

g
 p

o
in

ts u
n

ch
an

g
ed

. D
u

ally
, th

e eig
en

sp
ace o

f H
T

 −
T

 is p
lan

e-w
ise fi

x
 

an
d

 co
n

sists o
f all p

lan
es p

arallel to
 th

e tran
slatio

n
, in

clu
d

in
g
 th

e p
lan

e at in
fi

n
ity

.  

5
  

4
 A

ffi
n

e ca
lib

ra
tio

n
  

4
.1

 T
h

e a
lg

o
rith

m
  

T
h

e relatio
n

sh
ip

 in
 eq

u
atio

n
 (1

1
) g

iv
es raise to

 a su
b

sp
ace m

eth
o

d
 fo

r affi
n

e au
to

-calib
ratio

n
 o

f p
ersp

ectiv
e cam

eras fro
m

 o
n

e o
r m

o
re tran

slatio
n

 o
b

serv
ed

 w
ith

 a 

w
eak

ly
 calib

rated
 stereo

 sy
stem

. In
 th

eo
ry

, affi
n

e calib
ratio

n
 co

rresp
o

n
d

s to
 d

eterm
in

in
g

 th
e p

lan
e at in

fi
n

ity
, w

h
ich

 ap
p

ears in
 H

0
 calcu

lated
 lik

e  

H
0
 =

 H
T

 /γ
 −

 I, (1
6

)  

w
h

ere γ
 =

 tra
c
e

(H
T

 )/ 4
. In

 each
 ro

w
 th

e p
lan

e at in
fi

n
ity

 r
4
 ap

p
ears scaled

 b
y

 th
e co

m
p
o

n
en

ts o
f c

3, an
d
 lik

ew
ise th

e d
irectio

n
 c

3
 ap

p
ears in

 each
 co

lu
m

n
 scaled

 

b
y

 th
e co

m
p

o
n

en
ts o

f r
4.  

In
 p

ractice, an
 estim

atio
n

 H
0
 
�

 w
ill b

e d
istu

rb
ed

 fro
m

 fu
zzy

 d
ata an

d
 ro

u
n

d
-o

ff erro
rs. S

traig
h

t-fo
rw

ard
 accu

m
u

latio
n

 b
y

 co
m

p
o

n
en

tw
ise su

m
s (1

7
) an

d
 

co
m

p
o
n

en
tw

ise p
ro

d
u

cts (1
8

) is p
o

ten
tially

 u
n

stab
le.  

⎞
⎡   

H
0(i, 1

) 1
 4

 �
  

⎟
⎦  H

0(i, 2
) 

r
4
 =

 ⎦ �
 (1

7
)  

⎣  
4

 ⎤  H
0(i, 3

) 

i=
1
  

H
0(i, 4

)  



⎞
  H

0(i, 1
) ⎡ 1

/4
  

4
  

�
⎦  H

0(i, 2
) 

r
4
 =

 ⎦ �
 (1

8
)  

⎣  
⎤  H

0(i, 3
) 

i=
1
  

H
0(i, 4

)  

A
s c

3
 m

ig
h

t h
av

e co
m

p
o

n
en

ts clo
se to

 zero
, n

u
m

erical effacem
en

ts in
 (1

7
) o

r in
stab

ilities d
u

e to
 sig

n
 ch

an
g

es in
 (1

8
) are lik

ely
 to

 o
ccu

r. T
h

is effect h
as lik

ew
ise

 

b
een

 o
b

serv
ed

 w
h

en
 calcu

latin
g

 d
et(H

T
 ) in

stead
 o

f tra
c
e

(H
T

 ) to
 d

eterm
in

e γ
. E

v
en

 in
 p

resen
ce o

f m
in

o
r d

istu
rb

an
ces, th

e d
eterm

in
an

t b
ecam

e u
n

stab
le.  

U
n

lik
e th

e ill-co
n

d
itio

n
ed

 m
eth

o
d

s ab
o
v

e, w
e p

ro
p
o

se to
 ex

p
lo

it ra
n
k

(H
0)=

 1
 in

 th
e sin

g
u
lar v

alu
e d

eco
m

p
o

sitio
n

 (S
V

D
)o

f H
0
  

H
0
 �

  =
 U

T
 d

ia
g

(α
1,α

2,α
3,α

4)V
 , (1

9
)  

w
ith

 U
T

 =
(u

1, u
2, u

3, u
4), V

 
T

 =
(v

1, v
2, v

3, v
4),an

d
 th

e sin
g

u
lar v

alu
es in

 d
escen

d
in

g
 o

rd
er. T

h
e ran

k
 co

n
strain

t p
erm

its to
 n

eg
lect α

2, α
3,an

d
 α

4,an
d

 H
0
 b

eco
m

es  

H
0
 =

 α
1 u

1 v
1
 T

  

, (2
0

)  

w
h

ile at th
e sam

e tim
e m

in
im

al erro
r ||H

�
 −

 H
0|| in

 th
e  

0
  

sen
se o
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n

-p
asses th

ro
u

g
h

 M
1. strain

s th
e ro

tatio
n

 ax
is to

 p
ass th

ro
u

g
h

 it. O
n

e co
u

ld
 th

in
k

 o
f 

g
en

eratin
g

 ro
tatio

n
-fi

rst, ro
tatio

n
-last trajecto

ries an
d

 a In
 su

m
m

ary
, affi

n
e calib

ratio
n
 b

y
 d

eterm
in

in
g
 th

e p
lan

e  

C
artesian

-m
o
v
e m

o
d
e. at in

fi
n

ity
 p

erm
its calcu

latin
g

 a p
ro

jectiv
e tran

sfo
rm

 w
h

ich
 A

n
 arb

itrary
 p

ro
jectiv

e d
isp

lacem
en

t H
R

T
 is ex

p
ressed

 rig
id

ly
 m

o
v

es a g
iv

en
 p

o
in

t to
 a d

estin
atio

n
 b

y
 a 

tran
sla

as a seq
u
en

ce o
f o

n
e p

ro
jectiv

e ro
tatio

n
 H

R
 an

d
 o

n
e p

ro
- tio

n
al d

isp
lacem

en
t. It fu

rth
erm

o
re en

ab
les to

 d
eco

m
p

o
se jectiv

e tran
slatio

n
 H

T
 (F

ig
. 6

): a g
en

eral d
isp

lacem
en

t in
to

 a tran
slatio

n
 H

T
 

an
d

 ro
tatio

n
 H

R
, w

h
o

se ax
is is co

n
strain

ed
 to

 p
ass th

ro
u
g

h
 th

e d
istin

-H
R

T
 =

 H
R H

T
 (2

7
) g

u
ish

ed
 p

o
in

t. T
h

is is o
f p

articu
lar im

p
o

rtan
ce in

 ro
b

o
tics,  

as co
n

strain
in

g
 th

e ro
tatio

n
 to

 b
e aro

u
n

d
 a p

o
in

t o
f th

e F
o

r a g
iv

en
 cen

ter-p
o

in
t M

0
 –

 th
is m

ig
h
t 

b
e an

 id
eal p

o
in

t ro
b
o

ts’ k
in

em
atics, e.g

. th
e ro

b
o

t-w
rist’s cen

ter p
o

in
t, al-o

r an
 o

b
serv

ed
 p

o
in

t –
 th

e d
estin

atio
n

 M
1
 is calcu

lated
 b

y
 lo

w
s to

 d
eco

u
p

le th
e 

co
n

tro
l-law

.  

5
 T

h
e ta

sk
 o

f tra
n

sla
tio

n
  

W
e are n

o
w

 co
n

sid
erin

g
 a ro

b
o

tic task
 th

at co
n

sists o
f a u

n
ifo

rm
 tran

slatio
n

al d
isp

lacem
en

t o
f an

 o
b

ject. G
iv

en
 th

e reco
n

stru
ctio

n
 o

f a p
o

in
t o

f referen
ce Q

in
 

its in
itial p

o
sitio

n
 Q

(0
), an

d
 in

 its targ
et p

o
sitio

n
 Q

(1
), th

e co
rresp

o
n

d
in

g
 p

ro
jectiv

e tran
slatio

n
 H

T
 is d

eterm
in

ed
 b

y
 (2

6
) an

d
 fu

lly
 d

e
fi

n
es th

e task
. T

h
e 

d
irectio

n
 b

eco
m

es M
�

 =
 c

3, acco
rd

in
g
 to

 (2
4

). D
istan

ce
 an

d
 o

rien
tatio

n
 are im

p
lied

 b
y

 th
e targ

et p
o

in
t Q

(1
). If tran

slatio
n

 is to
 b

e d
e
fi

n
ed

 b
y
 its d

irectio
n

 

o
n

ly
, tak

in
g
 an

 arb
itrary

 v
ia

-p
o

in
t as Q

(1
) su

ffi
ces an

d
 ex

trap
o

latio
n
 y

ield
s th

e m
o

tio
n

 b
ey

o
n
d

 th
is p

o
in

t. N
o

tew
o

rth
y

, �
 is an

 u
n
o

rien
ted

 d
irectio

n
 o

n
ly

, 

w
h

ile o
rien

tatio
n

 is d
efi

n
ed

 b
y

 th
e o

rd
er o

f Q
(0

) an
d

 Q
(1

). In
 ad

d
itio

n
, th

e referen
ce p

o
in

t is n
o

t req
u

ired
 to

 lie o
n

 th
e o

b
ject itself, i.e. an

y
 p

air o
f p

o
in

ts 

d
efi

n
es a tran

slatio
n

al task
.  

5
.1

 S
in

g
leto

n
 set-p

o
in

t d
efi

n
itio

n
  

C
o

n
sid

er k
p

o
in

ts M
i o

n
 th

e o
b

ject an
d

 th
eir in

itial p
o

sitio
n

s M
i(0

) in
 th

e reco
n

stru
ctio

n
. C

o
m

p
o

se th
e co

n
fi

g
u

ratio
n

 m
atrix

 S
(· )  

S
(0

) =
 M

1(0
) M

2(0
) ···M

k(0
) (2

8
)  

w
h

ich
 rep

resen
ts p

o
se an

d
 sh

ap
e o

f th
e o

b
ject. A

p
p

ly
 H

T
 to

 o
b

tain
 th

e set-p
o

in
t co

n
fi

g
u
ratio

n
 S

�(1
) =

 H
T

 S
(0

). S
in

ce H
T

 p
reserv

es rig
id

ity
, S

�(1
) is, u

p
 to

 

o
cclu

sio
n

, an
 ad

m
issib

le co
n

fi
g

u
ratio

n
, i.e. co

rresp
o

n
d

s to
 th

e im
ag

e o
f th

e rig
id

 o
b

ject in
 th

e resp
ectiv

e p
o

se. T
h

e im
ag

e co
n

fi
g

u
ratio

n
 s

an
d

 th
e im

ag
e 



set-p
o

in
ts s

�
 fo

llo
w

 b
y

 sim
p

le b
ack

p
ro

jectio
n

  

s
(0

) =
 P

S
(0

),s
 
�(1

) =
 P

S
�(1

), (2
9

)  

w
h

ere P
is th

e p
ro

jectio
n

 m
atrix

 (3
), th

at is av
ailab

le fo
r each

 o
b

serv
in

g
 cam

era fro
m

 th
e reco

n
stru

ctio
n

 step
. 

 

S
o

 far, th
is co

rresp
o

n
d

s to
 th

e u
su

al task
 d

e
fi

n
itio

n
 b

y
 “p

o
in

t-p
o

in
t-in

cid
en

ce”, p
resen

t in
 k

n
o

w
n
 ap

p
ro

ach
es to

 v
isu

a
l serv

o
in

g
 [3

]. N
eith

er trajecto
ry

, n
o
r 

d
irectio

n
 o

f ap
p

ro
ach

in
g

 are d
e
fi

n
ed

. U
n

lik
e ex

istin
g

 ap
p

ro
ach

es, th
e d

efin
itio

n
 o

f th
e task

 b
y

 th
e p

ro
jectiv

e tran
slatio

n
 H

T
 allo

w
s fo

r th
e g

en
eratio

n
 o

f 

m
u

lti-p
o

in
t set-p

o
in

ts fo
r an

 arb
itrary

 rig
id

 o
b

ject. A
t th

e
 sam

e tim
e, th

e tran
slatio

n
 task

 H
T

 can
 b

e calcu
lated

 fro
m

 an
y
 o

b
serv

ed
 tran

slatio
n

 v
ecto

r.  

5
.2

 C
o
m

p
lete-p

a
th

 ta
sk

-fu
n

ctio
n

  

T
h

e d
efi

n
itio

n
 o

f th
e task

 g
iv

en
 b

y
 th

e p
ro

jectiv
e tran

sla
tio

n
 H

T
 n

o
w

 is ex
ten

d
ed

 to
 a co

n
tin

u
o
u

s-p
ath

, u
n

ifo
rm

, straig
h

t-lin
e tran

slatio
n

. T
h

is co
m

p
letely

 

co
n

strain
s th

e trajecto
ry

 an
d

 ad
d

itio
n

ally
 th

e d
irectio

n
 o

f ap
p

ro
ach

. H
av

in
g
  

(1
0

) in
 m

in
d
, th

e d
e
fi

n
itio

n
 [1

0
] o

f o
u

r co
n

tin
u

o
u

s task
fu

n
ctio

n
 H

T
 (t ) b

eco
m

es  

⎞
⎡   

1
0

 0
0
  

⎦  

H
T

 (t )=
 γ

S
T

 −
1
 ⎦0

1
 0

0
 �

 S
T

 ,t�
 [0

, 1
]. (3

0
)  

⎣  
⎤ 0

0
 1

 t  

0
0

 0
1
  

7
 P

lease n
o

te th
at u

n
ifo

rm
ity

 is w
ith

 resp
ect to

 sp
acial E

u
clid

ean
 d

istan
ce, i.e. H

T
 (t ) co

rresp
o

n
d

s to
 a 

t -fractile o
f th

e task
’s to

tal d
istan

ce. T
h

e fo
rm

u
latio

n
 in

 (3
0

) eq
u

ally
 ap

p
lies fo

r m
o

v
in

g
 b

ack
w

ard
s 

t<
0

, to
w

ard
s th

e set-p
o

in
t 0

 <
t<

1
, an

d
 b

ey
o
n

d
 th

e set-p
o

in
t t>

1
. In

 co
n

trast to
 sim

p
le in

terp
o

latio
n

 o
f 

im
ag

e set-p
o

in
ts, rig

id
ity

 is g
u
aran

teed
 at an

y
 t .  

5
.3

 U
n

ifo
rm

 set-p
o
in

t in
terp

o
la

tio
n

  

T
h

an
k

s to
 th

e p
aram

eterizatio
n

 in
 (1

3
), th

e calcu
latio

n
 o

f H
T

 (t ) b
eco

m
es a w

eig
h

ted
 lin

ear in
terp

o
latio

n
 b

etw
een

 in
itial an

d
 fi

n
al co

n
fi

g
u

ratio
n

 H
T

 (0
) an

d
 H

T
 (1

) 

w
ith

 th
e scale ratio

 γ
  

H
T

 (t )=
 γ

(I +
 tH

0)=
 γ

(I +
 tH

T
 /γ
−

tI ), =
 γ

(1
 −

t ) I +
 tH

T
 . (3

1
)  

U
n

less γ
 is resp

ected
, H

T
 (t ) is n

eith
er u

n
ifo

rm
, n

o
r “rig

id
”. T

h
e sam

e h
o

ld
s fo

r th
e in

terp
o
latio

n
 o

f S
�

 an
d
  

s
.  

S
�(t )=

 γ
(1

 −
t )S

�(0
) +

 tS
�(1

), (3
2

) s
 
�(t )=

 γ
(1

 −
t )s

 
�(0

) +
 ts

 
�(1

), (3
3

)  



T
h

e sin
g

leto
n

 set-p
o

in
ts S

�
 an

d
 s

�
 b

eco
m

e a set-p
o

in
t fu

n
ctio

n
 S

�(t ) an
d

 s
�(t ), th

e latter in
 h

o
m

o
g

en
eo

u
s im

ag
e co

o
rd

in
ates. T

h
e trace o

f s
�(t ) co

in
cid

es w
ith

 th
e 

im
ag

e lin
es co

n
n

ectin
g

 in
itial an

d
 targ

et im
ag

e p
o

in
ts. T

h
e trajec

to
ry

 o
f s

�(t ), a d
y
n

am
ically

 v
ary

in
g

 set o
f k

im
ag

e p
o

in
ts, is h

o
w

ev
er th

e p
ro

jectio
n

 o
f a u

n
ifo

rm
, 

rig
id

 tran
slatio

n
. T

h
is im

p
lies th

at at an
y

 t th
e cu

rren
t set-p

o
in

t s
�(t ) co

rresp
o

n
d

s to
 an

 ad
m

issib
le p

o
se o

f th
e o

b
ject, w

h
ich

 lies o
n

 th
e sh

o
rtest p

ath
 to

 th
e targ

et. 

M
o

reo
v

er, th
e p

aram
eter t co

rresp
o

n
d

s to
 relativ

e E
u

clid
ean

 d
istan

ce alo
n

g
 th

e p
ath

. P
u

rely
 im

ag
e
-b

ased
 in

terp
o

latio
n

, in
 co

n
trast, d

efo
rm

s th
e o

b
ject an

d
 fa

ils to
 

refl
ect sp

atial d
istan

ce.  

5
.4

 V
elo

city
 p

ro
fi

les  

T
h

e d
y

n
am

ic fo
rm

u
latio

n
 n

o
w

 allo
w

s to
 im

p
o

se an
y

 v
elo

c
ity

 p
ro

fi
le o

n
 th

e trajecto
ry

. D
irect ap

p
licatio

n
 o

f S
�(t ): t�

 [0
, 1

] y
ield

s co
n

stan
t v

elo
city

 tran
slatio

n
 

p
arallel to

 th
e z

-ax
is. C

o
m

p
o

sin
g

 S
�(t ) w

ith
 th

e in
teg

ral fu
n
ctio

n
 o

f a d
e
sired

 “v
elo

city
 p

ro
fi

le” v
(u

) g
en

erates a set-p
o

in
t fu

n
ctio

n
 o

f v
ariab

le g
ain

. F
ig

u
re 7

, fo
r 

in
stan

ce, d
ep

icts an
 in

itial acceleratio
n

 u
n

til satu
ratio

n
, fo

llo
w

ed
 b

y
 a p

h
ase o

f co
n

stan
t v

elo
city

, an
d
 a fi

n
al d

eceleratio
n

 u
n

til co
m

p
lete set-p

o
in

t o
v

erlap
 S

�(1
).  

M
o

re fo
rm

ally
, let v

(u
): u

�
 [0

, 1
] b

e th
e d

esired
 v

elo
city

 p
ro

fi
le. T

h
e resu

ltin
g

 tim
e
-d

ilatin
g

 fu
n

ctio
n

 x
is d

efi
n

ed
 as  

�
 

t  

x
(t )=

 1
/�

 v
(u

)d
u
, w

ith
 �

s.t. x
(1

) =
 1

. (3
4
)  

0
  

In
fact, th

is p
ro

ced
u

re co
rresp

o
n

d
s to

 en
ro

llin
g
 th

e v
elo

city
 p

ro
fi

le b
y

 in
teg

ratio
n

, resu
ltin

g
 in

 a o
n

e
-d

im
en

sio
n

al trajecto
ry

 o
v

er tim
e, w

h
ich

 is fi
n

ally
 p

ro
jected

 

o
n

to
 th

e d
irectio

n
 o

f tran
slatio

n
.  

 

F
ig

u
re 7

: T
h

ree-p
h

ase v
elo

city
 p

ro
fi

le v
(u

) an
d

 th
e tim

e-d
ilatio

n
 x

(t) .  



6
 D

iscu
ssio

n
 a

n
d

 C
o
n

clu
sio

n
s  

In
 th

is fram
ew

o
rk

 w
e p

ro
p

o
se g

en
eratin

g
 task

-fu
n

ctio
n

s th
at co

rresp
o

n
d

 to
 co

m
p

lete
-p

ath
 trajecto

ries so
lely

 an
d

 im
m

ed
iately

 fro
m

 th
e v

isu
al in

fo
rm

atio
n

 o
f 

th
e scen

ce, w
ith

o
u

t k
n
o

w
led

g
e o

f th
e calib

ratio
n
 p

aram
eters. In

 classic ap
p

ro
ach

es to
 task

 p
lan

n
in

g
, co

m
p

letely
 k

n
o

w
n

 E
u

clid
ean

 stru
ctu

re o
f th

e w
o
rk

-sp
ace 

is assu
m

ed
. T

h
erefo

re, p
lan

n
in

g
 an

d
 g

en
eratio

n
 o

f trajecto
ries are m

o
reless eq

u
iv

alen
t. In

 p
articu

lar, n
o

 ad
d

itio
n

al d
iffi

cu
lty

 arises fro
m

 trajecto
ry

 g
en

eratio
n
 

an
d

 fro
m

 th
eir tran

sfer to
 th

e sen
so

r-sp
ace.  

U
n

lik
e th

ese ap
p

ro
ach

es, th
e p

resen
ted

 fram
ew

o
rk

 d
o

es w
ith

o
u

t E
u

clid
ean

 scen
e stru

ctu
re, an

d
 d

o
es w

ith
o

u
t a calib

rated
 sen

so
r. H

en
ce, care h

as to
 b

e 

tak
en

 th
at th

e co
n

strain
ts resu

ltin
g

 fro
m

 o
b

serv
in

g
 a E

u
clid

ean
 w

o
rld

 b
y

 a p
ersp

ectiv
e v

isu
al sen

so
r are resp

ected
 b

y
 th

e g
en

erated
 task

-fu
n

ctio
n

s, o
r m

o
re 

fi
g

u
rativ

ely
, th

at a lin
k
 b

etw
een

 sen
so

r-sp
ace an

d
 w

o
rk

-sp
ace is k

ep
t, th

at refl
ects as far as p

o
ssib

le th
e im

p
licit relatio

n
s b

etw
een

 b
o

th
, as th

eir ex
p

licit 

relatio
n

sh
ip

 is n
o

t accessib
le in

 an
 u

n
calib

rated
 en

v
iro

n
m

en
t.  

6
.1

 A
 g

en
era

ted
 ta

sk
  

W
e d

istin
g

u
ish

 g
en

eratin
g

 a task
-fu

n
ctio

n
 fro

m
 p

lan
n

in
g

 a task
 in

 th
e sen

se th
at n

o
 co

m
b

in
ato

ric search
 tak

es p
lace, th

at n
o

 d
ecisio

n
s are m

ad
e. G

en
eratin

g
 a 

v
isu

al task
fu

n
ctio

n
 co

rresp
o
n
d

s rath
er to

 tran
sfo

rm
in

g
 im

ag
e in

fo
rm

atio
n

, su
ch

 th
at th

e o
b

tain
ed

 task
-fu

n
ctio

n
 is a v

isu
al in

stan
tiatio

n
 o

f a g
en

eric task
, w

ith
 

th
e cu

rren
t v

isu
al co

n
fi

g
u

ratio
n

 o
f th

e scen
e as in

p
u

t p
aram

eters (see F
ig

. 8
). T

h
e sp

ecifi
catio

n
 o

f th
e ab

o
v

e m
en

tio
n

ed
 g

en
eric task

s is h
o

w
ev

er th
o

u
g
h

t to
 b

e 

in
 term

s o
f rig

id
 m

o
tio

n
s o

f th
e o

b
ject, articu

lated
 m

o
tio

n
s o

f th
e actu

ato
r, o

r E
u

clid
ean

 g
eo

m
etry

 o
f th

e scen
e. T

h
u

s, at an
y

 tim
e th

e relatio
n

sh
ip

 b
etw

ee
n

 th
e 

v
isu

al co
n

fi
g

u
ratio

n
 o

f featu
res an

d
 th

e g
eo

m
etric an

d
 k

in
e
m

atic co
n

fi
g

u
ratio

n
 o

f to
o

l an
d

 actu
ato

r h
av

e to
 b

e id
en

tifi
e
d

 to
 th

e larg
est ex

ten
d
 p

o
ssib

le in
 an

 

u
n

calib
rated

 setu
p
.  

A
p

art fro
m

 ex
p

licit task
 p

lan
n
in

g
, th

e d
eco

m
p
o

sitio
n

 o
f o

b
serv

ed
 d

isp
lacem

en
ts an

d
 co

m
p

o
sitio

n
 fro

m
 o

b
serv

ed
 d

isp
lacem

en
ts is

 in
clu

d
ed

 as “co
n

stru
ctio

n
 

p
h

ase” in
 th

e fram
ew

o
rk

 o
f v

isu
al trajecto

ry
 g

en
eratio

n
. T

h
ey

 so
m

etim
es req

u
ire fu

rth
er k

n
o

w
led

g
e ab

o
u

t th
e scen

e stru
ctu

re. In
 th

is 8
 rep

o
rt, w

e h
av

e g
iv

en
 

so
m

e co
n

seq
u

en
ces an

d
 ex

am
p

les o
f d

eterm
in

in
g

 th
e affi

n
e p

ro
p

erties o
f th

e scen
e. H

o
w

ev
er, th

e ex
p

licit step
 o

f affi
n

e reco
n

stru
ctio

n
 is av

o
id

ed
.  

 



F
ig

u
re 8

: 
T

h
e in

stan
tiatio

n
 o

f a g
en

eric g
rasp

in
g

 task
. S

tartin
g
 fro

m
 th

e o
b

ject to
 b

e g
rasp

ed
, th

e g
rip

p
er p

o
sitio

n
 can

 b
e tran

sfered
 as sh

o
w

n
 in

 [5
]. S

u
b

seq
u

en
tly

, a p
u

re 

tran
slatio

n
 o

f tw
ice th

e claw
’s ed

g
e is in

stan
tiated

, w
h
ich

 av
o
id

s an
 o

b
ject co

llisio
n

 d
u

rin
g

 ap
p

ro
ach

in
g

. F
in

ally
, th

e p
resen

t p
o

sitio
n

 o
f th

e g
rip

p
er is tak

en
 an

d
 a ro

tatio
n

-fi
rst 

trajecto
ry

 to
 reach

 th
e in

itial p
o

sitio
n

 o
f ap

p
ro

ach
 is g

en
erated

.  

6
.2

 A
 p

la
n

e a
t in

fi
n

ity
  

T
h

e affi
n

e p
ro

p
erties o

f th
e scen

e h
av

e b
een

 p
ro

v
en

 to
 b

e o
f p

articu
lar u

se in
 th

e co
n

stru
ctio

n
 an

d
 d

eco
m

p
o

sitio
n

 o
f p

ro
jectiv

e d
isp

lacem
en

ts, th
e “u

n
calib

rated
” 

rep
resen

tatio
n

 o
f rig

id
 sp

atial m
o

tio
n

. T
h

e id
en

tifi
catio

n
 o

f th
e p

lan
e at in

fi
n

ity
 in

tro
d

u
ces th

e co
n

cep
ts o

f p
arallelism

 an
d

 o
rien

ted
 d

irectio
n

s. T
h

ey
 allo

w
 to

 

g
en

erate th
e p

ro
jectiv

e tran
slatio

n
 b

etw
een

 an
 o

rd
ered

 p
air o

f p
o

in
ts, an

d
 co

n
seq

u
en

tly
 to

 d
eco

m
p

o
se a g

en
eral p

ro
jectiv

e d
isp

lacem
en

t in
to

 a tran
sla

tio
n

 an
d
 a 

ro
tatio

n
 aro

u
n

d
 a g

iv
en

 cen
ter-p

o
in

t. A
n

 effi
cien

t alg
eb

raic m
eth

o
d

 o
f m

o
tio

n
-b

ased
 affi

n
e au

to
-calib

ratio
n

 w
as g

iv
en

, w
h

ich
 n

icely
 
fi

ts in
 th

e co
n

sid
ered

 

sy
stem

-setu
p

,  

i.e. co
n

tro
lled

 ro
b

o
t m

o
tio

n
s o

b
serv

ed
 b

y
 a w

eak
ly

 calib
rated

 stereo
-rig

.  

A
 fu

rth
er affi

n
e p

ro
p

erty
 are len

g
th

 ratio
s. T

h
ey

 allo
w

 n
o

t ju
st fo

r th
e rig

id
 in

terp
o

latio
n
 o

f p
ro

jectiv
e m

o
tio

n
. A

b
o
v

e th
at, u

n
ifo

rm
ity

 o
f th

e co
rresp

o
n

d
in

g
 

trajecto
ries in

 th
e sen

se o
f E

u
clid

ean
 co

n
fi

g
u

ratio
n

 is ach
iev

ed
.  

6
.3

 A
 co

m
p

lete p
a
th

  

It w
as d

em
o

n
strated

 h
o

w
 to

 in
ter-an

d
 ex

trap
o

late p
ro

jectiv
e m

o
tio

n
 to

 g
en

erate th
e co

m
p

lete
-p

ath
 o

f a rig
id

 m
o

tio
n

. H
ere, th

e p
ath

2
 co

n
sists p

rim
arily

 o
f th

e traces 

o
f rig

id
ly

 m
o
v

in
g

 p
o

in
ts. T

h
e in

terp
o

latio
n

 o
f th

e p
ath

 is o
f p

articu
lar in

terest sin
ce p

o
ten

tial lo
cal m

in
im

a in
 u

su
ally

 p
o

in
t-to

-p
o

in
t-w

ise d
efi

n
ed

 fu
n

ctio
n

s o
f th

e 

im
ag

e erro
r are b

rid
g

ed
. A

n
 ad

d
itio

n
al co

n
trib

u
tio

n
 to

 g
lo

b
ally

 co
n

v
erg

en
t co

n
tro

l  

2T
h
e IS

O
 d

e
fi

n
es “p

ath
” as “...sp

a
tia

l lo
cu

s d
ra

w
n
 b

y th
e m

o
vem

en
t o

f a
n

y p
o
in

t o
n

 th
e ro

b
o

t o
r th

e w
o

rkp
iece,a

lo
n
g

 w
h

ich
 o

rien
ta

tio
n

 o
f th

e en
d

-effecto
r m

a
y o

r m
a
y n

o
t b

e va
ria

b
le.”  

is th
at th

e p
ath

 co
rresp

o
n

d
s to

 m
o

tio
n

s w
ith

 m
o

n
o

to
n

ically
 d

ecreasin
g

 erro
r in

 co
n

fi
g

u
ratio

n
. In

 co
n

clu
sio

n
, w

e co
n

sid
er a co

m
p

lete
-p

ath
 as a step

 to
w

ard
s 

g
lo

b
ally

 co
n

v
erg

en
t co

n
tro

l.  

6
.4

 A
 u

n
ifo

rm
 tra

jecto
r
y
  

T
h

e d
ifferen

ce b
etw

een
 a trajecto

ry
 an

d
 a p

ath
 is th

at th
e trajecto

ry
 d

escrib
es th

e p
ro

g
ressio

n
 o

f m
o

tio
n

 o
v

er tim
e an

d
 th

e o
b

ject’s co
n

fi
g

u
ratio

n
 at a tim

e in
stan

t, 

w
h

ereas th
e p

ath
 d

escrib
es th

e sw
ep

t trace o
f m

o
tio

n
, o

n
ly

. T
h

u
s, th

e p
ro

p
o

sed
 in

terp
o

latio
n

 o
f p

ro
jectiv

e m
o

tio
n

 en
su

res th
at th

e rep
ro

jected
, n

o
w

 d
y

n
am

ically
 

v
ary

in
g

 set-p
o

in
ts co

rresp
o

n
d

 at an
y

 tim
e to

 an
 ad

m
issib

le c
o

n
fi

g
u

ratio
n

 o
f th

e o
b

ject, i.e. to
 a rig

id
ly

 m
o

v
in

g
 o

b
ject in

 v
ary

in
g

 p
o

ses. T
h

u
s rig

id
ity

 is p
reserv

ed
, 

trajecto
ries are p

h
y

sically
 v

alid
.  

O
v

er an
d

 ab
o

v
e th

at, th
e in

terp
o

latio
n
 p

aram
eter t estab

lish
es an

 im
p

licit relatio
n
 b

etw
een

 v
isu

al an
d
 E

u
clid

ean
 co

n
fi

g
u

ratio
n

, an
d
 th

e co
rresp

o
n
d

in
g

 erro
r 

fu
n

ctio
n

s. In
 o

th
er w

o
rd

s, th
e v

isu
al set-p

o
in

ts at t co
rresp

o
n

d
 to

 th
e t fractile o

f d
istan

ce in
 E

u
clid

ean
 co

n
fi

g
u
ratio

n
. O

n
e can

 also
 v

iew
 th

is relatio
n

sh
ip

 as an
 

im
p

licit calib
ratio

n
 o

f an
d

 o
n

ly
 o

f th
e cu

rren
tly

 in
stan

tiated
 v

isu
al task

 w
ith

 resp
ect to

 (relativ
) erro

r in
 co

n
fi

g
u

ratio
n

.  

W
e co

n
sid

er th
e estab

lish
ed

 relatio
n

sh
ip

 b
etw

een
 v

isu
al an

d
 E

u
clid

ean
 co

n
fi

g
u

ratio
n
 as a step

 to
w

ard
s w

eak
er req

u
irem

en
ts o

n
 h

an
d

-ey
e an

d
 k

in
em

atic 

actu
ato

r calib
ratio

n
 [7

], [8
]. F

u
rth

erm
o

re, th
ere is n

o
w

 an
 ap

p
aren

t co
n

n
ec

tio
n

 b
etw

een
 th

e g
ain

 in
 v

isu
al co

n
fi

g
u

ratio
n

 an
d

 th
e g

ain
 in

 o
b

ject co
n

fi
g

u
ratio

n
, w

h
ich

 

allo
w

s fo
r o

p
tim

izin
g
 w

ith
 resp

ect to
 d

y
n

am
ic p

ro
p

erties, e.g
. m

ax
im

al acceleratio
n

, sp
eed

 lim
its o

f th
e actu

ato
r [9

]. 
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