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Abs t rac t .  Two fingered grasps of a priori unknown 3D objects can be 
achieved effectively using active vision. Real-time contour tracking can 
be used to localise the silhouette of the object, viewed from a camera 
mounted with a gripper, on a moving robot arm. Geometric information 
from analysis of motion around one vantage point is used to guide the 
robot towards a new vantage point from which the rim (inverse image of 
the silhouette) admits a more stable grasp. This use of deliberate camera 
motion to compute the best direction for the robot's subsequent motion, 
is computationally efficient. Visual processing is concentrated around po- 
tential grasp points and costly global reconstruction of an entire surface 
is avoided. The computation is shown to be robust, both theoretically, 
owing to a connection with visual parallax, and in computational exper- 
iments. 

1 Introduct ion 

Dynamic curve-trackers [10] have proved to be effective in visually guided path 
planning [2, 3]. More recently, they have been used in a symmetry-based system 
that  uses analysis of visual symmetry [5] for grasping planar contours [8, 4]. 
These contours arise either as the outlines of laminar objects or, in special cases, 
as the rims of solid objects. More generally, the rim of a solid object is non-planar 
and calls for a three-dimensional extension of the theory. A direct approach is to 
extend the two dimensional symmetry theory to three dimensions as proposed 
by Chen and Burdick [6]. However this requires complete prior knowledge of 
the shape of the object surface, obtainable in principle [1, 7], but an unnatural  
assumption for active vision. 

It is far more natural to assume initially that only an apparent contour (sil- 
houette) of the surface is visible and that,  shortly after the robot and its camera 
begin to move, the shape of the corresponding rim and the underlying surface 
curvature are obtainable via structure from motion [7]. An initial grasp on the 
rim can be chosen by applying the planar, symmetry-based algorithm to the ap- 
parent contour to obtain apparent antipodal grasps. Then the computed surface 
curvature at these initial grasp points can be used, it will be shown, to deter- 
mine an opt imum direction of motion for the robot. While the robot moves, the 
apparent contour deforms continuously as the rim moves over the surface. Grasp 
points are tracked, again using computed curvature, around the rim, in such a 
way that  the stability of the planned grasp improves - -  the coefficient of friction 
required for grasping decreases progressively to arrive at a more stable grasp 
(figure 6). 
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It emerges, in the development of the theory, that there is a felicitous de- 
pendence of the computed robot trajectory on motion parallax. It is known that 
computation of three-dimensional structure via parallax [11, 12] is robust to 
uncertainty in viewpoint motion, and this principle extends to computation of 
surface curvature [7]. Parallax can be inconvenient to measure in practice be- 
cause of the need to find suitable adjacent surface features and measure their 
motion. In the case of grasp computation however it can be shown that the po- 
sitions of the two fingers constitute suitable adjacent features. Purely relative 
measurement of the displacement of the apparent contour at the finger-positions 
is sufficient to determine the robot trajectory. 

2 T w o - d i m e n s i o n a l  a n a l y s i s  

In order to introduce the viewpoint-motion theory, it is useful to explain it first 
in two dimensions. The earlier symmetry-based theory [4] was two-dimensional 
in the sense that it was restricted to planar objects; it involves object geometry 
but not viewpoint motion. Here, the object is taken to be planar in a plane 
containing the viewpoint (figure 1), and this is the basis for a simple form of the 
theory. It is an adaptation of the two-dimensional theory of Giblin and Weiss 
[9] for analysis of deformation of the apparent contour under viewpoint-motion. 
Optimal conditions for grasping occur when P~.v = 0 in figure 1 so that that 
the required coefficient of friction for equilibrium is zero. The viewpoint can 
approach this condition by moving transversely to the line of sight in a direction 
chosen to reduce the relative depth AA = IR.v] of the two grasp points on the 
apparent contour. 

In Image plane 

/ k i ---- ~I 
5 

Fig. 1. Two-dimensional viewpoint-motion for grasp-planning. Potentialfinger 
positions rl and r2 on the apparent contour are imaged orthographically to Q1 and Q2. 
Their separation in the image is AQ. The viewing direction is defined by the unit vector 
v. The rate of change o] the relative depth determines what motion the viewpoint should 
make. 

The appropriate direction of motion is the one in which AA(dA)~/dv) < 0 
where 

dAA 
dv - z2Q-  (pl + p2) (1) 
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and pl, p2 are radii of surface curvature along the lines of sight at the finger 
positions r l ,  r2. The direction of motion depends both on radii of curvature and 
on the diameter A Q  of the grasp, and this is illustrated in figure 2. Alternatively, 
in terms of image measurables, and their temporal derivatives, 

dAA d~AQ 
dv dv 2 , (2) 

the relative acceleration of the projection of the two image points or rate of 
parallax [7]. It is because Pl, p2 occur only as a sum,  Pl + P2, that the computed 
direction of motion is purely a function of image parallax. The fact that  the 
image normals n l ,  n2 are opposed leads to cancellation of error due to motion 
uncertainty in the term Pl + p2. 

r % 
Fig. 2. Th e  opt imal  viewpoint  mot ion depends  bo th  on grasp d iamete r  and 
oil surface curva ture .  When, for a given configuration of fingers, the radii of cur- 
vature of the underlying sur]ace are sufficiently small (polygon) the optimal motion is 
upward; with large radii of curvature (ellipse) the optimal motion is downward. 

3 T h r e e - d i m e n s i o n a l  v i e w p o i n t - m o t i o n  t h e o r y  

The full theory, presented in this section, incorporates as special cases the two 
planar theories described already. An apparent antipodal grasp is found ini- 
tially via the planar symmetry-based theory. A generalised version of the planar 
viewpoint-motion theory determines the optimal motion of the viewpoint, a di- 
rection in the plane orthogonal to the line of sight. As the viewpoint moves, 
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the finger positions must be tracked around the apparent contour, in order to 
maintain the condition for apparent antipodal grasp. 

3.1 Opt imal  camera  mot ion  

An optimal viewpoint motion is defined to be one that decreases the square 
= (AA) 2 of the relative depth most rapidly, that is, descending the gradient 

Ve with respect to change in the viewpoint v. Expressed in the basis {n2, t2, v} 
(figure 3), it can be shown that: 

Vc = 2zXt L'~ (3) 

0 

where z2Q is the grasp diameter (figure 1) and p!i) denotes radius of surface 
curvature along each line of sight. The vector given by (3) corresponds to the 
change in viewing direction that increases r most (see the appendix for more 
details concerning its derivation). Optimal viewpoint motion is now taken to 
be in the direction of -Ve.  The normal component of Ve, which is the first 
component of the vector in (3) includes a term from the 2D theory (1) plus an 

Image Plane 

v 
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Fig. 3. Apparent antipodal grasp. The parallel projection of the boundary of a 
convex object showing the 3D configuration of two finger positions on the surface in an 
apparent antipodal grasp. Clearly both fingers lie on the rim, and also R ,  n l ,  n2 and 
A Q  are coplanar. 
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additional term En. The tangential component in (3) is Et which, of course, 
appears only in the 3D theory. Both E~ and Et are functions of the curvature 
of the apparent contours in the image and of the angles that the rim makes 
with the viewing direction. For instance, when the rim runs perpendicular to 
the viewing direction at both fingers, E~ and Et are both zero and (3) reduces 
to the 2D case. It should be emphasised that curvatures along the line of sight 
appear in (3) only in the expression that also appears in the 2D theory, which 
has already been shown to be equal to the rate of parallax. This means that the 
computed 3D optimal viewpoint motion is a robust quantity. 

3.2 Tracking apparen t  an t ipoda l  grasps 

In order to maintain the apparent antipodal grasp condition, as the viewpoint 
moves, the vectors nl,  n2 and R (figure 3) must be kept coplanar. This calls 
for a continuous tracking process in which, as the viewpoint moves and the rim 
itself deforms, the planned finger positions slip around the rim. Once the initial 
apparent antipodal grasp has been found [4], tracking can then be defined as a 
continuous process in which the speed of the images of the fingers around the 
apparent contour are specified, so that finger motion is "geared" to viewpoint 
motion. The tracking process is well-defined provided that the local map between 
motions of the camera and motions of the points on the surface is not degenerate. 

dsz ds2 

Fig. 4. Tracking of apparent antipodal grasps during camera motion. The 
contour tracking process yields a parametric representation o] the apparent contour 
Q(s). Parameter corrections dsl and ds2 are applied to maintain the apparent antipodal 
grasp condition, 

An expression is required that specifies an infinitesimal change in the position 
of the apparent antipodal grasp on the apparent contour subject to viewpoint 
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motion. When a camera undergoes an infinitesimal motion, the image motion 
corresponding to rigid world motion is determined by the constraint that  image 
motion must lie along epipolar lines [7]. However to maintain the apparent an- 
tipodal grasp condition, the images of the finger positions move non-rigidly. The 
additional non-rigid component of motion, in terms of the parameter s of the 
apparent contour, can be shown to be: 

( ) d s l  = D  ( p l (p ~ - z ~ Q )  -pip2 ) ~d~[~ 
(4) 

where pi are the radii of curvature of the apparent contour in the image at 
the finger positions, z2Q = tz~QI, angles c~i are defined in figure 4 and D = 
1/( q - - p 2 ) .  

4 Implementation 

Figure 5 shows a view of a potato from a general initial viewpoint such as the 
one seen in figure 6a. The robot proceeds by first calculating the positions of all 

Fig. 5. Apparen t  ant ipodal  grasps on the apparen t  con tour  of a po ta to .  
From the viewpoint shown in figure 6a, grasp A is found to have approximately zero 
relative depth and grasp B is found to have a significant relative depth, so A is the more 
favourable grasp. 

the apparent antipodal grasps from the apparent contour. In this example there 
are two, marked A and B. The relative depth of each grasp is then measured. To 
do this, the robot makes small translational motions of the camera along the line 
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Fig. 6. Using relative depth to move to a more fruitful view. (a) An ADEPT-1 
robot with camera and paralleljaw is directed towards the potato from an initial view- 
point, from which it plans the apparent antipodal grasp labelled B in figure 5. This is 
an unfavourable grasp (b). (c,d) as (a,b) but for a more favourable grasp, seen from a 
new vantage point. 

of the normal of each of the apparent antipodal grasps. Figure 7 shows how the 
relative displacement of the two apparent antipodal points changes with camera 
position for both A and B. In the situation shown, the robot would execute 
grasp A. However, from a generic initial configuration, none of the apparent 
antipodal grasps need have zero relative depth, so it is reasonable to choose the 
one with the smallest relative depth and track that over changing viewpoint. 
Rather than extracting the geometric quantities in (3) from the derivatives of 
image measurements to calculate Ve, it is preferable, practically, to estimate 
the local value of Ve. This can be done by measuring the relative depth of the 
apparent antipodal points at the current viewpoint, and at four other viewpoints 
displaced perpendicular to the viewing direction, spanning the set of possible 
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Relative Image Position(radians) 
~ V ~ ~ . ~  0"002" 

0.0015 ~ 

CameraPosition (mm) 

-0.001. 

2.5 ~ -  

Fig. 7. Measuring depth difference. The gradient of the graphs shown is a practical 
measure o] parallax.from which relative depth can be determined. Grasps A (in grey) 
and B (in black) ]rom ~igure 5 generate the graphs shown. Regression over a baseline 
o] 18mm, sampled at 60 points, leads to computed relative depths of 1.2-b1.5mm and 
t9.7+1.5mm respectively, so clearly grasp A is the more favourable. The dominant 
source of noise in the measurements is due to pixel quantisation errors. 

locally optimal camera motions. With reference to figure 5 and figure 6a, the 
robot estimates the local relative depth gradient of grasp B by measuring the 
relative depth at 80mm displacements along t 1, t2, nl  and n2 respectively (figure 
3). xge can be estimated from the values in table 1. It can be seen that the relative 
depth is clearly moving towards zero with movement in the n2 direction. The 
rate of change of relative depth with respect to motion in the tangential direction 
is below the noise level. In this way the camera is able to move iteratively, in 

C~mera displacement (mm)]Relative depth (mm) 
o I 

+8on~ | 14.1=Ll.s I 
+80nl | ~7--2-3:1.5 _~ 
+8ot~ 1 1 9 " 6 i ~  | 
+ 8 0 t l  ] ~ . s  j 

Table 1. Measurement of the gradient of the relative depth of grip B in figure 5. 
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short steps, to the overhead position (figure 6c) where the relative depth is zero 
and grasp B is a true, three-dimensional, antipodal grasp (figure 6d). 

5 Conclusions 
It has been shown how relative depth, derived from visual parallax, can be used 
to assess the quality of apparent antipodal grasps in the image. An analysis of 
geometry of the surface and its curvature shows how to move towards a viewpoint 
from which an improved grasp should be visible. The analysis is robust, both in 
theory, and practically in our experiments. 

The theory has been developed for orthographic viewing and it is natural 
to consider an extension to perspective projection. Full perspective analysis has 
been done previously for curvature along the rim [7] but there is a drawback 
in applying it here. The parallel fingers of our gripper match the parallel rays 
in orthographic projection. Modification for perspective would imply a gripper 
whose fingers had a variable tilt angle and this would introduce undesirable extra 
mechanical complexity. 

The measurement of the local gradient of the relative depth of these points 
from image quantities was shown to be sufficiently reliable for guiding the camera 
to better view points. 
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A Further details on the gradient of the relative depth 

The quantity we wish to minimise with respect to change in viewing direction v 
is 

e = 2 = ( R . v )  2 

and de depends on v, ni and ri: 

de = V~e dv + V~e dx, (6) 

where dx = (dr l ,  dr2, dnl ,  dn2) T. Now dx is constrained such that  

h i ' V = 0  and n 2 . v = 0 ,  (7) 

the conditions satisfied by all points on the contour generator, and by 

(n 1 A R)"Y : 0 and (ha A R ) - v  = 0, (8) 

the conditions for an apparent antipodal grasp in the image, that  R, h i ,  n2 
and v are coplanar. Two subsidiary constraints on dx, first that  dr i .ni  = 0, 
stating that  local motion of ri is restricted to the tangent plane at the point, 
and secondly dni - Wi (dri) = 0, where Wi is the shape operator [13]. These 
four constraints can be combined in a vector equation dg = 0 and so 

dg = Vvg dv + V~g dx = 0 (9) 

Rearranging, we get 
=-- V -I dx ( . g )  Vvg dr ,  

so we can write, from (6) 

V , =  (Vvc - Vxc (V~g)-I  V~g) dv 

(io) 

(il) 

which can be evaluated to give (3). 


