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Geometric Problems in Robotics

* Grasping / locomotion
— Feasible total contact wrench is a convex set in 6D space
— Contact force optimization
— Grasp quality
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Outline

* Contact force optimization in grasping
— Basic concepts for geometry-based algorithms
— Introduction to ray-shooting algorithms

* Grasp evaluation
— Compute the largest inclusion in 6D convex set

Distance computation
— Generalized distance

— Compute the minimum scaling factor for two convex
objects to touch
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Goals

* Introduce geometry-based algorithms and their
application in robotics

* Convince you that they are compelling alternative to
numerical algorithms
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Geometric Problems in Robotics

* Collision detection / distance computation
— Most algorithms deal with polygon models
— Lose global shape information
— Large data for accurate representation
— CAD software work with parametric surfaces (NURBS etc.)
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Contact Force Optimization with
Ray-Shooting

.?::. [Zheng and Yamane 2012]

%“‘
=80

%%nzp Research
Pittsburgh




7/21/2013

LI
Ray-Shooting in CG General Ray-Shooting Problem
In n-dimensional space RN ~
Given: A— a compact convex set
8 Light Source r— an arbitrary nonzero vector
. a ny > W, !
| View Ray Ray: R() = Ur eR"A 2 0} ,-’[ i { /_/
~Z Compute: ( I" /
. f/zA(]:)\’— farthest intersection point of \ S
pe ) A with R(r) _
S Object P
‘ cene Bbiee * Z4(r)— subset of A whose convex
hull contains z,(r)
+ (n= normal of the hyperplane that
[Agarwal and Matousek, SoTC92; Szirmay-Kalos et al., SCCG02] passes through z, () and supports A
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Support Mapping and Function GJK Distance Algorithm
[Gilbert, Johnson, Keerthi, TRA88]
Given: A— a compact convex set Given: A— a compact convex set 5, e
u— an arbitrary nonzero vector b— a point outside A ok '-—;,

‘""C\m;n;”\v

Compute: o

. ‘:le;(l;j,:— minimum distance ”"'/
b%i\}/een band A K s

. (124(5_5}— closest pointin A to b | Lt

. r@;(bj}— subset of A whose

) a w0
convex hull contains v4(b) v

Support mapping— a point in A

s4(w) 2 argmaxu’a
a€A

Support function— a scalar

ha(u) 2 maxuTa
(W) may

. H—v supporting hyperplane of A /"75*

i — vy y S stoppin
Supporting hypelfplane hyperplane H that passes at v, (b) par crit"e‘;ioa
through s, (1) with normalu ¢,
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GJK-Based Ray-Shooting Algorithm ZC Distance Algorithm
[Zheng and Chew, TRO09]
! P o Given: A— a compact convex set
. ‘ZA(‘T)v— farthest intersection b—a point
point of A with R(r)

P, CO(A)— convex cone of A
* (Z,(r)— subset of A whose Compute:
convex hull contains z4 (1)

d b)— minimum distance
* (n— normal of the hyperplane CO(A)( )

that passes through z,(r) and

between b and CO(A4)
supports A * Vcoay(b)— closest point in CO(A
tob
Vco(a)(b)— subset of A whose
convex cone contains vgo(4)(b)
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ZC Distance Algorithm

b € CO(A): deoay(b) = 0, v¢owy(b) = b, b € CO(Veoeay(h))
Run ZC Algorithm with b = r
> 1€ CO(Veoeay (™)

R(r)

o)
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[
Internal Expanding (IE)
[Zheng, Lin, and Manocha, ICRA10]
. (:2,;(}3}— farthest intersection point of )

Aith R(r) A g

. (:ZA (7:)}— subset of A whose convex
RalT contains z, (1)
. r/n—} normal of the hyperplane that
“passes through 7,(r) and supports A
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abject surface

= )

“~ fnger
primitive wrench set ¥,

Wi = Gy}
3D object space ——————— 6D wrench space

m

Compute ;¢ F.i=1,2,....m  suchthat wg, )_"(:‘I', — W
i

m m
minimize £ E fil Wy, & L"H(UH}) ap, = | Wees||/ |2, (Wi ]
=1 =1
or o = fi W, 2CH (EB”?) Or = || Woes |/ 12wy, (Wees )|
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ZC-Based Ray-Shooting Algorithm

. (iz}(f)}— farthest intersection point of
Awith R(r)
* (Z,(r)~ subset of A whose convex [a)
TP >
Rall contains z4 (1)

R

. {/1_1‘—:1 normal of the hyperplane that
passes through z,(r) and supports A

7o)

I
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Hybrid Use: ZC-IE

IE iteration ZC iteration
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Contact Force Optimization: test 1

TEST 1: Accuracy
* grasp a sphere against the gravity G
« four contacts have the same
elevation angle a on the sphere

Ground Truth

1. No feasible contact forces if @ > tan™* p

2. The minimum values are
G

o, =———"
L1~ ycosa-sina
G

O og=——o
L% = 4(u cos a—sina)

Gradually increase « to the limit by setting
a=(1-A)tan ! pwithi=10"%1072..,107°
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Contact Force Optimization: test 1

Relative error of each algorithm to minimize o,

i GJK-based [IE ZC-based  [Bi-GIK ZC1E Active-Set

1077 [6.86x 1074931075 [0 0 0 363 1077
1077 135 1077108 x 1076 |0 183 % 107150 1.65 % 10°¢
1077 [138x 107538 x 1077 [6.88 x 107 [6.91 x 107 [6.88 % 10717 [2.88 x 107
1w o 284 % 107 [6.89 1077 [6.80 % 1077 [6.89 x 107 [3.02 1077
1077 6.80 x 10~ [infeasible infeasible infeasible infeasible 1.09 % 1077
1075 [infeasible  |infeasible  |infeasible  |infeasible  |infeasible  |infeasible

Relative error of each algorithm to minimize 6.

x GIK-based  [IE [ZChased  [Bi-GIK ZC-IE Active-Set

1077 o 6.53%107° [0 0 (] 750 % 1077
102 |0 549x10°° [0 6.96% 107 [0 I8 < 107
1077|138 1075005 1075 (1385 107 (1385 1077 [1.38 % 1077 [5.63 < 10°°
107 0 5.39x 10°% [0 0 0 9.65x 10~
1077 1.38 x 1071 [infeasible infeasible infeasible infeasible 3.00%107F
10-° [1.50 % 10~ 1® [infeasible_ [infeasible |infeasible |infeasible | 1.70x 10~
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Summary

¢ Four geometry-based algorithms for solving the ray-
shooting problem
— GJK-based
— ZC-based
— Internal Expanding (IE)
— ZC-IE hybrid

 Efficient and accurate contact force optimization by ray-
shooting and geometry-based algorithms

Grasp Quality Measures

 Singular values of the grasp matrix [Liand sastry, TRAg8]
does not consider friction constraint and force closure

¢ Geometry of contact polygons [chinellato et al.; Ponce et al.]
lacks clear physical meanings

« Size of force-closure contact regions [Nguyen, RR8S]
evaluates the safety margin of a force closure

* Grasp force efficiency (GFE): worst-case maximum wrench

generated by unit contact forces [kirkpatrick et al., DCG92; Ferrari and
Canny, ICRA92]
quantitative evaluation of a grasp beyond force closure

Contact Force Optimization: test 2

TEST 2: Efficiency

Compute the minimum contact
forces for 1000 random w.¢s

time (in milliseconds)
in parentheses) of ea

Average CPU run

d number of iterations (rounded up to
gorithim for contaet force optimization

GIK-based |IE /C-hased  |Bi-GIK ZC-1E Active-Sel
minimize o, AUMII—LI 6.50 (33) 10.22026) [12.11(8) 1.57 (30) 38.94 (24)

minimize o [22.23 () [10.55(54) [18.27 (47) [19.25(10)\[7.93 (53)/ [47.36 31)

the next highest in

ek~ gze — € 10

U bma e

og, ¢ 08,

minimize o, minimize op

CPU time versus the termination tolerance £

Grasp Evaluation

[Zheng and Yamane ICRA 2013]
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‘ Based solely on contact locations ‘
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Fair Evaluation of a Grasp?

Ability to exert contact forces also depends on
— Hand configuration
— Passive joints and joint coupling

Research, Pittsburgh
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Grasp Force Efficiency (GFE)

friction cone ,

S object surface

~~ finger

3-D object space

oI
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Example

Soft-finger contacts
Joints 3 and 4 (blue) coupled
1 Grasp wrench set from Minkowski sum
o middle
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Active Grasp Force Efficiency (A-GFE)

active primitive force set

Finger Jacobian: ;= JTf;

Active contact force:  f;=J%Tr;

Active grasp wrench set W ?: consists of
all resultant wrenches generated by unit
active contact forces

finger mechanism &
configuration

e Research, Pittsburgh
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Grasp Force Efficiency (GFE)

primitive force set U; primitive wrench set W,
Tietion cone 7 max fiy =1

§ 0

Minkowski sum
\| Convex hull

Grasp wrench set W

finger

3-D object space 6-D wrench space

Grasp wrench set (GWS): consists of all resultant
Primitive contact force: wrenches generated by unit contact forces
- unit normal component

- on the boundary of friction cone

Grasp Force Efficiency (GFE): largest scaling factor
of the a convex set to be inscribed in GWS

oI
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GFE with Same Contact Locations
; \ , ,
¥ . &:7
r=0.5624 r=0.5624 2 %"R&a':h‘p“tw,gh

How to Compute (A-)GFE?

* Problem: local minima

* Existing algorithms for GFE:
approximate the friction cones
by polygonal pyramids

* New algorithm
— Finds the generalized penetration distance
— Global optimum without friction cone approximation
— Applicable to (A-)GFE with convex hull and Minkowski sum

— Requires only linear algebra calculations
2
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ny Calculate the largest inscribed set
‘ ~ ’
Calculate the minimum of d,/d,
over all facets
3 “Pfsnzp Research, Pittsburgh
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Different Inscribed Sets

Blue: active grasp wrench set
Red: largest inscribed set

L
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Numerical Results

Test 4: same contact locations, different hand configurations

r=0.5624 r=0.5624 =0.5624

~ Pfaap Research, Pittsburgh
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Numerical Results

middle Test 1:
- two fingers
- joint 1 (red) is locked

Result:
- Wis 6-D, but W?is 3-D

"3" “Pfsnep Research, Pittsburgh

]
Numerical Results
3 Test 2:
- four fingers
' - Joint 1 (red) is locked
A Result:
N - Wis 6-D, but W?is 5-D
Test 3:
3 - nojointis locked
: Result:
- both Wand W@ are 6-D
-r=0.5624, but r?=0.3693
% “fsagp Research, Pittsburgh
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Numerical Results

Test 4: same contact locations, different hand configurations

r=0.5624 r=05624 r=0.5624
ro=0.3693 ra=0.0395 ro=0.1536
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* Proposed the Active Grasp Force Efficiency (A-GFE)
measure that considers hand mechanism/configuration

* Developed an accurate and efficient algorithm for

computing the generalized penetration distance,
including the (A-)GFE measure

4
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Summary

Distance Functions

* Euclidean distance
— Separation case [Gilbert et al., TRA88,90; Lin and Canny, ICRA91]

— Penetration case [zhengand Yamane, ICRA13]

Generalized distance (zhuetal, TrRa03,04]

— Separation [this paper]
— Penetration [zheng and Yamane, ICRA13]

Growth distance [ong and Gilbert, TRAI6; Zheng and Yamane, WAFR12]

Distance in configuration space [Lavalle 2006, zhang et al., sPMo6]
E.
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Definitions of Distance

Given: A — a compact convex set not containing the origin 0

Generalized distance between 0 and A

LT TTTTTe-da
Q: a “guage set”
\ d: minimum scaling factor such
that dQ and A are not disjoint

|

Generalized distance [zhu et al., TRA03,04]

Separation [this paper]
Penetration [Zheng and Yamane, ICRA13]

Definitions of Distance

7/21/2013

Generalized Distance

[Zheng and Yamane ICRA 2013]

=w)
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Given: A — a compact convex set not containing the origin 0

Euclidean distance between 0 and A

B: unit ball
d: minimum scaling factor such
that dB and A are not disjoint

Separation [Gilbert et al., TRA88,90; Lin and Canny, ICRA91]

%.‘;u, Research, Pittsburgh

Penetration [zheng and Yamane, |

Definitions of Distance

Given: A — a compact convex set not containing the origin 0
Generalized distance between convex objects

Q: another convex object

d: minimum scaling factor such
that dQ and A are not disjoint

l

d>1: separation
d<1: penetration

p Research, Pittsburgh
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C
Algorithm Overview

A(o) = ag + (A —ayp)

Scale A by factor ¢ around a,

Application in Motion Planning

more accurate sensors less accurate sensors

‘\A(Uk)
4 1
i 1
v’ ll
‘\ U
/
;
,
;
\\ ,’
A — an obstacle Q — arobot R
% “Pfencp Research. Pittsburgh Ray-shooting [Zheng and Yamane, WAFR2012] % “Pfnep Research. Pitsburgh
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Algorithm Overview Computing oj, and n;
Q
- P A(o) = ag+a(A—ay)
oy = i 4
S- * T [A@no0i#ajr=0

g

0€ A(o) —aQx

g

1
——ay€A—ag—0Q
[
oy = min o
1
—540€A—ag—Qk ,020
[,
“Bfenep Research, Pittsburgh
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Stopping criterion: g, — 1 < €
<. “Bfenep Research, Pittsburgh
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Computing gj, and n; Computing oj, and n,
o=, i 4 Z,
——a,€A-ag—Qy|,020
gdo ag—Qy| 0 1) Z, - op = ::Zo”
k
A—ag Ny
A—ay —Q
[Zheng and Yamane, WAFR2012]
2) Z,: set of points that represent z;, as their convex combination

o
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- 1 )
Finding ——: ray-shooting [Zheng and Yamane, WAFR2012]
%k — ng: normal of the supporting hyperplane
g
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Accuracy and Speed Error

Red — A Blue — Q Green — dQ

12
. ‘ . 10 —T
: : : 5 s /T/‘/lﬂ//l/
: : g, ~-ours
4 4 3 [ -=-active-set
v =2 v e vl St
At N et 0
2 3 4 5 6 7 8 9 10
contact separate penetrate —logy, ¢
d=1 d=2 d=05 o ) o
The error of our algorithm is linear with the termination tolerance.

Our algorithm is as accurate as the active-set algorithm by MATLAB.

o
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3000 random pairs for each case 2

T — | W
CPU Running Time n-Dimensional Polytopes

A and Q are n-dimensional polytopes with N vertices each on a unit ball

20

“E‘ 15 3

‘; 1

E10 0

= —+-ours

=]

S s — -=-active-set #
»—"“‘/4'/‘/4 2

—logy, &
200 vertices for each 1000 vertices for each

Our algorithm is faster than the active-set algorithm by MATLAB. 3-Dillustration

oI
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CPU time of our algorithm
CPU time of the Simplex method
- 2000
1800 § 2000
0 g =
1600 .2
= 1200 ¢ 3040 o 1400 §
2 1000 g g 0381
£ = 20-30 = 1200 =
o 800 5 S o m0.6-0.8
E 2 = 10-20 s 1000 =
b 600 g =010 S 800 & 0.4-0.6
- -
2 400 2 S 600 E 0204
j 200 % 400 32
S z 0-0.2
345678910 2| 200
Space dimension n 345678910
Space dimension n
The CPU running time increases slowly along with the space dimension Our algorithm is much faster than the Simplex method by MATLAB
and the number of vertices. K especially in low-dimensional space with a large numbagofpoints.
3 g Research, Pittsburgh ] g Research, Pittsburgh
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Summary

* Generalized distance: minimum scaling factor for two
convex objects to touch

* A geometry-based algorithm for efficient computation of
the generalized distance

o
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Discussion

* Advantages of geometry-based algorithms

— Global optimum

— Fast

— Consists of a few basic geometric computation

— Accuracy comparable to standard numerical optimization
¢ Applications

— Planning

— Contact simulation

— Grasp analysis

o
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