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i Automatic Assembly System
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i System Components

= Process Monitor
= Discrete Event Controller
= Compliant Motion Planner
= Robot Controller



Compliant Motion Planning
i — Problem Statement

= Given desired contact transition, I.e.,
the current contact state and the next
desired contact state, and current
object configuration, how to generate
the compliant motion parameters for
the robot controller to guide the work
piece to the next desired contact state.



Compliant Motion Planner
i - Contents

= Basic concepts.

= Three types of contact and their
geometric constraints.

= Feature interaction matrix.

= Motion control conditions.

= Optimization problem and upper bound.
= Future work.



i Contact between Two Polyhedra

= Assumption: One object B (fixture) is assumed to be
fixed while the other object A (workpiece) is mobile.

= There are three types of elementary contacts:
= Vertex-face contacts : V" — ij

= Face-vertex contacts: f;” —v?

- Edge-edge contacts: € —e;

= A contact description between two polyhedra A and B
IS described by a set of elementary contacts.

= A qualitative contact state, or contact state for short, is
a geometrically feasible description.



* Coordinate Frames

v

(0)

= Itis convenient to define two coordinate frames:

The moving coordinate frame (1) is conveniently fixed to the moving object and is called the
body-fixed reference frame. The origin O of the body-fixed frame is usually chosen to coincide
with the center of gravity (CG) when CG is in the principal plane of symmetry or at any other
convenient point if this is not satisfied.

Another coordinate frame is an inertial reference frame (0).



Configuration of Moving

i Object

A configuration of moving object A is defined

as (r’,R;)

where r,’ is the position of the body-fixed frame
with respect to the inertial frame, and R, is the
transformation matrix from body-fixed frame (1) to
Inertial frame (0), which describe the orientation of
body-fixed frame with respect to the inertial frame.

Then the generalized coordinate of the workpiece
is defined as a (6x1) vector:

g=[x y z aﬁ@]T

Where r° =[x y z]' and R/ isfunction
of p=|la L O]



Vertex-face Contact and Its
* Kinematic constraint

0)

dsE (ViA1 ij) = 0
The Euclidean distance is computed as:

de (v, f8)=(r° + Rr, —r
s i j 1 1y,

Kinematic constraint:
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Face-vertex Contact and Its
* Kinematic constraint

(0)

E A By _
Kinematic constraint; d. (f, » V' j )=0

The Euclidean distance is computed as:
do (F7.vP) =[(R))'(r)e —r’)—r . 1'ni,



Edge-edge Contact and Its
* Kinematic constraint

A

0)

Kinematic constraint: dg (& » € 7)) =
The Euclidean distance i |s computed as: dF (e e7) = (N2ae ) (rg% o)

= ( Ooug) (r + ROr, —rpe)
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i Bounding Constraints

s Ve rteg<f—face contact:
e

o (F7 V)= TT [ 2 u(=d(pc,vi)]=0
flecv(f2) pBebp(fl)

s Face-ve rtex contact:
def

Nog (V7 T ") = IT I Z/u(_dsE(ViB’pkA))]:O
flecv (F) plebp ()

m Edge-edge contact:

def

hblcljl (e? ) eiA) :/J(OleB?eiA) T /u(lejs e A) T (05 : A) T IU(I eBeA) =0

]~



Qualitative Configuration
representation

= Feature interaction matrix is used to describe the interaction of
features of two objects A and B, which is the relative
configuration of the object A with respect to object B
qualitatively.

= The feature interaction matrix of non-convex objects A and B is
the composition of interaction matrices between the convex
decomposition of object A and convex decomposition of object
B.

= The feature interaction matrix of convex objects is defined by:

[ AB 0 0
ABCD _ 0 ABchV O
O O AB (Dee
= Where "oV PDdY and “BDd® are vertex-face,

face-vertex and edge edge interaction matrices respectively.



i Feature Interactions

= There are three types of feature interactions:
vertex-face, face-vertex and edge-edge
Interactions.

s Element of vertex-face interaction is defined
by: AB¢.,—“ = sign(ds (v, 7))

s Element of face-vertex interaction is defined
by: " =sign(dS (f,”,v}))

= Element of edge-edge interaction Is defined
by: g =sign(ds (e, e7))



Motion Control Conditions

= There are four conditions for the motion planning
based on the kinematic constraints of three types
elementary contacts.

= Maintaining condition: ensures that the currently
active constraints will be held, if desired.

= Enabling condition: ensures that the next desired
transition is allowed to occur.

= Disabling condition: ensures that an undesired
transition is not allowed to occur.

= Geometric condition: ensures that the geometric
constraints are satisfied.



i Maintaining Condition

= For the zero element in current state (feature
Interaction matrix), if it is still zero in the next
desired state (feature interaction matrix), it
means we should keep this type of contact.

= To keep the desired contact, the absolute
Euclidian distance dg of this type of contact

must keep zero, i.e., %df _0



i Enabling Condition

= For the non-zero element in current state (feature
Interaction matrix), if it is changed to zero in the next
desired state (feature interaction matrix), it means we
gain of this type of contact.

= To gain the desired contact, the absolute Euclidian
distance d,- of this type of contact must decrease, i.e.,

d(ds)
dt

. __AB AB ;
= Defineascalar 7 as: ¥= %  where %i is for
current state. _
d(d,) _

= The enabling condition is: y It

<0




i Disabling Condition

= For the zero element in current state (feature
Interaction matrix), if it is changed to non-zero in the
next desired state (feature interaction matrix), it means
we loss of this type of contact.

= To loss the undesired contact, the absolute Euclidian
distance d¢ of this type of contact must increase, i.e.,

E
|d(ds )6
dt
= Define a scalar ¥ as: » =—"°#,; , where “°¢, is for
next desired state. d(dE
= The enabling condition is: » ;) <0

dt



i Geometric Condition

= In order to reach the desired transition, all
kinds of contact changes must be realized at
the same time.

= We are not interested in the magnitude of the
velocity command but its direction.

= Suppose that the time required iIs At , which
means after At , the new configuration of
moving object must satisfy all the geometric
constraints of the next desired contact state.



i Velocity Parameters

= The generalized coordinate of the work piece

IS defined as a (6x1) vector:
a=[x vy z o p 6?]T :[;J

= A configuration of moving object A is defined
as (r’,Ry)

= Velocity parameters is defined by v? and «; ,
where vP =r’and ! =¢; and
o — [Flo}: [Vf} . Also we have Ry = @R/

- 0 0
2 w,



Vertex-face Contact
i - Differential of Euclidian Distance

= From the equation of distance
do (v, 7)) =" +R/r, — rijB )" n‘f’jB

we can get
& (v 17) = (S + SpR/ )’ n‘f’jB = (n?jB ) o + (F;i,?’ln?jB ) 8¢
= SO we have - -

5dsE (ViA’ ij) e
& rang.




Face-vertex Contact
i - Differential of Euclidian Distance

= From the equation of distance
de (f,%,v7) =I(R)) (re — 1) —ri 1 ni,
we can get
g (F,%,v7) = (n) IOPR) (re — 1) = (R)) o]
=—(ng.)' o = (T —7)n7.) 5
= SO0 we have HE(FAVEY [ -,

~0 =0\,0
&:l N (er-B N rl )nfiA_




Edge-edge Contact
i - Differential of Euclidian Distance

= From the equation of distance
d-(e”.e?) =( 1 g u) (r” +Ryr. —r:)
alu’, S ) "
we can get
SHE (el o) =[df (et oD or + [-d (e )] G
(2,
= SO we have [ GE (e B |
sE(eref) | 9 8
oo gdf (e”,e?)
where 2 jeer o8y _ o R _
a s i1 el'e?
dE (%) = (Ff — FONGy — BTG Tl — e (000 ) TS
O [0 k i ©j ~0 .0 i i ©j ko




i Moving Object Configuration

= After At time, the new configuration of

the moving object will be:
(r) +1-At,R’ +@-R; - At)

= |t should satisfy both the kinematic and
bounding constraints of the desired
contact state.



i Motion Planning

= Differential of Euclidian distance:
idE :idE dq — a:lSE

dt ° dg ~ dt &

= The motion planning problem is equal to find
velocity parameters d such that maintaining,

enabling, disabling and geometric conditions
are satisfied.

= There will be more than one result satisfying
the conditions, so we can define an objective
function to obtain an optimal result.

g



i Optimization Problem

= Define  1=(x)% +(y°)? + (z°)°

= Optimization problem:
Min  J=x2+V2+22+(1&)% + (18)? + (16)°
S.t.

maitaining, enabling, disabling and
geometric constraints are satisfied.

Here, let At=1,




i Upper Bound

= When find the optimal solution, setting
an upper bound by

X2 +y2+22+ (1) + (182 + (10)*] -k =1
where x>0

= SO the real output velocity parameters
are:
q Z[X/K vie 2lx alx pBlx é/K]T




i Future Work

= FInd a way to solve the optimization
oroblem.

= Programming and testing the proposed
method.
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