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Number of Tree Circuits Exercised ---+ 

Fig. 8. The relation between D P L B  coverage and the number of tree 
circuits exercised. 

have been exercised. If this happens, an improved version of the 
cutting algorithm can be applied to cover the tricky faults [ 141. 

VI. CONCLUSIONS 

CACOP, a new testability analyses method, has been proposed in 
this paper. The examples demonstrate that CACOP is quite suitable 
to derive the lower bounds of the detection probabilities. Most faults 
can be covered in the first several propagations. The benefits of 
using CACOP are twofold: I )  CACOP can be used to alleviate the 
computing complexity of the cutting algorithm without losing the 
tightness of DPLBs;  2) CACOP can be used as a one-sided (i.e., 
never overestimates detection probabilities) probabilistic testability 
measuring tool with the aid of the improved cutting algorithm if the 
computing time i s  tolerable [ 141. 

In 1984, at the International Test Conference, a panel on Will 
Testuhility Analxsis Repluce Fuult Simulurion concluded with a clear 
identification of two problems: 1)  fault simulation will be too 
expensive for the million-device chips of the future: and 2) improve- 
ments are needed in  the testability analyses techniques [13]. Since 
fault simulation i s  too expensive, testability analysis i s  a possible 
alternative. CACOP is a compromise of O (  ) and O(  t )  ) testability 
analyses methods from the viewpoint of computing complexity. and 
the accuracy of detection probability lower bound estimation i s  
potentially better than O (  t 1 2  ) testability analyses methods. 

In future, consideration will be given to select good lines to be 
broken such that most faults can be covered by only a limited number 
of tree circuits. The bound distortion is significant if the broken lines 
feed AND gates, and this should preferably be avoided in the tree 
circuit generation. 
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Adaptive Sliding Mode Coordinated Control of Multiple 
Robot Arms Attached to a Constrained Object 

Chun-Yi Su and Yury Stepanenko 

Abstrucf- When a common object, attached to multiple robot arms, 
is cooperatively manipulated to move along a constrained surface, the 
control task requires the simultaneous control of the motion trajectory of 
the attached object on the constrained surface; the constrained force due 
to the contact with the surface; and the internal force exerted by the arms 
on the object. To accomplish such a control objective, an adaptive sliding 
mode control algorithm is presented by developing a new concise dynamic 
model of the system and exploiting its particular properties. Detailed 
analysis on the tracking properties of the object’s position, the constrained 
force, and the internal force are given. The stability analysis shows that 
the proposed algorithm can achieve satisfactory tracking performance. 

I. INTRODUCTIOY 

In recent years, the coordinated control of multiple robotic ma- 
nipulators has been investigated by many researchers [ l]-[ lo]. The 
potential applications of such a system cover a wide range; for 
example, material handling and assembly, grasping and manipulation 
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by a multi-fingered robot hand, and all other tasks recogniLed to 
be beyond the capability of a single arm. When multiple robots 
attach to and manipulate a common object cooperatively, the mul- 
tiple manipulators, together with the attached object, form a closed 
kinematical chain. In such a situation, the multiple manipulators are 
kinematically and dynamically constrained, and the resulting dynamic 
equations are extremely nonlinear and coupled. The control of such a 
system becomes more complicated since a set of holonomic equality 
constraints are imposed and the number of actuators available exceeds 
the mobility of the system. Thus, the control objective is not only the 
motion of the manipulated object but also the internal force exerted 
on  the object by the arms, which does not affect its motion. 

A number of methods have been proposed for solving this problem 
[l]-[lO]. These methods can be classified in two categories: i )  
master/slave method 11]-[3], where one or a group of robot arms 
play the role of the master, and the rest of the arms form the slave 
group which are moved in conjunction with the master arm(s); i i )  
hybrid positiodforce control method [4]-151, where the position of 
the object i s  controlled in certain directions of the workspace, and the 
force is controlled in the other directions. Each robot arm is controlled 
using both position and force error. 

In addition to the above research efforts, most researches on 
the coordinated control of two or more robotic manipulator\ have 
concentrated on the problem in free space, ignoring the presence 
of the environment in the workspace. In a variety of tasks, such 
as bolt assembly or line draw, however, the motion of the object is 
constrained in some directions due to interaction between the attached 
object and the environment. In  such a case, in addition to the control 
of the motion of the object and the internal force it is often necessary 
to control the contact force between the environment and the attached 
object. 

When the environment is modelled as a rigid frictionless constraint 
surface, a kinematic constraint is imposed on the attached object. 
This has been extensively studied in recent years for a single arm 
[ I  l]-[l4], and is referred to as nonlinear singular systems 1111. 
For multiple manipulators the control problem becomes even further 
complicated, since we have to control simultaneously the motion 
of the attached object on the constrained surface, the contact force 
between the attached object and the constrained surface, and the 
internal force exerted on the object by the arms. 

The study of control of the constrained object attached to mul- 
tiple robots was an open problem until recent efforts described in 
[ 151-[19]. By using the linearizable method, Yun [15], Yoshikawa 
and Zheng [ 171 respectively developed their schemes. Cole [ 161 
also proposed a computed torque control method. But i t  should 
be noted that the success of the aforementioned schemes relies 
on the full knowledge of the complex dynamics of the multi- 
arm system. Care should therefore be taken if there is uncertainty 
about the system dynamics, as the controller so designed may give 
degraded performance and may incur instability. To deal with the 
uncertainties in the dynamics, Hu and Goldenberg [ I81 proposed an 
adaptive control law based on the Popov hyperstability theory. But 
their controller needs the measurements of acceleration and force 
derivative. Very recently, Yao et 01. 1191 proposed a sliding mode 
control scheme for a two-arm model. However, the derivation is only 
based on a simplified model, neglecting the shape of the object. 

In this paper. an adaptive sliding mode algorithm for coordinating 
multiple robot arms is proposed, such that the multi-arm attaches 
to a common object and moves it along a rigid constrained surface 
while maintaining a desirable contact force. To do this, firstly, a 
concise dynamic model of attached object in the object coordinate 
space is proposed. Then, by recognizing that the degrees of freedom 
of the generalized coordination decrease while the attached object 

is constrained, a reduced dynamic model suitable for motion and 
constraint force control is derived. By exploiting the particular 
structure of this dynamic model, some fundamental properties are 
obtained to facilitate controller design, Based on this reduced dynamic 
model, an adaptive sliding mode controller, using only positions. 
velocities, and force signals, is proposed. Stability analysis shows 
the asymptotical tracking of position, contact force, and internal force 
without requiring any knowledge of the dynamic model. 

The organization of this article i s  as follows: In Section 11, the robot 
dynamics and its structure properties, i r i  the generalized coordinate 
space of attached object system, are derived. In Section 111, a reduced 
model suitable for control purposes is proposed, and based on this 
model an adaptive sliding mode control algorithm is proposed. In 
Section IV some conclusions are presented. 

11. SYSTEM DYNAMIC EQUATION FORMULATION 

Although several authors [ 15]-[1Y] have proposed a variety of 
dynamic models for a multi-arm system, in this section we take a 
different point of view, by combining dynamic equations of I /  non- 
redundant arms with that of a rigid attached object, constrained by a 
rigid surface, to formulate a complete multi-arm model. This model 
will then be used to develop a sliding mode coordinated control law 
in Section 111. 

Consider I I  robot arms holding a rigid object as shown in Fig. I ,  
in which all robot end-effectors hold the same object moving along a 
rigid surface in a coordinated fashion. Define the coordinate system 
as follows: 

0, : Inertial reference frame. 
Oc,: Object coordinate frame fixed at the mass center of the object. 
0,,: Constraint coordinate frame fixed at the contact point on the 

ith arm coordinate frame fixed at the ith end-effector located 
object surface. 

at the grasping point. 
We also use notations defined as follows. 
r ( ,  E R’: Position vector of the origin of the frame 0, to the 

R,, E I?’”’: Orientation of Oc,. 
w ~ ,  E R”: Angular velocity vector of the object. 
r t  E €2:’: Position vector from the origin of the frame 0, to the 

w t  E R.’: Angular velocity vector of the arm coordinate system. 
11, E R’J: Position vector of the origin of the object frame 0,, to 

f8 E 0:’: Force applied to the object through the attaching point 

i ) ,  E BrJ: Moment applied to the object through the attaching 

-11: Mass of the object. 
I :  Intertial tensor of the object represented by the frame 0,. 
To facilitate the dynamic formulation, the following assumptions 

are made. 
A I :  Each manipulator is nonredundant, hence all manipulators have 

the same number of joints. 
A2: All the end-effectors of the manipulators are rigidly attached 

to the common object so that no relative motion occurs between the 
object and any end-effector. 

It should be noted that if rolling and sliding contacts exist between 
the object and any end-effector [25], [26], the problem will become 
even more complicated, due to the existence of nonholonomic con- 
straints. This problem, however, is beyond the scope of our discussion 
in this paper. 

centroid of the object O,>. 

origin of the ith end-effector frame O,, , . 

the origin of the frame O n , .  

by the ith arm. 

point by the ith arm. 
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object coordlnates 

ith 

reference coordinates 
Fig. 1. Coordinate system. 

A. Object Dynamics 
For simplicity, it is assumed that each contact point is fixed and 

has a known location on the object. Each robot applies a force f 8  
and a moment T I ,  through the contact point C, to the object. There 
are in total 11 ( 1 1  _> 2) robots acting on the same payload. Firstly, 
we consider the situation where the environmental constraints on the 
object are not taken into account. In this case the motion equation of 
the object manipulated by robot arms is expressed as follows: 

JI?,, = F ,  + .\I:/ ( 1 )  

(2) I[i.<, + [/'<) x ( f i t - , , )  = -T,, 

where F(> and -I7(> are the resultant force and moment of the external 
forces and moments, respectively, applied to the object by robot arms. 

F,, = f ,  
,=I 

( 3 )  

where J and I I ?  are the equivalent forces and moments, respectively, 
applied to the object by the ith arm. Equations (3) and (4) can be 
rewritten as 

where 

In general, the position and orientation of the object are of interest. 
By using the position and orientation of the object, denoted by .I-<> = 
[I: oil'. where orientation o, can be expressed as Euler angles, 
roll-pitch-yaw-angles. or in any other manner, then the expression of 

5. MAY 1Y95 873 

where T,, is transform matrix and expressed as i i ' ,  = T,o,. 

is given by [I71 
It should be noted that if Euler angles ( 0 . 0 .  L ? )  are used for 0,. To 

T,, = [; 0 -; C, 2;] 
where S, = sin (o) .Ccl  = cos (0). etc. 

Consider now a point C' on the object is constrained to follow a 
physical surface. Supposing the constraints imposed are described by 
a holonomic smooth manifold, then the algebraic equation for the 
constraint can be written in the contact point Z,. = [rf . HT]" as 

@(I,) = 0 ( 7 )  

where the mapping : R" + R' is twice continuously differen- 
tiable. 

Since 9( .Ti, ) = 0 is identically satisfied, it is evident that ./,.S,. = 
0. where J ,  = a@/L?l,  is the Jacobian matrix. Thus, the effect of 
the constraints on the object can be viewed as restricting the object 
dynamics to the manifold ( 2  defined by 

f 1 = { (I,.. s,. ) : @(-I-<.) = 0 

rather than the space R". 
When the object is moving along the constrained surface, there 

exists a constraint force f ( .  E R" on the object. Since the constraint 
surface is frictionless, the constraint force f,. is normal to the 
constraint surface and we can write 

f' = J<' x (8) 

where X E R'  is the associated Lagrangian multiplier [ l l ] .  
The constraint force f ,  at contact point between the object and 

constraint surface will produce a resultant force/moment F,. at the 
object center of mass, given by 

F, = S'TT-' f t  (9) 

where 

p,, E R" is the vector of the position of the contact point relative 
to the object frame 0,. 

Since the position of frame 0, relative to the frame 0,. is given 
by the expression I., + RcJjic>. the relation between I, and -YC can 
be expressed as I I61 

= r u  + R,jijo 

(10) 

1 [ o,, + ( . O l l h t i t l l t  

2 H ( - Y < , )  

which is known. 

account the environmental constraint, can be expressed as 
Then, based on (6) the dynamic equation of the object, taking into 



X7J IEEF. TRANSACTIONS Oh' SYSI'EMS. MAN. AND CYBERNETICS. VOL. 2.5. NO. 5.  MAY 1995 

B. Kinemutic Constmints oti the Attached Object 

relation between the position r,, and I . ,  holds 
At each attaching point C, . the following kinematic constraint 

(13) r, = I , , ,  + R,,li,. 

Differentiating the above with respect to time yields 

i., = + u , , ,  x R , , ~ J ,  (14) 

where w c ,  x R = h. Hence, at the attaching point C' ( .  the following 
relation can be established. 

Let the position and orientation of the end-effector of the ith arm 
at attaching point C ,  be denoted by P, = [I.: (I:]' . the velocity 
including orientational elements by 1 3 ,  = [i.; . ( ( , , ' I '  t R". and the 
joint variable vector by (1, t R". Then. 

I , ,  = .r,i, (16) 

where .7, is the generalized Jacobian matrix. Using the (15). i t  can 
be shown that 

I t  is assumed in the following, that each robot works in a nonsingular 
region. Thus the inverse of the matrix .J, exists. 

Considering all the robots acting on the object at the same time, 
the following kinematic constraints are obtained 

Ji = S [:':,I = ST- i , ,  (18) 

where .J = 1)loc.k tliag (.I1 . ' .J,, ) E R'"' ""' . q  = [q:  . . . q i ] '  E 
R""..S = [s: . . . . 5 1 t ] '  E R""X" .T  = l ) loc~l i t l i ag(E~ T, , )  E 

Concerning the matrices 11- in ( 5 )  and S in (18), the following 

Properh 2. I: 
1 )  S and 11- are full rank, i t . ,  rml i  ( T I - )  = rniik (S) = 6. 

R"'". 

useful properties hold. 

2) s' = 11: 

C. Thc~ Combined Robot,s/Objwt Dyamics  
We now derive the dynamic equation for the whole system in terms 

of the object variable .Y,,. If the object moves along the constraint 
surface in response to manipulation by the multiple arms, it has been 
shown that the dynamics of the ith robot reflecting object effects is 
given by 

I), ( q( );j, + B) ( (l( .i, ) ( j 8  + G( (it ) = t - .I/ r, i = 1 ' ' ( I Y) 

where q,  E R" is the vector of the joint 9ositioiis: I), E R"'" 
is the symmetric. bounded, positive definite inertia matrix: vector 
B # ( q ( .  <( )it E R" presents the centripetal and Coriolis torques; 
G(i l , )  E R" is the vector of gravitational torques, which is bounded 
C" function; ( I ,  E R" is the vector of applied joint torques, r, E R" 
is the vector of forces and moments exerted by the ith end-effector 
on the object defined in  ( 5 ) .  

For simplicity. let 

D = I)loc,k (ling ( DI . . . D,, ) E R'"'X'"' 

ZI = 1)loc.k tliag ( L ?  . . . B,, ) E R"" x ' " '  

c; = [c;; . . . c;; 1 '  E R1"' 

I I  = [ I / ;  . . . ( / A ] '  E R"".  

Equation ( 19) can be expressed more concisely as 

where q E R"" is defined in ( I @ ,  F E R"" i s  defined in (5 ) .  

properties, which are of importance to our controller design. 
The robot model (20) is characteriLed by the following structural 

Property 2.2: 
I )  D ( q )  is symmetric positive definite. 
2) A suitable definition of B (  q ! .  i j ,  ) makes matrix (0, - 2B, ) 

skew-symmetric [21]. In such a case, (D - 2 B )  is also skew- 
symmetric, i.e., 

2' (I) - 2 B ) z  = 0. 

3) The matrices D,. B!. and G, are linear in the dynamic parame- 
ters of robot i .  More specifically, the following decomposition 
will hold [21]: 

D,( ( l , ) i : )  + D ( ( q f l . ( j t ) t , l  + G(il , )  = l ; ( q , . i ( .  ( 3 ) .  i : ! ) ~ !  

where I ; ( q ! . i { .  ;,(. i ; ) )  t R"'"' are regressor matrices, ( I ,  t 
R"' are vectors of dynamic parameters of robot i .  Therefore, 
the individual terms on the left-hand side of (20) are linear in 
terms of a suitable selected set of equivalent manipulator and 
load parameters, Le., 

D(q) i ;  + D ( q . q ) G  + G(qj = l-(q.q.iJ.cj(l 

where l - ( q . q . q )  E R"'""' i3 a regressor matrix of known 
function of q. y. q.  and ( I  ' = [ ( I  ,. . . . . i i  ,,] E R'" "") is a 
vector of equivalent parameters. 

I t  is worth noting that there are in total (61,+ I )  position variables 
in the ( I  I ) ,  (12), and (20). but in fact, only 6 of the variables are 
independent. This can be easily seen since once the trajectory of 
the object is given, the joint trajectory of each robot is uniquely 
determined due to the assumption AI and A2. Owing to the depen- 
dence among position variables, the ( 1  I ) ,  (12), and (20) would not 
be suitable for one to analyze the dynamic behavior of this system. 
With this observation in mind, we will treat elements of the object 
coordinate S,, as independent position variable and reformulate the 
dynamic (20) in terms of these variables so as to describe the whole 
system behavior. 

In review of (18) and noting that w ~ ,  = T,,o,,. i t  is readily obtained 
that 

q : .I-' ST.i-7iv (21) 

(22) q = J -  ' ST-i-,, + - ( .I- ' ST)-<-<>. 

With these relations, the dynamic model of the multi-robot system 
(20) can be reformulated, in terms of the object coordinate -Ycj. as 

11 

tlt 

(1 
il t D.J-'ST-i-,, + D-(.J-'ST)-i-,, + B.J-'ST-i-c, 

+ G ( S , , )  = u - .J'F. (23 )  

Premultiplying both sides of (23) by T '  11-J- ' and using Property 
2. I ,  then, the dynamics model of the multi-robot system, coupled 
with the object dynamics ( I  I ) ,  is 

D,, (.I-<, ).i-<, + D<, ( .I-,,. if, Li-,, + G,, (-I-,,) 
= u,, + T '  S,: T -  ' .J<' X (24) 



IEEE TRANSACTIONS ON SYSTEMS, MAN. AND CYBERNETICS. VOL. 2.5. NO. 5 ,  MAY 1995 875 

where 

[-'6" 1 G,, = T' S' .l-' G + 

The system dynamic equation is now in the general form. I t  should 
be noted that the differential-algebraic ( 2 3 ) ,  (24). and (25) completely 
characterize the dynamic behavior of the multi-arm system. This can 
be easily observed from the following procedure: by resolving the 
differential algebraic (24) and (25 ) ,  we can first obtain the object 
trajectory S,, and the contact force acting on the constraint surface. 
Hence, the joint trajectories of each robot are determined through the 
( 18). The evolution of the attached force F, . i = 1 . . . 1 1 .  can then be 
obtained from the (23). 

For this system the following properties are found to be true. 
Property 2.3 
I )  D,, is symmetric positive definite. 
2) ( d / d t ) D ( ,  - 2B,  is skew-symmetric. 
3 )  

where 1 (S,, . 6.  ij ) E R" "' 15  a known regre\wr matrix, 
t i , ,  E R"' I S  a vector of unknown parameten 

111. THE CONTROL ALGORITHM 

The system dynamic (24) and (25) are now in general form which 
allow development of the control algorithm. The control objective 
is to provide a set of input joint torques to the end-effectors. These 
end-effectors attach to the object so that the attached object tracks a 
desired trajectory on the constrained surface with a specified contact 
force, at the same time maintaining the desired internal forces exerted 
on  the object. 

A. Reduced Dynrimic Model 
Since the presence of I'  constraints (25) causes the manipulator to 

lose r degree of freedom, the motion of the object is left with only 
6 --I' degree of freedom. In this case, 6 --I' linearly independent 
coordinates are sufficient to characterize the constrained motion of 
the object. Choosing 6 --I' out of 6 object variables, denoted by 

to be the generalized coordinates describes the constrained motion of 
the object. The remaining joint variables are denoted by 

By the implicit function theorem, the constraint (25) can always be 
expressed explicitly as [ I  I ]  

-I-: = (T( s,! ). (28) 

It is assumed that the elements of S: are chosen to be the first 
6-r components of .I-<>. If this is not the case, (24) can always be 

reordered so that the first 6 --7' equation correspond to -'ij and the 
last I' equation to -Yj. Defining 

Then, from (29) 

i-<, = L(  r,: ,s,; 
i-<, = L (  x; )-<-A + i( s,' )-ti. 

(30) 
(31) 

Therefore, the dynamic model (24), which is restricting to the 
constraint surface, can be expressed in a reduced form as 

D,, (S,: ) L ( )s,! + B! (S,; . -?A 
+GJ.Y!) = 2 1 , , + ~ T ~ ; r ~ - 1 , ~ , l ~  (32) 

where 0,; is defined as 

0l (I,:. .f,i ) = D , (  4,: ) L (  S,: ) + Bo (-I-,:. ) L (  S,: ). 

Remark: Equation (32)  is suitable for control purposes which 
forms the basis for the subsequent development. This is because the 
quality constraint equation are embedded into the dynamic equation, 
resulting in an affine nonlinear system without the constraints. 

By exploiting the structure of the (32), three properties can be 
obtained. 

Properg 3. I :  Define the matrix 

-4 i 1,; ) = L ' ( s,; ) D,, ( s,j ) L ( -I-: ) . 

.i( 1,: ) - 2 L (I-<; ) 0,; ( .I-<:. i; ) 
then 

is skew-symmetric. 
Pro($ 

.i - ~ L ~ B , ;  = LD,,L + L"D,L + L I  D,L - 2 ~ ~ ~ 3 ;  

= L l  (b<, - 2B,,)L.  

From Theorem 2.1 that D ,  - 2Bcj is skew-symmetric, it is easy to 
know that .i - 2L7 BAis also skew-symmetric. C. 

Property 3.2: 

.J,T-'S,,TL = L ' T ' ' S , i T - T J T  = 0. 

Proqfi Based on the (7), we have 

(33)  

By using ( IO) ,  d H ( S , ) / t l t  can be expressed as 

d H ( I  ) 
2 = T -  S,,T-i-;o. 

ilt 
From (30), (33) becomes 

.J,.T-' S,TL(S,i)Ai-Ti,: = 0 

Since -'id is linearly independent, therefore, we obtain 

J,T-'S,,TL = L I  T I  s,' T - ~ . J ~  = 0. c. 
Proper3 3.3: Motion (32)  is still linear in terms of a suitably 

selected set of parameters, i.e., 

D,, ( -'id ) L (-I-,: )ij;> + L3: ( -I7<: . -?,I );:, + Go ( X i  ) 
= 1-1 ( 4,) . i,: . V;) . i;: )no. (34) 

This property can be easily proved from Property 2.3. 

sliding mode laws. 
The above properties are fundamental for designing the adaptive 
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B. Adaptive Sliding Mode Controller 

The controller design problem is as follows: given the desired 
object trajectory -Y:: and desired constraint force f:'. or identically 
desired multiplier A</. which satisfy the imposed constraints, i.e., 
@(H(-Yi))  = 0 and f:' I .T: A,/. to determine a sliding control 
law such that for all (-Y<,.-X-,,) E C2. that S,, -+ -Y,'; and f ,  2 f:' 
as t i x. It should be noted that, since S% = (r( 
required to find a sliding control law to satisfy -1-3 i 

Now, we are ready to introduce the sliding mode coordinated 
control algorithm by borrowing some conceptual development of the 
sliding mode control scheme proposed in [ 141. Defining 

e, , ,  =-Y,: - -Y<:f/ ( 3 5 )  

I,;' =.i-,1" - .I(,,, (36) 

where P ? ? ?  is the tracking error; -i-c:r is the auxiliary trajectory: .I is 
tunable positive definite matrix whose eigenvalues are strictly in the 
right-half complex plane. 

Defining (1 1 as a constant / t i  -dimensional vector, containing the 
unknown elements in the suitably selected set of equivalent dy- 
namic parameters, then the linear parametrizability of the dynamics 
(Property 3.3) leads to 

The sliding surface is chosen as 

.L, I = - i;' = I,,, + .I( , I ) .  

The adaptive sliding mode control law is defined as 

- 1; (-y,;, -i-l j,. - i - l r  ,, . -  ); - Iic/L(-Yr: ).?I c, - 
- T" S,: T-' J,' A, 

where li,, is a positive definite design matrix, t / (  > 0 are arbitrary 
constants; A, is a force control defined by 

A, = A,/ - I l - A C ' A .  (42 1 

I<A is an I t )  x ni constant matrix of force control feedback gains, 

c . 4  = x - A,/ (43) 

is the force multiplier error. 
The following theorem is proposed. 
Theorem: Consider an object attached by ri robots, each robot 

having six degrees of freeckmz. Let a point P, = [ r , !  . H?] ' on the 
object be constrained to move along a rigid frictionless constraint sur- 
fuce. Then, j o r  the po.sition/orientution -Y,, . a constraint @ ( H ( S, ) ) = 
0 is imposed. Suppose no robot goes through a singulurity und the 
grasp maintains ,force closure over the trujectoy. For such u system 
which is modelled in the reduced ,form ( 3 2 ) ,  using the control law 
(39)-(41), with the sliding surjuce s = 0 described by (38), the 
closed-loop system is then globully asymptoticully stable in the sense 
that 

I ) s,, + s,; us f + x 
2 )  stead-stute,force F,. - F,! is bounded and inversely proportional 

to the norm cf the matrix ( l i x  + I ) .  

Proal! The following sliding mode equation can be easily 
obtained by using (39) and (37) 

D , , L . ~ ~  = D ~ , L - ~ ~ :  - D ~ , L - ~ , : ~  
+ T''.S,: T - /  J,'X - D,>L-~- , ; '  - B ~ { S , ~ '  

- G,, - Bl.sl 
=1-19 - l - l ( l , ,  - L?, jSI  - I<</L(.Y<:).sl 

(44) + T' S,: T-".J,' ( A  - A, ). 

Using the Property 3.2, the above equation becomes 

.4.iI = L ' I - , ~ - L ~ I - ~ ~ ~ ,  - L ' I I , ) . ~ ,  - L ~ I ~ - ~ , L ( - x - ! ) s ~ .  (45) 

Consider the Lyapunov function 
i I 7  

T.(t) = ;.v; .4SI + ;E( 1, - i ) Z / ? ] (  (46) 
, = I  

where . i t  = 1o,,, I. o,, is defined in (37) ,  jt is its estimate. 

gives 
Differentiating (46) with respect to time along the solution of (45) 

. I '  
\ - = . S I  ( L ' ' I - , ? -  L ' I - ~ ~ ~ ,  - L ' L I , : . ~ ~  - ~ ' ~ i ( / ~ ( ~ \ - ~ : ) . s l )  

, = I  

, = I  ,=I 

(47) 

(48) 

from (46) and (48), it is evident that I Is  I 1 1  and ,j). i = 1.. . . . [ t i .  are 
globally bounded. Moreover, SI -+ 0 as t + x. Using (38) and a 
standard argument yields that ( -+ 0 and i,,,, + 0 as t + x. Also 
y 2  - (i - (r(S!). which implies + -Y<;" if S,: + I:". therefore, 
-I-,, + I:( as t + x. 

Since .s I .  f 1 1 7 .  i and 7, are bounded, using ( 3 5 )  and (36) yields 
that I!. .i-!. are all bounded. Therefore, all signals on the 
right side of (44) are bounded and we conclude that,,.;, is bounded. 
Using (38) and (35) allows us to conclude that -Y! is bounded. 
Substituting the control (39) into the reduced order dynamic model 
(32) and using Property 3.3, we have 

. . .. 
I; (-Y!. -Y,~.-x-,:'. s,:' 19 - Ii,/L(-Yf: - T' s,: T - ~  J,' A, 

+ T' S!T-".J," X = 1 - , ( - Y ~ ; . . i - ~ ~ . - ? ~ ~ ' . . i - ~ ~ '  ) ( I I  (49) 

which can be written as 

A, - X = ( T '  ST T-' .JT ) -  ' [I; (S,: . -ti. -?:' . -f!' ) (I  

- ~ - l ( - ~ - ~ ~ . - t : . - i - ~ ; ' . - ~ ~ ~ ' ) ~ +  I<~/L(~Y~).YI]. (50) 

So all signals on the right side of (50) are bounded, and we can write 
( S O )  as 

A, - x = &>(-Y<;. s,j . x<:. s; r .  1,: ' . >I ,  ) (51) 

where &, is a bounded function. Using (35) , (36), and (41) again 
allows (SI) to be written as 

A, - x = ~ ( - ~ - , ; . - ? ~ . - Y ! [ / . - i - , ; ~ / . - f ~ ~ ~ / )  (52 )  

. .. . . I  - 
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where ( is a bounded function. Substituting the force control given 
in (43) into (52) yields 

( , A  = ( l i x  +I)-’( ( 5 3 )  

where Z is the t n  x i t t  identity matrix. Thus, f ,A and therefore the force 
tracking error F, - F,? is bounded and can be adjusted by changing 
the feedback gain matrix l i x .  ‘T. 

1) The control laws (39)-(41) do not require any knowledge of the 
detailed description of the model, and no additional assumption 
is imposed on the system. So the controller is very general and 
structurally simple as well as computationally fast. 

2) The results for force control is similar to the results presented 
in [I31 for a single arm. 

3) The method for computing the regressor matrix 1-1 given in 
(39) was given by several references, such as [23]. 

4) While assuring the desired behavior, the control law (39) is 
discontinuous across the sliding surface s , .  which leads to 
control chattering. Chattering, in general, is highly undesirable 
in practice, since i t  involves extremely high control activity, 
and further, may excite high-frequency dynamics neglected 
during modelling [20]. This can be remedied by smoothing 
out the control discontinuities in a boundary layer neighboring 
the sliding surface. To do this, we replace \gii ( . )  by h i l t  ( . / ? ) .  

where r is boundary layer thickness. It can be proved that this 
will guarantee the ultimate boundedness of the system to within 
any neighborhood of the boundary layer [2O],  [ 2 2 ] .  

Remark: 

C. Torque Distribution 

For tracking purposes a control algorithm in terms of I is required. 
Fortunately, since 11- is full rank (Property 2.2),  there exits a matrix 
T I - +  = I T - ‘ ‘ ( T l - T T - ‘  ) - I .  such that (note that u, = T‘ TT-.J-’u) 

I = J r u e ~ , t < l  (54) 
where 

U, 1 1 1 ~  = IT-+T-’ I,, + FI  ( 5 5 )  

is the force causing the motion of the object, in which u,, is computed 
by (39), and FI represents an internal force vector. Since the only 
constraint for FI  is that it should lie within the null space of IT-. i t  
is not unique, and depends on the load distribution among the robot 
arms. Due to different applications requirements different choices for 
Fr . therefore, a many torque distribution methods have been proposed 
191, [ IO] .  For this paper, the torque distribution method given in  [9] 
can be applied. The reader may refer to [9]. 

IV. CONCLUSION 
A robust coordination scheme, for cooperatively manipulating a 

common object to follow a constrained surface with multiple arms, 
was presented in this paper. The kinematic and dynamic constraints 
together with the redundancy in actuation make the control of such 
a system a formidable problem. The main contributions of this 
paper lie in the establishment of a new dynamic model to describe 
the constrained object motion, which makes i t  possible to seek a 
sliding mode control law. The proposed algorithm guarantees the 
simultaneous control of the motion of the object on the constrained 
surface; the constrained force due to the contact with the surface; 
and internal force exerted by the arms on the object, using only the 
measurements of joint position, velocity, and constraint force. The 
object can be of any shape as long as its mass-center is known. 

The computational efficiency for realizing the proposed scheme 
can be improved by off-line computation of the nonlinear regressor 

matrix using the desired positions and velocities instead of the actual 
measurements. The method for implementation of such a strategy i s  
discussed in detail in [24] for a single robot. Therefore, the way to 
extend the proposed scheme is a further research topic. In developing 
the control strategy, i t  is assumed that each arm firmly attaches to the 
object through the attaching point. For some advanced applications, 
rolling and sliding contacts between the object and some end-effectors 
may be required. Hence, extension of the results to the rolling or 
sliding case is also an interesting further research topic. 
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Teleoperator Response in a Touch 
Task with Different Display Conditions 

Alberto Rovetta, Francesca Cosmi, and Lorenzo Molinari Tosatti 

Abstract-This paper deals with the evaluation of human biofeedback 
response in virtual reality and in direct view. The experiments have 
been performed with a new paradigm for the evaluation of human 
biofeedback during the telemanipulation performance of a touch task. 
The controlled motion of one finger is monitored with the surface EMG, 
while a mechanical robotized hand finger follows the motion imposed by 
the human finger. The biofeedback is detected in a direct way, by the 
vision of the robotized finger action, and in an indirect way, with the 
support of three different types of interfaces. The neuromuscular activity 
presents different features and delays in the four cases: A measurement of 
the attention and participation in the madmachine interface is obtained, 
in a first series of experiments. The paradigm adopted in this research is 
the result of the integration of robotics and neurology. 

1. NEUROBIOLOGY AND NEUROROBOTICS PROJECT 

This paper examines the influence of biofeedback on the muscular 
strategy by which a motion plan is executed. In telemanipulation, 
the control of a remote system is performed by a human operator, 
as part of the telemanipulation control loop. A better understanding 
of mechanical and manipulating systems control can be achieved 
by means of a comparative study of biological systems. Hogan has 
investigated the problem of formalizing informational and energetic 
transactions in control system software and in physical systems, with 
application to the problem of contact during telemanipulation [ I ] .  

Mechanical informations such as position, pressure distribution, 
force and so on are required for a better knowledge of human 
behavior as well as of human kinematics and contact movements, 
while sensory systems in robotics can provide methods and tools to 
achieve comfortable man-machine interfaces. Human sensory fusion 
has been analyzed by means of virtual reality interfaces by Ishikawa 
121. 

High fidelity real-time computer graphics displays as well as a 
force reflecting teleoperation simulator have been developed at JPL 
to provide operator aid in  telemanipulation tasks, and different types 
of interfaces have been evaluated [ 3 ] ,  [4]. 
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The process of visual search in virtual environments has been 
investigated by Stark et a/., as well as the role of visual depth cues 
and effects of stereo and occlusion on simulated manipulation [5] .  

Experimental studies were conducted by Massimino and Sheridan 
to determine the effects of visual and force feedback on human perfor- 
mance in telemanipulation, with varying frame rates and subtended 
visual angles, with and without force feedback [6]. Kazerooni has 
proposed a framework for the design of a telerobot controller in  which 
the dynamic behaviors of master and slave systems are mutually 
dependent [7]. In his book [SI, Sheridan provides a wide survey on 
the efforts that have been made to model the man-in-the-loop and the 
operator’s role in supervisory control. 

Our research provides an experimental evaluation of the different 
control strategies adopted by the human neuromuscular system when 
the same teleoperation task is performed with the aid of different 
madmachine interfaces 191, I I O ] ,  [ 1 1  1. 

The EMG recording during a teleoperation experiment, performed 
both in conditions of direct visual contact with the remote environ- 
ment and utilizing different interfaces, allows an investigation of the 
neuromuscular activity of a human subject. A better understanding 
of how human control is performed can then be achieved. 

The sensory signals processed by the cerebral cortex and the 
cerebellum represent the feedback aspect in the human control 
loop. To adjust neuromuscular activity to the desired behavior in 
anticipation of the sensory signals is performed by a feedfonvard 
control as the human motion plan does not contain, in  itself, a 
complete description of the task 1121. 

In this experiment, the operator wears an exoskeleton system that 
drives the mechanical finger motion. During the operator’s finger 
motion, the sensed signals from the exoskeleton change and these 
changes provide signals to actuate the mechanical finger. 

The sensory biofeedback in the tests is obtained by the eyes, which 
are observing the performance of the telemanipulation action and the 
contact force of the robotic finger, depicted on a monitor or expressed 
by the bending of a loaded blade. The line-of-sight distances from 
the operator’s eyes to the display and the blade are respectively 2 
meters and 1.30 meters. 

The process monitoring continues throughout the duration of 
the test. The following signals are sampled and memori7ed for 
quantitative analysis: 1)  operator’s finger motions, 2) EMG signals, 
3) forces exerted by the mechanical finger on the blade. 

11. TEST EQUIPMENT 

The test equipment makes use of appropriately integrated mechani- 
cal, electronic and display components. The integration itself allowed 
the development of a system which is able to provide different types 
of feedback to the operator and to carry out a quantitative analysis 
of the test execution modes. 

The main features of the experimental station are (Fig. 1): 

1 )  Telerobotic hand, a mechanical gripping device with three inde- 
pendent fingers with phalanxes articulation, actuated by three 
motors which stretch and release a metal tendon, developed 
in the Robotics Laboratory of the Department of Mechanics, 
Politecnico di Milano. In this first stage of the experiments, 
was decided that only one of the fingers should be used, to 
simplify the execution of the test. Therefore, only one of the 
mechanical fingers was programmed to accept direct control 
by the operator. The elements of the experiment include the 
following: 
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