218 IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 17, NO. 2, APRIL 2001

[9] S. Scheding, G. Dissanyake, and E. M. N. H. Durrant-Whyte, “An ex-
periment in autonomous navigation of an underground mining vehicle,”
IEEE Trans. Robot. Autornvol. 15, pp. 85-95, Feb 1999.

[10] R. DeSantis, “Modeling and path-tracking for a load-haul-dump mining
vehicle,” Journal of Dynamic Systems, Measurement and Cqniabl
119, pp. 40-47, Mar 1997.

[11] C. Altafini, “A path-tracking criterion for an Ihd articulated vehicldsit.
J. Robotics Researghol. 18, pp. 435-441, May 1999.

[12] P.Bolzern, R. DeSantis, A. Locatelli, and S. Togno, “Dynamic model of

E a two-trailer articulated vehicle subject to nonholonomic constraints,”
i Robotica vol. 14, pp. 445-450, 1996.

T [13] A. Hemami and V. Polotski, “Dynamics of a dual-unit articulated ve-
§ : R : hicle for path tracking control problem formulation,” Rroc. Int. Conf.

g 0.1 B Control ApplicationsHartford, CT, Oct 1997, pp. 173-176.

@

I

=3

— Bicycle v=1m/s
— - Non-holonomic v=1m/s
- Bicycle v=5m/s
— - Non-holonomic v=5m/s
i i i i
8 10 12
Time (s)

Payload Maximization for Open Chained Manipulators:
Finding Weightlifting Motions for a Puma 762 Robot
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Fig. 7. Simulated steering response for bicycle and nonholonomic models for ) ) . )
plant with no rate or saturation limits add = 10 and for two speeds = Abstract—Although the dynamic equations of motion of open-chained
1, 5 m/s. robot systems are well known, they are seldom taken into account during

the planning of motions. In this work, we show that the dynamics of a
robot can be used to produce motions that extend the payload capability

. . . beyond the limit set by traditional methods. In particular, we develop a
to a nonholonomic constraint. The bicycle and exact models were t int-to-point weightlifting motion planner for open-chained robots. The

compared in the context of a heading control loop where the effect @fverning optimal control problem is converted into a direct, SQP param-
the zero on error and input demand is quite marked, particularly at l@ter optimization in which the gradient is determined analytically. The joint
speed. As vehicle speed increases, the kinematics tend toward thogeaigictories are defined by B-spline polynomials along with a time-scale

a bicycle. However, at low speed, such as required when turning tié?ﬁtor' The algorithm is applied to a Puma 762 robot, with its physical limi-
’ ’ ations incorporated into the formulation. The torque limits are formulated

corners, the d'ﬁeren(_:e is significant and given the confined enviroRs soft constraints added into the objective function while the position and
ment must be taken into account. velocity limits are formulated as hard, linear inequality constraints, on the
parameters. The solutions obtained with our algorithm extend the robot’s
payload capability while reducing the joint torques. Interestingly, nearly all
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for a given load, thereby reducing wear on the robot. This work extensigace. This provides superior numerical stability since the semi-infinite
our previous results [11], where effort was minimized for systems wittonstraints on joint velocity are satisfied exactly with a small number
end-effector constraints. The unique aspects of our approach are aslfioar constraints on the parameters.

lows: 1) the payload is factored directly into the cost function for the

motion; 2) the semi-infinite joint velocity bounds are transformed to a 1l. FORMULATION OF THE OPTIMIZATION PROBLEM

finite set oflinear constraints on the paramete®) a time-scale factor . . .
P o8 _Consider am-degree-of-freedom (DOF) open-chained manipulator.

and its gradient are incorporated into the formulation; 4) a linear facth i t functional that int ted in minimizing i
ization of the dynamic system parameters is developed using the g B? specific costiunctional that we are interested in minimizing 1

metric operators qf I__ie groups and Lie algebra_ls; :_:md 5) to_ t_he best of Minimize J. = —wpu + 1 /.ptffTTWGTdt &N

our knowledge, this is the first successful application of minimum-ef- m(1),pw 2 Jo

fort optimal control to a weight-lifting problem for a real robot. subjectto H(q)j+ h(q,4) =7 @)
We assume that the desired motion can be characterized as the solu- 7, <1m(t) <7 3)

tion tg a gene(fll optlmal control pr_oblem of the foNf}n,(t) J_L. = ¢, <ai(t) <7, 4)

®(q.q4,tf) + jof L(q, ¢, 7,t)dt subject to the dynamic equations of o -

motion and bounds on position, velocity, and torque. The specific cost 4, < dilt) < 4 (5)

functional that we used for payload maximization will be given in the q(0) = qo q(0)=0 (6)

next section. The final timé; may be either free or fixed in our for- a(pety) = q5 i(pety) = 0. @)

mulation. B f the importan f findin lution im . . . .
ulatio ecause of the importance of finding solutions to opt Equatlon (2) represents the dynamics for the open-chained manipulator

control problems of the above form, there are several numerical al o-h the ioint coordinates € R and the joint forces or torquese
rithms and commercial software packages available to solve them.g%f,f J 5 g . J ) . ques
k', whereH (q) is the generalized mass matrix ah(l, ¢) contains

of the competitive approaches incorporate some form of Newton itef

tion on a parameterized version of the problem. Because the probletgn%centrlfugal, Coriolis, and gravitational forces and the joint friction.

are nonlinear, the Newton iteration will converge to a local minimizer: onstraints on the joint torque position (displacemeng)and velocity

See [3] for a review on progress made in this area since the 1960'’s. égre represented by (3)._ (). respectlyely, Wh—eré’ ¢,4, 4, andg € .

- - . are assumed to be given for a particular manipulator. The subscript
gorithms used to solve optimal control problems are broadly classmefjn (3)~(5) is the'th component of the correspondingvector, so these
as either indirect methods or direct methods. Indirect methods expﬁc- . P corresp e '
. S o : . " Inequalities represent a total®f semi-infinite constraint equations of
itly solve the optimality conditions stated in terms of the maximu e formg(q(t), d(#). 7(#)) < 0 for t € [0, pst;]
principle [4], the adjoint equations, and the transversality (boundarrgh IUANE), 0A8), TRE)) = it

conditions. These conditions can be derived using the calculus of vari-The cost functional (1) explicitly takes into account the manipulator

ations, where the first variation of the Hamiltonian function is set tBaonadpw, which is scaled by the factar > 0. The payload s a vari-

zero. A number of multiple shooting methods have been developed":'tt())Ie parameter in our formulation. The effect of increasinglaces

o - . more emphasis on the weight lifted by the manipulator with less em-
solve the two-point boundary value problem defined by the equatlo?)?iasis on the actuator effort, which is the term on the right-hand side

Although the indirect approach described above has been used 4Gy Note that increasing,, decreases the left-hand term in the cost
cessfully in many applications, it has been replaced by direct methqfl§ tional, but it simultaneously increases the joint torques required for

in recent years. The primary reasons are that the region of converg Ceemotion; so the right-hand term in the cost functional increases. The

is relatively small and that it is difficult to incorporate path inequalit%atrix W. > 0 is the weighting factor that allows us to incorporate

constraints. We_ chose a direct approa_ch for the_ work_repor_ted in tﬂl.% effects of joint coupling and gear ratios in the Puma 762 robot. We
paper. The basic |de_a Is to p_arameteng thg joint _trajectorleg,_andomain a free-final-time problem by fixing and varyingp: as an ad-
vary the parameters in a nonlinear optimization until a local minimuig;na| parameter. The parameterscales the nominal trajectory uni-
that satisfies the constraints have been achieved. The joint trajqu}-rmy over the time interval0, ¢ ;]. Note that if ; is too small, there

ries used in the motion F;'a“”_ing problem can be feF’feS?”‘ed in_m?ﬂé{y be no admissible solution to the optimal control problem since the
ways. Among them aré”-splines and B-spline polynomials, which 16 constraints indirectly bound the path traversal time.
have been used by many robotics researchers [5]-[7], [9], [11], [13],

[15], [17]. B-spline polynomials provide local control of the joint tra-o  joint Trajectory Parameterization with B-Splines

jectory and they have the important convex hull property [2]. In this
aper, we exploit the convex hull property by transforming the semi-ip- . o . i . . .

bap b property by g Putlon, the joint trajectories are interpolated by the piecewise 1th

finite constraints that arise in the problem formulation into finite-di- q d Bospli | ial the knot f dered i
mensional ones. In order to vary the total time taken for the motion, Weder and b-spline polynomiais over the knot space ot an ordered time

have added a time-scale factor. This allows us to solve afree-final-tir‘?ﬁ%ﬁute%‘:el'( ; e £, — _ et <
problem in which the derivatives of the joint positions with respect to € _e no_ sfequerz:ef _'tho N >k_ ""1_1_'_5 k '_t.t. = ’t” =
the time-scale factor can be derived analytically. ’mﬂﬁn_ th_ /mfkt't_ Wi = 2. The Joint frajectories
By parameterizing the joint trajectories, the optimal control problel“ﬁE are then written as .
becomes a parameter optimization one with the parameters being the j :
P P P g g(t, Py =" p’ B s(t) 8)
j=0

In order to set up the optimal control problem for a numerical so-

time-scale factor and the control vertices of the splines. We add another
parameter that represents the payload into the optimization in or
to maximize it. Because the Puma 762 has bounded joint velociti
these semi-infinite constraints are included in our formulation. Oth
researchers have included velocity constraints as penalty functions

der , o .
g@ereP ={p°,....p™}, withp’ € R", are the control vertices and
grjk is the B-spline basis function witfi* ~2 continuity. The B-spline
fbé]n be written in a piecewise manner as follows:

[13], [15], or have discretized them into a large number of inequality git(t)s Wt <<ty
constraints throughout the time interval [6], or have used a variable Bj(t) = (I=0~k-1) 9)
mesh approach [7] to handle them. As mentioned above, our approach 0, ift <tjort>t; x

uses the convex hull property of B-splines in order to transform thesereg;; is a polynomial of ordek — 1. In this paper uniform quintic
semi-infinite constraints into a set of linear inequalities in the paramet®@rsplines ¢ = 6) were used to interpolate the joint trajectories over
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the knot sequence defined above with-t; 1 = (tf/(m — k + 2))

problem (1) is then transformed into the following discrete parameter
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forj =k, k+1.....m + 1. More discussion on the choice of is  optimization:
given in the section on optimization results. it
The basis function can also be computed by using the following re- Minimize Jo, = —wpw + = / P YWordd
cursive formulation [2]. Puw.Pt P 2 Jo
Algorithm 11.1: The recursion for the B-spline is A
1 [Pty T .
t—1t; tigpr — 1t il T AT
Bji(t) = ———Bjs1 () + " ——Bji1k-1(t) t3 / or Wyordt (13)
titb—1 —1; ti+k = 41 0
_ _ (10) 7
subject to qs)qs + h(gs,qs) =T
starting with bi H(g)ds + 1 ) 14
1 ift; <t<tjm 4 <pl <7 (15)
Bj.(t) = , i ==
0, otherwise. (k-1)(p!—p™" -
. . . g < ———F—= <4, (16)
The derivative ofB; ;. can be obtained by noting * tipk—1 — 1t
0 1
5 B B ‘ P=p =q a7
2 Bik(t) = (k=1) { , J'k_l(t), - _J+l'k_l_(t) (11) P =" =gy (18)
0 (tJ+k*1 - t]) (t1+k - t.1+1) . if &
. _ ) @4 if o, >0
with ¢ = . (29)
Hence, the time-derivative afis 0, otherwise
, T—T
m m—+1 : i—1 ¢ = _ = (20)
D e 77
A =0 S Bik(t) = > (k- 1)%37&—1 (t) _ o » .
J=0 g i=o gtk—1 T where.J,, is a penalty function with a positive weighting factdr,

(12) boundingr within [z 7]. The soft constraints onare physically mean-
ingful since, for the Puma 762, there is a thermal switch that disables
wherep ' andp™*! are defined as zero. The higher-order derivativefie motors and applies the brakes when the amplifiers overload. With
of ¢(#) can be computed following a similar procedure. this hardware, the torques can exceed their limits for short time periods
Two useful properties for the use of B-splines in our solution to tH&ith no adverse consequences. Equations (17) and (18) are required to
optimal control problem will now be developed. The first is as followgheet the initial and final conditions (6) and (7), respectively. There-
Property Il.1: If ¢. < pJ < q,, theng. < ¢i(t) < 7,. fore, the actual variable parameters arg p:, and P, excluding the
This property is established by using convex hull property dixed»”, p', p™~", andp™; the total number of variable parameters
B-splinesB; «(t) > 0 and " B, x(t) = 1, and noting that for aré "l + 1+ n(m —3)." . -
pf <7, Note that one can incorporate obstacle avoidance with distance con-
straints into the formulation by adding another soft constraint into (13).
mo m This technique for handling obstacles has been used with good results
()= p!Bix(t) <> 7,Bjx(t) =7, in [12] and [16] and others.
j=0 j=0

. o . . ] ) C. Gradient of the Cost Function
The other inequality is obtained similarly by starting with the assump- d inimizeJ. in (13). which will prod .
tion ¢, < p. Inamanner similar to the above, and using the relations In order to minimizeJ., in (13), which will produce an approxima-

developed in (12), the joint velocity constraints are determined by ffign to th_e extremal_ solution Ofthe Or'gm?l cost functl?nal (1), weusea
following property. sequential quadratic programming algorithm. Matlab’s constrained op-

Property 11.2: If ¢ < (k- 1)(p! — p)=")/(tjrnor — t;) < 4. , timization functlop,constr, was used for this. Even though B_»-spllnes
theng. < 4i(t) < 6—} have good numerical properties and are often used for function approx-

These two properties are useful for solving the optimal contrc'aTatlon’ in [11], it was demonstrated that optimizations of the form

S . - 3) are not numerically well conditioned. Although most previous re-
problem because they show tis&mi-infinite dimensional constraints . o ? . -
. o . . . searchers use approximate finite difference gradients during the mini-
on joint position and velocity can be replaced by linear constraints in.___. . ",
the parameter space mization process, this can lead to an unbounded condition number of
the approximate Hessian df,,, and the algorithm will fail. For this
. . o reason, we derive formulas for the exact gradientd.pf
B. Optimal Control via Direct Parameter Optimization First, rewrite the cost functiod.,, as
In order to evaluate the cost function in (1), we see that the joint
torquesr(t) are needed. They are given by (2) singe), ¢(¢), and
¢(t) are known from the parameterization of the joint trajectories. We
use the)(n) recursive dynamics algorithm in Appendix A to evaluate
7(t). In order to perform the optimization, an initial feasible trajectory
is required. For the problems in this paper, there are no obstacle
the workspace so the initial path planning is trivial. For problems wi

obstacles, a penalty would need to be added to the cost function and an

‘pity n T .
Tep == wpuw + 5 / T Wor + o7 W,oTdi
Q

1 [Pty R
= — wpy + 3 h(T)dt. (21)
0

tﬁgWen the gradient of the cost functidh, is

——— {&Icp Jep aJcp} 22)
initial path could be determined from a path planning algorithm (see P AP Opr Opuw
[10] and [12], for example). We assume that an initial motion has been
given, and that it is therefore defined by the parametePsetith g —  Were
g(t, P).In qdditioq, we introduce a time-sgale parametgerso that A 1 ‘pils 9h aTdf e P 23
t = pit, qs(t) = q(t/p:, P), andqs = (dq,/dt). The optimal control ap _5/0 a1 dp (p€P) (23)
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oJep 1 1 [P 9h o1 . TABLE |

Ips _§h(‘ (pety))ts + B} / or ﬁdt (24) MAss PROPERTIES OFPUMA 762 CBTAINED BY SYSTEM IDENTIFICATION

o 1 [P b or (IN THE S| SYSTEM OF UNITS)
'CP:—w+f/ ——dt. (25)

Ope 2Jo 07 dpu [ fae Loy | Tos [ Iy Ly: | L

The most difficult terms to evaluate in the gradient of the integral ar(Link 1 0.00 000 | 0.00 4.63 0.00 0.00
the derivatives of with respect to the joint parameters. For a param-—Z2 —4.42 2.40 9.39 0.00 —152 | 13.98

eterized joint trajectory of the form. = ¢.(f, P), Appendix A gives Egt i 8'88 g;g _02;())3 101'1999 _03;;1 —()6038
the derivative of the inverse dynamics with respegtte P [11]. In  Tiks 900 035 1T 0.06 000 T =04z T 002
this algorithm, we ignore the friction terms since Coulomb friction iSTink 6 0.40 0.03 | —0.19 | 0.08 0.08 0.23
not continuously differentiable. [ mre [ mry | mrz: | m | Je | Jo

The last link of the robot holds the payload, which is the parameteTiok 1 0.00 0.00 0.00 50.00 | 0.3000 | 0.0025
pw in (1). Thereforel,, = J.(pw), and the derivative of the inverse Tink 2 || —73.35 | 5.64 0.00 | 180.00 | 0.4800 | 0.0007

dynamics with respect tp,, is described below as follows. Link 3 —0.07 | —6.63 | 0.00 90.00 [ 0.3900 | 0.0011
Algorithm 11.2: To obtain(97; /dp..,), replace]; in Algorithm Iv.1 ~ Link 4 0.38 6.73 0.19 5.00 | 0.0800 | 0.0012
by Link 5 —0.22 0.87 0.00 6.00 0.1100 | 0.0010
Link 6 —0.01 0.00 0.04 3.00 0.0800 | 0.0018

0, fi=1~n-1
le:{&]n

Op’ if i =n. i

For our application, the payload was modeled as a uniform disc of 3
fixed radius equal to that of a standard 20-kg (45 Ib) plate. In this cas ’
a given value fop,, actually determines the plate thickness, which wa +
assumed to vary continuously. All the inertial parameters for the la:
link can then be computed easily as functiong of
The other terms needed for the gradient of the cost function a
relatively straightforward to compute. However, some care must
taken with the time-scale parameter, since the effect of changing
this parameter dramatically influences the cost function. The require
derivatives areij, = (dg./df) = (9q/dt)(dt/0) = (1/p:)d,
§s = (d*qs/df?) = (1/p?)§, and for the gradient,dq. (f)/0p.)
(0q/0t)(0t/Ops) = —(#/p)i = —(t/pe)d, (ads(f)/f)pt_) = Fig.1. The (a) initial and (b) final configurations of the Puma.
—(1/p¥)d — (t/p)d, and(94. (1) /dpe) = —(2/pi)d — (t/p})d.

TABLE 1l
11l. OPTIMIZATION RESULTS OPTIMAL RESULTS FORTHREE CASES

In this section, we apply the optimization approach to the Puma 762 _Case || Initial J. [ Final J. | Final Time | Payload

robot. The optimization problem formulated in Section 1I-B was used T DOF —24.2 —12.5 7.8 sec 29.4 kg
to improve the Puma payload capability. The manufacturer’s specifica- 3 DOF —415 —91.1 31 sec 46.0 kg
tions state that a maximum load of 20 kg can be lifted at a distance of g HOF —181.0 —600.1 11.9 sec 632 kg

25 cm from the center of its wrist. As mentioned previously, the pay-
load was modeled as an uniform disc. The trajectories of the Puma’s
six joints were parameterized with uniform quintic B-splines. « 6 DOF: all six joints are free to move.

The robot equations of motion require the mass, inertia, and frictipl each case, the optimization procedure was initialized with=
properties. Because the Puma 762 has no documentation for these P¥Okg, p; = 1,t; = 20 s, and a prescribed path which moves the

erties, a system identification technique similar to that employed by [fdurth joint from the initial configuration to the final one, shown in
was used to find them. The inverse dynamic equations were rewrit{efy. 1, on a smooth trajectory without any oscillation. The other joints
using a linear factorization in the unknown parameters of the forfigere initially parameterized to be constant functions of time during the
H(q)q+h(q.4) = 7 =Y (q. 4. {)a, wherea contains the mass prop- motion—they did not move initially. The solutions to the optimization
erty information, and the matriX is computed from the knowledge of problem for the three cases are shown in Table Il and Figs. 2—4. Table Il
4, ¢, andqj. In order to collect the experimental data, the Puma was exhows the initial and final values of the cost function, along with the
cited by different sinusoidal trajectories for each joint, and torque apg@th traversal time and the payload for all three cases. Note for the
position data were collected. The mass properties were then estimatg9OF and the 3-DOF cases, the motors that were held fixed needed
by using least squares with a QR-decomposition. The detailed descipexert torque on the robot during the motion, but this cost was not
tion of the system identification procedure can be found in [18]. Th@cluded in the evaluation of.,.
resulting solution is given in Table I. For the 1-DOF case, Fig. 2 shows that energy is pumped into joint
We tested the algorithm for three different cases of 1 DOF, 3 DOFg through a swinging motion. The amplitude of the swing increases
and 6 DOFs as discussed below. The goal in all cases was to moveyhfl the velocity of joint 4 reaches its limit. At this point, the arm con-
payload from the downward posture, shown in Fig. 1, to the upwagi#ues to move until the final upward posture is reached. A compar-
posture. However, different numbers of degrees of freedom were us§sh of the joint velocity and applied torque shows that both have the
in each case to execute the motion. The cases were as follows.  same sign throughout most of the time interval. This is expected since
» 1 DOF: the fourth joint is the only joint with freedom to move. energy must be added to the system in order to swing up the weight.
» 3 DOF: the last three joints (wrist) are set free while the other®ne could conjecture that minimal effort motions could thus be con-
are fixed. structed by using the natural oscillations of the system and applying a
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t (sec) Fig. 3. The motion of the wrist in the 3-DOF case.

torque and velocity. The torque limitg,.x were found experimentally
from static measurements of the stall torque for each motor, When

!
/ | ] : g
0.5 ! L 0. In order to account for nonzegowe madé = .757...x. In addition,
£ b /“v’/ \\/\/v ____ L we also madg = .8¢max, Wheregmax is the yelocity limits specified .
£ o AV in the Puma manuals. Other, more complicated bounds could easily
W

have been used in our algorithm if they were known.

05 The motion shown in Fig. 3 is the 3-DOF case where the entire wrist
is allowed to move. Although it is not obvious from the figure (the ac-
- tual motions can be seen in the video proceedings of the 1999 ICRA or
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, at the website listed in the abstract), the wrist moves in a spherical os-
% 1 2 3 4 5 6 7 cillation using all three joints until the payload axis has lifted $®m

Hses) the starting configuration. At this point, the wrist is in a singular config-
uration that requires no torque from the motors of the wrist to keep the
weight suspended. Then the payload continues moving upwards until
reaches the desired final configuration. Using all three joints in this
manner, the payload was increased to 46 kg.

The final motion, shown in Fig. 4, is the 6-DOF case where all the
small torque in phase with the velocity (i.e., switching the torque whéaints were allowed to move. In this case, the actual motion (rather
the velocity changes sign). However the real physical constraints, silehn the time-sequence) is very dramatic since the potential energy of
as the velocity bounds, would make it difficult to plan motions in thighe payload is first transformed into internal kinetic energy of the robot
manner that satisfy the boundary conditions on the motion. Note tleatd then, through some interesting maneuvering, it arrives at its de-
semi-infinite velocity bound is an active constraint for almost an entigéred final configuration. The payload actually spins significantly about
second during the motion. its axis during the motion, using gyroscopic effects to assist in the

When this trajectory was experimentally tested on the Puma, Weightlifting. For this case, the payload was increased over the pre-
first attempted to move the arm along the initial trajectory with ng_ious cases to 63 kg, or more than triple the manufacturer’s specifica-
swings, but with the larger payload. This indeed caused the ampliffé@ns-
for joint 4 to overload and automatically shut down, with the brakes
applied. We then tested the optimal swinging trajectory, and found that iscussion
only about 25 kg, rather than the predicted 29.4 kg, could actually be
lifted without causing the amplifier to overload. We believe that the In order to reduce the motor torques, the gear ratios and the gear in-
difference is due to imprecise knowledge of the actual bounds foteraction between the motors and the joints must be taken into account

Fig. 2. The motion, speed, and torque of the fourth joint in the 1-DOF ca:
(limits: dotted lines).
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* ‘ shown in Fig. 4. In all the cases, we first solved the optimization with a
+ . low number of spline parameters = 10 in (8). We then increased
to 15, and used the solution for = 10 as the starting point for a new
* " optimization. In most cases, the trajectory did not change significantly.

If it did, we further increased:. The final value forn for the 1-DOF
- case wasn = 25, and for the 6-DOF solution shown, the final value
wasm = 15. Note that for the 6-DOF case;, = 15 means that there
- were a total ofi(m — 3) + 2 = 74 variable parameters used in the
optimization. This includes the time scale parameter and the payload
i parameter. The computation time for the optimization ranged from sev-
eral minutes to about an hour on a PII-300 PC. The time depended on
the number of parameters used, and on the termination tolerance of the
vem optimization.
As mentioned previously, there is no exact mathematical model that
o* gives the peak torque versus velocity relation for the motor amplifiers
of the Puma. Although we restricted the velocity limits to 80% of those
specified in the Puma documents, and the torque bounds to 75% of their
static bounds, we found several motions that caused the amplifiers to
| overload when tested on the real system. It was also interesting that

R = - higher payloads could be achieved when the Puma was cold than could
be obtained after it had been in operation for some time-probably due
- - + +* to the thermal overload switches in the amplifiers.

"'* Finally, itis interesting to note that the resulting motions from our al-
gorithm routinely swing through singular configurations. In these con-
figurations, the actuator effort is reduced since loads are supported by

[ the robot structure. Note that humans also move to singular configura-
= = - - tions to support large loads. However, it is not known what, if any, the
cost function is that they are minimizing. There is some clinical evi-
Fig. 4. The motion for the 6-DOF case. dence that humans may minimize jerkiof8].
in the problem formulation. The linear relation between the motor dis- IV. CONCLUSIONS

placements and joint displacements are represented as @ Batrix
B such that = Bg.., whereg,,, is the motor shaft velocity. Applying
virtual work, we can describe the motor torqug in terms of the joint
torquer as follows:

We developed a weightlifting motion planner for robots which com-
bines maximization of the payload with minimization of the effort. Our
solutions demonstrated that optimal motions routinely swing through
singular configurations. As is often done by human weightlifters, our
T._ T-. _ T . . . . .

T §=Tmdm = Tm = B 7. (26) solutions also often used a pumping motion to assist the lift. The ap-

In addition, in the Puma, the maximum motor torques for the fir@roach can be applied to any manipulation task where payloads need

three joints is about five times those for the wrist joints. Therefore, t@ €xceed the manufacturers’ limits—the main requirement is that the
weighting factor§¥. andW, are set as robot can support the weight statically in the initial and final configu-

W, 0 rations. _ _
0 I’VJ th In our apprga(?h, Fhe olptlmall control problem is reformulated.as a
1 0 parameter optimization with variable control vertices for the B-splines,
W, =B {‘ Tiax3 } BT (27) atime-scale factor, and an unknown payload. The differentiability of

0 Lsxs the B-splines together with the limited support property provide the

wherec. ande, are scalar weighting factors, 1 is an identity matrixapjlity to calculate derivatives with respect to the control vertices and
and (1/5) is replaced by 0 in the 1-DOF and 3-DOF cases. the time-scale factor. In addition, based on the convex hull property of
In the optimization problem, it is necessary to choose approprigtte B-splines, the semi-infinite constraints on the joint position and ve-

weighting factorsw, c., andc,. Ideally one would make the joint |ocity can be transformed to linear inequalities in the parameter space.
torque penalty term, as large as possible in order to bound the joint

torques within their limits. However, as is well known with penalty APPENDIX A
function methods, the optimization problem becomes ill-conditioned RECURSIVE INVERSE DYNAMICS
and will not converge if;, becomes too large. In addition, we expect
that a small value fow and a large value far. will yield asolutionwith ~ The inverse dynamics algorithm in this paper is defined using nota-
a small payload, while a large and smalt. will yield a large payload. tion from differential geometry (see [14] for more detail). T¥pecial
This was consistent with our optimization results. Typical values us€#clidean groupor SE(3), is a Lie group corresponding to the homo-
for our results were, = 1 andc, = 10000. The value used for was geneous transformations 6t7. Given® € SO(3) andb € R, for
30, 10, and 200 for the 1-DOF, 3-DOF, and 6-DOF cases, respectivély= (©.0) € SE(3), we write it as

All of the results obtained atecal minimizers of the nonlinear cost G = {(‘) b} (28)
function. It is desirable to obtaiglobally minimizing trajectories. We 0 1
started the algorithm with different initial paths in a search for othdrhe Lie algebra associated wihE(3) is referred asse(3), where
minimizing trajectories. We found several other interesting local mini- € se(3) can be written as a & 1 vector
mizers for the 6-DOF case, which can be seen in the video proceedings wy
of the 1999 ICRA. The highest payload was achieved with the motion 9= { }

We =c.W, and W, =¢, |:

(29)

Vg
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Whe.re;ug andvg.a.re the rot.ational and .transllational components of the +5; % + ad(sv, jop) Sidsi + adv, S; 65“_
motion. The adjoint mapping afiE(3) is written as b b
9 . » Backward recursiorni; = nto 1
Adeh=| 2 O] (30) ‘
p© O] v OF; AT OF ;41 rJ Vi
5 T4t . JiTy
where the matrib] (whereb € R?) is taken as the skew-symmetric p vt Op Ip ov
me}tr_ix formec_i from the eIement§ of andh = [j]’:] € se(3). The — a,dfavi/ap)!]i‘fi _ ("d;;- LOL
adjoint mapping ore(3), or the Lie bracket, is written as . p .
[Wg] 0 wh - adAdTm-Jrl5i+1(3qsi+1/3P)Ad'1’;il+lFi+l

1dgh = . - '

=[] o] D ori _gndF:
The corresponding dual adjoint mappings are op 9p

- o7 o™ [my

AdEht = { 0 or } { f } (32) ACKNOWLEDGMENT
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whereh™ = ["F].

Algorithm \VAE (Parket al.[14]) The recursive formulation of the
inverse dynamics is as follows.

* |nitialization

"/,Cla 1&)-/ FrL+l-

(1]

[2
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