Underactuated mechanical systems are those possessing fewer
actuators than degrees of freedom. Examples of such sys-
tems abound, including flexible joint and flexible link robots,
space robots, mobile robots, and robot models that include ac-
tuator dynamics and rigid body dynamics together. Complex
internal dynamics, nonholonomic behavior, and lack of feedback
linearizability are often exhibited by such systems, making the
class a rich one from a control standpoint. In this article we study
a particular underactuated system known as the Acrobot: a two-
degree-of-freedom planar robot with a single actuator. We con-
sider the so-called swing up control problem using the method
of partial feedback linearization. We give conditions under which
the response of either degree of freedom may be globally decou-
pled from the response of the other and linearized. This result can
be used as a starting point to design swing up control algorithms.
Analysis of the resulting zero dynamics as well as analysis of the
energy of the system provides an understanding of the swing up
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algorithms. Simulation results are presented showing the swing
up motion resulting from partial feedback linearization designs.

Introduction

In this paper we study the swing up control problem for the
Acrobot, a two-link, underactuated robot that we are using to
study problems in nonlinear control and robotics (refer to Fig.
(1)). The Acrobot dynamics are complex enough to yield a rich
source of nonlinear control problems, yet simple enough to
permit a complete mathematical analysis.

The swing up control problem is to move the Acrobot from
its stable downward position to its unstable inverted position and
balance it about the vertical. Because of the large range of motion,
the swing up problem is highly nonlinear and challenging. We
derive two distinct algorithms for the swing up control. Both of
our algorithms are based on the notion of partial feedback lineari-
zation [11], but also share a common design philosophy with the
recent method of integrator backstepping [12]. As we shall see,
our first algorithm is useful in the case that there are no limits on
the rotation of the second link, while our second algorithm can
be used in cases where the second link is restricted to less than a
full 360° rotation.

The Acrobot model that we use is a two-link planar robot arm
with an actuator at the elbow (joint 2) but no actuator at the
shoulder (joint 1). The equations of motion of the system are [23]
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Fig. 1. The Acrobot.

dugi+digz+hi+¢1=0 6))

dagi +dngr+hy + g2 =1, )

where

du=mlk+ mz(l% 1+ 2hlacos(g2)) + I + Iz

dn=min+h

diz = ma(lZ2 + hileacos(ga)) + I

da1 = ma(i22 + hilcacos(g2)) + I

h= —mzlllcgs'm(qz)q% - 2mahilcosin(g2)g2g1

hy = mzl1lczsin(q2)q%

o1 = (m1ley + mali)geos(qy) + malcageos(gi + g2)

$2 = maleageos(gr + q2).

The difference between the system (1)-(2) and the standard
model of a two-link planar robot [23] is, of course, the absence
of an input torque to the first equation (1).

There have been a number of previous studies of underactu-
ated mechanical systems; only a few will be mentioned here. The
term “Acrobot” was coined at Berkeley, where the first studies
of its controllability properties were performed by Murray and
Hauser [14]. More recently, Berkemeier and Fearing [3] have
investigated the application of nonlinear control to achieve slid-
ing and hopping gaits of an Acrobot that has its first link free, as
opposed to this paper in which the first link is pinned.

The first experimental results for the Acrobot were produced
by Bortoff [5] in his Ph.D. thesis. The technique of pseudolineari-
zation was used to design both observers and controllers to
balance the Acrobot along its (unstable) equilibrium manifold of
balancing configurations. The so-called Rolling Acrobot, which
is similar to the mechanism of Berkemeier and Fearing, was also
studied in this thesis (see also [4]).

In [17] a similar mechanism was designed and built to inves-
tigate so-called brachiation motions. Excellent experimental re-
sults were achieved using control algorithms quite different from
the type considered here. The control of other gymnast-type
robots has been considered in [24, 25] and [18, 20]. The control
of manipulators with passive joints has been considered in [1]

50

and [2]. These mechanisms used brakes on the passive joints,
which introduces a reduced amount of actuation to the passive
joints that is unavailable for the Acrobot.

The area of space robotics contains many opportunities for
the study of underactuated systems. The papers by Papadopoulos
and Dubowsky [8,15,16], for example, have shown the existence
of so-called dynamic singularities in the task space control which
greatly complicates the control problems.

A number of other related studies can be mentioned, such as
the control of the more classical inverted pendulum [9]. Most
previous works have used open loop strategies, sinusoidal exci-
tation, etc., for swing up control. A notable exception is the paper
{26}, which discusses controlling the energy of the system; an
approach related to the one of the algorithms in this paper.

Partial Feedback Linearization

It has been shown [14] that the Acrobot dynamics are not
feedback linearizable with static state feedback and nonlinear
coordinate transformation. This is typical of a large class of
underactuated mechanical systems. However, as we will show,
we may achieve a linear response from either degree of freedom
by suitable nonlinear feedback. In this section, we derive and
analyze two distinct nonlinear controllers to achieve two distinct
systems, which we call X; and X7, and which represent the
linearization of the response of link 1 and link 2, respectively.
We will use these two systems to generate two distinct ap-
proaches for the swing up control problem.

The easiest way to see how the partial feedback linearization
is accomplished is as follows. In equation (1) suppose that we
solve for either g2 or g1 and use the resulting expression in the
second equation (2). In this way the second equation will be a
feedback linearizable equation involving only g1 in the first case
or only g2 in the second case. Upon choosing 7 to linearize the
resulting equation (2), we achieve either the system X

di2g2 + h1 + 01 =—duw 3)
q1=v1, @
or the system X
di1gi + hi + ¢1=—dnvz 3)
G2=v2, (6)

where the terms v1 and v2 are additional (outer loop) control
inputs to be designed. (This will be clarified below.) We use the
term non-collocated linearization to describe the system X since
the unactuated joint response is linearized, and we use the term
collocated linearization to describe the system X3 in which the
actuated joint response is linearized. (See [20] for further details.)

Thus, under conditions that we will state below, the systems
Z1and X2 are both feedback equivalents of the Acrobot dynamics.
Either of these systems, X or X2, may be used to generate a swing
up control strategy, as we will show, after first giving the details
of the derivations of £1 and Z,
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Derivation of the System Z1: The Non-Collocated Case
Consider the first equation (1)

dugi+dig2+h+01=0 Q)

and assume that the term

di2 = my(iZz + hileacos(q2)) + Iz
is nonzero for all values of g2. This condition is termed strong
inertial coupling in [18] and generalizes to the multi-degree-of-
freedom case where d;2 is a matrix function of g2. Note that the
strong inertial coupling condition imposes some restrictions on
the inertia parameters of the robot, namely that

I2 > malea(lh — Ic2). Under this assumption we can solve for g2
from (7) as

. 1 ..
qz——du(d1141+h1 +¢1) ®)

and substitute the resulting expression (8) into (2) to obtain
digi+hi+01=1, )
where the terms d), A1, §1 are given by
di =da —dndn/di2
hi=h2 - dnh1/d12
01 =92 - dnd1/di2.

The term d; can easily be shown to be strictly positive as a
consequence of the positive definiteness of the robot inertia
matrix and strong inertial coupling. A feedback linearizing con-
troller can therefore be defined for equation (9) according to

T= 31v1 +7i1 + 51,

(10)

where v; is an additional outer loop control term that will be used
to complete the generation of the swing up control law. The

complete system X1, to this point, is given by

d12g2 + h1 + 01 = —d11v1 (11)

g1=v1. (12)

If q‘f(t) is a given reference trajectory for ¢; we may choose
the input term v; as

vi=qf+ kd(éﬁi—izl)+kp(q‘f—q1), (13)

where kp and kg are positive gains. With state variables

z1=41—q'11
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2=q1-4f

=g
n2=q2, (14)
the closed loop system may be written as
n=z (15)
22 =~kpz1 — kaz2 (16)
ni=mn2 (17)
. 1 di
=———(h1 + ¢1) - 51
M= as)

It is interesting to note that the same result can be obtained by
choosing an output equation

y=q1—-qf=2 (19)
for the original system (1)-(2), differentiating the output y until
the input appears, and then choosing the control input to linearize
the resulting equation. The system therefore has relative degree
2 with respect to the output y. The manner in which we have
arrived at the system X has the advantage that the computation
and analysis of the resulting zero dynamics is simple.

It is, at first glance, surprising that we can achieve a linear
response from the first degree of freedom even though it is not
directly actuated but is instead driven only by the coupling forces
arising from motion of the second link. The motion of link 2
necessary to achieve this may be complex and precisely defines
the zero dynamics of the system. For this reason the analysis of
the zero dynamics [11] is crucial to the understanding of the
behavior of the complete system. The zero dynamics, with re-
spect to the output y = z; are computed by specifying that the g7
identically track the reference trajectory q‘f . We will analyze the
zero dynamics for the case of a constant reference command in
the next section.

Analysis of the Zero Dynamics: The Autonomous Case

If the reference input q‘f is a constant, then the system is
autonomous and we may write (15)-(18) as

z=Az 20)

n=w(z,n), 1)

with suitable definitions of the matrix A and the function
w(z, ) (see {18]). We see from the above that the surface z =0
in state space defines an invariant manifold for the system. Since
A is Hurwitz for positive values of kp and kg this invariant
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manifold is globally attractive. The dynamics on this manifold
are given by
n=w(0,n) 22)

and are referred to as the “zero dynamics” with respect to the the
output y defined above [11]. Since we are interested in the swing
up control problem, we consider the case gf = 74. Substituting
q‘f =7, q‘f =0= q‘f into the equation (18) and using the original
description of the system (1), we arrive at the following expres-
sion for the zero dynamics of the system:
(maley + malilacos(q2) + I)gz — malilosin(ga)gs — mal.agsin(g,) = 0
(23)
The system (23), considered as a dynamical system on the
cylinder, has two equilibrium points, p1 = (0, O)T, which is a

saddle, and p; = (m, 0)7, whichis acenter. Atypical phase portrait
of this system (23) is shown in Fig. 2.

It follows (locally) that, for initial conditions, z(0) = zp,
1(0) = Mo, the state z(z) converges exponentially to zero, while
the state 1\(¢) converges to a trajectory of the system (23). The
proof of this fact relies on the Center Manifold Theorem [6] and
can be found in {11].

It is interesting to note that the expression for the zero dynam-
ics, Equation (23), is independent of the gains kp and kg used in
the outer loop control (13). These gains, however, together with
the intial conditions, completely determine the particular trajec-
tory of the zero dynamics to which the response of the complete
system converges. We will see then that the tuning of these gains
is crucial to the achievement of a successful swingup.

Since almost all trajectories of the system (23) are periodic,
the typical steady state behavior is for the first link to converge
exponentially to g1 = %5 and for the second link to oscillate, either
about the center point equilibrium (x, 0) of (23), or “outside” the
homoclinic orbit of the saddle point equilibrium. The strategy for
the swing up control is then to determine an appropriate set of
gains kp, k4 for the outer loop control (13) that swings the second
link close to its saddle point equilibrium and then to switch from
the above partial feedback linearization controller to a linear,
quadratic regulator designed to balance the Acrobot about this
equilibrium, whenever the trajectory enters the basin of attraction

PHASE PORTRAIT OF THE ZERO DYNAMICS

20

-20

Fig. 2. Phase portrait of the zero dynamics.
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defined by the LQR controller. This will be illustrated in the next
section by simulation results.

Simulation Results
We have simulated the Acrobot in Simnon [7], using the
parameters in Table 1. The links are modeled as uniform thin rods
and so the moments of inertia are given by the formula

I="VYiomi%. It can easily be checked that the Strong Inertial
Coupling condition holds for this set of parameters.

Fig. 3 shows the response of the partial feedback linearization
controller with gains kp = 16, ks = 8. The angle g2 is plotted
modulo 27, which is the reason for any apparent jumps in the
joint angle during the transient response.

Fig. 4 shows the response of the partial feedback linearization
controller for the gains kp = 20 and kg = 8. In this case link 2
rotates 360° in the steady state.

The “tuning problem” is then to choose a set of gains to move
the Acrobot as close as possible to the saddle point equilibrium
and then switch to a “balancing” controller to capture and balance
the Acrobot about this equilibrium. We illustrate this below using
a linear, quadratic regulator to balance the Acrobot about the
vertical.

The Balancing Controller
Linearizing the Acrobot dynamics about the vertical equilib-
rium g1 =%, g2 = 0, using the parameters in Table 1 results in
the controllable linear system
x=Ax+ Bu, (24)
where the state vector x = (g1 — %2, g2, q1, g2), the control input
u = 1, and the matrices A and B are given by

Table 1
Parameters of the Simulated Acrobot
m; | mp I |P) le1 | le2 I I g
1 1 1 2 05 |1 0.083 | 0.33 | 9.8
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Fig. 3. Partial feedback linearization response with gains kp = 16,
ka=8.
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g - Response Using kp=20. kd=8
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Fig. 4. Partial feedback linearization response with gains ky = 20,
ki=38.

5 Swingup and Balance using Sigma1
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Fig. 5. Swing up motion of the Acrobot using ;.

0 0 10
| o 0 01
1249 -12.54 0 0
-14.49 2936 0 0 (25)
0
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-2.98
5.98 (26)

Using Matlab, an LQR controller was designed with weight-
ing matrices

0
loto
=150 1
0

_-0 o o

0
1
0
0

oo o~

@7
and R = 1, yielding the state feedback controller u = —Kx, where
K =[-242.52, -96.33, —104.59, —49.05]. (28)
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The linear control law is switched on whenever the Acrobot
reaches the near vertical configuration. Fig. 5 shows a plot of a
successful swing up and balance using the partial feedback
linearization followed by the linear, quadratic regulator.

Derivation of the System Z,: Collocated Linearization
In this section we derive an alternative swing up control
algorithm which can be used in the case that the second link is
constrained to rotate less than a full revolution, as for example,
with the experimental Acrobot considered in [S]. The alternative
algorithm derived here is based on linearizing the system with
respect to g2 instead of ¢;. Consider the Equation (2),

dgi+dngz+hr+02="1. (29)

This time we solve for g; from Equation (1) and substitute the
resulting expression into (29) to obtain

hp+m+h=1, (30)

where the terms da, %2, §2 are given by
dy = dyp - dadi2/dn
hy=hy— dathi/du
02 =2 —d2161/dn.

Note that this requires that the term d7; be nonzero over the
configuration manifold of the robot. This, however, involves no
restrictions on the inertia parameters since dj; is always bounded
away from zero as a consequence of the uniform positive defini-
teness of the robot inertia matrix. A feedback linearizing control-
ler can be defined for equation (30) according to

T= szvz + Ez + 62.

(€2)
Substituting the control (31) into (30) yields the system X2

digr+ hi + 61=-dizv2 (32)

2=v (33)

The input term v2 can now be chosen so that g2 tracks any
given reference trajectory qﬁi. The important problem now is to
choose the reference signal q‘f to execute the swing up maneuver.
In [19] an energy pumping strategy was used to solving the swing
up control problem. The result in [19] contains an analysis of the
resulting zero dynamics for X similar to that contained here for
X1. We will not repeat the analysis of the zero dynamics in this
paper. Instead we will discuss the original energy pumping

interpretation of our algorithm that was the original motivation
for its derivation.
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Energy Based Swing Up Algorithm
If the second link angle g2 is constrained to lie in an interval
q2 € [-PB, B] then we choose an « less than § and swing the
second link as follows: Let the reference q‘z’ for link 2 be given
as

¢ = o arctan (q1) (34)
and choose the outer loop control term v as
v2 = kylgd - q2) - kad2 (35)

with k, and kg positive gains. The idea behind this choice of
reference position for g2 is to “pump energy” into the system by
swinging link 2 “in phase” with the motion of link 1 so that energy
is transferred from link 2 to link 1. In this way, the amplitude of
link 1 may be increased with each swing.

To see how this might be expected to work, consider the
motion of a single link with a force F acting at the end of the link.
Assume that the force F is directed perpendicular to the link for
simplicity. Then the torque acting at the joint is equal to /F and
the equation of motion is

Iq1 + mglcsin(q1) = IF. (36)
The total energy of the system is given by
V= lléﬁ +mgl(1 - cos(qn))
2 37

and the derivative of V along trajectories of the system is given
by

V=IFg. (38)

Therefore, the change in total energy over a time interval [7-1,
T]is
T

V(T) - W(T- 1) = ljF(t)i;l(t)dt.

T-1 (39)

Suppose that the force F(#) is any so-called 1st and 3rd quadrant
function of g1, i.e., suppose that,

F =IFl sgn (q1(2)). (40)
Then we see from (39) that
T
V(T) - V(T = 1) = I IF1 - 141 de 20,
T-1 41)

i.e., the change in energy during the time interval [7-1, T] is
nonnegative. Our strategy for swinging link 2 rapidly in the
direction of motion of g1 is designed to produce a net force during
the time [7-1, 7] of each swing with the “correct sign” as above.
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3 - Swingup and Balance Using Sigma2
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Fig. 6. Swing up motion of the Acrobot using 2.

Total Energy During Swingup —

Fig. 7. Total energy during the swing up motion.

Although the above simplified analysis only approximately de-
scribes the true Acrobot, we will see below that the total energy
is indeed increased with each swing as we might expect from the
above considerations.

Our choice of reference position for g2 also has the effect of
straightening out the Acrobot at the top of each swing, which
facilitates the capturing of the Acrobot at the vertical position.

Other choices of reference q‘z’ are, of course, possible such as

43 = o sgn (1) or ¢§ = o sar (g1). The essential feature is that the
reference function be a so-called “first and third quadrant” func-
tion of g;. See [20] for additional details and an analysis of the
resulting zero dynamics.

Fig. 6 shows a swing up motion using the reference for g2
given by (34). Again the LQR controller is switched on at the top
of the swing. Fig. 7 shows a plot of the total energy during the
swing up motion.

Conclusions

In this paper we have discussed two distinctly different swing
up control strategies for the Acrobot, both based on the concept
of partial feedback linearization. It is quite interesting that the
complex swing up motions are realized in the closed-loop as the
“natural responses” of autonomous nonlinear differential equa-
tions. It is also interesting that, in both cases, unstable behavior
of the zero dynamics is exploited to realize the swing up motion.
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The general principles discussed in this paper are applicable
to a broader class of control problems. For fully actuated (and
therefore feedback linearizable) systems, the nonlinear control
problem is considered essentially solved once the system is
linearized. We have seen in the case of the Acrobot that the second
stage (or outer loop) design remains a non-trivial and nonlinear
task. Interesting control problems remaining for this class of
systems include the robust and adaptive control. We note that the
partial feedback linearization approach leads to a system in
which the inertia parameters appear nonlinearly. Thus standard
adaptive techniques that have been developed for fully actuated
rigid robots cannot be applied in a direct adaptive control scheme.

The simulation indicate that the response of the system is very
sensitive to the values of the outer loop gains and to the switching
times. Thus, the “tuning issues” in these types of problems are
important, and, moreover, naturally lend themselves to methods
of repetitive learning control. The reader is referred to [22] for
an application of machine learning methods to this problem.

Another interesting problem is the further investigation of
robust control to the balancing control. The basin of attraction of
the LQR controller used here is very small, making the capture
and balance phase of the swing up motion difficult. The applica-
tion of more robust designs in order to increase the basin of
attraction of the balancing controller is thus important and would
ameliorate the difficulties of tuning the gains in the swing up
phase. For example, the work of Bortoff [5] has shown that
techniques such as pseudolinearization can greatly enlarge the
basin of attraction of balancing controllers for these systems.

Acknowledgement
The author would like to thank the reviewers for several
helpful suggestions to improve the exposition in this paper.

References
[1]1 H. Arai and S. Tachi, “Position Control of a Manipulator with Passive
Joints Using Dynamic Coupling,” IEEE Trans. Robotics and Automation,
vol. 7, no. 4, pp. 528-334, Aug. 1991.

{2] H. Arai, K. Tanie, and S. Tachi, “Dynamic Control of a Manipulator with
Passive Joints in Operational Space,” IEEE Trans. Robotics and Automation,
vol. 9, no. 1, pp. 85-93, Feb. 1993.

[3] M. Berkemeier and R.S. Fearing, “Control of a Two-Link Robot to
Achieve Sliding and Hopping Gaits,” Proc. 1992 IEEE Int. Conf. on Robotics
and Automation, Nice, France, pp. 286-291, May 1992.

{4] S.A. Bortoff and M.W. Spong, “Observer-Based Pseudo- Linearization
Using Splines: The Rolling Acrobot Example,” ASME Winter Annual Meet-
ing, Anaheim, CA, 1992.

[5] S.A. Bortoff, “Pseudolinearization Using Spline Functions With Appli-
cation to the Acrobot,” Ph.D. thesis, Dept. of Electrical and Computer
Engineering, University of Illinois at Urbana- Champaign, 1992.

[6] Carr, Applications of Center Manifold Theory, Spring-Verlag, New York,
1981.

[7] H. Elmquist, Simnon-User’s Guide. Dept. of Automatic Control, Lund
Inst. of Technology, 1975.

[8] S. Dubowsky and E. Papadopoulos, “The Kinematics, Dynamics, and
Control of Free-Flying and Free-Floating Space Robotic Systems,” IEEE
Trans. on Robotics and Automation, vol. 9, no. 5, 1993.

[9] K. Furuta and M. Yamakita, “Swing up Control of Inverted Pendulum,”
in IECON’91, pp. 2193-2198, 1991.

February 1995

[10] Y.-L. Gu, and Y. Xu, “A Normal Form Augmentation Approach to
Adaptive Control of Space Robot Systems,” Proc. IEEE Int. Conf. on
Robotics and Automation, pp. 731-737, Atlanta, GA. May 1993.

[11] A. Isidori, Nonlinear Control Systems, second ed., Springer-Verlag,
Berlin, 1989.

[12] P.V. Kokotovic, M. Krstic, and 1. Kanellakopoulos, “Backstepping to
Passivity: Recursive Design of Adaptive Systems,” IEEE Conf. on Decision
and Control, Tucson, AZ., pp. 3276-3280, 1992.

[13] S. Mori, H. Nishihara, and K. Furuta, “Control of Unstable Mechanical
Systems: Control of Pendulum,” Int. J. Control, vol. 23, pp. 673-692, 1976.

[14] R M. Murray and J. Hauser, “A Case Study in Approximate Lineariza-
tion: The Acrobot Example,” Proc. American Control Conference, 1990.

{15] E. Papadopoulos and S. Dubowsky, “Coordinated Manipulator/Space-
craft Motion Control for Space Robotic Systems,” Proc. IEEE Intl. Conf. on
Robotics and Automation, Sacramento, CA, April, 1991.

[16] E. Papadopoulos and S. Dubowsky, “Dynamic Singularities in Free-
Floating Space Manipulators,” ASME J. Dynamical Systems, Measurement,
and Control, vol. 115, March, 1993.

[17] E Saito, T. Fukuda, and F. Arai, “Swing and Locomotion Control for
Two-Link Brachiation Robot,” Proc. 1993 IEEE Int. Conf. on Robotics and
Automation, pp. 719-724, Atlanta, GA, 1993.

[18] M.W. Spong, “The Control of Underactuated Mechanical Systems,”
First International Symposium on Mechatronics, Mexico City, Jan. 1994.

[19]1M.W. Spong, “Swing Up Control of the Acrobot,” 1994 IEEE Int. Conf.
on Robotics and Automation, pp. 2356-2361, San Diego, CA, May, 1994.

[20] M.W. Spong, “Partial Feedback Linearization of Underactuated Me-
chanical Systems,” Proc. IROS’94, pp. 314-321, Munich, Germany, Sept.
1994.

[21]1 M.W. Spong, “Swing Up Control of the Acrobot Using Partial Feedback
Linearization,” Proc. of the SYROCO’94, pp. 838-838, Capri, Sept., 1994.

[22] M.W. Spong and G. DeJong, “Standing the Acrobot: An Example of
Intelligent Control,” Proc. American Control Conference, pp. 2158-2162,
Baltimore, MD, June 1994.

[23] M.W. Spong and M. Vidyasagar, Robot Dynamics and Control, John
Wiley & Sons, Inc., New York, NY, 1989.

[24] S. Takashima, “Dynamic Modeling of a Gymnast on a High Bar,” JEEE
International Workshop on Intelligent Robots and Systems, IROS’90, pp.
955-962,

[25] S. Takashima, “Control of a Gymnast on a High Bar,” IEEE Int’l
Workshop on Intelligent Robots and Systems, IROS’91, pp. 1424-1429,
Osaka, Japan, Nov. 1991.

[26] M. Wiklund, A. Kristenson, and K.J. Astrom, “A New Strategy for
Swinging up an Inverted Pendulum,” Proc. {FAC Symposium, Sydney, Aus-
tralia, 1993.

Mark W. Spong was born in Warren, Ohio, on Nov. 5,
1952. He received the B.A. degree (magna cum laude,
Phi Beta Kappa) in mathematics and physics from Hi-
ram College in 1975, the M.S. degree in mathematics
from New Mexico State University in 1977, and the
M.S. and D.Sc. degrees in systems science and mathe-
matics from Washington University in St. Louis in 1979
and 1981, respectively. Since August 1984, Spong has
been at the University of Illinois at Urbana-Champaign,
where he is currently professor of general engineering, professor of electrical
and computer engineering, research professor in the Coordinated Science
Laboratory, and director of the Department of General Engineering Robotics
and Automation Laboratory, which he founded in January 1987.

55




