FINITE STATE CONTROL OF QUADRUPED LOCOMOTION

R. B McCHEE
(ot roduction

Recent efferts directed toward the development of powered
prosthetic and orthotic appliances have been concentrated to a large
extent in the area of upperextremity control. This is due, in part,
to the difficullies iovolved in realizing the relatively high frequency
respense and complexity of metion required of lowerexiremity devices
apd, in part, to the much greater power requirements inherent in
locomolion. Moreover, the need for powered lower-extremity appliances
is perhaps less apparent than in the upperextremity case, while at
the same Lime the preblem of artificially stabilizing biped locomation
has gquite likely discouraged research which might ctherwise have
been undertaken.

This paper ix intended to attract more attention te the possibility
of reahzing useful powered devices for lowerextremity coniroi. It is
address=d not to the entire problem, but to one of the crucial problems,
that ol autematically controlling the actuators of a powered limb to
achieve a stable gait. The approach taken is called sfinite state controle
and proceeds aleng the lines proposed in a recent paper by Tomovié
and McGheel. The [inite siate point of view regards locomotion as a
process involving a distinet and discrete sequence of events rather
than as the continuous unfolding of a complicated dynarmic process.
With such a model for locomotion, an automatic controller can be
designed to implement a set of decision rules or a finite algorithm
which specifies the way in which the sequence of events must ocrur
in order to produce a desired gait. The dynamics of legged locomotion
systems are suppressed by this artifice and the contreller for an arti-
ficial limb consequently takes on the form of an extremely small
special purpose digital computer!,

Adoption of the finite state approach Lo a control problem raises
a mumber of questions. First of all, it is necessary to decide how to
discretize the process being controlled. Such a discretization is certainly
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in general not unique and some basis is required for making a choice
between competing models. An index of desirability which is often used
in the study of finite state machines is system simplicity expressed in
terms of the total number of states in the machine?. Another criterion,
suggested for bioengineering systerms by Tomovié and MeGhee!, is
mimmization of the exchange of information between the varjous
subsystems of a finite state system. Both of these criteria have been
taken into account in the research reported in this paper. Once a finite
state model has been developed for the controlled process, there still
remains the problem of choosing a control algorithm. Finally, when
an algorithm has been selected, its validity must be wverifi=sd in the
context of the dynatnic behavior of the controlled system. The latter
step can sometimes be accomplished by application of the analytic
tools of contrel theory, usually with the aid of computer simulation,
and sometimes by an experimental investigation.

In the case of natural loeosnotion systems, an exact analytic
model for the system dynamics is difficult if oot impossible te obtain.
Even for an artificial system, the complexity of the equatiors de-
scribing articulated limbs with powered jaints coupled together through
artificial hip and pelvic structures discourages a purely analytic invasii-
gation of dynamic behavior. As a conseguence, an experimental appreach
ta the determination of system stability has been taken in the research
reported here. In order to reduce the difficulty of achieving stable
locomaotion, it was decided 1o restrict this research initially to quad-
ruped systems. An artificial quadruped has been built and furnished
with a special purpose digital computer capable of producing the
sequences associated with a wide variety of gaits. Thiz quadruped has
successfully walked, thereby demonstrating the adequacy of a finite
state model for quadruped locomotion. A more detailed study of the
dynamric properties of this machine is now being carried out. It is
hoped that the results obtained will be capable of some generalization
and extension to tie biped locomotion problem.

Quadruped Galts

Muybridge* was perhaps the first to make a scientilic study of
the gaits of quadrupeds. By means of information obtained from
high speed motion pictures, he was able to categorize the spattern
of footfalls« of various quadrupeds into a number of distinct patterns
or agaits«. More recently, Hiidebrand+ has greatly extended Muybridge's
results. it appears that Tomovié* was the first to point out that such
a characterization of modes of locomotion resutts directly from
an idealization of a leg to a two-state device. These two states are,
of course, on the ground and in the gir, respectively. In order to treat
gaits ln termns of the behavior of a finite stale machine, it is conveni-
eni to call one of these two states the »1states and the other the



FINITE ETATE CONTHOL OF QUADRUFED LOCOMOTION 223

RETURN STROKE
i —

T e LI TTT

Figure 1. Motion of a foot with respect 10 the body for an idealized lag

sihsiates, Figure 1 illusirates one of the two wavs of numerically de-
signing leg states. By numbering the feet of a quadroped in some
standard order, the »state« of the quadruped is then given at any time
by a four digit binary number. Figure 2 displays the sequence of states
assoclated with a typical quadruped walk along with the duration of
each stated Similar information relating to other gaits can be found?4”,
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Flgure 2. Sequence of states associated with a gquadruped walk

From the point of view. of finile state machine theory, Figure 2
defines a binary sequence genergtor. Design techniques for such se-
quence penerators are well establishedd, A partieularly attractive reall-
zation of the desired sequence is provided by a shift register machine
as shown in Figure 3. Such a shift register can be easily constructed
from standard two-state electronic »flip-flope modules. By varying the
frequency of the clock oscillator shown on Figure 3, the period of a
gait can be changed without altering the sequence of leg states. IF the
interconnection between flipflaops is made with removable paich cords,
both the sequence and relative duration of successive states can also
readily be modified. The quadruped which bas been constructed is
furnished with a programmable sequence generaior of this type,
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Figure 3. Shift register realization of a s;quenoe generator for a quadruped
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walk, S = lsets L=land L = 0 = ] sets L'= Qand L" = 1.
L = | commands a leg state of 1. L = 0 commands a leg state of 0.

Leg Sub-Automaton

While assignment of just two states to a leg is sufficient to permlt

a classification of gaits, mure states are required of the leg is to
function in a matter nnalogm:s i the behavior of a natural quadruped
leg. In particular, raising of a feot and subsequent return of the foot
to a fully extended position in the direction of motien requires that
the leg be furnished with some means of shortening the hip-to-foot
distance in order to prevent the foot from striking the ground. This
ground clearance is provided largely by Elexing the knee in natural
quadruped (as well as biped) locomotion. Since a poal of the research
program reporied here iz to contribute to a deeper understanding of

hiped control problems, the artificlal quadruped which has been built
is Furnished with legs possessing both knee and hip joints. Each of these
joints iz driven by a D.C. eleciric motor through a selflocking worm
gear drive, Either motor can be connected to a positive, negative, or
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zere valtage source carresponding to forward rotation, rearward ro-
fation, and locked states, respectively. Thus, as shown in Table 1, each
jeint is & three-state device.* With two such powered joints, a leg is
therefore a machine with nine possible internal states. With respect
to the internal functioning of a leg sub-automaton, the previously
assigned states 0 and | correspont to owuipef states,

Table [. States of joints for leg sub-automata

State Number Jaint Motiun.
—

. ) locked
| forward
F " rearward

Attaltirnent of the desired leg output state sequence corresponding
to a particular gait depends upon the realization of a suitable control
algorithm for the internal states of the leg. Such algorithms are
certainly not unique and the superiorvity of one algorithm over another
is again a question which may require dynamic analysis, simulation,
or experimentation for its resolution. To begin with, there is the
question of to what extent the sequence generator should control the
outpat states of each leg. A fully syrchronous cantrol results if the
sequence generator cutputs contral both the placing and lifting of [eet;
such & leg can be called bistable since the beginning of both the 0 and 1
output states is determined by the sequence generaror. Partiaily swn-
chronous control resuits if either the 1 or D state is initiated by the
sequence generator but the other state begins when some other con-
dition such as a limit switch opening or closing occurs; a leg designed
for this type of control is monosieble. An asynchronous control
algorithun does away with the clock cecillator altogether and relies
entirely upon discrete feedback signals to accomplish the desired
mode of locomotion. :

Tomovié and McGhee! present a design for an asynchronous biped
lag comtroller. The gquadruped reported here makes unsze of a mono
stable leg In conjuncHon with a shift register sequence gensrator. The
shift register cuiput, L, iniiiates the rearward stroke of leg . The
return stroke begins when some selected limit switch is encountered.
A finite state contraller for this mode of eperation can be designed by
following the synthesis procedurs!. The first step of this synthesis re-
quires that a set of binary feedback signals corresponding ta decision
poinis be defined. The feedback signals used in building the mono-stahle
leg described above are as follows:

" Tomowk® and Mcolibee! have poinlsd oul thel sl beast four schieilor siaiss sppear o

bt meedied in order w obimin 4 more or less nafural biped padl, This dows nt seem 1 be
ihe came for quedropewt guits, ac lessi a0 boog se goesiions of sffickensy s dizragareded,

15 Simposhum
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Hip angle limits, h; and By Both of thess signals are equal zera
when the thigh of the leg is fully extended to its forward mechanical
limit. As this thigh is rotated backwards, first h; and he changes from
zero to one. The change in hy occurs before the rearward mechanical
limit of the hip drive mechanism is encountered.

Knee angle limits, k; and k. Both of these feedback variables are
zero when the knee is fully straightened. As the knee is [lexed, First
k; and then k; changes from zero to one.

Table II. Knee and hip joint state sequences for & mono-stable leg.

Copmroller Inpuis Actuator Statcs Commont
Lob by Ky H K

— o o . o : Start of powar siroke
L1 o o o '

N T R TR e 2 End of power atroke

-1 1 1 e 12 Start of rcturn stroke
- 1 i} L 1 1 F
-1 ‘o 1 i 1 o Koee [ully flexed
- 0 a 1 t i) 1 Thigh [ully extendsd
~ 8 0 1L ® 8 1

Lo 0 o o ¢ o 0 Stable atate

L = Soguepce geoerator Sutpul
H's Hip nate

X = XKoss atate

With these definitions, one variety of mono-stable leg control is
described by Table 1I. Figure 4 porirays the same sequence of events
graphically. Blanks in Table II correspond to events of Figure 4 which
take place regardless of the value of the sequence penerator leg
contrel signal, L.

The information contained in Table II is sufficient to permit the
synthesis of a finite state controller for each leg®. Figure 5 is a state
graph for such a controlier. The appearance of a prime on a variable
indicates electronic inversion: ie., X’ = 0 when x = 1 and conversely.
The numbers appearing it parentheses in Figure 5 refer to actuator
states, For the experimental machine, this controller was constructed
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Figure 3. State graph for & fnite-state leg controller



MeGHEER

RIGHT
LEG

Figure 6. ldealized quadruped pelvic action

from conventional electromagnetic relays. The coupling of the controller
to a two joint leg results in a leg sub-automaton subject to the higher

level control imposed by the sequence generator. Figure 7 shows such
a leg in a flexed state. :

Pelvie Structure

Low speed gaits in natural quadrupeds are normally accomplished
with locked knees during the rearward stroke of legs in contact with

N

Figure 7. An experimental two-joint leg
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the ground. Such gaits usually contain phases in which both feet of
a pair of legs (front or rear) are simultaneously on the ground. Consid-
eration of the kinematics of such motion shows that forward move-
ment of an animal is impossible in such a case unless some provision
is made for differential displacement of the two hip sockets in a
vertical plane. Figure 6 illustrates this situation. In order to satisily
this requirement, the experimental quadruped is furnished with two
identical pelvic structures, one for the front pair of legs, and one for
the rear pair. The pelvic structures make use of linear ball bearings to

Figure 8. An experimenial pelvic structure

obtain free motion in a vertical direction. Rotation in a horizontal
plane is constrained by a shackle and a lever-arm system which also
permits the attachment of springs providing a variable spring constant
bath for differential motion and for motion of either leg independently
with respect to the body of the quadruped. Figure 8 shows some details
of this suspension system.

Compleie Locomotion Machine

The completed machine assembled from the components which
have been described is shown in Figure 9. As can be seen, it is furnished
with four identical legs and two pelvic structures. The pelvic structures
are joined by two aluminum struts which also carry the relay control-
lers for each pair of legs. Power and control signals are furnished
from a trailing cable which connects to a utility cart carrying power
supplies and the sequence generator as shown in Figure 10. The entire
machine is approximately four feet long and four feet high and weighs
one hundred pounds.
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Figure 9. A quadruped walking Figure 10. Power supply and
machine sequence generalor

Tests with this machine to date have produced a stable gait which
corresponds approximately to a quadruped trott. The stability of this
gait results from the wide feet shown in Figure 9 which cause the
quadruped to be statically stable in all phases of the gait. The action
ol the passive pelvic structure has not proved to be entirely satisfac-
tory; the normal quadruped walk described in Figure 2 has vet to be
attained. The gait which has been realized was chosen to permit pelvic
rotation to be severely restricted, thereby reducing the sensitivity of
the machine dynamics to the spring constants and damping factors of
the pelvic structures. Further experimentation supplemented by dy-
namic analysis is required to determine if, indeed, a passive pelvic
structure can be used to implement a quadruped walk. It is possible
that an active pelvis will be needed to accomplish this gait.

Summary and Conclusions

This research program has demonstrated by means of an experi-
ment that stable quadruped locomotion can be obtained by making
use of a finite control algorithm. This result has im jortant implications
in the fields of prosthetics and orthotics and perhaps also in the design
of vehicles for off-the-road transportation. Further work is needed to
establish connections between the parameters of this and similar ma-
chines and their dynamic stability properties. The possibility of active
control of artificial pelvic structures should be investigated. Other
types of control algorithms, such as asynchronous conirel, ought to be
studied. While many practical difficultics remain to be solved even
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before an entirely satisfactory quadruped locomotion machine can be
demonstrated, the inherent simplicity of finite state control seems to
justify further research in this direction.
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