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Abstract—Gait generation is the formulation and selection of a the key issues involved. We then introduce the Ambler legged
sequence of coordinated leg and body motions that propel a leggedrobot and discuss our work on gait generation for the Ambler.
robot along a desired path. Approaches to gait generation can be
classified into control, behavioral, rule-based, and constraint-
based paradigms. We survey these models of gait generation and
introduce the Ambler, a hexapod robot that can circulate its legs
to produce unique gaits. Then we present kinematic, collision,
terrain, support, and stability constraints available for gait gener-
ation, and discuss our progress using a constraint-based method
to generate the Ambler’s gait.

|. INTRODUCTION

In comparison to wheeled mechanisms, legged mechanis
require complex design, move slowly, and are difficult to cot
trol. However, for locomotion over rough or discontinuous tel
rain, legged mechanisms are potentially superior to wheel
mechanisms.[1] Legged mechanisms make discrete terr
contacts and avoid undesirable footholds while wheeled mec
anisms have rollers in continuous contact with the ground. T
posture of a wheeled mechanism is dependent upon the terr
but a legged mechanism can isolate its body from the terrair
achieving a more stablstancé and allowing smooth level
motion. Legged locomotion is theoretically more energy eff
cient because body propulsion does not expend as much ent
in soil compaction and body motion can occur in a level plat
decoupled from the effects of gravity. Legged mechanisms ¢
actively position their center of gravity to maximize stability Fig. 1. The Ambler indoors among sand and rocks
Dead reckoning (estimating position by integrating motion
over time) can be more accurate in a legged machine where feet Il. APPROACHES
make discrete contacts and do not slip or skid like a wheel.  One classification of the various approaches to generating

The complexity in the design of legged mechanisms can @aits is into control, behavioral, rule-based, and constraint-
achieved, as is demonstrated by the working systems examif@ged paradigms. This is an approximate decomposition since
in this paper. We believe that the slow, smooth motion &Pecific systems use techniques from more than one area, but it
legged devices is advantageous in rough terrain where cauti®dtiseful in distinguishing the most appropriate system model
(and, sometimes, sensing) will limit the speed of wheeled afffl @ given legged robot.
legged mechanisms alike. The significant drawback to legs ascontrol
been the difficulty in control. For a slow-moving walker, this

X . X e L Walking (or running) in some legged mechanisms can be
challenge is not in moving the individual legs, as this is directly 40|04 ising appropriate feedback as a control system. Con-
analogous to well-understood manipulator control, but in tl}?

LA . 1ol laws generate a gait as an inherent property of the system
coordination of leg and body motions. The legged robot, eithel yogining a stable feedback system that alternately drives the
with a real-time controller, low-level planner, or as an arnfaq s and body. Gait generation by control law is used, to date
of its architecture, must generate a sequence of leg and bgtf, i 1ined mechanisms. It has the advantage of speed.
motlo.ns, agalt, t.hat.wnl propel it 3'0?9 some path. , Bipeds and legged mechanisms that run quickly require this
Gait generationis the formulation and selection of agpeed in order to remain stable.
sequence of coordinated leg and body motions that propel th
robot along a desired path. In this paper we survey sevea
approaches taken toward gait generation and present som?ea

n important distinction in the taxonomy of legged robots is
een statically and dynamically stable mechanisms. A
ed robot exhibitstatic stabilityby keeping, at least, three

feet planted on the ground and maintaining the center of gravity

within the foot/ground contact pointsDynamic stabilityis
1A stanceis any specific configuration of the joints of a legged robot—Q‘Ch,'ev?d by continuously mov_lng e'ther the feet Qf the bOdY to
point in configuration space. maintain balance.[2] Dynamic walking mechanisms require




fast feedback loops to maintain stability. Gait is generated agesent fixed gaits) because the pattern is dictated by the encod-
by-product of maintaining stability while progressing forwarding of the network. All animals locomote with fixed gaits. A
Raibert controlled one- and two-legged dynamically stabtenet of behavioral systems is that the emulation of animal
mechanisms with three servo loops. One loop controlled vettiehavior, hence fixed gaits, is sufficient. Stability and effi-
cal motion (hopping height), one controlled body attitude, andency are not primary issues.

one controlled balance (foot placement), which dictates the f¢- g je-Based

ward speed.[3] More complicated control laws have been

applied to a quadruped (four legged mechanism) and have exgl the control and behavioral approaches to walking there is
cuted the more highly synchronized gaits of a horse. no explicit planning. The robot exhibits a patterned behavior

Sutherland’s walking machine used a control law to Synchr§]j leg placement and body regulation. For rough terrain situa-
nize a series of hydraulic valves in order to producchef ons where legged mechanisms are most appropriate, the spe-

gait. A behavioral interaction of the control processes dev ffic foot placements, body motions, and gait type can be

O o ptimized to improve efficiency and reliability. Rule-based
oped by Donner used inhibition and excitation between adjﬁ'éit generation uses a set of rules or heuristics to prescribe
cent legs to vary the gait. [4]

(plan) a gait.
B. Behavioral McGhee developed a hexapod device and a free gait gener-
Gait has been examined in studies of biological systems tlaing algorithm that found reachable stances by exhaustively
sought to identify patterns in both quadrupeds and hexaposdsarching from the kinematic limits of the current stance. [13]
[5][6] The neurological basis of walking and some aspects Bhis search was apparently prohibitive since a fixed wave gait
walking behaviors have been examined.[7] Biological systemss developed for the robot when perception of terrain was
produce gaits in a manner unlike conscious reasoning. Tiheorporated in the system.[14]
physical symbol systems hypothesis—formal symbol manipu-waldron led the design of the Adaptive Suspension Vehicle
lation is necessary and sufficient for general intelligent behgysv) on which a number of gait generation systems were
ior—does not apply to walking for this reason.[8] developed.[15] Rule-based generation of gaits produces pat-
The behavioral approach characteristically rejects symbdkrns, usually fixed, for example tripod gaits, that can be com-
and reasoning about gaits, instead embodying the generatimended to the mechanism. Song developed a provably
of the gait in a control network. To generate robot walkingfficient wave gait.[16] In one system the gait pattern remained
such a network is patterned after a particular animal neural-syfse same but specific foot placements were adjusted.[17] In
tem or after an abstraction of a behavioral hierarchy. Beer agmbther, hand-crafted gaits were developed to cross ditches and
Chiel have developed a simplified version of the cockroach netfimb over obstacles.[18] A heuristic rule-based mechanism
vous system.[9] They focused on walking behavior and builiveas used to help the operator select the appropriate strategy.
heterogeneous artificial neural network, in which individugAn approach that applies gait strategies to specific terrain
nerve cells can excite or inhibit leg motions or act as pace makstances is not amenable to autonomy because of the difficulty
ers to sequence legs and coordinate body motion. A lesidetermining a spanning set of strategies, selecting the proper
study demonstrated the robustness of the nervous system, stnategy in non-typical terrain, and transitioning between vari-
showed that high-speed gaits, such a$rtped3 gait, are coor- ous strategies.
dinated centrally while low-speed gaits, such aswhes gait, Kumar used a number of control schemes to modify various
are not.[10] gait parameters, such as the stepping rate and the amount of
Brooks implemented walking in the subsumption archite¢ime a leg supports, to optimize a wave gait for a given path.
ture with a distributed network of finite state machines aug+ansitions between gaits are a problem in this system.[19]
mented by internal clocks.[11] In this instance, the netwotlising finite state machines to model individual legs, Kwak
formed an abstraction of the behaviors necessary for walkirapded rules in Prolog to govern a free gait generator for the
The robot, Genghis, performed a rear-propagated, ratchet gaABV.[20][21]
Genghis was also able to learn a tripod gait by converging onBy identifying a set of heuristics, Hirose designed a hierar-
the pattern. Learning was reinforced by an incentive to kegRy of rules that limited possible leg moves and generated a
legs from contacting each other.[12] free gait for a quadruped mechanism.[22] The quadruped used
Free gaits are gaits in which any leg is permitted to move atcrab® ratchet or wave gait. An analysis to determine the opti-
any time. Fixed or regular, gaits are those in which a specifimalcrab anglé for any given stance of a quadruped was devel-
pattern of leg movement is imposed. These biologically baseded.[23]
systems exhibit fixed gaits (although some perform several dif- ~onstraint-Based

Constraint-based approaches to gait generation utilize vari-
2A ratchetgait is the sequential movement of front, opposite-side middigyyg factors, such as kinematics, terrain, and stability to con-

then rear (front-propagated); or rear, opposite-side middle, e_ind t_hen front (reﬂrrain the range of possible moves and then order the remaining
progagated) legs followed by the same order for the opposite side.
{

n thetripod gait, three legs that enclose the center of gravity support the
mechanism while the other legs simultaneously lift and recover. The ratchetis

acrawling or creeping(one leg moves at any time) form of the tripod gait. A gait is calledcrab if body motion is not along the longitudinal (or pri-
“The sequential movement of legs front, middle, and then rear (front-pramary) axis of the robot. Ratchet and wave gaits can be crabbed.
agated); or rear, middle, and then front (rear-propagated) is calledesait 5Thecrab angleis the angle of the direction of body motion relative to lon-

(also called metachronal wave or follow-the-leader). gitudinal (or primary) axis.



moves so that search or optimization can be used to select
best gait to achieve the goal.

There are two basic problems with searching in constra|
space for an optimal gait. First, the space grows exponentig gg
with the number of degrees-of-freedom in the robot and is md g
difficult to search with increasing numbers of constraints.[2
Pal kept the search space manageable by considering only | &
leg placements for each body move. [25] This restriction col
promises the optimality of the resulting gait. Second, the ho§
zon effect for limited search implies that successfully finding
gait to an intermediate goal is no guarantee of reaching the v
mate goal. For most legged mechanisms, one org&b
cycles are sufficient to reconfigure to any arbitrary stance, !
the search need only look ahead by that amount to ensure
any terrain challenge can be met.

Pal discretized the local (leg workspace) and global (terral| g
reference frames to constrain the possible gaits and th§
searched the space for possible leg and body move seque | (¥
that progressed toward the goal. Free gaits were generated
because the search used the A* algorithm, they are optimal fioks permit planar motion of the leg and the vertical exten-
the search space examined—a very simplified world witsional link provides motion of the foot into ground contact.
restricted leg placement.[26] The orthogonal leg design of the Ambler decouples horizontal

Our earlier work applied a costing function to each cornd vertical motions for energy and planning efficiency. Each
straint, then combined costs and selected the gait with the leggftical link adjusts to the terrain roughness so that the Ambler
cost (greatest progress with least danger). This was troubled®§pains constantly level, providing a stable platform for sens-
the heuristic nature of the costing and combining function#!d and sampling operations.

They had to be carefully tuned to work well and then provided On-board sensing consists of a scanning laser rangefinder
no assurance of generality.[27] We are now trying to analyénd foot-mounted force-torque sensors. The rangefinder is
cally select the gait that satisfies all discrete constraints amged to generate depth maps of the terrain.[32] At close range
maximizes continuous constraints. the depth maps are of high resolution suitable to selecting indi-
vidual footfalls, while at long range they provide adequate
IIl. AMBLER information to determine the ability to traverse distant terrain.

Having examined some approaches to gait generation, ®epth maps are generated on demand for small regions of
now present our progress on gait generation foritnele®  interest because large global maps are both computationally
We present the Ambler, then we discuss the available caxpensive and unnecessary. The force-torque sensors provide
straints and how they can be used to generate gaits.[28]  support information about the terrain and the stability of the
A. Mechanism current stance. Although the specific position of the legs

chzfmges the overall height, width and length of the Ambler, a

Extreme terrain is characterized by featureless landscapeq @fi 2| stance is 5 meters in height, 4.5 meters in width and 3.5
sand and rock containing obstacles of irregular geometry. Mi ieters in depth

ing, construction and waste disposal sites, and planetary sur=

faces are examples of extreme terrain. The Martian surfaﬁ$The Ambler walks by lifting a leg vertically, swinging it in
shown in Fig. 2., typifies these environments. & horizontal plane, extending it down to terrain contact, and

Althouah th bl involved i ¢ terrai . then gliding the body forward at constant elevation by coordi-
ough the problems Involved In extreme terrain Navigadia e actuation of the joints in the supporting legs. The Ambler

tion have been investigated, the mechanisms used in thgﬁﬁ perform any of the gaits typically associated with hexapods

experiments have been primarily wheeled or tracked locoma-, . ; : ",
tors.[29][30] Legged mechanisms offer advantages in extrg%cludmg the wave, ratchet, and tripod gaits. In addition the

3 S : Afnoler is capable of a uniquérculatinggait. The circulating
terrain because of control of stability, isolation from terraily,;; “\hich has no natural counterpart, is performed by lifting
irregularities, .power consumptlon., and physical capability. atrailing leg, passing it through the body cavity, and placing it

TheAmbleris a legged robot built to traverse extreme terraigyt in front of a leading leg. The final foot positions are the
with high reliability.[31] (See Fig. 3.) The Ambler is a uniqu&ame as a rear-propagated wave gait but only one leg has
mechanism with six legs, each of which consists of two links fdoved. When this circulation of the rear legs to the front is
the horizontal plane, one rotational and one extensional, ggheated six times, all six legs will have made a complete cir-
one extensional link in the orthogonal, vertical plane. The rotgg|ation of their stack axes. The circulating gait can reduce the
forward and one stack back (retrograde) the Ambler can turn in

’A gait cycle is a sequence of leg moves during which each leg moves onggace. Through proper selection of gait and foot placement, the
Ambler is an acronym faautonomousnobile explorationrobot.
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Fig. 4. Leg reachable area and kinematic constraints on the body motion
(stack reachable area) as a composite of the individual leg reachable areas

Collision constraints—BYy accurately modeling the mecha-
nism to determine the position at which a collision between two
legs (or between a leg and the body) occurs, those free gaits that
Fig. 3. Perspective and top view line drawings of the Ambler would result in an inter-leg collision are eliminated from con-
n§ideration. The collision constraint is particularly important
when the robot is in an irregular stance. (See Fig. 5.) It gener-

_ ally governs body motion for small radius turns. To squeeze out
B. Constraints the maximum performance, we carefully calibrated the colli-

The Ambler walks with static stability, using a free circulatsion limits throughout the workspace of each joint.
ing gait. The Ambler must be efficient and reliable. Becau
it explores extreme terrain, it must constantly step deff
among obstacles. Considerations of slow-moving static sta
ity, efficiency and reliability, and a free ever-changing gait lg
us to the constraint-based approach to gait generation. _
solution has been to satisfy: kinematic, collision, terrain, sy ~aenta
port constraints and maximize stability and advance (prody \»
tivity).

Kinematic Constraints—Of course, feet must be placg
within kinematic limits of the leg. These minimum and max
mum leg extensions also limit body motion. To maintain pr Fig. 5. Collision constraint during straight line body motion
ductive advance the abstraction of reachable area for the ey, ...\ ~onstraints—Footholds must be within the maxi-
stack simplifies the selection of the most productive rotatlorﬂ - : :
and translation. Each stack is maintained in its reachable ar gc;&nnd OTLE?EQL Vergcael)z;?;]/ﬁ:"? f t:ﬁ é?g\’/aatl%ﬁsrfg bg/f tt?]i:
The regions, shaped like the webbed foot of a four-toed du?ez y. BY 9 p
are kinematically feasible for the given leg placements. (Sgﬁ/ are identified. Body motion is selected to avoid terrain col-
the area formed by overlapping circles shown in Fig. 4.) Ar] ion

translation and rotation that maintains each stack in its respec- ) ,
tive stack reachable area is feasible. Sup_pqrt Constraln'gs—Trmeport polygonfor a stance is
the minimum bounding polygon, on the ground plane, that

includes all leg-ground contact points. If the robot's center-of-

Extensional Link

Ambler can follow an arc of any radius (from zero for a poi
turn, to infinity for a straight line).

frain, the areas that allow foot placement and clear leg recov-



force (approximately the center-of-gravity for a slow walker) iS
held above the support polygon, it is statically stable. If fiye
legs are on the ground while the sixth is recovering, the supgort
polygon is the convex hull of those five legs. If one of the fiyve

supporting legs fails, either due to mechanical failure or soil It _
collapse, the system is statically stable if the center-of-forcg is Center-of-gravity
within the convex hull of the remaining four legs. Considering z

the failure of each of the legs in turn generates a number of r

polygons equal to the number of supporting legs. The intersgc-

tion of these polygons is theonservative support polygonl— _ F‘?Ot _ _
(CSP)—the area that gives guaranteed static support ever. Fig. 8. Illus_tratlon of height change to tip over two feet in the plane (2D) _
any single supporting leg fails. [33] When five legs are iginergy to tip over a sample flat-terrain stance and plots the min-
ground contact, as during a leg recovery, the CSP appears ad'thén energy for all possible tipping directions, as a function of
shaded region of Fig. 6. the position of the center-of-mass. The peak of the energy

h ) N

Conservative Support Polygon

Foot

&~ 4——Non-supporting Leg (in recovery) Positions

Fig. 6. Conservative support polygon with five supporting legs

When six legs are in ground contact, the CSP becomes
polygon that subsumes all the five leg CSPs as in Fig. 7.

Energy (18J)

SRLLTATT A .
, , — , Lateral Position (m) \\'Qw:§ Longitudinal
Fig. 7. Conservative support polygon with six supporting legs 1 \.\.\Q...:..”. Position (m)
. . . . S/
The CSP abstraction is useful in the planning proce 2

because it provides limitations on the movement of the boc Fig. 9. Flat terrain stance (top) and a plot of the energy stability (bottom)

which must stay behind the leading boundary of the CSP. Thigction occurs along the ridge where the mechanism is most

in turn limits the footfalls that must be considered, becausesgble because its center-of-mass is farthest from all the sides
feasible gait must sequence moves so that the body can gligi¢s support boundary.

from one CSP to the next. The general form of the equationeis computed by (2) in
Stability Metric—The stability of a stance can be evaluateghich cg, stands for the position of the center-of-gravitff!

by computing its energy stability which is a measure of thgands for foon andi, is thex position of the intersection of

work required to tip the center-of-mass over an edge of the s the line of the support boundary.

port boundary. [34] The energy, required to overturn when

standing on a level plane is computed by(1). e = mg ([ cosP) -2) )
e = mgh= mg|[f- % (1) Where
The center-of-mass must undergo a change in héigfat; the It = J(ca,—i,)2+(cg,—i,)2+(cg,—i,)?
mechanism to overturn, as shown in Fig. 8.
Presumably, the greater the energy required to tip over from (N_gN*L2 cn_n+lo
a given stance, the more stable the stance. Fig. 12. shows the ¢osp = (=T ) +(y—fy )
(fn_ fn+1)2+(fn_ fn+1)2+(fn_ fn+1)2
°In[34], h = |t](1-cos¥) ,butforus, whereis known, the formu- XX y oy z7 'z

lation, h = ||t =z is less complex to compute.



In order to overturn the vehicle, a force must rotate the cé
ter-of-mass of the machine in an arc (pivoting about a li
between two adjacent feet—a support boundary). In thr
dimensions, the change in height, to tip over a support
boundary at arbitrary orientation appears as in Fig. 10.

Center-of-gravity

Vertical Plane
of a Support
Polygon Edge r

Energy (16J)

Support
Polygon

Edge Support Polygon

Fig. 10. lllustration of height change required to tip over two feet in arbitrary
positions (3D)

On sloped terrain the stability constraint appears as in H
11. where the peak is shifted into the slope. This clearly illU
trates the value of biasing the center-of-mass toward the sl
to increase stability. Energy stability in one example of acty 1 0.5 0
rough terrain appears as in Fig. 12. For a given direction| | : -
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Fig. 11. Stance on a slope (top), plot of the energy stability on a slope
(middle), and side view of the energy stability plot (bottom)

travel, a slice through the energy stability surface produces a
continuous stability constraint that is used to optimize the
Ambler’s stability. This stability metric also provides a quan-
titative measure that can be used to compare the relative stabil-
ity of possible stances.

C. Gait Generation

A robot, operating in extreme terrain, should walk:
* using the minimum number of steps

* to produce the maximum rate of progress

» with adequate caution.

Energy (18J)

This frames gait generation as a bounded optimization prob-
lem. For autonomous walking in rough terrain, it is not suffi-
cient to adapt a fixed gait: the robot must operate to the limits
of its ability to maximize its performance and achieve reliabil-
ity and efficiency. We reduce the problem by generating the

Longitudinal
Position (m)

free gait one stance at a time—the best body move followed by

Fig. 12. Stance in actual rough terrain during a point turn (top) and plot the best |eg move(s)

the energy stability (bottom)



The gait generator for the Ambler requires information about IV. DiscussION

the initial C(_Jnfiguration of the mech_anism, the Sp_rroqnding ter- The Ambler’s gar[ generation system has performed reason-
rain (elevation) and the desired trajectory, specified in the forgply well, enabling the Ambler to demonstrate reliable autono-
of arcs of various length and radii. mous walking in rough terrain. To date, the Ambler has taken
To formulate a body move that does not violaé@sientor thousands of steps, climbed over hundreds of boulders, and
terminaft® constraints from kinematic limits, terrain featuresexplored continuously for multi-day missioh's With the con-
collision conditions, or body support boundaries, we use straint-based gait generator, we were able to walk laterally in a
number of techniques. crab ratchet gait with only minor modifications to the software.
The initial set of possible body moves is intersected with t&/hen the need arose, we also were able to modify constraints
terrain depth map to eliminate from consideration all mové8 achieve a crippled gait in which only five legs operated after
that contact the terrain. To identify the kinematic limits and hardware failure. The constraint-based approached has the
collision conditions, which can both be transient in nature, ttigXxibility to adjust to varied situations. We are working on
trajectory between stances is divided into equal incrementgys to automatically cope with changing parameters by bas-
each of which is checked for feasibility (linear search). Thigg the constraints on these values.
guarantees that the move is possible to the resolution of the trawe have recently begun studying the configuration space
jectory increments. This can be computationally expensivepresentation as a way of formalizing gait generation as a
Linear search is necessary to detect transient constraints.mation planning problem. Gait generation in high-dimension
recursive decomposition of the trajectory (binary search) frooonfiguration space is poorly defined because the goal (body
the initial to final position applies an acceptability test to deteposition and orientation) is specific in at most six dimensions
mine the position, if any, at which body kinematic limits aréthree is typical). Planning motion toward this subspace is dif-
exceeded. Body kinematic limits cannot be solved in closeficult because leg moves do not result in a change in any metric
form because when moving along an arc, the stacks move alomgasuring distance to the goal region of configuration space.
cycloids, precluding simple intersection solutions to the cofiror the Ambler moving in the plane, the configuration space is
straints. The conservative support boundary is computed 1i6-dimensional—there are 12 driven degrees-of-freedom and
closed-form so that no search is necessary to determine tthe 3 degrees-of-freedom for the body (the full configuration
maximum supported body move. space is 24-dimensional). Moving the body involves the highly
Once the range of acceptab|e body moves has been de@@pstrained motion in 12 dimensions as the bOdy tracks a tra-
mined the single move that optimizes performance must Iggtory in the other 3 dimensions. Kinematic limits, leg-leg
selected. Progress (change in configuration) and stability &&dlisions, and out-of-CSP configurations are inadmissable
two measures that can be maximized. All moves that meetrggions. Configuration space obstacles are avoided by moving
exceed a specified stability level, which can vary based up8®ng the two dimensions of the joints of the constraining leg
the environment and configuration, are compared and the m&xoving it out of the way). We are looking at tractable ways of
imum is selected. The set of feasible (constraint satisfyinggnerating efficient gaits using the configuration space repre-
stances that progress along the desired path is small at §ggtation.
point so it is not unreasonable to check them all to find the max-A number of problems still exist with our constraint-based
imum. gait planner. When travelling for a number of steps through
There is an interdependence between leg and body movebBfign terrain the planner settles on a productive circulating
that the motion of a leg is constrained by the position of tiggit. However, in tight situations and during transitions
body, and body motion is constrained by the leg positions. between path segments, the gait planner sometimes fails to find
To select a best leg move, the constraints imposed on bgy§ait: Some of these problems may be caused by inadequate
motion are attributed to each leg. Leg moves that relieve cdfasoning abolut constraints but it also may point out a funda-
straints, allowing greater body motion or increasing the stabf[l€nta! short-sightedness in the system. The current interaction
ity of the stance, are more desirable. The gait generamrconstralnts may be too focused on local optimality at the

identifies possible leg moves that allow body progress in thgPense of global performance. To improve global perfor-
desired direction. Each move must satisfy leg kinematic cofi2nce we can create additional leg placement selection strate-

straints and remain out of the path of the body so as to not int€S: We have formullated a cohnstre_lir}t that .UE”ZGS fthe
duce new limits on the body motion (until later in the gait cycl€Onservative support polygon and the minimum (tightest) foot
since it is rarely advantageous to move the same leg twicePfRc€ments to project where later legs have to step so that they
sequence). The leg placement that best relieves constraintdgfiot impede the progress of the body. Tisre flexibility

the body, meets all leg-specific constraints and allows magenstraint reduces the feasible foot placement locations and
mum pro,gress of the body along the path is selected. ensures that none of those that meet the constraint will get in

; . ﬁhe way later.
Our gait generator can produce locally optimal moves at the . .
expense of global performance. We are working to address thig '€ Ambler currently moves in a plane or changes height—
but find that it is largely mitigated by the ability of the Amblef0ré complex body motions will be a challenge. Changing

to surmount even the most challenging terrain.

Wnits longest single exploration, the Ambler recently traversed 107 meters

10Transientconstraints exist at positions intermediate between the initialf linear distance with 3150 degrees of rotation (numerous revolutions) in a
and final positions (non-inclusive). t#&rminalconstraint persists to the final cramped rough terrain testbed of sand and boulders. It made nearly 400 body
position. and leg moves during 7.4 hours of runtime (over several days).
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