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Omnidirectional Humanoid Balance Control: regulation in order to balance in-place or land after airborne

Multiple Strategies for Reacting to a Push movements. Limit cycle control [14] uses local linear models
to stabilize walking onto a limit cycle, which inspired the
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University of British Columbia, Canada body deliberately moves away from the ideal posture to absorb

Email: van@cs.ubc.ca a disturbance force and maintain controllability. The recovery

phase attempts to restore the body to its original posture as
Abstract—We develop and evaluate humanoid balance con- the disturbance force subsides. The motions do not involve

trollers that can recover from unexpected external perturbations @Y Stepping. In [16], an optimization procedure based on

of varying magnitudes in arbitrary directions. Balance strategies quadratic programming is combined with PD control, which
explored include ankle and hip strategies for in-place balance, as can boost the magnitude of pushes a humanoid robot can cope

well as single-step, double-step, and multi-step balance recovery.yith, The feet do not move, i.e., it is an in-place strategy.
Simulation results are provided for a 30 DOF humanoid. . . . -
The biomechanics and motor control community has studied
human balance in considerable depth. Studies of how we
. INTRODUCTION control the equilibrium of the body in the face of gravity

The control of balance for humanoids is an important arﬂﬁd environmental disturbances [17], [,18]’ [19], [20] have
largely unsolved problem. There are few control algorithrﬂgd to the'concept ofnovement strategmﬂ?ostural strate-
that support significant disturbances. We focus specifically §ifS describe general sensorimotor solutions to the control
the problem of balance recovery for small and large push@s Posture, including not only muscle synergies but also
during quiescent stance. In this context, our contributions af8oVement patterns, joint torques, and contact forces. From
(1) we investigate and implement a list of control strategid&!Man subject experiments, various balancing strategies have
for balance recovery from a wide range of unexpected p een observed in response to external perturbations, including

turbations; (2) we document the performance limits for thid @nkle strategy, a hip strategy, as well as change-of-support
balance controllers that implement the above strategies; EHAIEgies such as stepping. _ o
we integrate these controllers as separate modes of a multiJheankle strategyses distal to proximal muscle activation,

strategy controller, together with limit cycle walking control Primarily at the ankle and the knee. It is characterized by body
sway resembling a single-segment-inverted pendulum and is

typically elicited during small shifts on flat support surfaces

Il. RELATED WORK ‘ . -
| boti . bal h b devel or perturbations of CoM when the task requires maintenance
n robotics, various balance measures have been developg \pright posture.

including: ZMP (Zero Momentum Point [1]), FRI (Foot Rota- The hip strategyuses early proximal hip and trunk muscle

tion Indicator [2]), and ZRAM (Zero Rate of change of Angu_activation. It is characterized by body sway resembling a

lar Momentum [3]). With appropriate controller designs, thes cbeIe-segment inverted pendulum divided at the hip. It is

measures have been used to maintain balance for humano - : : _
. : . . pically elicited during perturbations that are large combined
robots, most typically in the context of walking and relatively’! i
ith a lack of a surface to support a step, on compliant support

small disturbance [4], [5]. . . .
i . surfaces, or when the task requires a large or rapid shift in
Linear and angular momenta are commonly used quantities

in motion and balance control. From a reference momentum,_ . L .

voluntary whole body motion can be calculated [6]. Feedback 1€ StePPIng strategyises early activation of hip abductors
methods using the AMPM model (Angular Momentum ingnd ankle co-contraction. It is characterized by asymmetrical
ducing inverted Pendulum Model) have also been propos@@ding and unloading of the legs to move the base of

for bipeds to counteract external sagittal plane perturbatioﬁlépport under the falling CoM. This is typically elicited when

during walking [7]. With this model, the walking steps aréhere are no surface or instructional constraints, or when the
unchanged from the original feedforward motion. In the resulgérturbations are extremely large and in-place balance is not
section we make specific performance comparisons with tf@SSile. Multiple steps may occur during balance recovery.
technique and others, to the extent that this is possible. When examined in the above framework, [11], [12], [13]

In animation applications the goal is often to generat®ainly use an ankle strategy and [15] employs a hip strategy.
visually appealing animations instead of realizable simul@ur goal is to quantify how these strategies compare, as well
tions based on forward dynamics. As a result, kinemat®$ how they integrate with each other and with walking.
approaches are commonly favored. Reactive motions to exter-
nal pushes [8], [9], [10] can be animated using pre-captured
reactive motions, momentum based inverse kinematics, and I1l. I N-PLACE CONTROLLERS
motion blending.

In computer animation using forward dynamics, the major- Balance control that does not involve any stepping is the
ity of work [11], [12], [13] uses PD controllers based on CoMnost restrictive in terms of the magnitude of applied push.
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A. Ankle Strategy « double stepSteps twice, and brings the trailing foot next

Ankle strategy is implemented as a proportional derivative 0 the stepping foot when returning to the upright posture.
(PD) controller that produces a virtual foréeegulating CoM  * Multi-step Takes more than two steps to recover, with the

positionp and velocityp. number of steps being.det_ermined on the fly. The final
. quiescent stance pose is similar to the starting pose.
f = kp(Pdesirea —P) — kab () Al of the stepping controllers share three phases:
The virtual torque needed from a joint (ankles, knees and hips) Phase 1: Change of support. In this phase, the controller
is defined by: decides where and how to lift-and-place the swing foot
w=fxr (2) to change the foot support polygon. This is repeated

multiple times for double-step and multi-step control.

« Phase 2: Reduction of momentum of the system. In this
phase, the controller removes momentum either through
stiffness and CoM velocity regulation in single and dou-
ble stepping, or through up-vector regulation in multi

7; = R, stepping. The feet are already in their final state.

. o _ e Phase 3: Return to the upright posture. The controller
The ankle strategy can be viewed as an equilibrium point  ieers the character back to an upright posture.
tracking mechanism. It is limited by the fact that human feet

are relatively small compared to the large and tall trunk. When
the ZMP hits the foot support polygon boundary the ankié. Where and How to Step

torques will lift the heel or the toe of the foot rather than The pasic control representation used for stepping and
providing the desired virtual force to push the CoM back i”t{R/aIking is the pose control graph (PCG), which is a type
place. of finite state machine as shown in Figure 1. Each sfate
specifies a set of desired joint angles for the character, and
B. Hip Strategy the joints will be driven toward the desired angles through the

From Equation 2, we see that the hip torques generatétf Of PD controllers:
from the ankle strategy are very low, becaljsé is small for _ N g
the hips. Given that the hip joints have s?gr?ificantly greater 7= Fp(Bacsirea = 0) = kat ®)
torque generation capacity, we would like to use them moFegure 1 shows a typical PCG for stepping. It first lifts the left
effectively in the overall balance strategy. From Section lég as shown on the left, and then steps down as shown on
and [15], the inspiration is that we can actively rotate thge right. StateP, can be the same &3 for a cyclic graph,
hip to induce angular momentum which causes the ZMP tgually for cyclic motions such as walking.
remain within the foot support boundary. We implement this The state transition conditions in the PCG are time-based or
mechanism as simple linear synergy that co-activates the higgsor-based. In the PCG in Figure 1, we transition from pose
and the ankles: P, to poseP, after 0.2s. Sensor based transition conditions

Tu—hip = STu—ankle we use in this work include foot contact and CoM velocity.

For example, in the PCG for multistepping and walkirip

ill transition to P3 (the symmetric counterpart df,) after

, . . . . e swing foot contacts the ground. CoM velocity is monitored
ie. E ion 3) is dr 20% of its original val 2 .
(.e.,k,, see Equation 3) is dropped to 20% of ts original valu transition to Phase 3 of the stepping controllers. PCGs are

during the yielding phase, and regains its strength as a “n%%rsigned manually, and are fixed for each type of stepping

function of time overf, = 2.0 seconds during the recoveryco trollers. Designing a good PCG requires some trial-and
phase. The virtual character transitions to the recovery phas ' gning a g q

when the CoM velocity rotates by more than 90 degrees, i grror, but is simplified by the fact that the PCG does not itself
b Py <= 0 Wherego is the o):iginal CoM velocity an'd'néed to provide a balanced motion. Instead, it provides a base
t " - ) ]

p: is the current CoM velocity. This separates the hip strategrj?/ouon upon Wh'_Ch control a_djustments are then Iayered._
Control is provided by adding control variables to the swing

into t istinct ph . The hip strat i i ily effecti
into two distinct phases. The hip strategy is primarily effec IVe’p, which thereby parameterizes the placement of the swing

for forward pushes. In our implementation, the hip strategy ot. The two Euler angles of the swing hip afie for the

only used for pushes that result in forward CoM motion in the .
sagittal plane. sagittal angle and; for the lateral angle. The control variables

for the stepping thus consist ef = (6,,6;)”. We compose
the final desired hip angles by adding the control variable hip
IV. STEPPINGCONTROLLERS angles to the hip angles from the base PCG.
We classify our stepping controllers into three types, basedypon an unexpected push, people step using the leg which
on how many steps the controller evokes before returning jtpunloaded by the push [21]. Sojif-1 >= 0, i.e., for a push
a static upright posture. to the left, we set the right leg to be the stepping leg, and left
« Single stepOnly steps once, and recovers to an uprigheég otherwise.p is the CoM velocity at the beginning of a
posture with a staggered foot stance. step, and is the load line from the right foot to the left foot.

wherer is the vector from the CoM to the individual joint
center. The virtual torque is then transformed By the
matrix that relates the global coordinate system to the joint's
coordinate system, into actual joint torques:

In our experiments, we used= 3.0.
To facilitate the self-induced rotation, the hip position gai
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¢ C. Multi Stepping Controller

H o2 ) The single-step and double-step controllers both provide
K 9 rapid stops, i.e., they bring the motion to rest as quickly as
H possible. Another strategy we investigate is a more gradual

Q e stop whereby the momentum caused by external forces is
/ gradually dissipated. For this we employ the walking controller

Q proposed in [14].
In [14], a PCG gives the basic open-loop controller for walk-
ing. Local linear models are then constructed through preview
Fig. 1. A pose control graph represents the basic control for stepping apnulations to stabilize a set of regulation variables (RVs), and
walking, and is a finite state machine. The stakgsspecify desired poses. hence the walking itself, onto a limit cycle. Different open-
State transition are either time-based or sensor-based. loop controllers and different RVs can be used to achieve

different styles as well as controlling the walking direction.

) .. For our purposes here, we only use a straight-line forward-
A key problem to solve when pushed is that of determining,ing controller, with the up-vector as the RVs. The up-

where to step to help recover balance. This should typically .- measures the torso lean in the sagittal and frontal planes.
. f_unct|on of the current motion of the COM'_ We appl_)i-o begin a walk, the torso typically leans forwards. Upon being
an offline search procedure to compute the required solutigilsa forward, the torso will lean forward substantially. For
and then use a funct|on. appro>'<|r'nator to .replace the sea h step, instead of commanding the feedback controller to
_procedurt_e in orde_r to achieve efficient solutlon_s that are usapé%ulate the up-vector about a fixed target value as in a cyclic
in an online fashion. The search procedure is carried out\\fking controller, we decrease it over time with the goal of

one of two ways: achieving a gradual stop:
o Automatic search and determination of controls on a
dense grid, based on whether the balance is achieved RVy = ax RV, 0<a<l
girmneorf.si;?; is tractable because our control is only vzvheren.is the counter for the number of steps. qu the results
. ' — of Section VI, we seta = 0.9. When the velocity of the
« Intelligent search and determination of controls, based

a well-defined performance index. One example is the M along the walking direction falls below a threshald-
. P ' P R0.15m/s, we execute Phase 3 as described in Section I1V-B for
(regulation variable) from [14].

the single and double stepping in order to achieve a full stop
and recovery. This approach can also cope well with multiple

. ) pushes sustained during the gait.
B. Single and Double Stepping

Our single and double stepping controllers share the same V. REAL-TIME CONTROL
mechanism for Phase2 and Phase3, after touchdown of the ]
swing foot: Phase 2 and Phase 3 of the stepping controllers are feedback

. o . mechanisms executable in an online fashion, as are the ankle

« Reduction of momentum of the system. This is achieveg,q hip strategies for quiescent stance. Phase 1 of the stepping

in two ways. First, the position gains for the swing footsnrollers, however, consists of feed-forward control of the

and knee are dropped to zero opon ground contact djing hip angles. As detailed earlier, the controls have to be

(_)rder to redut_:e mpact, and regains its original Va_'“‘?éund through an off-line search process.

linearly over time inf, = 0.5 seconds. Second, active 14 make the stepping controllers more useful, we investigate

torques are added to regulate the CoM velocity, -8y to make the first phase, i.e., finding where to step, an

Equation 1 with only the damping term. _ online procedure. We focus on the single stepping and double
« Return to the upright posture. When the velocity of thgiening strategies hereafter. Multi stepping, however, poses a

CoM is below a thresholdy = 0.15m/s, we deem pqre challenging task because the number of steps taken are
it is now safe to start to return to the desired uprighf,etermined beforehand.

p_osture. A kinematic planner calculates desired ar_1k|e andsiven a set of planar pushes of different directions and
hip .angles, based on the current fopt configuration arﬁ‘i’agnitudesfi — (fie, fi)T, we record the planar CoM
straightened knees. This new pose is added to the P_ggl'ocities v = (v, v:,)" as the state variable, right after
to steer the character back to this posture over a duratlﬂ){é push ends and just before any balance controller starts
of f3 = 0.5 seconds. to execute. We use a Y-up coordinate system, and ithe
These two phases after the change of support follow tkemponent of the velocity is discarded. Using one of the
philosophy of Section IlI-B and [15]. Reduction of momentunsearch techniques described in Section IV-A, we record the
and recover of the upright posture can be conflicting goatentrolsc; = (6;,6;)7. Using a small set of samples, we
in balance tasks upon large pushes. Separating them ititen construct a functior;(v;) using a thin-spline function
two phases results in a more successful and robust balaapproximator. Figure 2 shows an example of the resulting
controller. control surface for a single-step controller. Given a new body
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sagittal control lateral control

is defined af2(S;) = H(S;) — H(S;—1). The sample points
C(S;) used to define a strategy initially consists of the points
on its domain boundary, i.e., the 10 poidt$S;) = s;, Usi—1;.
We desire that the controls interpolated frams;) work for
all pointss € Q(S;). To verify this, we run the controllers on a
densely-sampled grid of test perturbations within the bounding
box of its domain. We denote a successful balance recovery
with a green ‘+’, and a failure with a red®, as shown in the

@) (b) lower row of Figure 4. The middle column is the result for
Fig. 2. Thin plate interpolation of control points for single stepping. LefiN€ single-step controller. As we can see, the small number of
figure shows hip sagittal angi; (v;); right figure shows hip lateral angle boundary point samples are already enough for the controller
Ou(vi). to work for the whole domain.

For the double stepping controller there exist regions where
state, the controls are readily predicted using the functidé initial small set of boundary point samples is insufficient
approximator, which enables real-time online control. to _gu_arantee success over the full dor_nam that _they enclose.

The top middle column of Figure 4 illustrates the distril NiS IS Perhaps because the sample points are widely scattered
bution of the control points; for single stepping. The axes@Cross a large region and that the double-stepping motion is
of Figure 4 represenf;, which is the applied disturbanceSIMPly more complex in nature. We remedy this by adding
force as applied over a finite time perickt. The magnitude, MOreé sample points in the interior @f(S;). The centroids
direction, and duration of the applied perturbation foresre ©f failure region are chosen as points for placing additional
our independent variables in creating the push perturbatiof@MPles. We do this iteratively until the controller works for
and are naturally correlated tg according tov; ~ f;At/m. the whole domain.

sagital hip angle

* * * *
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Fig. 3. (a) The initial control points are chosen from five representativ

directions. For each strategy, the maximum push in each direction that tie
controller can withstand is recorded. (b) The nest of the convex hulls of the B ) o ) )
control points of different strategies, excluding the multi-step strategy. THeéd- 4. Left column: in-place strategy. Middle column: single stepping. Right

mixed real-time balance controller selects a specific controller based on whigiumn: double stepping. Upper row: the control points for each strategy.
domain the user input push falls into. Lower row: Nested polygon outlines the domain of a controller. Green ‘+’

marks the successful region of the controller. Redrharks the failure region.

. . The interval between the marks are 50 N. Thus perturbations range from -
To enable a compact control representation, we wish to US N to 500 N in each axial directions are tested for the double-step controller

as few sample point§ as possible. We first run simulations in(i.e., the lower right figure), for example.
batch mode while sampling along five representative directions
as shown in Figure 3(a). We record the maximum piish
a controller can deal with in each direction. We denote the
five points for strategys; ass;,, j = 1,2,3,4,5, and denote
the convex hull of these points &§(S;). We only deal with  All controllers are tested with the simulation engine ODE
half the plane (pushes with a component to the right) becau&pen Dynamics Engine, http://ode.org/), on a full 3D model
the lateral symmetry of our character allows us to mirror theith 30 internal DoFs. Before the perturbations are applied, the
controls to cover the remaining directions. The convex hulls wirtual character adopts a standard quiescent stance pose that
each controller nest as shown in Figure 3(b). This suggestshas the feet placed at shoulder width. The pushes we apply
integrated controller that can utilize multiple balance strategiage impact forces of 0.2 seconds at the chest level. During
by choosing an appropriate strategy based on the direction dne pushes, we delay the activation of our balance controller
magnitude of the observed push. until the end of thé).2s push in order to mimic the latency of

We order the strategie$; by their balance recovery capabil-human sensory-motor feedback loops [22]. If we allow instant
ities from low to high, i.e., in-place strategy, single steppindeedback, we expect that the maximum pushes the controllers
double stepping. The domain of a particular stratétfys;) can endure will increase accordingly.

VI. RESULTS
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For all the controllers, the recoverable backward push&s which the unaltered control can support a 6% shank length
are significantly less than those of the forward or sidewayscrease.
pushes. This conforms with our motion capture experimentsFigure 5 shows some motions from simulations
with real humans, and we deem it to be a consequencere$ulting from pushes of various magnitudes and
the anthropomorphic model. Also from the success of tlirections. Corresponding videos are available from
relatively sparse control points for the stepping controllers, vtp://www.cs.ubc.catkkyin/animation.
conclude that our stepping controllers are smooth and robust,
with respect to variations of push directions and magnitudes. VII. CONCLUSION AND FUTURE WORK

We now_quantitatively compare our results to other resultS\y,e have presented a first demonstration and performance
from the literature. [11] applied pushes below 150 N frornaracterization of a humanoid balance controller that is
different directions over a 0.25 second interval. In [16]3 500 'E‘apable of selecting among multiple strategies in order to react
forward push, 300 N backward push, and 200 N sideways sma|l and large pushes from any direction. The stepping
push, each last 0.1 seconds are tested. The disturbance foéﬁ%ﬁegies rely on learning a model of where to step as a
used in [15] is 300 N for 0.1 seconds. The perturbationgnciion of the CoM velocity resulting from the push. The
reported in [7] range from 0.kg - m/s t0 0.2 kg-m/s N regyiting balance controllers work in real-time to maintain the
linear momenturh and 12.0kg - m?/s to 24.0kg - m?/s i pajance of a 30-DOF simulation of a humanoid. The domains
angular momentum. . _ of the various control strategies are characterized in detail.

A summary comparison of published results is shown in | the future, we wish to deal with a number of outstanding
Table I. We note that a performance comparison of balanggyes. The PCGs that provide the base stepping motion could
controllers based solely on the magnitude of pushes may }¢constructed automatically from motion capture data. Lateral
misleading, because the directions, locations, and duraticmdssheS can currently cause the swing leg to collide with the
of the pushes may be different, and the underlying kinemaligance leg. This behavior can be predicted and corrected for.
and dynamic models are usually different. Since from a stafigjditional strategies can be added, such as an arm rotation

state, the linear momentum injected into a system\8 =  strategy. The demonstrated balancing skills should be inte-
fAt = mAv, we believe that the maximum CoM velocitygrated with models of other motor skills.

caused by the push, i.e., the momentum normalized by the total
mass, is possibly a better choice for performance comparison.
Quantitatively, for forward pushes with our controller the
maximum CoM velocity is1.06m/s; for pushes sideways,
the maximum velocity isl.01m/s; for backward pushes, it
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