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Feasibility-Driven Step Timing Adaptation for
Robust MPC-Based Gait Generation in Humanoids

Filippo M. Smaldone
Leonardo Lanari

Abstract—The feasibility region of a Model Predictive Control
(MPC) algorithm is the subset of the state space in which the
constrained optimization problem to be solved is feasible. In our
recent Intrinsically Stable MPC (IS-MPC) method for humanoid
gait generation, feasibility means being able to satisfy the dynamic
balance condition, the kinematic constraints on footsteps as well
as an explicit stability condition. Here, we exploit the feasibility
concept to build a step timing adapter that, at each control cycle,
modifies the duration of the current step whenever a feasibility loss
is imminent due, e.g., to an external perturbation. The proposed
approach allows the IS-MPC algorithm to maintain its linearity
and adds a negligible computational burden to the overall scheme.
Simulations and experimental results where the robot is pushed
while walking showcase the performance of the proposed approach.

Index Terms—Humanoids and bipedal locomotion, optimization
and optimal control, robust/adaptive control.

I. INTRODUCTION

OBUST locomotion is a central issue of humanoid
Rrobotics. Humans mostly use regular gaits with equal
steps, but can change step length and timing as necessary.
Current algorithms for gait generation are limited in this respect,
as they must deal with the complexity of the walking dynamics
while guaranteeing real-time performance: often, step length can
be adapted while step timings are predefined.

To avoid falling, balance must be guaranteed at all times.
This can be realized by keeping the Zero Moment Point (ZMP)
within the support polygon. To achieve real-time control, a
popular approach is to represent humanoid dynamics by the
Linear Inverted Pendulum (LIP) model, characterized by an
unstable mode often referred to as Divergent Component of
Motion (DCM) [1]. The linearity of the LIP allows tracking
predefined ZMP trajectories with a preview-based approach [2],
or encoding the ZMP balance requirement through constraints,
leading to an MPC formulation [3].

While early MPC algorithms only generated a suitable Center
of Mass (CoM) trajectory for a given set of footsteps, later
methods [4] were also able to plan footsteps while maintaining
the linearity of the constraints. When it comes to adapting
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step timing, however, the extension in an MPC framework is
not trivial since it would invariably involve either nonlinear
constraints or discrete optimization.

A nonlinear MPC is presented in [5] for adapting step timings
via time scaling at each iteration. The MPC step of [6] works in
two stages: CoM/swing foot paths are generated by interpolation
and then a suitable timing is computed by optimization. Nonlin-
ear optimization is also used in [7] for generating footsteps and
timings in response to perturbations. An alternative [8], [9] is
to use boolean variables in the MPC, leading to Mixed-Integer
Quadratic Programming (MIQP). Both nonlinear and MIQP-
based MPC are computationally heavy and cannot guarantee
convergence of the optimizer.

As for non-MPC approaches, a QP problem is formulated
in [10] for a point-foot LIP in terms of the DCM offset w.r.t.
the center of the current support foot, in order to adapt both the
position and timing of the next footstep. Other works such as [11]
and [12] have developed similar ideas, while the DCM-based
algorithm in [13] speeds up the step when the push occurs in the
direction of the motion.

In this letter, we build upon our Intrinsically Stable MPC (IS-
MPC) scheme, which guarantees recursive feasibility and stable
gait generation thanks to an explicit stability constraint [14].
That result hinged on the study of the feasibility region of
IS-MPC for the case of given footsteps. Here, we first extend the
feasibility analysis of IS-MPC to the case of automatic footstep
placement. Based on this, a Step Timing Adaptation (STA)
module is designed, which can modify the current step duration
to counteract an imminent loss of feasibility due to a pertur-
bation. Since the feasibility region bounds are approximately
linear in a suitable encoding of the current step duration, STA
can be efficiently formulated and solved as a QP with a single
variable. At every sampling instant, the STA and IS-MPC mod-
ules are run sequentially and the added computational load is
negligible.

The letter is organized as follows. In Section II we give
an outline of the proposed approach, while in Section III we
review IS-MPC for gait generation. In Section IV we analyze the
feasibility region for the case of automatic footstep placement,
compute a linear conservative estimate of this region, and use it
to perform step timing adaptation. Section V presents MATLAB
simulations for the LIP, including a comparison with an STA
technique based on the DCM offset. Finally, Sections VI and VII
show dynamic simulations in DART for an HRP-4 humanoid and
experimental results on a NAO.

II. THE PROPOSED APPROACH

Consider the problem of robust gait generation for a humanoid
in the presence of perturbations, e.g., a push. We assume that the
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Fig. 1.

gait is generated in real time by MPC: in particular, we adopt
the IS-MPC framework [14], which generates both CoM and
ZMP trajectories so as to guarantee dynamic balance and internal
stability. At the k-th time instant ¢, [IS-MPC solves a constrained
QP problem over a control horizon, which is guaranteed to be
solvable provided that the state of the robot belongs to a certain
feasibility region F*. As a result of a perturbation, the state
may be pushed outside such region, ultimately leading to a loss
of balance. Since the feasibility region depends among other
things on the duration of the steps, the basic idea of this letter
is to adapt these durations in order to enlarge F* as much as
needed to absorb the effect of perturbations.

An overview of the proposed scheme is shown in Fig. 1.
At each t, the input' consists of a sequence of F candidate
footsteps in the x-y plane with the associated timing:

n P
(th, ... th).

Xh=(ah,...,28), Y=gk ... .9F), 7

Here, (izf, g}}), j=1,..., F,is the position of the j-th candi-

date footstep and #/ is the corresponding timestamp, indicating
the time instant at which the (swinging) foot should land on

(i;, Q}) i.e., the beginning of double support. The difference

79 = {3+1 — {7 is the duration of the j-th step, divided according
to a fixed ratio in double support and single support, of duration
T4 and TY,, respectively.

In general, the MPC control horizon T, will contain the re-
maining part of the current step (from ¢, to £1); the first, second,
..., F-th subsequent steps; and the initial part of a last step (from
ff tot,yc); see Fig. 2. Since the duration of steps is variable, the
number F of footsteps falling within the current MPC control
horizon T, may change with k. In the following, we will need the

last and the penultimate footsteps before ¢, denoted by ( m(}, y?)

and (m}l, y;l), respectively (these are not candidates as they
have already been realized); the corresponding timestamps are
t%and ¢ 1.

All footsteps have the same orientation with respect to the x
axis, chosen to be zero without loss of generality. This simplify-
ing assumption allows to decouple the gait generation problem
along the x (sagittal) and y (coronal) axes, and facilitates the
computation of the feasibility region of IS-MPC. However, the
proposed method can be extended in principle to the case of
footsteps with variable orientation.

While the candidate footstep positions are directly fed to
IS-MPC gait generation, the candidate timing goes through an
adaptation module. If the current CoM of the robot is such

I'This input data typically comes from a footstep planner, which is not
discussed in this letter. See [14] for a simple planner for flat ground that can
be used in conjunction with IS-MPC, and [15] for a 3D planner.

A scheme of the proposed approach, with the step timing adaptation module acting before IS-MPC gait generation.

T.
DS; SS |DS: SS DS SS DS
timing 0ty by - 1) ¢ ti=tl ot
Cw T T 17
exponential $ $ $ $
encoding AX A Ay A
Fig. 2. The timing within the MPC control horizon 7. Each step duration

Tsj is divided into a double support (DS) and a single support (SS) phase. The

timestamp ¢ associated to the j-th footstep indicates the start of the double
support phase. Also shown are symbols which will be later used to exponentially
encode the duration. Hats (*) are omitted but the picture is valid both for the
candidate and the adapted step timing.

that the next QP problem will be solvable, no modification is
necessary; whereas if we are outside the feasibility region the
timing will be changed so as to maintain feasibility. The timing
after adaptation is denoted as 7% = (¢1,... ).

The actual inputs of IS-MPC gait generation will be the
candidate footsteps and the adapted step timing (see Fig. 1).

III. IS-MPC

Before presenting the design of the step timing adaptation
module, let us review the basics of gait generation based on
IS-MPC (see [14] for details). This algorithm operates over
sampling intervals of duration §, with the generic time instant
denoted by ¢, = k §. A k superscript indicates that the variable
is sampled at ty, e.g., x(t;) = 2%. The MPC control horizon 7.
covers C' sampling intervals, i.e., T, = C' 6.

Below we only consider gait generation for the  component.
Every equation will have an identical counterpart for y compo-
nent, except when explicitly stated.

IS-MPC uses a simplified model of the humanoid to char-
acterize the relationship between the CoM and the ZMP, whose
positions are respectively denoted by p,. = (¢, Y., 2.) and p,,
(z2,9.,0). Assuming flat horizontal ground, constant CoM
height and constant angular momentum around the CoM leads
to the well-known LIP equation

Te = UQ(IC - Iz)a

where 7 = +/g/Z., being Z. the constant CoM height. The
prediction model in IS-MPC is a dynamically extended LIP

Te 0 1 0 Te 0
Fe|l=(n* 0 —n? Te |+ (0] 2,
T 0 0 0 x, 1
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Fig. 3. A visual representation of the kinematic constraint (left) and how it

translates to the bounds on the ZMP trajectory expressed by (8-11) (right). The
green footsteps stand at the extreme positions compatible with the kinematic
constraint (blue region).

with the ZMP velocity &, now acting as input. In particular,
we assume piecewise-constant inputs (and thus piecewise-linear
ZMP), i.e., i (t) = ¥ fort € [ty, tpy1)-

The first constraint in IS-MPC is that the ZMP should lie
inside the support polygon at all times. To express this as a
linear constraint of the footsteps throughout the j-th step, we
slide the footstep region during double support from the j-th to
the (j + 1)-th footstep. This allows to write the ZMP constraint
as follows

N - S 1
. — 2 = (@) — 2l ot ¢+ TS| < 30z (D

yYsr Vs

for ¢t € [t,tT1), having used for compactness the piecewise-
linear sigmoidal function

a(tvti’tf) = (p(t_ti) —p(t—tf)), (2)

tp—t;
with p(t) =t d_1(¢) the unit ramp starting at 0.

The second constraint ensures that footsteps are placed so as
to be kinematically realizable by the robot. This means enforcing
a maximum step length along the x axis

, . d
o < B
with d,, ., the size of the admissible region along x, see Fig. 3.
The last constraint in IS-MPC is needed to guarantee that

the CoM remains bounded with respect to the ZMP. In fact,
definition of the new coordinate? x,, = x. + . /n highlights

2The variable z, is also referred to as capture point [16] or divergent
component of motion [1].
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the unstable dynamics
Ty =1 (g — x2).

Despite this instability, . will remain bounded with respect to
x, provided that

o0
k= / e Ty (7)dr 4)
ty
and that 2, is bounded. The integral in the right-hand side can
be split as the integral from ¢}, to ¢, 4+ 1¢, which can be readily
expressed in terms of the ZMP velocity inputs &, within the
MPC control horizon, plus the integral from ¢, + 7. to co, which
depends on the inputs outside the control horizon and therefore
makes condition (4) non-causal. To obtain a causal constraint, we
compute an approximate value for the second integral by using
an anticipative tail, i.e., a ZMP trajectory Z, from t; + T, to
oo conjectured on the basis of short-term information from the
footstep plan. This leads to the following stability constraint

trtc
77/ eiW(T*t"')xZ(T)dT =gk 5)
t

u  ‘x
k
where

&= 77/ e’"(T’t’“)iz(T)dT.

tptc

Note that the integral in the left-hand side of (5) can be written
in closed form as a linear function of the ZMP velocity inputs

k k+C—1
LTy & _— .
Collecting the decision variables over T as
ko (s k+C—1 E_ (.1 F
X, =(2F,...,4} ), Xf=(zp-525),

the k-th iteration of IS-MPC solves the following QP problem,
called QP-MPC, for the x component:

min g, e [|XE* + pl XF - XF?

subject to:
e ZMP constraints (1), for j =0,..., F
e kinematic constraints (3), for j =1,..., F

e stability constraint (5)

and an analogous problem for the y component, the only differ-
ence being that the kinematic constraint becomes

. A d
I g < 20y
Yy — Yy =5

where £ is the central value of the distance between right and left
feet, and the plus (minus) sign should be used if yfc is a footstep
for the left (right) foot.

Once a solution is found, the first sample %, /¥ of the optimal
input sequence is used to integrate the LIP dynamics along z.
The first footstep position x} , y} is instead used as target landing
position for the swing foot in the next single support phase. This
results in CoM and swing foot trajectories to be tracked by the
humanoid robot with a kinematic controller.

IV. FEASIBILITY-DRIVEN STEP TIMING ADAPTATION

In [14] it was shown that IS-MPC is recursively feasible and
internally stable (i.e., the CoM trajectory does not diverge with
respect to the ZMP) provided that a sufficiently long preview
of the footsteps is available. This result was obtained for the
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case in which the MPC does not modify the footsteps (1 = oo
in QP-MPC), based on a study of the feasibility region, i.e., the
subset of states for which QP-MPC admits a solution.

In this section, we compute the feasibility region for the
general case in which the footstep positions are adapted by the
MPC, and propose a conservative estimate of such region. Then,
we exploit this analysis for step timing adaptation.

A. Feasibility Region

The following proposition characterizes the feasibility region
of an IS-MPC iteration in terms of x,,.

Proposition 1: QP-MPC is feasible at t; if and only if
(zk, y¥) € F*, with

FF = {(u,yu) s 2™ <y < abM gl <y, < ygBM)

u

with the following compact expression for ¥ and z%-M

tkt+o )

ghm/M — / e Tt g/ M (ydr 4 & (6)
tr
tkro

yg ™M = / ey M (rydr £ & (D)
23

zl'(t) = 1’}1 + (Z? - :CEI)U(ta t?atP + T((i)S)

S S

®)

F
dz:r daa: i j j
— 22— 22N ot ], + T,)

2 2 4 e ts
=1
a2 (t) = 2t + («f — 2o (t, 12,60 + T3,) )
F
d d o :
+ 22790 n (;x Za(t,ti,ti, —|—Tés)
j=1
v (8) = urt + Wy —y Dot 12,10 + T4,) (10)
F
dz,y da,y i 4J J
- _;( 5 zp£> o(t,t2,t] +1T7,)
y () =yt + () —y; Dot 12,12 + T3,)
d " ord
Y a,y ] j J
+ 5t +; < 5 ié) o(t,t9,t2 +1T7,). (11)

Proof: First consider the = coordinate. We start by noticing
that all ZMP trajectories produced by IS-MPC satisty

e <z, <M, (12)

where 27 and 2 are given by (8) and (9), respectively. This
is easily shown by iterating the ZMP constraint (1) to write an
inequality on z, valid throughout the control horizon and then
using kinematic constraint (3) to eliminate the footstep positions
% for j =1,..., F from this inequality. In this way, #7" and
M represent bounds on x, accounting for any possible choice
of the footstep location (see Fig. 3).

Now multiply each term of (12) by 7 €?(*~*¥) integrate over
time from ¢ to tx4c, add 6’; on each side, and note that the
middle term of the resulting inequality is equal to x* thanks
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to (5), while the outer terms are x%™ and z*:% as defined in (6).
This shows the necessity of the thesis.

To prove sufficiency, assume that (z, y*) € F*, so that 2
is a convex combination of the feasibility region bounds:
2k = azh™ 4 (1 - a)2PM with a € [0,1].

u

13)
Now consider the particular ZMP trajectory

2i(t) = ax?(t) + (1 — a)z (¢).

z
This trajectory satisfies the ZMP constraint in [t t4¢] for the
kinematically admissible sequence of footsteps
da,w
2
It also satisfies the stability constraint (5), since

xzc = x?fl +a

tkt+o
o= [ e a4

tr
a)xﬁ’M

is true thanks to (13). We have thus shown that there exists at
least one ZMP trajectory and a sequence of footsteps satisfying
all constraints.

The proof for y is identical except for the footstep position,
which must incorporate the lateral displacement

= amﬁ’m +(1-

) . d
J Jj—1 a,y
= —= 1+ /. [ |

The bounds (6-7) of the feasibility region F* can be computed
in closed form. To this end, we replace step durations with more
convenient variables (see Fig. 2): the remaining duration of
the current step (called in the following time-to-step) will be
represented by

A) = e (ti—tr)

)

whereas the duration of the subsequent steps will be encoded in
)Ll—F = {)\,1, . ,)»F}, where

L T
Aj=e

Also, let v =T7_/T7 be the ratio of the duration of double
support over that of the whole step, which in the prediction is
assumed constant for subsequent steps (j = 1,..., F).

In the above variables, bounds (6-7) assume the following
expression for ¢ in a double support phase

m/M m/M m /M

ahem/M = o G p) Aa o+ B log Ad + 452 (14)
yhom/M = oM G ) Ak + B M og Ax + M (15)
while for ¢; in a single support phase we obtain
hm/M a;’;{f(h.p)Ak +7;7;7/3{Vf (16)
yo M = ol ) AT aT)

The expressions of the «, 3, v coefficients in the above formulas,
as well as for the explicit computations leading to them, are
omitted for lack of space. As an example, we provide here the
coefficients appearing in (14) for z*:

-1 0 F v j—1
T, —x o d 1— A"
moo(n. _ f f 0T, a,r E J I | A
adsw( 1F> T]TO e + 2 / l/logk- J (3
ds j=1 7 i=1
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B. Conservative Estimate of the Feasibility Region

Formulas (14-17) indicate that the bounds of the feasibility
region depend on the durations Aq,...Apr of the subsequent
steps; this dependence, as shown by the above expressions of
the « coefficients, is actually nonlinear. Therefore, to make
the step timing adaptation problem viable, Aq,...Ar will be
left unchanged, while the time-to-step AX can take any value
within a suitable interval [AA™® AA™X] This simplification
is reasonable since the current step can be expected to be the
most critical for absorbing a perturbation.

To remove the nonlinearity in AA from the double support
bounds (14-15), consider that log AL in [AA™I®, AA™2X] can be
bounded above by the tangent computed at AA™d = (A ™M
AAmaX) /2 and below by the chord joining log AA™™ and
log Ax™#* By doing so, one obtains the following inequalities
for the bounds of F* in double support:

oy™ < ag AT =Ty
zo™M > all AL+ A, =zhM
yem < am Ab+ AT = g
gt > adsyA)\‘—i_’ydsy = yhM,
where
m
Olfs = Ol + fjﬁ;fd
Vit o = View + B (log AR —1)

and similarly for the other coefficients. Based on this, we define
a conservative estimate of F* as

Fhy = {(@u,p) 1 20™ <y <abMghm <y, < ghMy.
Note that 7%, = F* during the single support phase.

Figure 4 shows the evolution over time of the bounds of F*
vs. those of F¥  over two steps of duration 0.5 s each, with
Tys =025 and Tys = 0.3 s, for the LIP model described in
Section V-A. As expected, FF, accurately approximates F*,
with which it coincides in smgle support.

Smce ]-" is a rectangular region of dimensions
and y*M — ¢Fm Fig. 4 also implies that its extenswn mono-
tonically increases during single support, consistently with the
fact that the allowed ZMP region (the yellow area in Fig. 3)
grows over time, and abruptly decreases at the start of double
support, due to the reset of the ZMP trajectory bounds to the
boundaries of the (new) support foot. See also the animation
of the feasibility region in Simulation 1 of the accompanying
video.

kM g km
’LL
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Fig. 4. Time evolution of the bounds of FF (solid) vs. ]-'est (dashed).

C. Step Timing Adaptation (STA)

In principle, the STA stage should intervene whenever
(x% y*) moves outside of the feasibility region F* due to a
perturbation, such as a push on the robot. In practice, leveraging
the results of Section IV-B, we replace F k with F. kt to take
advantage of the linearity of its bounds in AX.

At each iteration the following QP problem, called QP-STA,
is solved to compute the adapted duration of the current step
before sending the timing vector to IS-MPC (see Fig. 1):

mina; (Axr — AX)?2
subject to:
e feagibility constraints for x,, and vy,
jﬁym +ep < 305 < 7k,M —
—k k < kM _
e timing constraints
e NEHTI™—tn) < A < o N+ —ty)
Al < e Net

in which:
o A) = e 1) s the time-to-step (in exponential encod-
ing) according to the current candidate timing;
® ¢, and ¢, are (positive) safety margins for the feasibility
constraints, introduced to push solutions inside F~,;

e f?\,\cgfyl&’ulc)/lvm (DS)
max(zf,, | 198 /e (8S)

—x
f

where T2, is the candidate duration of single support

in the current step, (¢¥,¢F) is the center of the moving

ZMP region in (1) at t, (x}lk 1,y1‘k ") is the next

footstep as generated by the previous IS MPC iteration,
and (2%, yk ) is the swing foot position at .

The first timing constraint of QP-STA means that any step
duration should be within 7™ and T™%, limit values that
typically depend on the robot. The second constraint reflects
the fact that only the duration of the current phase (SS or DS)
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Fig. 5. Effect of step timing adaptation on feasibility: modification of the

bounds of ]-'fst. Here, the robot is walking in the positive = direction when at
time ¢ = 0.6 s, with the left foot swinging, the duration of the current step is
reduced/ extended by 0.1 s.

is adapted, so that in double support the time-to-step cannot
be reduced below the candidate duration of single support; it
also guarantees that the robot has enough time to complete the
current phase (similarly to [4]) given the bounds v}'®* on the
ZMP velocity (DS) and v,** on the swinging foot velocity (SS),
assumed to be the same over x and y.

Since QP-STA is formulated as a least squares problem, the
current step timing will indeed be modified only if (zk yF) is

outside F~ . In this case, denoting by AA # AJ. the solution of
QP-STA, the adapted timestamp of the next step is computed as
tl =t +log(1/AN)/n.

To get an intuitive understanding of how step timing adapta—
tion works, look at Fig. 5, which shows the effects on ]-" ' of
both a reduction and an extension of the current step duratlon ata
certain time . For example, assume that a push in the x direction
(positive or negative) occurs at £, so that x,, will experience a
displacement in the same direction; in this case, QP STA will
reduce the current step duration so as to enlarge F~, along z.
The same kind of adaptation will work for a lateral push directed
from the support towards the swing leg (positive y), because F~,
will be shifted up in y.

The situation changes for a lateral push from the swing
towards the support leg (negative y). In this case, Fig. 5 indicates
that step duration should be extended, as this will shift 7% down
in y. We will come back on this in Section V-C.

V. SIMULATIONS ON THE LIP

We now showcase the performance of our STA method by
means of some simulations for the LIP.

A. Push Recovery

The benefit of STA in conjunction with IS-MPC can be
appreciated in a push recovery scenario on the LIP. We use the

FEASIBILITY-DRIVEN STEP TIMING ADAPTATION FOR ROBUST MPC-BASED GAIT GENERATION IN HUMANOIDS
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Fig. 6. LIP simulation 1: Push recovery while walking. Feasibility region of

IS-MPC at the end of the push (¢ = 2.8 s) with STA (top) and without STA
(bottom). Footsteps are shown in magenta. Note how STA allows to enlarge the
feasibility region so as to keep the current (z,,, ¥, ) inside it.

following parameters: m = 39kg, z. = 0.75m,d, , = d. , =
0.08 m, dy = 0.5m, dg y = 0.16 m, ¢ = 0.2 m for the robot
(corresponding to the HRP-4 humanoid), and T, = 1 s, § =
0.01 s, TMn = 0.2 s, T™a* = (.65 s, €, = ¢, = 0.005 m,
v = 1.5 m/s, v = 1 m/s for the QP problems. In the
candidate timing, all steps have duration T, = 0.5 s with DS
phase lasting Tys = 0.2 s. The simulation is run in MATLAB
using quadprog as QP solver.

The robot is walking under the action of IS-MPC when at
t = 2.7 s (i.e., at the start of single support of the sixth step) it
receives a diagonal push Foy, = (97.5,—136.5,0) [N] lasting
0.1 s. Fig. 6 shows the situation at the end of the push: without
STA, the current value of (z,,y,) would be outside the feasi-
bility region, leading to internal instability and failure, whereas
STA modifies the feasibility region of IS-MPC in such a way
to contain (z,,y, ). In particular, this is obtained by reducing
the duration of the current step by 0.13 s. To fully absorb the
effect of the push, it is also necessary to reduce the next double
support by 0.14 s. In fact, although step timing adaptation allows
to maintain feasibility until the end of the push, adaptation at
successive instants is still required because QP-STA sees in
this case a violation of the conservative estimate Fs. See the
accompanying video for a complete clip of this simulation.

We repeated this simulation for different pushing forces,
without changing the instant of application. IS-MPC with STA
withstands x-forces in [—260, 304.2] N and y-forces in [—273
to 124.8] N. Without STA, these ranges are reduced to [—136.5,
to 144.2] N and [—93.6, to 97.5] N, respectively.

B. Comparison With DCM-Based Method

The next simulation compares the proposed approach with
DCM-based step timing adaptation, identified as the state of the
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Fig. 7. LIP simulation 2: Push recovery while walking. IS-MPC with STA
(top) vs. DCM-based method [10] (bottom). IS-MPC with STA withstands the
push while the DCM-based technique exhibits an unstable behavior.

art in the field. In particular, we selected the technique presented
in [10], which uses co-step capturability bounds to formulate
a QP with footstep positions and timing as decision variables;
futhermore, the ZMP is assumed to be always at the center of the
support foot (i.e., the robot has point feet), and double support is
instantaneous. The parameters used for the comparison are the
same as the previous simulation, with the exception of the d, ,
and d ,, which were reduced to 0.01 m for IS-MPC, to mimic a
point-foot situation.

The robot is walking when, at the start of a single support, it
receives a lateral push Feyy = (0, 226.2, 0) [N] for 0.1 s. The
results of the comparison are shown in Fig. 7. While IS-MPC
with STA absorbs the push and quickly resume forward walking,
the DCM-based method fails due to a loss of feasibility, which
leads to divergence between the CoM and the ZMP (see the
video). With the reduced footprint of this simulation, IS-MPC
with STA can withstand x-forces in [—288.6, 290] N and y-
forces in [—46.8, 245.7] N. Again, this is better than the DCM-
based method, for which the ranges are [—265.2, 265.2] N and
[—31.2,222.3] N.

The reason for the superior performance of IS-MPC with STA
over the DCM-based method is twofold. First, it appears that
our method can take full advantage of finite-size feet, albeit
small, and of the non-instantaneous double support. Even more
importantly, while our stability constraint is the correct condition
for avoiding CoM/ZMP divergence at any time, the oo-step
capturability constraint of [10] is only appropriate at the start
of each step?, so that its use at intermediate instants may lead to
failure in critical cases.

31t is possible to prove (details are omitted) that the feasibility region F* of
IS-MPC at the start of a step tends to coincide with the co-step capturability
region of [10] if, in addition to point feet and instantaneous double support, we
also assume that the control horizon approaches infinity.

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 6, NO. 2, APRIL 2021

C. Discussion

The results of this section show that modifying step timings
is an effective way to counteract an imminent loss of feasibil-
ity. With respect to other techniques for time adaptation, our
approach is designed to work in conjunction with IS-MPC, and
thus inherits the favorable properties guaranteed by the use of
preview information in the stability constraint [14].

The analytical expressions (14—17) of the feasibility region
bounds can in principle be used to set up a nonlinear optimiza-
tion problem to adapt multiple steps in the control horizon,
as opposed to the current step only. Due to the exponentially
diminishing effect of future steps in eqs. (6-7), however, the
benefit of such strategy is bound to be limited.

There is, however, at least one case in which adapting a future
step is a sensible option. As discussed at the end of Section I'V-C,
if a lateral push is directed from the swing towards the support
leg, QP-STA reacts by increasing the duration of the current step
(see Fig. 5). This is somewhat counterintuitive, as the appropriate
reaction would be to displace the footstep in the same direction to
keep the (perturbed) ZMP within the support polygon. However,
IS-MPC does not contemplate such a possibility, because the
kinematic constraint prevents placing one foot in front of the
other, and this is reflected in F*; therefore, QP-STA will extend
as much as possible the duration of the current single support,
as putting the foot down will necessarily displace the support
polygon in the wrong direction. However, in the case of very
strong swing-to-support pushes, QP-STA may be unable to
maintain feasibility by extending the duration of the current step.
In this case, a better strategy would be to put down the swinging
foot as soon as possible and recover by adapting the next step.
This can be enforced as a rule-based behavior whenever QP-STA
is unfeasible. See the accompanying video for a simulation.

VI. DYNAMIC SIMULATIONS

The proposed approach has been validated for the HRP-4 hu-
manoid through dynamic simulations in the DART environment,
using the same parameters of the LIP simulations. Both QP-MPC
and QP-STA are solved using HPIPM [17]. In particular, setting
up and solving QP-STA takes about 60 us, which is more than
appropriate for real-time implementation.

Three different scenarios are considered: forward walking,
backward diagonal walking and walking on the spot. In each
simulation, IS-MPC with STA is shown to withstand pushes that
would cause the robot to fall without STA. Fig. 8 shows snap-
shots of the forward walking simulation. Clips of all dynamic
simulations are included in the accompanying video.

VII. EXPERIMENTS

Experiments on a NAO were performed to validate the pro-
posed approach on a physical platform. We used the following
parameters: m = 5.3 kg, zZ. = 0.245m, d, , = d. , = 0.05 m,
doz=0.16m,d,, =0.05m,£=0.1m,d =0.05s, Tm" =
0.3 s All other parameters are the same of the previous simula-
tion. The pendulum structure of Fig. 9 was set up for applying
areplicable push to the robot.

The accompanying video shows NAO receiving a frontal push
when walking. Consistently with the simulations, use of [IS-MPC
with STA allows the robot to withstand the perturbation, whereas
afall occurs when step timings are not adapted. Over a campaign

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on March 04,2021 at 07:53:22 UTC from IEEE Xplore. Restrictions apply.



SMALDONE et al.: FEASIBILITY-DRIVEN STEP TIMING ADAPTATION FOR ROBUST MPC-BASED GAIT GENERATION IN HUMANOIDS

Fig. 8. HRP-4 dynamic simulation 1: Push recovery while walking forward.
IS-MPC with STA (top row) and without STA (bottom row). In the presence of
a push from the back, HRP-4 falls if no timing adaptation is performed.

Fig. 9. The pendulum used in the experiments to apply a replicable push. See
the accompanying video for clips of the experiments.

of 10 experiments, IS-MPC with STA had a 90% success rate,
whereas [S-MPC without STA recovered in only 20% of cases.

VIII. CONCLUSIONS

Step time adaptation is a way for achieving robust locomotion
in humanoids. Based on a feasibility analysis of our IS-MPC
method for stable gait generation, we have designed a step
timing adapter that modifies the duration of the current step
whenever a loss of feasibility is imminent due to a perturbation.
The proposed approach, which allows the IS-MPC algorithm to
maintain its linearity, has been validated by both simulations and
experiments. We are now working on a robust framework that
uses STA in conjunction with disturbance observation [18] and
ZMP constraint restriction [19].

At the same time this letter was submitted, a preprint ap-
peared where feasibility is used for robust gait generation [20];
in particular, unfeasible states are artificially projected inside
the feasibility region before using them in the MPC. This is
conceptually very different from our approach, where the step
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timing is adapted so as to maintain feasibility of the current state,
which is never modified.

REFERENCES

[1] T.Takenaka, T. Matsumoto, and T. Yoshiike, “Real time motion generation
and control for biped robot - 1st report: Walking gait pattern generation,”
in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2009, pp. 1084—1091.

[2] S.Kajitaeral., “Biped walking pattern generation by using preview control
of zero-moment point,” in Proc. IEEE Int. Conf. Robot. Automat., 2003,
pp. 1620-1626.

[3] P-B. Wieber, “Trajectory free linear model predictive control for stable
walking in the presence of strong perturbations,” in Proc. 6th IEEE-RAS
Int. Conf. Humanoid Robots, 2006, pp. 137-142.

[4] A. Herdt, H. Diedam, P.-B. Wieber, D. Dimitrov, K. Mombaur, and
M. Diehl, “Online walking motion generation with automatic footstep
placement,” Adv. Robot., vol. 24, no. 5-6, pp. 719-737, 2010.

[5] N. Bohérquez and P. Wieber, “Adaptive step duration in biped walking:
A robust approach to nonlinear constraints,” in Proc. 17th IEEE-RAS Int.
Conf. Humanoid Robots, 2017, pp. 724-729.

[6] S.Caronand Q.Pham, “When to make a step? Tackling the timing problem
in multi-contact locomotion by TOPP-MPC,” in Proc. 17th IEEE-RAS Int.
Conf. Humanoid Robots, 2017, pp. 522-528.

[7]1 P. Kryczka, P. Kormushev, N. Tsagarakis, and D. G. Caldwell, “Online
regeneration of bipedal walking gait optimizing footstep placement and
timing,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2015, pp. 3352—
3357.

[8] A.Ibanez, P. Bidaud, and V. Padois, “Emergence of humanoid walking be-
haviors from mixed-integer model predictive control,” in Proc. IEEE/RSJ
Int. Conf. Intell. Robots Syst., 2014, pp. 4014-4021.

[9] M.R.O.A.Maximo, C. H. C.Ribeiro, and R.J. M. Afonso, “Mixed-integer

programming for automatic walking step duration,” in Proc. IEEE/RSJ Int.

Conf. Intell. Robots Syst., 2016, pp. 5399-5404.

M. Khadiv, A. Herzog, S. A. A. Moosavian, and L. Righetti, “Step timing

adjustment: A step toward generating robust gaits,” in Proc. 16th IEEE-

RAS Int. Conf. Humanoid Robots, 2016, pp. 35-42.

[11] M. Shafiee, G. Romualdi, S. Dafarra, F. J. A. Chavez, and D. Pucci,

“Online DCM trajectory generation for push recovery of torque-controlled

humanoid robots,” in Proc. 19th IEEE-RAS Int. Conf. Humanoid Robots,

2019, pp. 671-678.

H. Jeong, I. Lee, J. Oh, K. K. Lee, and J.-H. Oh, “A robust walking con-

troller based on online optimization of ankle, hip, and stepping strategies,”

IEEE Trans. Robot., vol. 35, no. 6, pp. 1367-1386, Dec. 2019.

[13] R. J. Griffin, G. Wiedebach, S. Bertrand, A. Leonessa, and J. Pratt,

“Walking stabilization using step timing and location adjustment on the

humanoid robot, atlas,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst.,

2017, pp. 667-673.

N. Scianca, D. De Simone, L. Lanari, and G. Oriolo, “MPC for humanoid

gait generation: Stability and feasibility,” IEEE Trans. Robot., vol. 36,

no. 4, pp. 1171-1188, Aug. 2020.

P. Ferrari, N. Scianca, L. Lanari, and G. Oriolo, “An integrated motion

planner/controller for humanoid robots on uneven ground,” in Proc. 18th

Eur. Control Conf., 2019, pp. 1598-1603.

[16] J. Pratt, J. Carff, S. Drakunov, and A. Goswami, “Capture point: A
step toward humanoid push recovery,” in Proc. 6th IEEE-RAS Int. Conf.
Humanoid Robots, 2006, pp. 200-207.

[17] G. Frison, in 2020. [Online]. Available: https://github.com/giaf/hpipm

[18] F. M. Smaldone, N. Scianca, V. Modugno, L. Lanari, and G. Oriolo, “Gait
generation using intrinsically stable MPC in the presence of persistent
disturbances,” in Proc. 19th IEEE-RAS Int. Conf. Humanoid Robots, 2019,
pp. 682-687.

[19] F. M. Smaldone, N. Scianca, V. Modugno, L. Lanari, and G. Oriolo, “ZMP
constraint restriction for robust gait generation in humanoids,” in Proc.
IEEE Int. Conf. Robot. Automat., 2020, pp. 651-657.

[20] M. H. Yeganegi, M. Khadiv, A. Del Prete, S. A. A. Moosavian, and L.
Righetti, “Robust walking based on MPC with viability-based feasibil-
ity guarantees,” in 2020. [Online]. Available: https://arxiv.org/abs/2010.
04514

[10]

[12]

[14]

[15]

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on March 04,2021 at 07:53:22 UTC from IEEE Xplore. Restrictions apply.


https://github.com/giaf/hpipm
https://arxiv.org/abs/2010.04514


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


