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Abstract— We consider the problem of planning whole-body
motions for humanoids that must execute loco-manipulation
tasks, i.e., manipulation tasks that implicitly require a locomo-
tion phase. The proposed planner builds a tree in configuration-
time space by concatenating feasible, collision-free whole-body
motions that realize a succession of CoM movement primitives
and, at the same time, the assigned manipulation task. To obtain
fluid, natural motions we identify three zones of operation,
i.e, locomotion, loco-manipulation and manipulation, and we
carefully design a mechanism that allows to synchronize the
two tasks. The proposed method has been implemented in V-
REP for the NAO humanoid and successfully tested in various
scenarios of increasing complexity.

I. INTRODUCTION

Humanoid robots have been the subject of constantly
increasing attention in recent years. The first focus for this
kind of robots was how to achieve a stable and efficient
locomotion. Nowadays, the main challenge is to generate
whole-body motions aimed at fulfilling complex task.

Planning the motion for humanoids is challenging for
a number of reasons. First, these robots have many de-
grees of freedom and therefore a high-dimensional planning
space. Second, they are not free-flying systems in their
configuration space: feasible motions should be appropriately
generated, also taking into account several kinematic and/or
dynamic constraints. Furthermore, equilibrium (either static
or dynamic) should be maintained at all times. Due to the
difficulties of the problem, it is usually simplified by taking
some simplifying assumptions on either the environment or
the robot geometry (see, e.g., [1], [2], [3], [4], [5], [6], [7]).

Assigning a task (e.g., grasp an object) that the robot has
to execute further increases the difficulty of the planning
problem. The most common approach for dealing with tasks
is kinematic control, e.g., see [8], [9]. This framework was
used in [10] to generate footsteps for humanoid robots.
Despite its efficiency, kinematic control is a local technique
well suited for designing reactive behaviors but usually
outperformed by full-fledged planning techniques.

Assuming that the scene geometry is known, three main
approaches for task-oriented planning can be found in the
humanoid literature: (%) separating locomotion from manip-
ulation [11], [12]; (i%) planning statically stable collision-free
trajectories, that are converted to dynamically stable motions
in a second stage [13]; (¢i¢) achieving acyclic locomotion and
manipulation through whole-body contact planning [14].

In [15], we have introduced a completely different ap-
proach that solves task-constrained planning problems with-
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out separating locomotion (footsteps) from task execution.
Our framework automatically generates walking motions,
if needed to complete the task. We extended this work
in [16] and [17], where we presented a planner hinged
on the concept of CoM movement primitives, defined as
precomputed trajectories of the CoM that are associated
to specific actions. This planner is able to deal with tasks
expressed as either a trajectory or a set-point. In the latter
case, the task was activated only when the robot enters a
sphere placed around the set-point. However, in the case of
reaching tasks this rudimentary activation strategy may result
in unnatural motions.

In this paper, we are particularly interested in manipulation
problems where the humanoid must bring a specified hand
to a certain position. This position will in general be outside
the workspace that the humanoid can access with a simple
reaching motion from its initial configuration: to complete
the task, the robot will necessarily have to take some steps.
Since this kind of manipulation task implicitly requires
locomotion, we refer to them as loco-manipulation tasks.

The generation of reaching motions has been addressed
through machine learning techniques. In [18], a bidirectional
RRT uses stored plans to guide the growth of the trees; how-
ever, the desired set-point is within the robot workspace so
that no locomotion phase is necessary. The approach in [19]
relies on humanoid imitation of visually acquired human
motions; clearly, the acquisition phase must be repeated in
new planning scenarios.

Here, we present a method for generating humanoid mo-
tions which is specifically aimed at loco-manipulation tasks.
To this end, we introduce a randomized planner that builds a
tree in configuration-time space by concatenating feasible,
collision-free whole-body motions realizing a succession
of CoM movement primitives and, at the same time, the
assigned manipulation task. To obtain fluid, natural motions
we identify three zones of operation, i.e, locomotion, loco-
manipulation and manipulation, and we carefully design
a mechanism that allows to synchronize the two tasks.
To accomplish more complex tasks, we also extend the
catalogue of CoM movements used in [16], [17] by adding
more primitives. Finally, since enlarging the catalogue may
increase the planning time, we propose a simple weighting
mechanism aimed at speeding up the solution.

The paper is organized as follows. In the next section,
we shall introduce a humanoid motion model and provide
a formulation of our planning problem. Operation zones
and the mechanism for synchronizing locomotion and ma-
nipulation tasks are introduced in Sect. IIl. The proposed
motion planner algorithm is described in detail in Sect. IV.
V-REP planning experiments for the NAO humanoid robot
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are illustrated in Sect. V. Conclusions and future research
directions are briefly discussed in Sect. VI.

II. PROBLEM FORMULATION

Before formulating our motion planning problem, we
recall the humanoid motion model introduced in [16], [17].
We define the configuration of the humanoid as

_ dcoM
e ( 9ijnt ) ’

where geoy € SE(3) is the world pose (position and
orientation) of a reference frame attached to the Center of
Mass (CoM) and gj,,; € Cjx is the n-vector of joint angles.

With our planner, the CoM movements will be gener-
ated by patching subtrajectories extracted by a precomputed
catalogue of CoM movement primitives. These primitives
represent elementary humanoid motions, such as stepping,
crouching, and so on. Each primitive has a given duration
and may specify trajectories for other points of the robot in
addition to the CoM: for example, a stepping primitive will
include a swing foot trajectory. Once a primitive has been
selected, joint motions will be chosen so as to execute it
while satisfying other requirements.

This planning approach is reflected in the hybrid (partly
algebraic, partly differential) motion model

doom(t) = Geom(tr) + A(geom (th)) wcom(t) (1)
Tjnt (1) = vy (1), )

where t € [tg,tp + Tx|, with T} the duration of the
current CoM primitive. In this model, A(gco\(tx)) is the
transformation matrix between the CoM frame at ¢;, and the
world frame, ucom(t) is the CoM pose displacement at ¢
relative to t;, (as specified by the primitive), and vj,(t) is
the vector of joint velocity commands (which must obviously
be compatible with the primitive itself).

We consider a basic manipulation problem where the
humanoid must bring a specified hand (henceforth referred to
as the end-effector) to a certain position', e.g., for grasping
an object. This position will in general be outside the
workspace that the humanoid can access with a simple
reaching motion from its initial configuration: to complete
the task, it will then be necessary to perform also stepping
motions. These motions will be automatically generated by
our motion planner, which will therefore convert the original
manipulation task into a loco-manipulation task.

Denote by y,,; = f(q) the position variables of the chosen
end-effector, and by yj, the desired set-point. A solution
to our motion planning problem consists of a whole-body
motion ant(t), t € [tini, tan) that satisfies four requirements:
R1 The assigned set-point is reached at a finite time tg),.
R2 Collisions with workspace obstacles and self-collisions

are avoided.
R3 Position and velocity limits on the joints are respected.
R4 The robot is in equilibrium at all times.

Note that in our formulation ¢g,, is not assigned and will

be determined by the planner.

I'We do not include orientation in the task for simplicity, but the proposed
planner can be directly used also in that case.

y;; o=

manipulation locomotion

Fig. 1.
tion set-points are used), loco-manipulation (local manipulation set-points
are used to synchronize the end-effector with the CoM) and manipulation
(the global manipulation set-point y3, is used).

Operation zones defined by our planner: locomotion (no manipula-

III. SYNCHRONIZING LOCOMOTION AND MANIPULATION

The proposed planner, to be described in Sect. IV, has
at its core a motion generator that is based on kinematic
control. Within this well-known framework, set-point tasks
are usually taken into account in two alternative ways:

1) The task is always active. In our case, this approach
would generate unnatural motions of the humanoid,
especially when the initial error is large. In fact,
the robot will try to extend its arm from the very
beginning. This is also likely to push some joint close
to their limit, thus making motion generation more
difficult.

2) The task is only activated when the robot is sufficiently
close to the desired set-point. This strategy eliminates
the above behavior but has two drawbacks. First,
motion generation is not always driven by the task,
resulting in inefficient exploration of the configuration
space. Second, the overall movement will not be fluid
due to the abrupt task activation.

We propose a conceptually intermediate approach. Let d
be the distance between the robot CoM and the set-point
Y- and define three zones of operation (see Fig. 1):

e Locomotion zone (d; < d). The robot is far from y3,
and its end-effector is not driven by the manipulation
task.

e Loco-manipulation zone (dy < d < di). At an interme-
diate distance, local set-points are used to synchronize
manipulation with locomotion.

e Manipulation zone (d < dp): At a close distance, the
robot performs a reaching motion while remaining in
double support.

While the threshold d; only determines the extension of
the loco-manipulation zone, dy must be chosen with care so
as to guarantee that inside the manipulation zone the robot
can reach y3, easily.

The proposed planner generates motions by iteratively ex-
panding a tree in configuration-time space. At each iteration,
the planner invokes the motion generation module, which
works in two stages. First, a CoM movement primitive is
chosen from the catalogue; this defines the current /oco-
motion task. In the second stage, kinematic control is used
to compute a feasible joint motion that realize a specific
combination of the current locomotion task and manipulation
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Fig. 2. The definition of the target displacement vector d* between the
end-effector (here, the right hand) and the CoM of the robot is made with
reference to a comfortable reference posture.

task depending on the zone of operation.

In the locomotion zone, only the locomotion task is active,
while the manipulation task is not explicitly considered. In
the manipulation zone, both the current locomotion task and
the global manipulation task y3, are active. In the loco-
manipulation zone, the idea is to define local-set points for
the manipulation task so that is synchronized with the current
locomotion task. Let us examine in detail how this is done.

Consider a generic iteration where the tree vertex selected
for expansion is associated to time ¢j. Let wcon be the CoM
displacement associated to the chosen primitive, and compute
the resulting CoM position zcon over [tg,tr41] by using
eq. (1) and extracting the Cartesian part. Denote by z¢ s
z’ggﬁ/[ the CoM position respectively at ¢, tx1. In the loco-
manipulation zone, a local set-point for the manipulation task
(i.e., for the robot end-effector) is computed as:

yhit = 20 1+ dF - Ky (dF - db), (3)

where d* = yh, — 25 and K4 > 0 is a diagonal gain
matrix. Use of eq. (3) will force the humanoid to move its
end-effector and the CoM in a coordinated fashion over the
iterations, progressively bringing the displacement between
them to a target value d”. The choice of d* (see Fig. 2) can
be made by placing the humanoid robot in a comfortable
reference posture that is considered appropriate for entering
the manipulation zone and performing the final part of its
assigned task.

At the entrance of the manipulation zone, the set-point
for the manipulation task is set back to the global set-point
y’,- The jump in the set-point might cause a jerking motion
due to the sudden increase of joint velocities. To smooth the
transition, we replace (3) with

Yyt =25t 4+ db + Ky(dp — dY), 4)

where dj, = ad* +(1—a)(y}, — 2E.) and « is a sigmoid
function

1
o =

k ar 12 :
1 +exp(—12HZC°Md1 "if‘fl(l)l do  6)

With this update law, the difference vector y%/ ' — z&

(the displacement between the robot CoM and the local-set
point) smoothly varies from d* (the target displacement) to
dy (the displacement between the robot CoM and the global
set-point at the entrance of the manipulation zone) as the
robot approaches the manipulation zone. This results in a
natural reaching motion that begins in the loco-manipulation
zone and fluently continues in the manipulation zone.

No smoothing is used at the boundary between the loco-
motion and the loco-manipulation zone, because the robot
end-effector is not performing any task in the former, and
therefore no discontinuity is experienced in the transition
to the latter. Finally, note that the above mechanism for
synchronizing locomotion with manipulation can also be
used in a pure kinematic control framework.

IV. THE PLANNER

As already mentioned, our motion planner works in an
iterative fashion, building a tree in configuration-time space.
To this end, it uses a catalogue U of N CoM movement
primitives. All these primitives satisfy the R4 requirement
(humanoid equilibrium) by construction. The choice of
primitives may change depend on the considered planning
scenario; in any case, a richer set will result in a more
versatile planner. A typical U will include various stepping
motions and possibly more complex movements, such as
crouching, crawling, and so on.

An indispensable element of any catalogue U is free_CoM,
a primitive that leaves the CoM free to move with the con-
straint that both feet should remain fixed and the robot should
maintain equilibrium. This primitive, which is essential in
the manipulation zone, has an arbitrary duration that will
typically be determined by the time needed to reach the local
set-point. However, static equilibrium is not guaranteed in
free CoM and must be explicitly checked.

A vertex v = (g, w) consists of a configuration g, with
an associated time instant (not explicitly displayed), and a
set of weights w = {w?!,...,w™}. An edge represents a
whole-body motion that connects two adjacent vertexes and
is feasible, i.e., satisfies requirements R2-R4.

The tree T is rooted at vin; = (q(tini), Wini), With win; =
(I/N,...,1/N). The algorithm uses of a task compatibility
metric (g, y3,) that measures the compatibility of a config-
uration g with respect to the task set-point y;,. For example,
~ may be defined as the inverse of the distance between y},
and the robot CoM at q.

A generic iteration of the planner (see Algorithm 1) starts
by selecting a random vertex vpear (@nears Wnear) Of
T with probability> (-, y%,); call ¢ the associated time
instant. The motion generator is then invoked.

The first step of motion generation (see Procedure 1)
consists in extracting a random primitive from U using the
weights in wye,y as probabilities. Let ucom be the CoM
displacement associated to this primitive, and 7T}, its duration.
Using eq. (1), the reference pose of the CoM frame gy (%)

2Biasing the sampling process with ~ guarantees that the expansion of
the tree will be directed towards y3, even during the locomotion phase,
when the manipulation task is not explicitly active.
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Algorithm 1: Planner

Procedure 1: MotionGeneration(vpear, tx)

1 root the tree 7 at vini = (q(tini), (%, ceey %)),

2 5+ 0;

3 repeat

4 Je=i+ L

5 select a random verteX vnear from 7 with probability
~(-,y4s) and retrieve the associated time instant ¢x;

6 [@rew 1T noar Tnow tk+1] < MotionGeneration(vnear, tk);

7 if q,,.,, # 0 then

8 /I vertex generation successful;

5 Woew (&, 1);

10 Unew $— (qnew7wﬂew);

11 add vertex vnew and edge @ o Gnew 10 75

12 else

13 /] vertex generation unsuccessful,

14 update the weights in vpear according to (8-9);

15 end

16 until f(q,.,) =y or j=MAX.IT;

is computed, for ¢ € [tg,tgr1], with tx11 = tx + Tk. This,
together with the associated reference motion of the feet,
defines the current locomotion task. At this point, depending
on which zone is associated t0 vpear (this information may
be stored with the vertex at the time of its creation), the local
set-point for the manipulation task is computed as explained
in the previous section. This will be null in the locomotion
zone, Y3, in the manipulation zone, and given by (4) in the
loco-manipulation zone.

The second part of motion generation is the computation
of a whole-body motion that starts from q,.,,, executes the
current locomotion task, reaches the local manipulation set-
point (if it is not null), and complies with requirements R2-
R4. To this end, we have used a task-priority approach [20]:

Vjnt = JTLy/L +PL(JnPL) () — JMJTL?'/L) +Pry vo,

®)
Here, y; is the (primary) locomotion task, J, its Jacobian
and P, =1-J TLJ L; Y 1s the (secondary) manipulation
task, J s its Jacobian and Pry; = Pr—(J 3 Pr) (Ju Pr).
Also, we set ¢, = ¥; + Kper and ¥y, = K yrsign(en),
where e, = y7 — y, with y7 the reference value of y;,
and e);y = y’f\jrl — vy Finally, K, and K, are positive
definite gain matrices; in particular, we let

K = diag{||ly5/" — o1/ T} (6)

where Y%, = f(q,ca;) is the end-effector position at ¢. The
definition of ¥, and K 5; guarantees that the local set-point
y’f\j ! is achieved exactly at tg 1.
The choice of the null-space vector v in (5) is arbitrary.
For further exploration of the solution space, we choose
vo = —nVq.  H(Gjy) + Vg, (7)

jnt

where 7) is a positive stepsize, H(qj,) is a cost function and
Vrnd 1S @ bounded-norm vector which is randomly generated
using uniform probability. For example, H (anc) may be
chosen so as to maximize the available joint range.

The joint trajectories generated by the kinematic control
law (5) are continuously checked for collisions (requirement

1 extract q, .., and Wnear from vnear;
2 select from U a CoM primitive w5 5y with probability wear,
and retrieve the associated duration T};
compute the current locomotion task;
define the local manipulation set-point y%*;
repeat
generate motion by integrating joint velocities (5);
if collision or joint position/velocity limit violation then
| return [0, 0,0]
end
10 until ¢ = ¢t + Tk;
11 return [q,..., GuonrGuows Lk + k]

R R B Y B

R2) and for violation of position/velocity joint limits (re-
quirement R3). If free CoM is the current CoM primitive,
static equilibrium of the humanoid is explicitly checked. If
no violation occurs, the integration reaches ¢y, generating
Qhew- Control goes back to the main planner that adds
to 7 a new verteX Unew = (QpewsWnew)s With Wpew =
(1/N,...,1/N), together with the edge (i.e., the whole-body
motion) joining vVnear With Vpeyw -

If a violation occurs, motion generation is interrupted and
no vertex is added to 7. In this case, the main planner
performs a last operation before starting a new iteration.
Assuming that the h-th CoM primitive had been selected for
node expansion in the failed attempt, the weights associated
are updated to vpea,r as follows:

wh = wh —w (3

i=1,...,N,i#h, (9

w

N-1
where w = w!,, /2. This penalizes the h-th CoM primitive
and accordingly compensates the others.

%

_ 7
wnear - wnear +

V. PLANNING EXPERIMENTS

The proposed planner has been implemented in V-REP on
an Intel Core i3 running at 1.80 GHz. The chosen robotic
platform is the NAO small humanoid, with the right hand as
end-effector. The set of CoM movement primitives is defined
as

U ={U8 VUL \y UUS.\; U free CoM}.

Here US ) is a subset of static steps (includes forward,
backward, left and right steps) while UZ.,; is a subsets of dy-
namic steps (includes one starting, cruise and stopping steps
for various directions of motion). US, ,, includes instead
movements for standing up and crouching (with both feet on
the ground), together with stepping motions extracted from a
crouched gait. Depending on the operation zone, not all the
primitives in U may be selectable; in the locomotion zone,
free_CoM can safely be ignored, whereas in the manipulation
zone only free CoM, standing up and crouching can be
selected for motion generation.

The thresholds for the three operation zones are defined as
dy = 0.15 m and d; = 0.7 m. In the loco-manipulation zone,
the target displacement d* is set to (0.12, —0.16, —0.002) m.

We consider three planning scenarios. In the first (Fig. 3)
the humanoid must grasp a ball placed on a low table. At the
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Fig. 3.

Planning scenario 1: snapshots from a solution.

Fig. 4. Planning scenario 2: snapshots from a solution.

start (first two snapshots), the robot is in the locomotion zone
and the assigned manipulation task is not directly taken into
account (see footnote 2). The planner chooses a sequence of
dynamic steps in the forward direction. After some steps, the
robot enters the loco-manipulation zone where the movement
of the right hand is synchronized with the CoM (third
and fourth snapshot). Once in the manipulation zone, the
robot executes first a crouching movement (fifth snapshot)
and finally reaches 3, using the free CoM primitive (last
snapshot). Overall, the resulting motion of the humanoid is
very fluid and natural.

The second scenario, illustrated in Fig 4, is similar to the
first with the addition of some obstacles (a table and a chair)
obstructing the path from the robot to the destination. The
planned solution shows the robot taking some dynamic steps
diagonally to avoid the obstacles and then fluidly completing
the task as before.

In the third scenario (Fig 5) the robot must pass below a
table to reach the table where the ball is placed. The solution
shown leads the robot to the table by some forward dynamic
steps, and then switches to a slightly crouched gait. Once

data | exp 1 | exp 2 | exp 3

planning time (s) 19.1 52.04 | 105.05

tree size (# vertexes) 32.8 97.9 135.3

motion duration (s) 12.1 24.98 23.25
TABLE I

PLANNER PERFORMANCE DATA.

the robot clears the table, erect posture is recovered and the
manipulation task is successfully completed.

The accompanying video shows dynamic playback clips of
the above three solutions in which full physical simulation
(including joint control) is enabled.

Table I collects some data related to the planner perfor-
mance in the three scenarios. Since our planner is random-
ized, these data are averaged over 20 runs. Due to the absence
of obstacles, solutions for the first scenario are easier to
compute, have a shorter duration, and result in a smaller
tree. The other two scenarios are clearly more challenging
due to the obstacles in the workspace.
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Fig. 5.

VI. CONCLUSIONS

We have considered the problem of planning whole-body
motions for humanoids that must execute loco-manipulation
tasks, i.e., manipulation tasks that implicitly require a lo-
comotion phase. The proposed planner builds a tree in
configuration-time space by concatenating feasible, collision-
free whole-body motions that realize a succession of CoM
movement primitives and, at the same time, the assigned
manipulation task. To obtain fluid, natural motions we have
identified three zones of operation, i.e, locomotion, loco-
manipulation and manipulation, and we have carefully de-
signed a mechanism that allows to synchronize the two
tasks. The proposed method has been implemented in V-REP
for the NAO humanoid and successfully tested in various
scenarios of increasing complexity.

Future work will focus on extending this framework by
adding CoM primitives in order to execute tasks requir-
ing more complex motions, including multi-contact gaits.
Another improvement would be the possibility of taking
into account torque bounds, by using a second-order motion
generation scheme as in [21].
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