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Abstract—The paper proposes an efficient method to plan a
path for humanoid robots to locomote in rather complex life
environments which are partially dense. The path planned by
the proposed method means a transitional sequence of double-
support postures, where both feet are in contact with the
environment, and any pair of consecutive postures share one of
the feet at the same position and attitude, due to alternation of
the support foot. First, it finds a rough path by representing
the robot body in a variable-volume box, and simultaneously,
evaluates the sparsity/density of obstacles based on the volume.
For segments of the path where the volume of the box is
large enough to contain the whole-body, only the self-collision
avoidance is considered and a simple navigation technique is
applied. For the other segments where the volume is so small
that the robot body is not fully contained within the path, a
probabilistic method based on RRT-connect is applied in order
to find a fine path on which the robot exploits its variable
whole-body configuration. In this way, the robot automatically
conforms its body representation to the evaluated complexity
of the environment and balance the trade-off between the
dimension of search space, namely, the variety of robot motions
and the computation time, particularly in environments which
are partially dense such as our life scenes.

Index Terms—Humanoid robot, Path planning, Locomotion
in complex environments

I. INTRODUCTION

Humanoid robots are expected to be operated in some
cases in life environments nearby humans, and in other cases
in complex environments such as power plants instead of hu-
mans, utilizing its morphological similarity to humans. In any
of such situations, operators hardly keep paying attentions to
circumstances around the robot and carefully navigate it. It
is an important technology that robot autonomously finds a
path to reach the location of interest.

Path planning of humanoid robots is a mathematically
challenging problem. It is mainly due to the highly complex
geometry of objects in both the robot body and the envi-
ronment in addition to the highly complex robot kinematics
with a large number of degrees of freedom (DOFs). The
constraints posed on those geometry and kinematics are
also complex since it does not only require collision-free
configurations but also partially contacting configurations in
order to support the whole body.

In rather simple and sparse environments, it is effective to
reduce the dimension of search space by some techniques,
for instance, as follows.

• defining the robot motion with a smaller number of
parameters such as stride and foot-lifting height [1], [2]

• preparing some typical motion primitives and concate-
nating them [3], [4]

• approximating the robot body by a simple solid such as
a box or a cylinder [5], [6]

On the other hand, in complex environments, the robot often
needs to exploit its variable whole-body configuration to
step over, slip through and pass under obstacles. In order to
deal with the high dimensionality, several methods [7]–[10]
have been proposed based on probabilistic approaches such
as Probabilistic Roadmap Method (PRM) [11] and Rapidly-
exploring Random Tree (RRT) [12].

Obviously, there is a trade-off between the dimension
of search space, namely, the variety of robot motions and
the computation time. It is preferable to choose the above
approaches conforming to the complexity of the environment
for an efficient path planning. The difficulty is that it is not
trivial how to measure it.

This paper proposes an efficient two-stage path planning
method for humanoid robots. First, it finds a rough path by
representing the robot body in a variable-volume box, and
simultaneously, evaluates the sparsity/density of obstacles
based on the volume. For segments of the path where the
volume of the box is large enough to contain the whole-body,
only the self-collision avoidance is considered and a simple
navigation technique [13] is applied since it is guaranteed that
the robot can go through obstacles along the path. For the
other segments where the volume is so small that the robot
body is not fully contained within the path, a probabilistic
method based on RRT-connect [10] is applied in order to
find a fine path on which the robot exploits its whole-body
configuration. In this way, the robot automatically conforms
its body representation to the evaluated complexity of the
environment, and an efficient path planning is achieved,
though it doesn’t guarantee the soundness of the algorithm
due to the complexity of problem as well as other ones
dealing with path - findings in higher - dimension. It is
different from the previous methods which simply utilize
bounding volumes [3], [5], [6], [14] that the prpopsed method
allows a floating box as a navigator and works even in
environments including uneven terrains.

The path planned by the proposed method means a
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transitional sequence of double-support postures in static
environments. The robot may complete its transportation
by interpolating those postures under some geometric and
dynamical constraints, which we don’t deal with in this
paper.

II. MATHEMATICAL FORMULATION OF THE PROBLEM

Let us consider a humanoid robot with NJ joints, all
of which are actuated, and define the robot’s whole-body
configuration by q ∈ Q which includes six parameters for the
position and attitude of the trunk in addition to the joint an-
gles, where Q ⊂ RNJ+6 is the set of configurations bounded
by the joint limit. The angle-axis vector, for example, is
available to represent the attitude of the trunk without a
concern about singularity. Suppose the environment consists
of undeformable objects and its profile is given by a polygon
soup. The problem to be solved here is to find a series of
the configurations {q[k]} (k = 0 ∼ n) when given the initial
configuration q[0] and the goal configuration qG = q[n]. It
is required that any of q[k] satisfies the following conditions:

1) both feet are in contact with the environment,
2) any pair of consecutive postures share one of the feet

at the same position and attitude,
3) any body part doesn’t penetrate into the environment,

and
4) any body part doesn’t penetrate into another body part.

Condition 1) and 2) are posed for simplicity to avoid situ-
ations where the robot hops. Let us define Cfree as the set
of configurations which satisfy Conditions 1) ∼ 4), namely,
{q[k]} has to satisfies

q[k] ∈ Cfree for ∀k = 1 ∼ n. (1)

III. FINDING A ROUGH PATH WHICH EVALUATES THE
DENSITY OF THE ENVIRONMENT

In the first stage of the proposed method, we approximate
the robot body by a variable-volume box. The idea is
different from the conventional way which finds a collision-
free path by sweeping the bounding-volume of the robot [6],
and compound bounding-boxes [14]. We allow the volume
of the box to be smaller than the whole-body. Fig.1 shows
(a) the minimum box and (c) the maximum box with respect
to the robot body. The figure also shows (b) the threshold
box to judge if the box can contain the robot whole-body
or not. How to define those sizes will be discussed in future
works. As the result, the path is composed of some segments
which are classified into the following two types:

containing segments concatenating boxes with suffi-
ciently large volume within which the robot can go through
and can be contained its whole-body, and
railing segments linking containing segments by smaller
boxes from which the robot body is partially protruded

as illustrated by Fig.2. Based on it, a fine path is found in the
second stage in such a way that a simple navigation technique
[13] is applied for the containing segments as explained
in section IV, while a probabilistic approach exploiting the
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Fig. 1. A variable-volume box with respect to the robot whole-body.

Fig. 2. A rough path of a variable-volume box consisting of some segments
which contain the robot and the others which cannot contain it.

whole-body configuration [10] is applied for the railing
segments as described in section V. The two segments enable
us to chose the planning methods efficiently. In cases that it
fails to find a path, it has to restart the computation but only
for that segment, so that we can save the computation time
comparing to the re-planning from scratch.

Let us define the box by as set of parameters b ≡
{x, y, z, w, d, h, θ}, where (x, y, z) is the center position of
the box, w, d and h are width, depth and height of the box,
respectively, and θ is the azimuth angle of the box — the
box is supposed to be upright with respect to the horizontal
plane. Also, let us define the distance between two boxes bi
and bj , dB(bi, bj) as

dB(bi, bj) ≡
√
(xi − xj)2 + (yi − yj)2 + (zi − zj)2. (2)

where θ and the size of the box is not included since they are
not significant properties of the path. Given those coordinates
b, the metric dB(bi, bj) and the amount of extension of the
tree εb, we can apply RRT-connect [12] in order to find a
collision-free path of the box with less computational cost
for collision-check. Smoothing is conducted to the resultant
raw path. In order to fairly evaluate the sparsity/density of
obstacles, we then enlarge the size of boxes at each node
of the path as much as possible. It is achieved by increment
width, depth and height of the boxes simultaneously until
one of them intersects with the environment or reaches the
maximum limit.

IV. FINE PATH PLANNING IN CONTAINING SEGMENTS

A. Self-consistent biped navigation based on virtual rail [13]

In the containing segments, the robot motion can be
synthesized in rather simple way with only self-collision
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Fig. 3. Kobayashi et al.’s method based on virtual rail [13]: (a) feasible
region of the step, (b) virtual rail drawn as a locus of canonical stance along
the nominal path of trunk.

avoidance taken into account, since it is guaranteed that
the spaces inside of the segments are collision-free with
the environment. Here, we apply Kobayashi et al.’s method
[13] for its low computational cost. It navigates trunk and
feet in a consistent manner, namely, it automatically avoids
deadlock. This section summarizes the idea. For the details
of the method, refer the original literature.

The footstep planning is not as easy problem as it is
imagined from the simpleness of the problem itself, where
the feet and trunk are to be guided to the goal without falling
into deadlock. Only one of the feet can move at each step and
the other has to stay at the same position and orientation. The
step should be carefully located within the feasible region in
order to avoid leg-crossing and excess stride.

Let us consider only the motion of the trunk and feet on the
horizontal plane. The motion coordinates on the horizontal
plane is defined by φ ≡ {x, y, θ}, where (x, y) is 2D position
and θ is the azimuth angle. Hence, the simplified robot
configuration in this phase is defined by φB , φL and φR,
which are the coordinates of the trunk, the left foot and the
right foot, respectively. The whole-body configuration q can
be computed through the inverse kinematics when given a
set of φB , φL and φR. The feasible region of the left foot
with respect to the right foot F(φR) is defined such that all
the combinations of φL ∈ F(φR) and φB = 1

2 (φL + φR)
guarantee that any of them has the corresponding q which
doesn’t cause self-collision. The feasible region of the right
foot with respect to the left foot F(φL) is also defined as
well. Here, we don’t discuss how to acquire F(φR) and
Fh(φL) in detail, but suppose we already have them as
depicted in Fig.3(a), for example.

Now, the problem is how to get a discrete series of
φB [k], φL[k] and φR[k] which connects the given initial
φB [0], φL[0] and φR[0] and the goal φ∗

B , φ∗
L and φ∗

R, and
satisfies φL[k] ∈ F(φR[k]) and φR[k] ∈ F(φL[k]) at any
k. If given a nominal path between φB [0] and φ∗

B , which is
parameterized by a value s ∈ [0, 1] as φB(s), we can define
virtual rails of both feet as loci of the canonical stance (i.e.,
regular placements of the feet with respect to the trunk at a

Fig. 4. Contact enforcement of a foot to the ground.

Fig. 5. Modification process of feet into collision-free configurations.

stationary standing posture) with respect to φB(s), which are
also parameterized by s as φL(s) and φR(s) as depicted in
Fig.3(b). As long as the virtual rails and either F(φL[k]) or
F(φR[k]) have an intersection, there exists a foot location
which advances the robot toward the goal. Then, we find
the maximum s = s∗ subject to φL(s

∗) ∈ F(φR[k]) or
φR(s

∗) ∈ F(φL[k]), and, if s∗ is for the left foot, choose
the next step for φL[k+1] = φL(s

∗) and φR[k+1] = φR[k].
When considering an application of the above method to

the containing segments, we have a series of boxes, so that
we can obtain a nominal path of the trunk by interpolating the
center positions of those boxes. Although any interpolation
methods are applicable to this process — even the simplest
piecewise-linear interpolation is available —, we choose
NURBS (Non-Uniform Rational B-Spline) curve to represent
the path for smooth and mild curvature.

B. Contact enforcement and local search of foot placement

The method described in the previous section only deals
with the biped motion on the horizontal plane. In order
to get it back to 3D environments, we should adapt the
configuration to the terrain. This is achieved by the contact
enforcement procedure [9], in which complete configurations
of feet are determined in addition to φL[k] and φR[k].

Let us denote the configuration of the foot of interest here
as φF = {xF , yF , θF }. First, we find the ground height zF at
(xF , yF ) and the normal vector νenv of the ground surface
at (xF , yF , zF ). The attitude of the foot is defined by the
normal vector and the azimuth angle θF (obviously, we are
not supposing extreme cases where νenv is horizontal). This
process is illustrated in Fig.4.

Since the above process finds only one point on the
ground, the foot after the contact enforcement might pen-
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etrate into bumps or walls around that point. In such cases,
the foot placement should be reconfigured to resolve the
penetration by a local search as follows. The feasible region
of each foot is defined with respect to the current position
and orientation of the trunk. Then, we randomly perturb
the foot configuration around the original one within the
feasible region, conduct the contact enforcement again, and
recompute the inverse kinematics to get the whole-body
configuration. Fig.5 illustrates this process, which is repeated
until the new collision-free configuration is found.

V. FINE PATH PLANNING IN RAILING SEGMENTS [10]

The railing segments work as a clue of a possibly existing
solution path in a rather complex environment, where the
robot could go through by exploiting its whole-body kine-
matics, although it doesn’t guarantee the existence of the
solution. By narrowing down the search area in which a
path finding is conducted in a high-dimensional space, we
can improve the efficiency of computation. Here, we apply
Nishi et al’s method [10] to generate a smooth and short path
based on RRT-connect, which is outlined in this section. One
may refer the original literature for the detailed discussion.

As well as the original RRT-connect, it starts to extend
the random-tree from both ends of the segment. First, it
randomly generates a configuration qrand, and extends the
trees toward qrand from the nearest-neighbor nodes of each
tree by the given amount εq. The distance between two
configurations qi and qj , dQ(qi, qj), is defined as

dQ(qi, qj) ≡ max
l

‖pl(qi)− pl(qj)‖, (3)

where pl(q) is the position of lth link computed from q.
Suppose qnear is the nearest-neighbor node of one of the
trees, a tentative node q′

new is computed as

q′
new = qnear + εq

qrand − qnear
dQ (qrand, qnear)

(4)

as depicted by Fig.6. Then, the contact enforcement is
conducted to both feet. Particularly, one of the feet has to
match the configuration of the same foot of qnear. Another
foot is forced to contact to the nearest point on the ground.
This process is the same with the one explained in section
IV.B. It solves the inverse kinematics again with respect to
the modified placements of the feet, and checks collisions
between the robot and the environment, and also between
links of the robot for the candidate of a new node qnew.
If qnew ∈ Cfree, it is added to the tree and connected with
qnear. By repeating the above until the trees are connected
with each other, a ‘raw’ path is generated.

Since the ‘raw’ path tends to be jaggy and detouring due
to the randomness in the extending process, it is modified by
thinning and smoothing techniques to be a practical sequence
of postures. For thinning, it tries to insert bypass nodes
between all pairs of sufficiently near configurations. In order
to satisfy the condition 2), the bypass nodes have to share the
feet placements with the two nodes to be bridged as depicted
in Fig.7. The bypass nodes are added if and only if it is

Fig. 6. Extend process of the trees toward a randomly generated configu-
ration.

Fig. 7. Two configurations are newly inserted as bypass nodes through
which the robot moves from a node to another only in two steps.

Fig. 8. A jaggy path is smoothened by an averaging technique.

included in Cfree. As the result, the path turns to a complete
graph, so that a shortcut path can be found by applying a
graph search technique such as Dijkstra’s algorithm [15].
After that, an averaging process is conducted in order to
smoothen the jaggy path as depicted in Fig.8.

VI. EXAMPLES OF THE PATH PLANNING

This section presents some results of experiments, sup-
posing a miniature humanoid robot mighty [16]. The robot
height is about 0.6[m] and the total number of joints is
Nj = 20. Then, the parameters for the proposed path
planning were set for Hmin = 0.2[m], Wmin = 0.08[m],
Dmin = 0.08[m], Hth = 0.62[m], Wth = 0.44[m], Dth =
0.3[m], Hmax = 0.8[m], Wmax = 0.6[m], Dmax = 0.5[m],
εb = 0.08 and εq = 0.2. All computations ran on a
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Fig. 9. A simple environment to be tested.

Fig. 10. A result of the rough path found in the simple environment.

computer featuring CPU Intel Core(TM) i7-2720QM 2.2GHz
and RAM 8GB.

In the first example, we prepared a simple environment in
which some pieces of furniture were arranged as Fig.9. For
comparison, Nishi et al’s method was also examined. Both
the proposed method and Nishi et al’s method were tested
20 times for each. Figs.10 and 11 show one of the results,
where only the footprints (black rectangles) and the path of
trunk (blue curve) are displayed in Fig.11. In this case, the
rough path planned in the first stage was composed only of
one containing segment as shown in Fig.10. Hence, only the
technique explained in section IV was applied. The results
of 20 trials are summarized in Table I. One can see that the
computation time is surely reduced by the proposed method
compared with Nishi et al.’s. The number of nodes, and
accordingly the total length of the path, was also shortened
by the proposed method.

The next example was done for a complex environment
consisting of stairs, a gate, a slope and more pieces of
furniture than the previous scene as shown in Fig.12. Also in
this case, both the proposed method and Nishi et al’s method
were tested 20 times for each. Figs.13 and 14 show one of
the results, where only the footprints (black, red and cyan
rectangles) and the path of trunk (blue curve) are displayed
in Fig.14. For readers with colors, the cyan boxes in Fig.13
compose the containing segments, while the red boxes in
the same figure do the railing segment. In this case, the

(a) the proposed (b) Nishi et al.

Fig. 11. Comparison of the results by the proposed method and Nishi et
al.’s in the simple environment.

TABLE I
COMPARISON OF RESULTS IN SIMPLE ENVIRONMENT CASES (FIG.9) FOR

20 TRIALS.
number of

maximum nodes computing time[s]
number of
footsteps

the proposed 5× 105 1.24± 1.38 30± 2
Nishi et al’s 5× 105 8.97± 2.45 47± 9

Fig. 12. A complex environment to be tested.

rough path planned in the first stage was composed of two
containing segments and one railing segment since the space
around the gate was dense. It means that it is impossible
to find the path only by a simple navigation method with
less number of parameters such as the technique explained
in section IV. The local search to reconfigure feet placements
explained in section IV.B worked to resolve the penetration
of feet particularly into the stairs. Fig.15 shows one of the
results focusing on that part.

The results of 20 trials are summarized in Table II. The
number of nodes of the proposed method is not different
very much from Nishi et al.’s. Hence, the both paths found
by the proposed method and also Nishi et al.’s are thought
to be appropriate with respect to the complexity of the
environment. On the other hand, the computation time of the
proposed method is about one-tenth of that of Nishi et al.’s.
It shows that the proposed method is effective particularly in
environments which are partially dense.

VII. CONCLUSION

In this paper, an efficient locomotion path planning method
for humanoid robots in complex environments was proposed.
It automatically conforms the body representation, which
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Fig. 13. A result of the rough path found in the complex environment
(from different two viewpoints).

(a) the proposed (b) Nishi et al.

Fig. 14. Comparison of the results by the proposed method and Nishi et
al.’s in the complex environment.

(a) feet placements before
reconfiguration

(b) feet placements after
reconfiguration

Fig. 15. An example of the reconfigurations of feet.

means the dimension of search space, to the sparsity/density
of obstacles based on a rough path of variable-volume box.
The rough path is utilized not only for finding collision-free
segments in the operational space with low computational
cost, but also for finding segments in which detailed path
planning should be applied. This idea works to balance
the trade-off between the variety of robot motions and
computation time, particularly in static environments which
are partially dense such as our life scenes. Through several
examples for simple and complex environments, we verified
the efficiency of the proposed method as expected by com-
paring with a probabilistic method which searches the path
in the highest dimension to represent the robot body.
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TABLE II
COMPARISON OF RESULTS IN COMPLEX ENVIRONMENT CASES (FIG.12)

FOR 20 TRIALS.
number of

maximum nodes computing time[s]
number of
footsteps

the proposed 5× 105 (2.35± 3.12)× 102 48± 7
Nishi et al.’s 5× 105 (3.47± 2.69)× 103 52± 11
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