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This paper proposes the necessity of a walking period in footstep planning and

details situations in which it should be considered. An optimization‐based fast

footstep planner that takes the walking period into consideration is also presented.

This footstep planner comprises three stages. A binary search is first used to

determine the walking period. The front stride, side stride, and walking direction

are then determined using the modified rapidly‐exploring random tree algorithm.

Finally, particle swarm optimization (PSO) is performed to ensure feasibility with-

out departing significantly from the results determined in the two stages. The

parameters determined in the previous two stages are optimized together through

the PSO. Fast footstep planning is essential for coping with dynamic obstacle

environments; however, optimization techniques may require a large computation

time. The two stages play an important role in limiting the search space in the

PSO. This framework enables fast footstep planning without compromising on the

benefits of a continuous optimization approach.
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1 | INTRODUCTION

Now that we are facing the fourth industrial revolution,
more attention is being focused on the development of
robot technology than ever. Humanoids, which have been
developed for helping human beings while minimizing
changes in the way of human life, are also subjects of
curiosity and interest. The ability to walk is one of the
most important factors that affects the practical use of
humanoids that are intended to live and work with humans.
Footstep planning under several constraints is a critical
issue in humanoid walking research.

At the beginning of the study, the research was focused
on discrete properties, as a humanoid has two feet. The
easiest method of planning footsteps is the A*‐based dis-
crete search method. The A*‐based discrete search method
has been studied to simplify the complexities arising from
the discrete properties of humanoids [1–4]. The A*‐based
discrete search method plans a feasible footstep sequence
using a pre‐calculated footstep displacement set (transition
model). However, there are limitations to footstep planning
depending on which transition model and heuristics func-
tion are used. Studies have been undertaken to solve this
problem using the adaptive transition model [5]. To solve
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the issue regarding the complexity of the A*‐based dis-
crete search method, a random sampling method using a
rapidly‐exploring random tree (RRT) algorithm has been
studied [6–8]. The issue of the limitation with respect to
the heuristics function was solved by using the random‐
sampling‐based discrete search method instead of the A*‐
based discrete search method, but the limitation of the dis-
crete search method, which is dependent on the transition
model, was not completely solved. Recently, a continuous
optimization approach has been studied to overcome the
limitation of the discrete search method [9–13]. In this
study, the primary parameters included the stride length
and walking direction. As the humanoid actuator's perfor-
mance improves and humanoids become increasingly simi-
lar to humans, the humanoid's walking periods are being
studied as well. Their walking period has mainly been
studied in terms of walking stability only. The walking
period in the walking pattern generation has been recog-
nized as an important factor in relation to the walking sta-
bility [14–19]. However, in the footstep planning stage,
which is related to humanoid navigation, research on the
walking period rarely bore fruit. The walking period
should be considered from the viewpoint of navigation as
well as walking stability. The need for a humanoid to
change its walking period in the footstep planning stage
will be questioned. However, there are circumstances
wherein the walking period must be considered. More
effective and flexible footstep planning becomes possible
when the walking period is included in the footstep plan-
ning stage. Although research has been conducted to gen-
erate a transition model using a simplified state and the
walking speed of a robot, it is difficult to produce suitable
transition models that take into consideration environmen-
tal changes and the walking period [4]. In this study, we
use the continuous optimization approach to bypass the
limitation of the discrete search method when considering
the walking period in footstep planning. The environments
in which the walking period should be considered are
dynamic environments, and fast footstep planning is neces-
sary to cope with them. Even though the continuous opti-
mization approach has been adopted, it may result in a
long computation time during footstep planning. We pro-
pose a footstep planning framework for solving the com-
putational complexity problem while maintaining the
advantage of the continuous optimization approach when
considering the walking period in footstep planning. The
proposed footstep planning framework comprises three
stages. In the first stage, the walking period is determined
using a binary search algorithm, and in the second stage,
the path planning algorithm is used to determine the next
position of the robot. In the proposed footstep planner, the
RRT algorithm is used as a path planning algorithm, and
some modifications are made to it to fit the proposed

footstep planner. In this study, we refer to it as the modi-
fied RRT algorithm. The aforementioned two stages serve
to reduce the optimization search space. They also play a
role in reducing the computation time. In the last stage,
the continuous optimization approach is adopted to simul-
taneously optimize the variables determined in the previous
stages. The footstep command, which is the step informa-
tion determined in the previous stages, is made feasible by
using the particle swarm optimization (PSO) algorithm.
The feasibility indicates whether the footstep command
generated in the footstep planner can be followed in the
walking pattern generator. To verify this, simulations are
conducted under various circumstances. Circumstances in
real life where the walking period must be considered are
described, and the performance of the proposed footstep
planner is verified.

This paper is organized as follows: Section 2 introduces
the necessity of the walking period and the continuous
optimization‐based footstep planner. Section 3 validates the
necessity of the walking period and the proposed footstep
planner using several simulations. Section 4 discusses the
limitations of the proposed footstep planner and future
works and concludes the paper.

2 | PROPOSED FOOTSTEP
PLANNER

2.1 | Necessity of the walking period

When observing the walking of the elderly, we can see
changes in their stride and walking direction, but the walk-
ing period hardly changes. Elderly people are vulnerable
in situations in which they must suddenly change their
walking period, for example, in a slippery environment or
owing to a sudden disturbance. They are vulnerable in such
situations because it is difficult for them to cope with
changes in the walking period. Similarly, humanoids are
vulnerable in such situations if they do not take the walk-
ing period into consideration. For this reason, a study was
conducted on footstep planning in a slippery environment
with regard to the walking period [19], and research on
push recovery corresponding to a sudden disturbance was
also conducted [14]. As such, the walking period is
focused on mainly in terms of walking stability.

In contrast, research has been rarely conducted on a
humanoid's walking period in view of navigation. Some-
times, we come across news about the elderly having acci-
dents in revolving doors. They are exposed to risks in
navigation because they cannot easily cope with variations
in the walking period. Humanoids face this problem too
when the walking period is not considered in footstep plan-
ning. There are three advantages of considering the walk-
ing period with respect to navigation.
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First, the range of the responses to dynamic obstacles
increases. Humanoid footstep planning research has mainly
dealt with changes that take place in the stride and walking
direction to cope with dynamic obstacles. However, the
walking speed of humanoids is determined by the stride
and the walking period. Therefore, by considering the
walking period, it is possible to cope with dynamic obsta-
cles in a more flexible manner. Figure 1 comprises a graph
that shows the range of the obstacle environment that can
be handled by the humanoid robot according to the stride
and walking period. The straight line “A” refers to the con-
ventional range of obstacles that can be dealt with only
when considering the stride. If the humanoid robot changes
only the stride while maintaining the walking period con-
stant, the obstacle environment that the humanoid robot
can cope with is limited as shown in Figure 1. In contrast,
if humanoid robot considers the walking period addition-
ally, it becomes possible to move at a higher speed, which
indicates that the range of the obstacles that can be dealt
with is widened. The area of the obstacle that can be han-
dled with respect to the walking period is the “B” area. As
shown in Figure 1, it can be confirmed that the humanoid
robot can cope with the obstacle environment at a higher
speed in the same stride by considering the walking period
to be shorter than the walking period fixed at “A.”

Second, footstep planning is possible in a more efficient
manner by considering the walking period in the navigation

stage. The efficiency can vary depending on the criterion.
If energy consumption is a criterion, then reaching the des-
tination without collisions with the obstacles while lower-
ing energy consumption would be considered to be
effective footstep planning. If the planned path length is a
criterion, then planning to navigate shorter paths would be
considered effective footstep planning. In a real dynamic
environment, humans unconsciously lay the foundation for
an efficient walking strategy. They decide to adjust speed
when dynamic obstacles disturb the walking path. As the
walking speed is adjusted considering both the stride and
the walking period, humans slow down to select a short
walking distance by passing a dynamic obstacle first. They
do this while adjusting the walking period more than the
stride or speeding up while taking quick steps (a short
stride with a short walking period) to reach the destination
quickly without any obstacle collision. In such cases, if the
speed is adjusted using only the stride, unnecessary
motions, such as walking on the spot or stopping to avoid
a collision, may occur. In addition, humans may collide
with obstacles if they cannot use quick steps. It is also
essential for a humanoid to change the walking period to
maintain the efficiency of footstep planning rather than
simply aiming for the destination without colliding with
dynamic obstacles. The area “C” in Figure 1 represents the
obstacle environment that the humanoid robot can cope
with when both the stride and walking period are consid-
ered simultaneously. The area “C” includes all the remain-
ing regions.

Third, it is possible to deal with dynamic obstacles that
cannot be pass without considering the walking period. In
this study, we define an environment that cannot be navi-
gated without changing the walking period as a closed
environment, which is an environment wherein the robot is
in an enclosed space owing to the obstacles surrounding it.
To cope with dynamic obstacles, it is necessary to adjust
the speed of the robot. However, the obstacles surrounding
the robot limit its stride. Therefore, if the speed is not
adjusted by changing the walking period, a collision occurs
with the obstacle. In such an environment, the walking per-
iod must be taken into consideration in order to cope with
the dynamic obstacles. The “D” area in Figure 1 shows the
range of the obstacle environment that the humanoid robot
can cope with if the walking period is taken into considera-
tion when the stride is limited. When the stride is limited
below a certain value, it can be confirmed that the huma-
noid robot should consider an appropriate walking period
that is not too short. As such, there are circumstances
where it is possible to cope with dynamic obstacles more
flexibly and efficiently and in which humanoids must take
into consideration the walking period. Therefore, it is nec-
essary to consider the walking period in terms of naviga-
tion as well as walking stability.
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FIGURE 1 Range of the obstacle environment that can be
handled by the humanoid robot according to the stride and walking
period. Straight line “A” refers to when only the stride is
considered, the “B” area indicates that the humanoid robot can cope
with obstacles at a higher speed while considering the additional
walking period, the “C” area indicates that the humanoid can cope
with various obstacles by controlling the stride and the walking
period, and the “D” area indicates cases wherein the obstacle is
handled by adjusting the walking period when the stride is
restricted
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Algorithm 1. Determination of the walking period
1 /* initialization*/

2 T0 ← 0;

2 T1 ← Tn;

3 /* start binary search algorithm */

4 For n = 1 to n = N

5 Tm ← T0 þ T1ð Þ=2;
6 If ObstacleCollision(T1) then

7 T1 ← Tm;

8 else then

9 T0 ← Tm;

10 If n = = N then

11 return T1;

12 end If

13 end If

14 end For

15 return T1;

2.2 | Determination of the walking period

The walking period T is determined in the first stage. The
determination of T is related to the determination of the
position of the predicted obstacle before extending a node
of the modified RRT. In the proposed footstep planner,
T is additionally considered for coping with the dynamic
obstacle. It is defined as follows:

T ≡ TSS þ TDS; (1)

here, TSS is the single support time, and TDS is the double
support time. A binary search is performed to determine
the walking period. One of the important characteristics
of the proposed footstep planning framework is the small
computation time. Therefore, a binary search is used as a
search algorithm, which is known to be fast for finding a
specific value in a continuous data set. In addition, as the
value to be searched in this stage is a continuous time,
the binary search is performed using the array without
using a data structure such as a tree. In the stage wherein

Current dynamic obstacle location

Current robot
radius

Current node 
created by the 
modified RRT

Selectable
range of a
next node

Expected dynamic
obstacle location after
the nominal walking

period. Tn

Placement of robot and obstacle

Current dynamic obstacle location

Current dynamic obstacle location Current dynamic obstacle location

Increase of walking periodDecrease of walking period

Next node
to be created

by the modified
RRT
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Next node
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Current robot radius

Expected 
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FIGURE 2 Determination of the walking period using binary search and collision check
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we determine the walking period, the predicted position
of the obstacle after the nominal walking period Tn is cal-
culated based on the position of the obstacle in the current
time. It is assumed that the direction and speed of the
obstacle are known or estimated. A collision check is used
to determine whether the modified RRT algorithm can be
used based on the predicted position of the obstacle and
the current obstacle position. If it is determined that the
modified RRT algorithm can extend a node through the
collision check, Tn is determined as the walking period
for the next step, or a binary search is used to determine a
new walking period in which the modified RRT algorithm
can be extended. The collision check is repeated in every
loop of the binary search algorithm. This is repeated until
we reach the termination condition of the binary search.

Before proceeding with the binary search, we determine
the upper limits of the walking period T1 and the lower
limits of the walking period T0. T1 is determined to be the
nominal walking period Tn, and T0 is determined to be a
short walking period that the robot can use. The procedure
of the determination of the walking period is presented in
Algorithm 1 and Figure 2.

2.3 | Path planning

The second stage comprises path planning. The path plan-
ning algorithm used in the proposed footstep planner is
required to meet certain requirements. It must determine
the direction to the destination while the considering the
configuration of the obstacles at every step in order to cope
with the dynamic obstacles, and it should have a small
convergence time in the majority of environments. The
direction to the destination while considering the obstacle
configuration is the direction for realizing the next robot
position after a walking period while considering the obsta-
cle configuration and destination instead of the direction
from the current position to the destination.

The RRT algorithm has a short convergence time in the
majority of environments, but it may not be able to deter-
mine the direction for the destination at every step. The
paths generated by the RRT algorithm do not guarantee an
optimum solution. Therefore, it can be said that the shape
of the path from the current position to the destination can
be jagged like a tree instead of smooth in Figure 3A.
Owing to these factors, we may not be able to achieve the
direction from the current position to the destination. To
solve this problem, the modified RRT algorithm is used
instead of the RRT algorithm.

The modified RRT algorithm uses two methods to deal
with this problem.

First, we consider the hardware limit of the humanoid
robot in the path planning stage. The hardware limit refers
to the limit of the walking direction based on the previous

supporting foot. Restrictions on the walking direction can
be divided into an inner angle toward the torso θinner and
an outer angle from the torso θouter with respect to the sup-
porting foot. The configuration of constraints in the walk-
ing direction in the modified RRT algorithm are presented
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FIGURE 3 Final path of rapidly‐exploring random tree (RRT)
variants: (A) final path of original RRT algorithm, (B) final path of
original RRT algorithm using shortcut method, and (C) final path of
modified RRT algorithm

Algorithm 2. Modified RRT
1 Initialize the tree for RRT.

2 Insert the initial position of the robot into the first node of
the tree.

3 For i = 1 to i = N

4 Extract random coordinates for the next node selection.

5 Calculate the closest node from random coordinates.

6 If the angle limit is exceeded, then
Randomly coordinate re‐selection within the angle
limit

8 end If

9 If the distance from the selected node to the nearest
node exceeds the step size, then
Adjust the distance from the nearest node to the step
size.

10 end If

11 If the selected node does not collide with obstacles,
then

12 Insert the selected node into the tree.

13 The distance from the nearest node to the newly
inserted node is calculated and stored as the cost
value in addition to the distance value of the nearest
node.

14 If the distance from the newly inserted node to the
destination is sufficiently close, then
compare the cost and store the path with the
smallest cumulative distance.

end If

end If

end For

19 Select the path with the smallest cost.
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in Figure 4. The convergence time can be reduced by
restricting the search space of the RRT algorithm by
restricting the hardware to the path planning stage. This
constraint does not eliminate the advantage of the continu-
ous optimization approach, which is a more flexible and
efficient footstep planning approach because it plays a role
in eliminating the walking direction, which is not possible
in the case of robot hardware. In addition to reducing the
convergence time by considering the limitation of the walk-
ing direction in the path planning stage, the path generated
by the path planning algorithm can be made smooth.

Second, we generate multiple paths in order to deter-
mine the final path. If there is a hardware constraint, the
path can be made smooth and suitable for use by a robot,
but it may not direct the robot in the direction of the desti-
nation. In order to solve this problem, two or more paths
are grouped together, the length cost is compared, and the
path with the lowest cost is selected as the final path. Gen-
erally, the shortcut method can be used to post‐process the
path to be used by the robot. The direction of the destina-
tion while considering the configuration of the obstacles
can be secured by applying the shortcut method, but it may
give rise to two problems.

First, additional computation time is required. This
undermines the fast convergence time, which is one of the
advantages of the RRT algorithm.

Second, the constraints of the RRT algorithm become
meaningless as shown in Figure 3B. This may result in a
widening of the search space in the continuous optimiza-
tion stage and can ultimately increase the time required for
footstep planning. In the proposed footstep planner, the
modified RRT algorithm (presented in Algorithm 2) is used
instead of the shortcut method as shown in Figure 3C. The
steps added to the existing RRT algorithm are steps 6–8
and steps 13–16. Steps 6–8 represent the search space
restriction, and steps 13–16 outline the process for compar-
ing the length cost of the final paths.

Figure 5 represents the footstep convention based on the
modified RRT algorithm. In Figure 5, let 1 be the support-
ing foot and 2 be the new foot. The supporting foot coordi-
nate system {F} for deriving the footstep command is
shown based on the global coordinate system {G} in the
lower‐left corner of Figure 5. The y axis of the supporting
foot coordinate system is set parallel to the connecting line
between the node generated by the modified RRT algorithm
and the previous node, and the x axis is set to a vector
rotated by −π

2 with respect to the y axis. The center of the
foot is set to a position that is at a vertical distance from the
corresponding node by a predetermined constant value. The
front stride S and side stride L are derived from (2):

½L S�T ¼ F
GTðpn � psÞ; (2)

here, pn is the center point of the supporting foot in {G},
ps is the center point of the new foot in {G}, and F

GT is the
homogeneous transformation matrix. The walking direction
θ is derived from (3):

θ ¼ a tan 2ðy2 � y1; x2 � x1Þ (3)

with

d1 ¼ ½x1 y1�T ; d2 ¼ ½x2 y2�T ;
here, d1 is a direction vector corresponding to the supporting
foot, and d2 is a direction vector corresponding to the new
foot. In this study, we define the result of the footstep plan-
ner as a footstep command, and it is defined as follows (4):

FC≡ ½S L θ T �T : (4)

2.4 | Footstep command optimization

The third stage is the continuous optimization stage. At this
stage, the previously determined footstep command (FC) is

θinner

θouter

FIGURE 4 Tree structure expansion of the modified rapidly‐
exploring random tree (RRT). The gray gradation area represents the
RRT extension area limited by the robot hardware. θinner represents
the angle limit on the inside of the robot body, and θouter represents
the angle limit to the outside of the robot body
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θ

S

L

S

θ

 y 
y

x {G}

 x {F}
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2 

FIGURE 5 Footstep convention based on the modified rapidly‐
exploring random tree algorithm

476 | LEE ET AL.



optimized to ensure feasibility. The feasibility is deter-
mined by the states of the FC. Based on the states of the
FC, it is determined whether the zero moment point (ZMP)
is inside the predetermined stable region inside the foot of
the robot, and it is determined that the FC is feasible if the
ZMP is in the stable region [20]. The role of the two pre-
ceding stages is to speed up the third stage. Therefore, in
the proposed footstep planning framework, the continuous
optimization stage should be executed at the end.

Footstep planning can be categorized into the discrete
search and continuous optimization approaches [12]. The
discrete search method uses a predetermined discrete set
with feasible footsteps based on the supporting foot. It is
difficult to determine the proper discrete set if we use the
discrete search method considering the walking period as
well as the front stride, side stride, and walking direction.
This is because it is almost impossible to determine the
discrete set that would be applicable to the majority of
situations as the number of existing cases is too high. In
order to solve this problem, we used the continuous opti-
mization approach, which enables better footstep planning
than the discrete search method. This means that it is pos-
sible to generate a FC that is more suitable to static and
dynamic obstacle environments. However, a disadvantage
of the continuous optimization approach is that it may be
difficult to plan footsteps sufficiently fast to cope with
dynamic obstacles. We can achieve better footstep plan-
ning while ensuring fast planning time through the meth-
ods defined here.

As mentioned previously, we first present a method for
limiting the optimization search space of the walking per-
iod by using the binary search in the first stage. The maxi-
mum walking period is determined from the binary search.

Second, the footstep command resulting from the modi-
fied RRT algorithm and the footstep convention limits the
range of S, L, and θ. These two stages reduce the optimiza-
tion range of the PSO and can result in a shortening in the
optimization time.

The third method comprises the use of the PSO as an
optimization algorithm. The PSO is an evolutionary opti-
mization technique for evaluating the suitability of the
solution through the objective function and to find the solu-
tion to the problem by repeatedly improving the candidates
of the solution. The PSO models the candidates of the
solution as a particle swarm. These particles have their
own states (positions) and velocities and move to the next
state based on them. The velocity of each particle is
updated to the direction of the better solution found for the
other particle. This is expected to move the swarm toward
the best solutions [21]. Representative methods used in the
current continuous optimization approach can be classified
into evolutionary optimization and convex optimization. A
footstep planning study using evolutionary optimization has

progressed, and footstep planning on uneven terrain using
convex optimization was also performed [12]. However,
the majority of footstep planning problems have nonconvex
constraints. In order to use convex optimization, the non-
convex constraints must be modified into convex con-
straints. In contrast, the evolutionary optimization can be
used without considering nonconvex constraints. Therefore,
evolutionary optimization is selected as an optimization
technique. Among the evolutionary optimization tech-
niques, PSO is a sufficiently fast algorithm that can be
used in the proposed footstep planning framework. In addi-
tion, PSO is known to be a faster algorithm than the
genetic algorithm (GA), which is another typical evolution-
ary algorithm, because PSO does not have complicated
evolutionary operations in contrast to the GA.

In the PSO stage, the footstep command defined earlier
is extended as shown here (5):

FC≡ ½S L θ TSS TDS�T : (5)

In addition to using the optimization algorithm with a fast
convergence rate, the optimization area is reduced to speed
up the optimization. We set an incremental value as an
optimization parameter instead of the FC itself. This serves
to reduce the optimization area. In the previous two stages,
we did not specify the range of the variables that comprise
the FC but decided it to be a specific value. Therefore, the
footstep configuration derived using the footstep conven-
tion can simply be accepted as a pose calculation. How-
ever, the specific values in the preceding two stages are
reference values, which play a role in reducing the search
space. Therefore, the optimized FC can be obtained by
adding the optimized increment value to the reference
value. The parameters to be optimized through the PSO are
shown in (6). The variation ranges of the incremental val-
ues are represented in Table 1.

ΔFC≡ ½ΔS ΔL Δθ ΔTSS ΔTDS�T : (6)

The objective function of the PSO, fob is set such that a
feasible footstep is generated without significantly differing
from the FC generated by the binary search and the modi-
fied RRT algorithm. The objective function of the PSO is
shown in (7).

TABLE 1 Variation ranges used in particle swarm optimization

Incremental variable Ranges

dTSS (s) [−0.4 to 0]

dTDS (s) [−0.1 to 0.1]

dS (m) [−0.01 to 0.01]

dL (m) [−0.01 to 0.01]

dθ (m) [−5 to 5]

LEE ET AL. | 477



fob ¼ 100 � jjFC � FCopjj þ P (7)

with

P ¼ 1; if feasibility = false
0; if feasibility = true:

�

The optimized footstep command, FCop, is shown as
follows:

FCop ¼ FC þ ΔFC: (8)

2.5 | Overview of the proposed footstep
planner

The footstep planner proposed in this study takes the
walking period into consideration for a more flexible and
efficient response in dynamic environments without colli-
sion. The proposed footstep planner consists of three
stages. The starting position Pstart, the destination point
Pgoal, and the initial parameters Max_iteration and Max_
step_size of the modified RRT algorithm are determined
before applying the three stages.

In the first stage, the position of the expected obstacle
is determined before applying the path planning algorithm.
The proposed footstep planner accounts for the position of
the obstacle at the current time as well as the expected
position of the obstacle after a certain time in order to cope
with dynamic environments. Depending on the position of
the expected obstacle, the path planning algorithm may not
search a path in the current position. Therefore, the posi-
tion of the expected obstacle to which the path planning
algorithm can be applied is determined by the walking per-
iod. If the velocity of the obstacles is known or can be esti-
mated, the position of the obstacles can then be determined
after a certain time. In order to reduce the computation
time in the continuous optimization stage, we limit the
optimization range of the walking period by using a binary
search. As the walking period determined using the binary
search is the longest walking period for coping with
dynamic obstacles, it does not interfere with a more flexi-
ble footstep planning, which is one of the advantages of
the continuous optimization approach.

In the second stage, the stride and walking direction are
determined. The modified RRT algorithm is used to find
the path from the current position to the destination. The
node generated by the modified RRT algorithm is deter-
mined as the center point of the robot. The modified RRT
algorithm and footstep convention are used to determine
the stride and walking direction. In order to cope with a
dynamic environment, it is important to have a direction
for a destination at every step. The RRT algorithm has a
small convergence time in the majority of environments,

but it may not have the direction for the destination, which
is why the modified RRT algorithm is used. In contrast to
the discrete search method, a transition model is not used
to determine the footstep each time the modified RRT
algorithm is extended. The footstep is decided preferen-
tially by the footstep convention. The modified RRT
algorithm and footstep convention can reduce the computa-
tional burden in the continuous optimization stage by pref-
erentially determining the footstep in this stage.

The final stage is the continuous optimization stage.
The goal of the optimization is to determine the feasible
footstep command that is closest to the footstep command
determined by the previous two stages. In particular, T is
optimized such that it is shorter than or equal to the walk-
ing period determined by the binary search. The discrete
search method based on the transition model cannot be
used when considering T as well as S, L, and θ. The cre-
ation of a model that includes a walking period based on a
previous support foot results in too many cases. By divid-
ing the transition model into several stages and simplifying
the states used in constructing the transition model, this
method can respond to dynamic environments. However,
we use PSO to respond to dynamic environments in a more
flexible manner. Before we apply the PSO, we determine
whether the predetermined footstep is a feasible footstep
command or whether PSO is applied only if the predeter-
mined footstep is unfeasible. The next robot center position
Pnext_node is determined using Sop, Lop, and θop, which were
determined in the previous stages. If the footstep command
determined in the stages prior to the continuous optimiza-
tion stage is a feasible command, Pnext_node is determined
based on S, L, and θ. This position now becomes the new
starting point, and the previous stages are repeated to reach
the destination. The proposed footstep planner is shown in
Figure 6.

Start

Set Pstart, Pgoal,
Max_iteration,
Max_step_size

Determination of
walking period 

T by BS

Run modified RRT

Calculate (S, L, θ)

(S, L, θ, T)

Feasibility
= true

PSO

(Sop, Lop, θop, Top) (S, L, θ, T)

Pstart Pnext_node

Yes

No

Yes

No

Pstart
Pgoal

End

FIGURE 6 Flow chart of the proposed footstep planner

478 | LEE ET AL.



3 | SIMULATIONS

In this section, we explain the reason why the walking per-
iod should be taken into considered when determining the
footstep sequence through a simulation. We model situa-
tions in which the walking period should be considered in
three environments and explain the characteristics of each
environment. We verify the performance of the proposed
footstep planning framework in each environment through
a simulation. We use Webots, a dynamic simulator, to verify
the feasibility of the footstep command resulting from the
proposed footstep planner. Owing to the limitation of
the robot hardware, the simulation is performed by setting
the ZMP area that is determined to be stable to be smaller
than the humanoid robot's foot. The first version of DAR-
wIn‐OP is used in the simulation, which is performed in a
computing environment equipped with a CPU (Intel (R)
CORE (TM) i7 4790, 3.60 GHz).

3.1 | Revolving door

The first obstacle environment to be considered in the walk-
ing period is a revolving door. The simulation environment
is modeled as an environment in which the range of response
for the dynamic obstacles increases by considering the walk-
ing period. As the walking speed is increased by further con-
sidering the walking period, the range of responses to the
obstacle is widened. The “B” area in Figure 1 is modeled as
a revolving door. To show the increase in the response range
according to changes in the speed of the obstacle more effi-
ciently, we modeled the revolving door as a rod rotating
automatically at a constant speed. The radius of the revolving
door is 50 cm, and the revolving door rotates clockwise start-
ing from the vertical position. In the revolving door environ-
ment, the range that can cope with the dynamic obstacle
increases when the walking period is considered. In huma-
noids, in contrast to mobile robots, there are two factors that
determine the movement speed: the stride and walking

period. In the existing footstep planning, the walking speed
was determined using only the stride. In addition to the
stride, it is obvious that the walking speed is more freely con-
trolled, and the range of the walking speed is broadened
when the walking period is factored in.

In order to show the wider range corresponding to the
dynamic obstacle in the simulation, three case of revolving
door speed were considered: 8 °/s, 14 °/s, and 17 °/s. At
the revolving door speed of 8 °/s, the humanoid robot
could reach the destination without considering the walking
period, but in the remaining cases, if the walking period is
not considered, it is confirmed that the humanoid robot did
not reach the destination but collided with the obstacle.
The robot could cope with a revolving door speed of up to
17 °/s by taking into consideration the walking period. The
simulation results are presented in Figure 7.

As described in the previous section, it is difficult to
create a practical transition model using the existing dis-
crete search approach for footstep planning while consider-
ing the walking period. To solve this problem, the footstep
command was simultaneously optimized using PSO. The
results produced by the binary search and modified RRT
algorithm are shown in Figure 8D. The optimized results
obtained through PSO are also shown in Figure 8D, and
we could verify that the results are obtained without deviat-
ing greatly from the results produced by the two stages, as
intended. The reason for using PSO is feasible footstep
planning. We used a dynamics simulator Webots to demon-
strate the feasible footstep planning results. In the case of
DARwIn‐OP, which is used in the simulation, the ZMP
area was set such that it was smaller than the foot because
the humanoid robot's center of gravity is low, and its foot
is wide as compared to the robot's height. Therefore, we
programmed the simulation to stop when an unfeasible
footstep is generated. Figure 8 shows that a feasible result
is generated, and the robot reached the destination from the
start at a revolving door speed of 17 °/s. Table 2 shows the
footstep commands generated by the proposed footstep

FIGURE 7 Dynamic simulation wherein the angular speed of the revolving door is 17 °/s (left to right and top to bottom)
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planning framework. Some of the results of changing the
walking period are shown in Table 2. Among them, the
results optimized using PSO are shown in bold. In the case
of the footstep command optimized by the PSO, the foot-
step commands determined in the previous two stages are
presented together, and the footstep command before the
optimization is presented in parentheses.

3.2 | General environment

The second environment in which the walking period should
be considered is the general environment, which is an

environment in which footstep planning results in changes
according to the walking priority owing to dynamic obsta-
cles. In this simulation, the walking priority refers to the
shorter path length. In real environments, we can observe
changes in the walking period in view of the speed of a mov-
ing car in the case of crossing a road. We model the general
environment as an environment with a dynamic obstacle. We
construct the simulation environment such that the dynamic
obstacle would travel cross the path of the humanoid robot
and disturb its motion. This simulation environment repre-
sents the “C” area in Figure 1. We compare cases wherein
the walking period is considered to cases wherein the walk-
ing period is not considered. The results are presented in Fig-
ure 9 and Table 3, and it could be confirmed that more
efficient results are obtained with respect to the walking
length and number of steps. Although it may be possible to
cope with a dynamic obstacle environment without changing
the walking period, it could be confirmed that the inefficient
result shown in this simulation could be generated.

3.3 | Closed environment

The third environment in which the walking period is con-
sidered is the closed environment, which is an environment
wherein a robot is surrounded by obstacles, and a collision
occurs only when we modify the stride. We model a crowd
that is a typical closed environment as a cylinder‐shaped
dynamic obstacle moving around the robot, which creates a
closed environment with a different velocity. This modeled
environment represents the “D” area in Figure 1. Figure 10
illustrates the modeled environment. As mentioned earlier,
the robot is surrounded by obstacles, and the obstacles
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FIGURE 8 Footstep planning for a revolving door: (A–C) is the
result without considering the walking period. (D) is the result
considering the walking period

TABLE 2 Footstep command list in revolving door

Steps S (cm) L (cm) θ (rad) TDS (s) TSS (s)

13 –8.87 6.07 0.21 0.20 0.28

14 6.88 7.30 0.09 0.20 0.26

15 –7.62 6.93 0.02 0.20 0.25

16 6.49 7.45 0.14 0.20 0.23

17 (–9.28)
–8.28

(5.70)
4.70

0.28 0.20 0.21

18 7.86 6.79 –0.05 0.20 0.20

19 –8.10 6.65 0.09 0.20 0.18

20 (9.67)
8.67

(5.30)
4.30

(–0.35)
–0.36

(0.20)
0.23

0.17

21 (–8.33)
–9.33

(6.49)
5.49

(0.12)
0.13

(0.20)
0.10

(0.60)
0.58

22 7.09 6.05 0.07 0.20 0.60
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FIGURE 9 General environment: (A) is an inefficient path
without considering the walking period and (B) is an efficient path
considering the walking period

TABLE 3 Simulation results with specific features

Number of steps Length of path (cm)

Figure 7A 26 260

Figure 7B 20 190
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around the robot are configured to move at a different veloc-
ity. This led to variations in the size of the closed environ-
ment. It could be confirmed that the robot moves from the
start point to the destination and changes its walking period
as well as stride in order to avoid a collision with the obsta-
cle. Table 4 shows that the walking period and the front
stride are reduced in order to deal with the speed of the
dynamic obstacle. We could confirm that the stride alone
cannot cope with changes in the closed environment.

4 | CONCLUSION AND FUTURE
WORKS

The main contribution of this study is the consideration of
walking periods in terms of navigation for humanoid
robots. We explained why the walking period should be
included in the footstep planning stage and proposed a
framework for planning the footstep sequence in a short
time. The footsteps were planned using the continuous
optimization approach and the feasibility was secured
through the use of PSO using the p, q parameters of the

developed walking pattern generator. To secure a small
amount of computation, the walking period was first deter-
mined using a binary search. The modified RRT algorithm
was introduced to reduce the amount of computation in the
path planning stage, and S, L, and θ were set based on the
modified RRT algorithm. Through these stages, the search
space of the PSO could be reduced, and the computation
time was greatly reduced as well.

We outlined circumstances in which the walking period
should be considered in the footstep planning stage based
on the simulation results. We also confirmed that a feasible
footstep sequence can be planned at a high speed using the
simulation.

In this study, a footstep was determined using the
greedy method, which always ensures optimal results
each time a footstep is determined but does not guaran-
tee that the overall solution will be optimal. Therefore,
our future works will include the optimization of the
footstep sequence while taking multi‐steps into considera-
tion. In addition, the PSO can be used to study the foot-
step planner based on the number of steps while
considering the walking period, hardware constraints, tra-
vel time, energy consumption, and feasibility. Real exper-
iments with DARwIn‐OP require the development of a
more complicated controller and a vision system for mea-
suring the slip of the robot caused by variations in its
walking period; hence, they remain to be explored in
future studies.
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FIGURE 10 Closed environment (left to right and top to bottom). The dotted line in the center figure shows the length of the closed space
of the third snapshot in the direction of motion of the robot, and the solid line shows the length of the closed space of the eight snapshots in the
direction of motion of the robot

TABLE 4 Footstep command list in closed environment

Steps S (cm) L (cm) θ (rad) TDS (s) TSS (s)

18 6.24 –8.66 –0.17 0.20 0.60

19 7.00 7.50 0.00 0.20 0.60

20 6.24 –8.66 –0.17 0.20 0.60

⋮ ⋮ ⋮ ⋮ ⋮ ⋮

38 5.60 9.38 0.30 0.20 0.54

39 5.70 –9.28 –0.28 0.20 0.54

40 5.70 9.28 0.28 0.20 0.54
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