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SUMMARY

Push recovery is one of the most challenging problems for the current humanoid robots. The
importance of push recovery can be well observed in the real environment. The critical issue for
a humanoid is to maintain and recover its balance against any disturbances. In this research a
new stereovision approach is proposed to estimate the robot deviation angle and consequently, the
movement of center of mass of the robot is calculated. Then, two novel strategies have been devised
to recover the balance of the humanoid which are called “knee strategy” and “knee-hip strategy.”
Also, a mathematical model validates the efficiency of the proposed strategies as demonstrated in the
paper. Experiments have been conducted on a humanoid robot and demonstrate that the predicted
robot deviation angle, using stereovision technique, converges to the actual deviation angle. Stable
regions of proposed strategies illustrate that the humanoid can recover its stability in a robust
manner. Vision-based estimation also shows a higher correlation to actual deviation angle and a
lower fluctuation compared with the output of the acceleration sensor.

KEYWORDS: Humanoid robot; Push recovery; Stereovision technique; Optical flow; Deviation
angle; Knee strategy; Knee-hip strategy.

1. Introduction

In the past recent years, humanoid robot is known as the state of the art in advanced robotic systems. !
Designing and controlling of humanoid robots become a challenge and many new research topics
were defined on humanoid robots. Among these new topics, stability control and push recovery are
known as significant topics in real environment.

Push recovery is the task of detecting, analyzing, and finding a proper strategy to recover the
balance of the robot against any push.? The push force may have arbitrary reasons. For instance, it
may come from a collision, walking on rough terrain, or any other things. Without caring about what
the source of the push is, the main challenge is to estimate the direction and the magnitude of the
push and to find a proper strategy to recover the balance of the robot.

Unseen real environment parameters and situations contribute to the importance of push recovery
in humanoid robots. Humanoid robots may contact or collide with other humanoids, obstacles, and
any other things. They may have to walk on a rough terrain in the real environment. Consequently,
they should recover their stability in such situations in order to perform their mission successfully.
Push recovery becomes far more important when the missions of humanoid robots are critical.

Robotic soccer competitions are the other examples which illustrate the importance of push
recovery. Since the robots should perform as quickly as possible during competitions they may lose
the time or a proper rank in case they fall because of any reason.

Prevalent sensors which are used to estimate the dynamic state of a humanoid robot can be
categorized in three groups: acceleration and tilt sensors, joint torque/angle-reader sensors, and
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feet-force sensors. Usually, acceleration sensors are installed in the hip to estimate the acceleration
of the center of mass (COM) of a humanoid robot. Joint torque/angle-reader sensors can be merged
to motor control systems, e.g., new digital servo motors, or installed as distinct sensors on the joints.
Feet-force sensors are the other type of sensors which are installed under the feet of the robot.*>
Feet-force sensors can help to evaluate the position of the COM by estimating the ground reaction
force or estimating the center of the pressure (COP). Feet-force sensors are not adapted for walking
on a rough terrain since the sensors may not completely contact with the floor. Usually, acceleration
sensors’ outputs are fluctuating and inaccurate.

In this paper, a new category of the sensors which can be used in humanoid robot push recovery is
presented. Indeed, this new category is a vision-based method, which is used to estimate the dynamic
state of a humanoid robot. The proposed method uses stereovision technique and will be explained
in details later. Albeit, camera is not a new sensor, using it in estimating the dynamic state of a robot
for push recovery is a new point of view.

The proposed vision-based method can be used in conjunction with the other sensors or can be
used standalone as a separate method.

Stereo vision and 3D vision is used in many researches for humanoid robots. Kagami et al.% used
3D vision in their H7 humanoid robots to interact with human being, obstacle avoidance, and target
grasping. Vision is not used to recover the stability in their research.

Stereo vision is used by Kanzaki et al.” to predict the clash timing of a moving object. Their
method estimates the distance of the moving object to the robot to estimate the clash time and use it
in balance control. Although they used stereo vision technique, they did not use it for estimating the
dynamic state of the robot and it was only used to predict the clash timing of a moving object which
comes toward the robot.

Davison et al. proposed a method for simultaneous localization and mapping (SLAM) with a
single camera. Their method runs at 30 Hz and their vision method used in HRP-2 humanoid robot.?
Indeed they used an additional wide-angle camera and used it only for SLAM.

The next step in push recovery, after estimating the dynamic state of the robot, is analyzing and
finding a proper strategy to recover the balance of the robot. A specific dynamic model should be
assumed for the robot to analyze the dynamics of the robot based on it.

Exact modeling and analysis of a humanoid robot are very complex and expensive due to its
complex dynamic behavior, high degree of freedom, and natural instability. In most research, a
simplified model of the robot is considered for stability analysis and control.”!° This simplification
will disregard some useful information that can help the robot to recover the stability or act more
smoothly. Legs are the most important part of a humanoid robot for stability analysis, so simplification
in legs may cause the loss of useful information. In most push recovery research, humanoid robots are
considered as a linear inverted pendulum model (LIPM)®~!! and robot stability analysis is carried out
based on this assumption. LIPM makes stability estimation and designing of a controller to recover
the stability much easier.

Yamamoto et al.'? also assumed the LIPM as the robot model and applied the switching control
framework to a center of gravity-zero moment point (COG-ZMP) to improve the robustness. He did
not estimate the COM state in his work and used COG-ZMP.

Hofmann'? proposed three models for recovering the stability in his thesis based on motions of
the COM. He highlighted that the motion of COM in the horizontal direction is important.

Velocity formulations were extended by Pratt for biped walking in fast motions.'* He also used
both LIPM and flywheel model to propose a method to find the capture point for push recovery.'> Push
recovery problem was analyzed by Stephens et al. as well.! He illustrated three strategies for push
recovery and defined a region for each strategy. Stephens used the regions to apply a proper strategy
according to the current dynamic state of the robot to recover the stability. In the first region, which is
known as the stable region, he showed that by assuming the robot as a LIPM, the robot will recover
the stability by itself and no control is needed to recover the stability. In the second region, ankle
strategy is used to recover the stability by controlling the ankle joint. In the third place, the hip of the
robot was modeled as a flywheel. By this new assumption, a new stable region was presented which
the robot can move back to the stable state against larger pushes compare with the previous strategy.
The last strategy was stepping and it is used when the robot is out of the other strategies’ regions.
Stepping strategy is used for the largest disturbances and robot stability is recovered by taking a step.
Many methods are proposed to select a proper point in stepping method. Xia ef al. proposed a new
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Fig. 1. (Colour online) The proposed framework for push recovery in a nutshell.

footstep planning method using sampling-based footstep planners.'® Also, Rebula et al.!” proposed
a method for finding the proper capture points in a stepping push recovery. He believes since model
assumptions are simple, modeling errors can cause to step in a wrong place. He proposed a method
for learning the offsets of the real capture points to the predicted capture points which are predicted
by LIPM assumption.

In this paper, in addition to a new stereovision-based technique for estimation of the COM state,
two new strategies for push recovery which are called “knee” and “knee-hip” are presented. In these
strategies, unlike LIPM, knee joint is considered to establish the model and robot uses this joint in
addition to other joints to recover the stability. In the proposed strategies, knee is considered as an
effective joint and it influences the recovery process. Experiments illustrate that knee and knee-hip
strategies can improve the push recovery regions which are obtained by Stephens ez al. By using knee
and knee-hip strategies, robot can recover the stability against larger disturbances. Therefore, robot is
not forced to take a step to recover the stability against larger pushes and it can use knee and knee-hip
strategies instead. Indeed, stepping is not a proper strategy for push recovery, since it will change the
location of the robot and robot may change its mission to recover the stability. In this research two
new strategies are proposed to recover the stability of the robot against larger pushes. The proposed
strategies illustrate that knee can play a significant role in a stability recovering process. In this paper,
we do not focus on stepping and propose the strategies that do not change the robot location and do
not need stepping.

Figure 1 illustrates framework of the proposed push recovery in a nutshell. As it is obvious in
Fig. 1, inputs of the framework are captured 30 times in a second. In each time, data fusion part
estimates the state of the COM by fusing inputs.

The fusion algorithm which is used in the experiments is inspired by well-known robust averaging
algorithm.'®

Framework evaluates the stability of the robot by knowing the state of the COM. In case the robot
is in the stable region, task management unit (TMU) will control the robot motions and behaviors.
TMU sends the proper commands to the motion generator unit. Motion generator unit controls the
actuators of the robot to carry out the TMU command.

In case the robot is out of the stable region, push recovery unit (PRU) will control the robot
motions. In the first stage, PRU specifies the proper strategy for push recovery based on the COM
state. Second, the push recovery controller unit guides the robot actuators to recover the stability
based on the strategy which is specified by PRU.
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(A). Humanoid robot in standard upright position. (B).  Robot state after push disturbances.

Fig. 2. (Colour online) Deviation angle variation of a humanoid after a push. (A) illustrates a humanoid in
standard upright position and (B) how the robot deviates after a push. The goal is to estimate the angle variation
of the robot after a push.

TMU or PRU controls the robot actuators indirectly and variation of the robot actuators affects on
inputs which are used in COM state estimation. The updated COM state is used to control the robot
actuators again. This control loop is running at 30 Hz. In case the robot is out of the stable region, the
push recovery controller unit will guide the robot until the stability is recovered completely. Then,
the framework comes back to the normal loop and the stability of the robot is checked repeatedly.

The rest of the paper is organized as follow. In Section 2, a stereovision approach will be proposed
for estimating the motions of the COM. Next topic discusses the knee and knee-hip strategies. These
strategies are defined based on the motions of the COM and this section relies on the previous section
to choose the best strategy for recovery. Indeed, Section 2 is the first stage of a push recovery system,
which detects and analyzes a push, and Section 3 is the second stage, which recovers the robot against
the push. Sections 2 and 3 describe a framework for push recovery. Section 4 is the experimental
results and it illustrates that the estimated deviation angle using the vision approach converges to the
deviation angle measured using the oscillating platform. Also, the proposed strategies are compared
to each other and to other strategies in this section. Section 5 is the conclusion of the proposed push
recovery framework.

2. Vision-Based Estimation of the Robot Deviation Angle
In this section, estimation of the deviation angle of the robot using the stereovision technique is
studied in details.

Although much research was carried out to make the captured images more robust against
vibrations,'® our experiments did not suffer from this problem since the proposed vision algorithm
runs at frame rate of the ordinary cameras (each 30 fps), cameras specification and installation
are proper, and the robot size is not large. Head vibrations and blurred images are issues, which
some humanoids faced with. However, these issues are not concerned in our experiments. A
movie which illustrates the vision scene of our robot, when it walks or vibrates, is available at:
http://www.mahani.info/Omid/RobustVision.

According to this movie, one can see that blurred images did not appear in the experiments, so
paper ignores to discuss more on this issue.

This section is divided and studied in three subsections. In the first subsection, the simple method
for estimating the deviation angle is presented. Second, the stereovision technique, which makes the
algorithm applicable in real environment, is illustrated. Finally, a method is shown to convert the
deviation angle variation into COM state.

2.1. Simple estimation of the deviation angle of the robot
To estimate the deviation angle of the robot, the position variation of a specific point, like P, is analyzed
from the robot perspective. Figure 2(A) illustrates the humanoid robot in its standard balanced stand
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state and (B) shows it after a push when it deviates 6 degrees. As it can be seen in Fig. 2, robot is
considered as a LIPM. The goal is to estimate 6, which shows the variation of the deviation angle,
using the position variation of the point P from the robot perspective.

In Fig 2, the robot is simplified as a bar, A is the camera position and the height of the robot is 4.
d is the real distance between the robot and the point P. ¢ is the vertical view angle of the camera.
Suppose the robot captured the image I; in standard upright position, and captured the image I, after
a push, when it was deviated at angle 6.

In case the position of P in the image I; is xp. After a push, P has a new position in the image I,
which is denoted by xp,. If the height of the image is /, (1) shows the relationship between Xp, the
real position of P, and xp, the position of P in the image.

_ Xe—h
==

. ey

Xp

Respectively, xp, can be achieved by (2) as follows:

EP2 —[ (tan 6 — tan B)
Xpy = = 7 . )
L, 2tan 5 (1 + tan 6 tan B)
According to Fig 2, tan § can be calculated by (3):
2dtan £xp + h (1 — cos )1
tan B = il ! 3)

(d 4+ hsin6)l

where 6 deviation angle can be estimated using (2) and (3) by two consequent images (I; and I,)
which are taken from the robot camera. The angular velocity of the robot would be determined using
the time between these two consequent images.

To find the proper 6, (4) is written using (2) and (3) (see the Appendix for more details). A root
for (4), is the proper 8, where all other parameters of (4) are available due to robot specifications.

N (tan@ B 2d tan $xp + h (1 —cos@)l)
(d+ hsin)l
2d tan $xp + h (1 — cos6)1
(d+ hsin6)l )

—xp = 0. 4

2tan £ (1 + tan 9

Indeed, (4) illustrates the velocity of the deviation angle since it shows the change of the deviation
angle during a push. It illustrates the differences between the deviation angles before and after the
push. Integral of the velocity of the deviation angle, gives the angle of the robot in a specific time. It
can be seen in details in the experimental results section.

Corners are known as one of the best features for tracking purposes. In this way, Shi and Tomasi
proposed an improved version of Harris?! corner detection, which is known as good features to track.
We used Shi-Tomasi method to find the proper pixels for tracking.

To track the point P from image I; to image I,, the sparse optical flow method is used. Optical
flow is a technique to estimate the motions of the corners, objects, edges, and the like between two
images.??>3 Dense optical flow techniques do not perform adequately for all pixels. They may fail in
same intense regions like a white wall in a room. In addition, dense optical flow methods have more
time complexity in comparison with sparse optical flow techniques. For a regular use of optical flow,
a fixed camera captures the images of the scene containing moving objects. However optical flow is
utilized in this research with a different assumption: moving camera and fixed environment. Cameras
are placed on the head of the robot and move according to the robot motions. Motions of the robot in
the form of deviation angles can be estimated by the optical flow. The pyramid implementation®* of
the Lucas Kanade optical flow algorithm was used in our approach. It starts the tracking from highest
level of the image, which has the lowest details, and working down to the lower level which has the
highest details of the image. Pyramids cause to catch the large motions by using local windows.
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Fig. 3. (Colour online) The model of the cameras in stereovision approach to estimate the distance of a pixel.

2.2. Stereovision

The main necessity for using the stereovision technique is to estimate the real distance between
the robot and the tracking pixels. All parameters of (4) are available according to the robot and
the camera specifications except the real distance, d, between the robot and the pixel P. In case the
proposed method is intended to be applicable in real environment, it should be independent from
any environment parameters. The stereovision technique can estimate d and makes the proposed
algorithm much more applicable in real environment and real experiments. The common stereovision
techniques calculate the disparity image and the real distance can be estimated according to the
disparity image and the geometric parameters of the cameras. Although calculating the disparity
image is an adequate technique and gives much information about the environment, it is complex and
not suitable for real time applications especially for our purpose. Consequently, a modified version
of the stereovision technique is used which works on a number of specific pixels only. Back to the
previous subsection according to Shi-Tomasi method, a number of pixels (tracking pixels) should
be extracted for tracking, and before using optical flow. The distance of tracking pixels should be
estimated to complete the requirements of the (4). Therefore, the stereovision technique should be
modified to estimate only distances of the tracking pixels instead of finding the whole disparity image.
Figure 3 illustrates the camera model in stereovision technique which is used to estimate the distance
of a pixel like P.

In ordinary applications, cameras are fixed and the object moves.?> Consequently, 3D tracking of
an object is done based on fixed cameras assumption. However, the situation is vice versa. In our
application the object is considered fixed and the camera moves. To find the distance of the tracking
pixels, we used the pyramid optical flow method again. This time the flow is calculated between the
right and the left image and the corresponding tracking points of the left image are found in the right
image.

By knowing the camera geometric arrangement and using the triangulation, the depth map can be
reprojected into the distance. Equation (5) shows the distance of point P; which is denoted as Zp, .

JT

Zp=—JI7
1 )
Pirx — Pirx

&)

where f is the focal length of the cameras, T is the distance between the principle points Og and
Oy .PyL, is the projection of P; on the left image plane and P, g, is the projection of P; on the right
image plane. (Pyr, — Pigy) is known as depth map (disparity value) and (5) converts it to the real
distance value. The distance of P, can be estimated similar to P;.

2.3. Position/velocity estimation of the COM

The stability condition of a robot is dependent on the initial position and velocity of the COM of
the robot in many push recovery analysis."**3 COM motion estimation was used by Stephens' and
he defined three regions for push recovery based on the initial position and velocity of the COM.
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Fig. 4. (Colour online) Height of COM of the robot before and after disturbance.

According to these conditions one can select a suitable strategy to recover the stability of the robot.
In the previous section the deviation angle of the robot was estimated by vision techniques.

Since in many researches the motions of the COM is the main key point to select the proper push
recovery strategy, in this section the position and velocity of COM are computed from the deviation
angle.

According to Fig. 4, the position of COM (Xcom) is determined by the following equation:

Xcom = hcom sin 6. (6)
Velocity of COM can be calculated from similar formulations:
XCOM = hCOMé cos 6. (7)

In (7) 6 is unknown, one way to solve this difficulty is to calculate velocity from the position of COM
by using the numerical relation:

Xcowm (2) — Xcom (#1)
th—1 '

®)

Xcom =

When the position and velocity of COM is determined, the stability region of the robot can be
estimated. !>

3. Push Recovery Strategies
Push recovery strategies are the final step of returning a robot to the balance state. Much research
was carried out in this scope and several strategies were proposed and developed.

One of the main challenges is to choose a proper strategy according to the push strength and
current robot state. Indeed, each strategy is effective in a specific situation. The effectiveness of the
strategy is determined by a region which is defined according to the initial robot dynamic conditions.
For instance, Stephens' proposed three strategies for push recovery and defined a stable region for
each strategy based on the initial position and velocity of the COM of the robot. Stephens’ proposed
strategies are: (1) ankle strategy, (2) hip strategy, and (3) stepping.

Ankle strategy is effective for small pushes and recovers the robot stability using the ankle joint
only. In this strategy, robot is considered as a LIPM and the COM of the robot is located at the hip.
For bigger pushes, hip strategy is proposed and the robot recovers its stability using both hip and
ankle joints. In this situation COM is modeled as a flywheel. For huge pushes which the hip strategy
is not capable, robot recovers its stability using stepping strategy. In stepping strategy robot takes a
step to avoid falling and the robot is forced to change its position. Consequently, stepping strategy is
not an ideal strategy and is used only when no other strategy can be applied.

In this section, we ignore the LIPM assumption to suggest and study two new strategies for push
recovery. In the proposed strategies, knee is considered as an effective joint and influences in the
recovery process. The proposed strategies are called: “knee strategy” and “knee-hip strategy”. In this
section, these strategies are studied in details.
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Fig. 5. (Colour online) Free body diagram of the robot in knee strategy. In free body diagram the external forces
and reactions are shown, so the equilibrium equation is written easily.

3.1. Knee strategy
In knee strategy, LIPM assumption is broken. So knee joint is considered a variable in dynamic and
kinematic models of the robot. Figure 5 illustrates the model of the robot in knee strategy which is
called “knee model”.

In the knee model, m is the mass of the robot, « is the knee joint angle, 0 is the robot deviation
angle, and the coordinate center is considered at the ankle of the robot.

According to Fig. 5, the geometric relation of the robot is written as follow:

r* =17 +15 — 2l cosa. 9)
First and second derivative of the r with respect to the time are illustrated in (11), and (12) as
follows:
2ri = 211 ha sina (10)
7= %o’z sino (1)
s 11 1hé sina + 11 %cosa — }"2. (12)
r

Until now, the equations of r are written according to the scalar value of the r only. To write the
dynamic equation of the robot, the polar coordinate system is used. So, the vector of r in the polar
system is considered as:

r=ré,, (13)

where &, is the unit vector in r direction. Consequently, the velocity and the acceleration of the COM
are written as follow:

I _ e +roeé

— =ré +rbe

dr ’

e

i =Fe, +70éyg +70éy +rbéy —ro-e, (14)
- = . 12N A .5 A
a=1r Z(I’—}’Q )e,+(2r9+r6’)eg. (15)

The inertia force can be calculated based on the acceleration of the COM. Therefore, the torque
caused by the inertia force, which is denoted as7, is obtained as follow:

F=-m7 (16)
TI=7FX F = mQri6 + r*6)o (17)
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Similarly, the torque caused by the gravity, 7,, is obtained as follow:
T) = —mgrsinfo, (18)

where g is the acceleration due to the gravity. According to the equilibrium equation in vertical
direction, the ground reaction force (GRF) in the y direction, R,, is obtained as follow:

R, =mg + ma, cosd — may sin 6 (19)

Ry =mg+m@i — r6%)cos @ — m(2¢0 + ré)sin 6. (20)
Consequently, the torque due to the GRF is denoted as 73 and is obtained as follow:
T3 = mgs + m(i — r6?)cos 08 — m(2i-6 + rf) sinH8o O, (1)

where § is the distance between the ankle joint (the coordinate center) and the location where the
GREF is applied. The magnitude and line of action of the reaction force R, play an important role in
the equilibrium of the robot. The distance between line of action of R, and the ankle joint is restricted
by the dimensions of the robot feet, but as shown in (20) the magnitude of the reaction force can be
increased. There are five terms in the right-hand side of (21), if r is increased the second term cause
an increase in the reaction force and forth term causes a decrease in the reaction force. The overall
change in the reaction force is dependent to the initial condition, for § < 1, cosf = 1 and sinf = 6,
the reaction force is increased and the equilibrium region can be extended.

Since the thickness of the sole of the robot is negligible, the torque due to the horizontal component
of GRF is assumed zero. In the equilibrium state, since the direction of 75 is opposite to the direction
of 7| and 7», (22) should be consistent. Consequently, the dynamic equation of the robot in the knee
model is illustrated in (23) (see the appendix for more details on how to solve the equation).

?14—‘?24—‘?3:0 22)
m2rid 4 r*) — mgr sin@ = mgd + m(i — r6*) cos 08 — m(270 + ré)sin 6. (23)

Based on the equations of the Section 2.3, the angle/velocity of the deviation of the robot can
easily be converted to the position/velocity of the COM.

Figure 6 illustrates the stable region of the knee strategy. Stable region of a strategy is defined
based on the initial position and velocity of the COM and it contains the initial conditions where
robot can recover its stability. Indeed, in case of the robot initial conditions, position/velocity of the
COM, are in the stable region of a strategy, robot can recover its stability using the strategy. Later in
the experimental results section, knee strategy stable region is compared to ankle strategy which is
proposed by Stephens. The balance of the robot is recovered using the artificial potential function.
Artificial potential functions are used in robot control and robot navigation. Much research focused
on potential functions?*~28 to control the robot, navigations, etc. The gradient descent method is used
to minimize the defined artificial potential error function. Figure 7 illustrates the trajectories which
are controlled by the mentioned method.

The artificial potential error function, which is used in knee strategy control, is defined as follows:

F=|z-2z

|, (24)

where Z = [Xcom Xcom] represents the current state of the COM, and 7 = [Xcom Xcoml'is the
desired stable state for COM.

In order to use a gradient descent based approach to find the optimal solution of F(i.e.,Z = 7),a
numerical method is used to find the gradient direction of F'.

In knee strategy, ankle and knee joints are controlled to recover the stability of the robot. In fact,
r and & are the parameters which are controlled to recover the robot stability. Scalar value 7, is
controlled by tuning the knee joint angle. Therefore, the distance between COM and ankle can be
changed. Based on (23), F is a function of r and §. As a consequence, r is proposed to be updated in
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Fig. 7. (Colour online) Knee strategy trajectories which are controlled by minimizing the artificial potential
error function. Gradient descent method is used to minimize the error function.
each step of gradient as followings:

rk1 =1 —yVE(r), (25
where VF (r) = aa—f and y > 0 is a small number. In case y is chosen small enough, then

F(rip1) < F(ri).
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Fig. 8. (Colour online) Free body diagram of the robot in knee-hip strategy.

In order to find the relation between o, which is the knee angle, and r, the following equation and
its derivative are used:

L
r2=012 412 -2 hcosa = Ar = - sinaAa, (26)
r
where Ar = rp41 — . Therefore, by controlling the knee angle, r is updated in the way that F is
decreased the most. §, the other control parameter, is controlled by tuning the ankle joint torque. The
following equation shows the relation between the ankle torque and § through R,:

Tankle
R y

5= , 27

where R, is illustrated in (20) and Tye = T3 which is denoted in (21). § is updated in each step
according to the gradient of F at § as follows:

k1 =8 — Yy VF(d). (28)

The variation of the ankle torque is calculated based on the variation of the é in each step. On the
whole, knee strategy uses ankle torque and knee angle to control the robot stability and recover the
balance of the robot against a push.

3.2. Knee-hip strategy

In previous subsection, knee strategy was explained in details. In this subsection knee-hip strategy is
proposed based on knee strategy. Unlike the knee model, in knee-hip model, COM is considered as a
flywheel. Indeed, knee-hip strategy is an extension of both knee and hip strategy.! Hip strategy was
proposed by Stephens et al. In hip strategy COM is considered as a flywheel. Stephens extended the
model used by Pratt ef al.'> to propose the hip strategy.

Figure 8 illustrates the body diagram of the robot in knee-hip strategy. Knee-hip strategy has both
advantages of the knee and hip strategy. Dynamics of the robot in knee-hip strategy is similar to knee
strategy. Consider the maximum torque of the hip joint denoted by Ty, consequently, the dynamics
of the robot can be rewritten as follows:

T+h+httmr=0 (29)

mQ2rif + r’0) — mgrsin@ = mgs + m(i — r6*) cos 08 — m(2r0 + ré)sin6 £ Ty p.  (30)

More details on how (30) can be solved is available in appendix. By assuming the COM as a

flywheel, the stable region of the knee-hip strategy can be extended in comparison with the knee
strategy.

Figure 9 illustrates the stable region of the knee-hip strategy according to robo-builder
specifications. Black parallel lines (..) show the stable region of the knee-hip strategy and blue
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Fig. 9. (Color online) Stable region of the knee-hip. Black parallel lines (..): stable region of the knee-hip
strategy. Blue parallel lines (-.): stable region of the knee strategy.
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Fig. 10. (Colour online) Knee-hip strategy trajectories, which are controlled by minimizing the artificial potential
error function. Gradient descent method is used to minimize the error function.

parallel lines (-.) illustrate the stable region of the knee strategy which was explained in details in the
previous subsection. As it is obvious, knee-hip strategy, improves the stable region compared with
knee strategy.

The flywheel torque should be applied in the opposite direction of the deviation angle to help the
robot to recover its balance. Figure 10 illustrates how minimizing the artificial potential error function
can control and move back the robot to the stable state. Those trajectories whose initial conditions are
in the stable region of the knee-hip strategy converge to the stable state. Gradient descent method is
used to minimize the artificial potential error function by controlling the ankle, knee, and hip joints.
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Fig. 11. (Colour online) Human robot is equipped with stereo cameras. The deviation is set manually and the
platform deviation angle is read through an installed sensor.

The potential error function which is used in Knee-hip strategy is similar to knee strategy. Hip
torque is the additional term which is added in the knee-hip strategy and it will be considered as a
direct control variable.

4. Experimental Results

Experiments of the proposed method are conducted on a kid-size humanoid robot. This robot
is assembled using a Robo-Builder kit and two cameras. The experiments are divided into two
subsections. First subsection is the comparison between the vision-based estimations of the deviation
angle, acceleration sensor based estimation of the deviation angle, the combined deviation angle, and
the platform measured deviation angle of the robot. Second subsection compares the stable region
of different strategies and illustrates a simple experiment of the knee strategy on the developed
Robo-Builder platform.

To validate the output of the proposed method, a comparison was performed between the vision-
based proposed method, output of the acceleration sensor, the combined, and the platform measured
deviation angle of the robot. This deviation angle is obtained through a designed device which can
be seen in Fig. 11 under the robot feet.

4.1. Vision-based estimation of the deviation angle of the robot

The platform deviation angle is read through an angle reader, a transducer, which is installed on the

device. This sensor can read the deviation angle of the floor plate which is under the feet of the robot.
A fusion algorithm is proposed to combine the vision and acceleration sensor outputs. The proposed

fusion algorithm is inspired from the well-known robust averaging algorithm.'® Consider S1 and S2

as two signals. The combined signal, Sy, of S§1 and S2 can be calculated as follows:

_ a(D)S1() + B(1)S2(1)
B a(t) + (1)

Sy(0) : 3D

where « and B should be chosen proportional to inverse of the variance of S1 and S2 respectively. In
our experiments, « and § are considered as follows:

w

R 1<
1) =— 1(t—1)— 2 =— 1(t—1). 2
o) = — Zw [S1¢ =) = P, p () = — Zw S1(t—1) (32)
‘[=—7 '[:—7
Also, B (¢) is calculated similar to «(¢) and according to S2 in each time step. w is the window size
which is used to calculate the variances of the signals. Changing the window size affects the results.
Fusion process of vision and acceleration sensor is done in different window sizes. The combined

signal is compared with the other signals and the results are reported later.
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Fig. 12. (Colour online) Comparison between the platform measured deviation angle, velocity of the angle using
vision technique, angle using the vision technique, acceleration obtained using acceleration sensor, velocity
obtained using acceleration sensor, angle obtained using acceleration sensor, and combined deviation angle with
different window size.

The source code of the vision-based method is written in C++- language and several open source
libraries such as opencv and openmp are used in the implementation. The program was tested on a
laptop with the following specifications: CPU: 2.0 GHz-Core2Dua, RAM: 3 GB DDR III. The vision
program runs with 15-30 tracking pixels in the robotic laboratory environment. The runtime for each
dual-frame including 2-D tracking and distance estimating is about 30 ms which can guarantee real
time execution of the whole method.

Figure 12 illustrates the comparison of the platform measured deviation angle, estimation of the
velocity of the angle using vision technique, estimation of the angle using the vision technique,
acceleration obtained through acceleration sensor, velocity obtained through acceleration sensor,
the angle obtained through acceleration sensor, and the combined signal of the vision angle and
acceleration measured by acceleration sensor in different window sizes. Correlation coefficient is
used as the criterion to evaluate the different methods. To evaluate each signal, the correlation
coefficient of the platform measured deviation angle and the signal is calculated. Consider s1 and s2
are two signals, and cov(sl,s2) is the covariance of the signal s1 and s2. The similarity of s1 and s2
can be obtained through correlation coefficient,C(s1, s2), as follow:

(: SI,SZ 33
\/C()\/ (Sl, Sl) k C()V(SZ, SZ)

It is obvious in Fig. 12 that the deviation angle which is estimated by vision technique is similar to
the platfrom deviation angle rather than acceleration sensor measurement. The acceleration module,
which is used in experiments, is RBX-ACL3AO01. This module is completely compatible with Robo-
Builder kit. The deviation angle which is obtained using the fusion method performs suitably and it
has the highest correlation coefficient among all the other signals. Although vision-based approach
is smoother, combined signal has the highest correlation coefficient. In fact, fusion method considers
lower weight for the signal which has a higher variance. For any reason, if a signal is measured noisy
in a short time, fusion method considers a low weight for it. By changing the weight of signals in
time, fusion can roughly handle the measurement errors. Fusion method performs the best at large
window sizes.

The result of comparison between the platform measured deviation angle and the estimated
deviation angle using vision technique is illustrated in Fig. 13.
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Fig. 13. (Color online) Red line (-): shows the vision-based estimation of the deviation angle, average of tracking
10 points; and the blue line ( __): shows the platform measured deviation angle.
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Fig. 14. (Color online) Red line (-): shows the combined estimation of the deviation angle, average of tracking
10 points; and the blue line ( __): shows the platform measured deviation angle.

Indeed, this figure focuses on comparison between the platform deviation angle and the vision-
based estimation of the deviation angle. Red line (dashed line) shows the deviation angle variations
of the robot, which is estimated by the proposed vision-based method and the blue (solid) line shows
the deviation angle which is measured using the installed sensor on the device. As it can be seen in
Fig. 13, the proposed vision-based technique can estimate the deviation angle appropriately and it can
be applicable in the real environment. In Fig. 13, the correlation coefficient of the platform measured
deviation angle and the vision-based deviation angle is 0.92 which illustrates a high similarity between
signals.

Figure 14 illustrates the result of comparison between the combined deviation angle and the
platform measured deviation angle. As it is obvious the combined deviation angle converges to the
platform measured deviation angle. The correlation coefficient of the platform measured deviation
angle and the combined deviation angle is 0.94 which illustrates a high similarity between signals. By
the point of view of the correlation coefficient, combined method performs better than vision method.

Table I illustrates the comparison between the vision-based deviation angle, the acceleration sensor
output, and the combined deviation angle for eight experiments which are conducted in different
duration time, number of tracking pixels, etc. The results have shown that vision-based estimation
has better outcome compared with the acceleration sensor output. Also it is concluded that combining
the acceleration sensor output and vision-based estimation could be more accurate.
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Table I. Comparison between vision-based estimation of the deviation angle and the acceleration sensor output.

Vision-based estimation = Combined Estimation correlation  Acceleration sensor output

correlation window size = 50 correlation
Mean 0.93 0.94 0.82
Best 0.97 0.97 0.78
Worst 0.88 0.89 0.85

4.2. Stable region of push recovery strategies
The performance of the knee and knee-hip strategy is evaluated in this subsection by comparing them
with other strategies.

The equation of the dynamics of the robot in knee and knee-hip models are nonlinear ordinary
differential equation and cannot be solved or controlled precisely. Therefore, in this research this
equation is solved numerically for various initial conditions (see the Appendix for more details). The
properties of the robot that are utilized to solve the equations in all of the experiments in this paper
are as follows:

li =1 =6c¢cm, 6; =100°,60 =1 —400°/s, 8% =5.1 cm, Typ(max hip torque) = 0.11 m/kg.

max

In which /; and /[, are shank and thigh length of the robot respectively, 6; is the initial knee angle,
6 is the angular velocity of knee joint, and Ty is the maximum torque which robot can apply on hip
joint.

The stable regions of the knee and knee-hip strategies are compared with the stable regions of the
ankle and hip strategies presented by Stephens.!

Stephens proposed ankle and hip strategies and determined their stable regions. In ankle strategy,
the robot is considered as a LIPM and the dynamics of his model was written as follows:

jécom = %(xcom - 5:t)’ (34)

where ¥.om is the acceleration of COM, xcon is the position of COM, 6~ and 8% are the back and
front edges of support region of the foot, L is the height of COM, and g is the acceleration due to the
gravity.

Comparison between the correlation coefficient of the vision-based deviation angle, combined
deviation angle with window size 50, and the output of the acceleration sensor. The results are for
eight experiments which are carried out in different duration time, number of tracking pixels, etc.

Stephens also presented another strategy, which is called hip strategy. In hip strategy, COM is
considered as a flywheel and the robot is considered as LIPM.

The dynamics of the robot in hip strategy is obtained by Stephens as follow:

Xeom = g (xcom -8t & @>7 (35)
L mg

where 7« is the maximum torque which robot can apply on the hip joint and m is the mass of the
robot.

Figure 15 illustrates the comparison of stable regions of the ankle, knee, hip, and knee-hip strategies.
In Fig. 15 R1 shows the stable region of the ankle strategy. Ankle strategy has the smallest stable
region among all strategies. R2 illustrates the improvement of the hip strategy compared with the
ankle strategy. R3 demonstrates the performance of the knee strategy. It can extend the stable region
of the hip strategy a little. R4 presents the stable region extension of the knee-hip strategy. Out of
the stable region of the knee-hip strategy, robot cannot recover its stability through the mentioned
strategies. Consequently, stepping can help the robot to avoid falling.

Stable regions of four mentioned strategies, which are explained and illustrated in Fig. 15, are
obtained according to the robo-builder properties and it may differ a bit in other humanoids.

To evaluate the research in real environment, the stereovision approach and the proposed strategies
were implemented and tested on the developed Robo-Builder platform. More document and details
of the implementation such as video clips and photos are available on “www.mahani.info/Omid”.
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Fig. 15. (Colour online) Stable regions of different strategies. R1: ankle strategy, R2: hip strategy, R3: knee
strategy, R4: knee-hip strategy.

5. Conclusion

Analyzing the COM motions is one of the best techniques for humanoid push recovery. The paper
proposed a new approach for estimating the deviation angle of the robot and consequently, the COM
motions based on the visual techniques. The proposed vision-based method used optical flow and
stereovision techniques to estimate the deviation angle. Pyramid implementation of the optical flow
is used to monitor two-dimensionally the tracking points, which are found according to an improved
version of Harris corner detection, Shi-tomasi algorithm. Stereovision technique finds the distance of
the tracking points. Since the stereovision works only on tracking points, the implementation of the
proposed stereovision algorithm runs at frame rate of ordinary cameras.

By ignoring the LIPM assumption, knee and knee-hip strategies improve the stable region of the
push recovery. In the proposed strategies, knee is considered as an effective joint and it influences
the recovery process. Experiments illustrate that knee and knee-hip strategies can improve the push
recovery regions, which are obtained by Stephens et al. By using knee and knee-hip strategies, robot
can recover the stability against larger disturbances. Therefore, robot is not forced to take a step
to recover the stability against larger pushes and it can use knee and knee-hip strategies instead.
Experiments have been conducted on a humanoid robot and illustrate that the proposed method can
be applied in real environments. Results show that knee strategy can recover the balance of the robot
much better than ankle strategy, and knee-hip strategy can perform better than hip strategy.
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Appendix
Proof for the (3) and (4) according to Fig. 1 are as follows:

L1:2dtan§, A=hsinf, OB=d+A=d+hsinb

o2 60— p tanp= 2L BC o
=0——,y=0—B,tanf=—, tanw = —, tanf = —,
@ 2>V AB YT 4B AB
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AB ¢ AE ¢ EC
COSw=——,C08S— = ——, SIn — = ——
AC 2 AC 2 AC
Xp—h L
XP:P—IZ>XP ZXP—1+h.
L, l

L2:2EC=2ACﬁn§:>

sin % sin £

L, =2AB =2(d + hsinf) ——2—.
2 Cos @ ( ) cos (6 — %)
EP' / ) , cos £
tany = — = EP = AEtany = ACcos —tan(0 — 8) = EP' = AB
AE 2 CcoS w
cos £ tan(f —
tan@ — B) = (d + hsing) "> 220 — A)
cos(@—%)
EP tan(@ — B)I tan@ — t
Xpr = | = an( '3) s tan(Q_IB):an—anlg
L, 2tan 4 1 + tan6 tan B
Xpr—X 2d tan £xp + h(1 — cos 0)!
tan,B:P—.B, Xp=hcosO, tanf = 2°F ,( )
d+ hsinf (d + hsin6)l

For solving the (23) or (30) the following method can be used:

2ri-0 + r*d) — grsinf + g8 + (¥ — r6*)cos 08 — (20 + ré) sin08 = 0
= (r> —rsin08)§ = —2ri6 + grsind — g8 — (¥ — r6>) cos 68 + 276 sin 68

. —2ri0 + grsin® — g8 — (¥ — r6?)cos 08 + 20 sinH8
=0= -
(r2 — r sin66)

[} =i

0
= | —2ri@+grsing—gs—(¥—rf?)cos05+2/0sin05 |.
(r2—rsin63)
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