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Sensor Information Analysis for a Humanoid Robot
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Abstract: For a humanoid robot to safely walk in unknown environments, various sensors are used to
identify the surface condition and recognize any obstacles. The humanoid robot is not fixed on the sur-
face and the base/orientation of the kinematics change while it is walking. Therefore, if the foot contact
changes from the estimated due to the unknown surface condition, the kinematics results are not cor-
rect. The robot may not be able to perform the motion commands based on the incorrect surface condi-
tion. Some robots have built-in range sensors but it’s difficult to accurately model the surface from the
sensor readings because the movement of the robot should be considered and the robot localization
should have zero error for correct interpretation of the sensor readings. In this paper, three infrared
range sensors are used in order to perceive the floor state. Covariance analysis is incorporated to con-
sider the uncertainties. The accelerometer and gyro sensor are also used in order to detect the moment
a foot hits the surface. This information provides correction to the motion planner and robot kinematics

when the environment is not modeled correctly.
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1. INTRODUCTION

A humanoid robot has high mobility because it walks
while avoiding obstacles. A lot of work has been done in
humanoid robot running [1], walking on uneven surfaces
or slopes [2]. Going up/down stairs [3] is another
important function of the humanoid robot. However,
such works have been implemented in a priori known
environments. Unless complete floor information is
available, dead reckoning becomes much less reliable
because the robot kinematics is an open chain for most of
the time except when two legs touch the floor at the same
time, and the base of the kinematics may not be as
expected if the floor condition is not known. In such
cases, the humanoid robot may not be even able to walk
safely. Unless extrinsic localization is wused, the
interaction between the robot and the floor should be
monitored for localization and also for safety.

In unknown environments, the robot should sense
obstacles and safely avoid them by modifying its path
accordingly. Sensing obstacles is one of the major
functions of a humanoid robot. Vision is commonly used
for identifying obstacles and estimating their distance. A
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stereo camera provides depth information as well as
obstacle identification. However, the vision system’s
performance depends on illumination, color and material
properties of the obstacle. It is hard to estimate multiple
objects concurrently [4], and it may require heavy
computing power [5]. Depth information resolution is
not as high as other range sensors [6].

A humanoid robot does not have a fixed base and it is
also important to estimate its attitude to perform tasks. In
[7], 3D attitude sensors (inclinometer and accelerometer,
gyro) are used to mimic the human vestibular system..
These sensors have drift errors and multiple sensors are
used in order to remove them [8]. Use of a Kalman filter
[9,10] is a common approach for addressing such errors..

Two types of sensors are used in this research; one for
floor state estimation and another for floor contact
recognition. Optical range sensors such as infrared ones
and laser range finders, provide accurate measurements
but they may not be able to detect glass. In addition, laser
sensors are expensive and should be handled with
caution due to safety. Furthermore, optical sensors are
not robust to changing environmental light conditions.
Ultrasonic sensors may not be as accurate as infrared
ones however, they have longer measurement range;
their beam angles are much wider than those of optical
sensors. As such, it is difficult to differentiate object
shape due to their wide beam angles. It’s also difficult to
tell whether the surface is flat or not, which may be very
critical information to a humanoid robot. In this paper,
three infrared range sensors are used in order to sense
surfaces. Our main concern is unexpected non-flat
surfaces. By taking advantage of the infrared range
sensors’ narrow beam, three sensors are installed radially
and each sensor provides its measurement without
interfering with each other. By analyzing the three range
sensor values, the state of the floor can be successfully
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differentiated. In [11], a similar sensor system is used for
blind people to detect stairs.

An accelerometer and gyros are used to detect floor
contact so that the robot motion planner, kinematics, and
dead-reckoning are updated. The information from these
sensors is very effective when an environment model is
inaccurate or unavailable.

In the following sections, the kinematic models of the
robot and the sensor system are described, the analysis of
the sensor information with the experimental results is
presented, and finishes with the conclusion.

2. HUMANOID ROBOT

The humanoid robot used in this paper is driven by
Dynamixel AX-12 motors from Robotis, Inc. Each motor
is controlled with a resolution of 300/1024 degree. Its
maximum torque is 10 kgf-cm at 20 rpm. The robot is
small and light-weight with high torque actuators.
Therefore, we assume that each joint’s position error is
negligible at high bandwidths. With each joint’s angle
measurement, the position and orientation relative to the
initial configuration can be estimated from the forward
kinematics of the robot. Each leg has six degrees of
freedom. The upper body and head movements are not
considered because all the sensors are installed at the
waist.

The robot’s absolute position and orientation
information is not available because no extrinsic
localization system is used. For instance, if the robot is
walking on unknown non-flat surfaces and if dead
reckoning is the only available method for localization,
the localization error accumulates as the robot moves. It
is very important to perceive the condition of the surface
the robot is walking on. The foot of the robot is a rigid
link and the zero moment point varies from the heel, sole
and toe. Therefore, the contact between the foot and

Fig. 1. Humanoid robot with infrared range sensor
system.

Fig. 2. Joint diagram.

surface sets the base orientation and the offset for the
open forward kinematics.

Robot kinematics equations are not described in this
paper due to their length. Instead, the joint diagram of
the robot’s two legs and waist is shown in the following
figure.

3. SENSOR INFORMATION ANALYSIS

Sharp GP2Y0A710K infrared range sensors are used
in this work.. These sensors can measure ranges from 80-
t0-500 cm and their resolution degrades range increases.
The sensor system is composed of three infrared range
sensors which are installed radially as shown in Fig. 3.
The three sensors operate concurrently. The beam width
of each infrared range sensor is narrow enough that they
do not interfere with each other. Fig. 4 shows the sensor
system configuration. The lower infrared sensor (S1) is
orientated at an angle o with respect to the gravity

Fig. 3. Infrared range sensor system.
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Fig. 4. Simplified sensor system model.

Table 1. Parameters.

parameter representation Value
ist fi the floor to the origi

" distance from the floor to the origin 260 mm
of the sensor system

u angle of the 1™ sensor ray from the 20°
gravity direction
angle between the 1% sensor ray and o

012 nd 15
the 2" sensor ray
angle between the 2™ sensor ray and o

023 rd 15
the 3" sensor ray
distance from the sensor origin to tip

c1 st 71 mm
of the 1% sensor

‘ distance from the sensor origin to tip 60 mm

2 of the 2™ sensor
¢ distance from the sensor origin to tip 49 mm
3 of the 3™ sensor

d, 1* sensor reading

d, 2" sensor reading

d; 3" sensor reading

direction when the robot is at its home position. The
center (S2) and upper (S3) sensors are installed a;, and
03 apart radially and at the distance of ¢,, ¢; from the
sensor system origin, respectively. The sensor system’s
origin is at height # at home position. Each sensor
provides the range information, dy, d, and d; from the tip
of the sensor to the floor surface (or to the obstacle).

The sensor system model is developed for perception
of the floor state from the sensor information. Based on
sensor reading changes, the change in floor state can be
determined. Therefore, the sensor system is modeled in
terms of sensor value changes instead of current values.
The parameter values are shown in Table 1.

Let

L =¢ +d, (1)
L, =c, +d,, (2)
Ly =c;+d;, 3)

then, from the model one has

h=L cosc, 4
h=L,cos(a+a,), (5)
h=Lycos(a+ay, + ;). (6)

If the floor is even, then the height change due to three
sensor readings should be the same;

Ad, cosa = Ad, cos(a+ o)

(13)

= Adycos(a+oy, +03).

The change of the angle is represented by Aa due to
- th

the i-" sensor reading change, Ad, when A remains
constant.
Ao = arccos L —arccos i (14)
d,+Ad, d,
Ao = arccos _h —arccos n (15)
d, +Ad, d,
Ao = arccos L —arccos i (16)
dy +Ad, d,

If the floor is even, then the change of the angle due to
three sensor readings should be the same; (14), (15) and
(16) provide another condition for identifying an even
floor. From these conditions, one must determine
whether the floor is even or not. In case it is not, then a
new floor model is made from the sensor readings by
calculating the end point position of each sensor ray and
the environment model is updated. This function is called
a ‘Floor state estimator’ in this paper

It is reasonable to use the probablistic model of the
system because there exist uncertainties in localization
and measurements. For simplicity, a 2D model (Fig. 5) is
used for explanation of the analysis. The point D
represents the location of the floor where the range
sensor ray hits. Three sensors are used in the sensor
system, and the analysis with the first sensor (S1 in Fig.
4) is described first. The base (A) may have uncertainties
in position and orientation. Because the supporting foot
touches the ground, the uncertainty in the Y-direction is
regarded as the uncertainty of the surface height and the
uncertainty in orientation is due to surface slope. The
previous section mentioned the assumption that the
position control error of each joint is negligible, meaning
zero error covariance. Therefore the uncertainties of
point B is calculated using a homogenous transformation,
which represents the forward kinematics from A to B,
and the covariance analysis.
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> X
Fig. 5. Simplified 2D model.

Representing the uncertainties of the base (A) using
the error covariance matrix Cy,

O 0 0
Ci=| 0 04, 0 (17)
0 0  Oap

and the uncertainties of the sensor system origin (B)
using Cp

og, O 0
Cp=| 0 o5, 0 | (18)
0 0 opy

The uncertainties of the position and orientation of the
sensor system origin (B) is represented using the
propagated uncertainties,

Cy=F,C,F], (19)
where F, is the Jacobian matrix defined as

[0X, 09Xy 0Xp ]
oX, dY, 06,
oY, Y, Y,

Fa=lax, 3, 9, | (20)
00, 26, 96,
ox, oY, 96, |

where [X, Y, 6, 0]" are represented using the
homogeneous transformation matrix multiplied by
X, Y, 6, oI
The uncertainties of the position of the other foot end
(C) are represented similarly. In order to include the
uncertainties of the sensor readings, the error covariance
matrix of B is redefined as
op, O 0 0
C - 0 oz, O 0 ’ o
0 0 o3 O
0 0 0 oy

so that the uncertainties of the sensor values are augment-
ed. Those values are measured from experiments with

respect to their range. The uncertainties of the point D,

c = 0 2
D — O O_D’y ( )
are calculated from
Cp, = FyCyFY, (23)
where
F, = 1 0 d C?S(QB +o) sin(p + o) . (24)
0 1 dsin(@z+0a) —cos(6z+)

The analysis with the second sensor (S2 in Fig. 4) is the
same as above, except that (24) becomes
1 0 dcos(bz+a+ay,)
270 1

sin(@ + o+ 0o,)
dsin(@; +o+oy,)

—cos(Gy +ax+0y,) |

(25)
Similarly, for the analysis with the third sensor (S3 in Fig.
4), equation (24) becomes

1 0 dcos(@g+a+oq,+0y;)
Fy=

0 1
sin(6z + ax+ oy, + y3)
—cos(Oy +ax+ oy, + ) |

dsin(fy +o+oq, + )
(26)

Please note that d in (24), (25) and (26) represents the
sensor reading of the corresponding range sensor.

Other important sensors used are the gyros (ADIS161
00 from Analog Digital) for roll, pitch and yaw angular
velocity measurements, and the accelerometers (LIS3LV
02DQ from ST) for 3-axis acceleration measurements.
Those are installed on top of the infrared range sensor
systems as shown in Fig. 6. The sampling rates for the
gyros and accelerometers are 100 Hz. Even though it’s
obvious that integrating the acceleration twice provides
the displacement, and integrating the angular velocity
yields angular displacement, those sensors have drift
errors and the localization accuracy is very vulnerable to
these errors. As such, these sensors are used for contact

Fig. 6. Humanoid robot with sensors.
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estimation rather than localization information. The This
paper calls this function a ‘contact estimator’. Whenever
a foot hits the floor, a large impact occurs and the
magnitude of the acceleration peaks. Therefore, one can
tell whether the robot walks as planned in the modeled
environment by monitoring the acceleration peak. The
yaw/pitch/roll gyro outputs indicate any momentary loss
of balance. The sensor threshold values for differentiat-
ing these events are set from experiments. If the instant
when large peak occurs is not the same as expected, then
it tells the motion planner that the floor model is not
correct and also lets the robot forward kinematics update
the landed foot height.

The controller embedded in the robot controls the
servo motors. It also feeds each joint angle and sensor
readings back to the main controller, which is a notebook
computer for high computing power. The main controller
is composed of several functional modules. Fig. 7 shows
the controller architecture.

If the following assumptions are met, then the contact
estimator is not necessary.

- floor environment is completely known or modeled
without error from measurements
- localization error is zero

The motion planner is composed of two parts; global
path planner and step planner. For a given environment,
the global planner generates a collision free path. This
paper only considers 2-D planar environments and all the
obstacles are assumed to be too high to be stepped over.
The step planner then divides the path into many
segments such as normal step, half-step, normal-side step,
halfside-step for humanoid robot walking. For each
segment, the angle commands are generated for all joints.
Change of robot orientation is also implemented with a
slight turning step or rotation of the body depending on
the radius of the path curvature. [Single support - Double
support] and [Deploy - Swing - Heel contact] phase
makes one complete walking cycle. Even though the
floor is assumed to be even initially, if the floor is sensed
to be non-flat and the estimated height or depth of the
irregular surface is within the preset value (30 mm for

0[ --6,L.

B.6r Robot | X | Sensor
» Forward ] System
Kinematics Kinematics

floor

information | Floor State [+

Estimator

i

Motion
Planner

.
-

contact
Accelerometer
Gyro

event
Fig. 7. Controller architecture.

expected
contact

Contact
Estimator

experiments in this paper), then the step planner gener-
ates a step-on or step-off motion. The floor information
is registered to update the environment model.

The three infrared range sensors, gyro and accelero-
meter readings are sampled every 10 msec. The desired
joint angles are generated a priori from the motion plan-
ner and stored in the servo controller memory. Those are
provided to each servo motor every 10 msec. The pre-
generated joint commands are also used to calculate the
position and orientation of the sensor system in the
sensor system kinematics module in Fig. 7. With the
results of the range sensor readings and sensor system
kinematics, the floor state is estimated using (4)-(16)
every 10 msec in the main controller (notebook
computer).

4. EXPERIMENT

The following figure shows the floor model with three
range sensor measurements. Sensor 3 (S3 in Fig. 2) is the
one which has the largest incident angle to the floor and
has the longest range readings, thus it has the largest
variations. In Fig. 8, the floor is slanted 0.5 m away from
the origin. The estimated surface from the three sensor
readings follows the real surface with small variations.
The estimated floor state information is used to update
the environment (floor) model.

The assumptions are not realistic most of the time. In
case one of the robot’s feet hits the floor higher than
expected, the base of the kinematics changes, thus the
estimated position and orientation of the robot becomes
incorrect. Therefore, it is very important to constantly
monitor if the robot’s moving foot hits the floor as
expected. If it hits the floor earlier than planned, it is
most likely that the floor is higher than modeled. In such
cases, the accelerometer reading changes abruptly earlier
than the foot is expected to hit the floor. If the floor is
lower than modeled, then the robot’s pitch and/or roll,
yaw angles may abruptly change right after the foot is
expected to hit the floor. In such cases, the gyro and
accelerometer readings indicate such events very
effectively. Figs. 9 and 10 show the robot is walking
without knowing that the floor is elevated 35 cm away
from the origin.

It usually happens that the robot yaw angle changes
significantly when one foot hits the floor earlier than
expected as shown in Fig. 10.

Fig. 8. Estimation of Slope.
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Fig. 12. Estimation of a Step.

Fig. 11. Accelerometer readings.

The following figure shows the accelerometer outputs.
The magnitude of the acceleration in the Z-direction
becomes large when the left or right foot hits the floor.
The triangles show these incidents. If the time of the
incident is not the same as expected by the motion
planner, then the floor is not the same as the environment
model. The circles in the figure indicates the impact
occurred earlier than expected (upside down triangle

Yem|

Fig. 14. Walking with floor estimation (3D).

between 8 and 9 seconds) because the floor is higher
than the model.

With the range sensor system, the result of the floor
elevated 0.4 m away from the origin is identified as
shown in Fig. 12.

With this environment model, the motion planner
generates paths accordingly, and the robot walks on the
floor successfully as shown in Figs. 13 and 14.
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5. CONCLUSION

In order to perceive the floor state and to model the
environment for walking, a range sensor system is
developed. Measurement from the sensors built in the
humanoid robot requires correct kinematics. The
accelerometer and the gyro sensors are used to detect the
interaction between the foot and the surface. The main
controller, composed of a motion planner, kinematics,
and a contact estimator, use all the sensor information for
localization and safe walking. The uncertainties are
considered with covariance analysis. The experimental
results show the effectiveness of the proposed sensor
information analysis.
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