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Abstract—An algorithm for target tracking and follow-
ing on the mobile robot is reported. The target detection,
including its direction and distance, is achieved by the
low-cost infrared transmitter and receiver pair. Though in
the following task the target already performs obstacle
avoidance in certain level, a simple but effective obstacle
algorithm for the follower is implemented to increase the
motion safety level. In addition, the odometry mode is de-
signed as well to deal with the situation while the target is
missing. Experimental validation is executed to evaluate
the performance the proposed algorithm. With the inte-
grated setup, the follower can track and follow the target in
various kinds of complex environment at different desig-
nated following distances and speed ranges.

Keywords: human following, infrared sensor, ultrasonic
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I. INTRODUCTION

The fast development of the robotics in recent years
brings up several new issues regarding the human robot
interaction (HRI). How to design a robot which can
perform variety of tasks and in the meantime adequately
serve and accompany with human in the human envi-
ronment gradually becomes an important task. Among
them, design a mobile platform which can follow the
human locomotion is one of the popular topics. In order
to achieve this goal, the follower should be capable of
detecting the direction and distance from the target, and
then it should be capable of moving effectively and
safely without any collision with obstacles, thus to fol-
low the target successfully.

Several methods can achieve the target detection or
following, and vision is one of the popular methods. For
example, using single camera to catch the leg motion of
the human target [1], using single camera to catch the
infrared signals transmitted from the target [2], using
stereo vision to identify the target and obstacle [3], etc.
Target tracking achieved by infrared (IR) transmitter and
receiver pairs together with fuzzy logic was reported [4].
Inertial sensors was also utilized to compute the target
speed and orientation [5]. RFID was adopted to track
target by the intensity RF information [6]. In order to get
precise motion information, the algorithm which is ca-
pable of recognizing people intention by using laser
range finder (LRF) was reported [7]. LRF in general is a
sensor with high precision, wide detection range, and
high reliability. In addition, human tracking by utilizing
multiple sensors with fusion scheme was reported as well.
For example, fusion of the signals from LRF and vision
sensor [8] or fusion of infrared sensors and sonar [9] to

track the target. The successful target tracking includes
two subtasks: one is detect the target, and the other one is
to perform the adequate locomotion. For the latter one,
obstacle avoidance in most scenarios is necessary, and
the potential field method is also widely adopted, where
the follower was “attracted” to the target and was
“pushed away” from the obstacles .

The relation between the target and the follower va-
ries according to the applications. Image in the future you
may have an automatic following suitcase, so you no
longer need to pull it in travel. Or you may have the au-
tomatic following shopping cart, golfing cart, or library
chair, which frees your hands for you to enjoy your ac-
tivities. The suitcase is in general personal belongings,
where long-term relationship exists between the target
and follower. Thus, in this scenario vision is adequate for
this application since (i) the users (i.e., target) is not re-
quired to mount additional equipments, which is pre-
ferable, and (ii) the required recognition of target by
vision system can be trained and learnt through various
empirical usages. In contrast, shopping cart, gold cart, or
library chair belongs to other owners, so the target and
the follower only have short-term relationship. In this
situation, the transmitter-receiver based following design
is more effective because this method in general doesn’t
require data training.

Previously, we reported on the design of the target
detection module by using the low-cost IR transmitter
and receiver pair based on their directional and invisible
transmission nature. A primitive following algorithm
was also reported. The IR device doesn’t need data
training, so it is suitable for the target following scenarios
where the target and the follower have short-term rela-
tionship. Here, with an extensive revision on the usage of
the ultrasonic sensors for obstacle avoidance and on the
overall algorithm, we report on the robust target tracking
and object following of a mobile robot. A simple method
is proposed to achieve the obstacle avoidance suitable for
the following task. The robot with the proposed algo-
rithm and system integration can track and follow the
object with various distance and speed settings as well as
can pass and turn in narrow corridors and in complex
human environment. In addition, the odometry naviga-
tion mode also allows the robot to follow the target path
while the signal from it is obstructed.

The paper is organized as follows: Section II briefly
reviews the design of the target detection module. Sec-
tion III presents the locomotion of the follower, and
Section IV describes obstacle avoidance algorithm uti-
lized on the follower. Section V reports the results of the
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Fig. 1. (a) Photo of the belt with transmitters wear by the target;
(b) configuration of nine IR receivers installed inside the se-
micircle-shape housing; (c) photo of the target detection device.

experimental evaluation, and Section VI concludes the
work.

II. BRIEF REVIEW OF THE TARGET DETECTION
MODULE

In order to achieve the target following task, it is ne-
cessary for the follower to know the relative position
between the target and itself. This information includes
two states, the direction and the distance, and more spe-
cifically, the position of the target can be represented in
the polar coordinates of the coordinate system built on
the follower, (6,,%,), where § = 0 represents the no-
minal heading of the follower.

The IR transmitter and receiver are chosen to achieve
the direction detection of the target &, because the IR
light in principle is directional and invisible by the hu-
man. The former one and latter one are installed on the
target and the follower, respectively. Since the device is
intended to be used in the normal environment where lots
of other infrared signals may exist, the signal exchanged
between the transmitter and receiver are coded according
to a specific protocol, which in empirical is done by a
commercial transmitter-receiver IC pair. Though the IR
light signal itself is directional, the commercial IR
transmitter and receivers are usually mounted in the
optical lenses to increase the transmitting and receiving
angles. To make the signals transmitted from the target
omnidirectional, several transmitters are installed and
faced different directions. In the human following task
demonstrated in this paper, the transmitters are mounted
on the belt as shown in Fig. 1(a). In contrast, to prevent
the commercial IR receivers to receive the IR signals
from unwanted directions, a custom design of the hous-
ing of the IR receiver is built as shown in Fig. 1(b).

A bank of nine receivers is adopted to cover the front
180-degree detection range in the final design. In most
occasions only one receiver senses the signals from the
transmitter, and at most two receivers can sense the
signals from the transmitter simultaneously. Assuming

there is no obstacle impeding the light travel from the
transmitter to the receiver, the direction of the target §,
can be computed as:

_ il
80_21_51_13 (1)
where
i =[80 60 40 20 0 —20 —-40 —60 —80]

representing the physical directions in degree in the fol-
lower’s coordinate, and

1 triggered
S. = 2
¢ { 0 else )

represents the status of the IR receiver. Though 9
terms are summed up in (1), please remind that at most
two S;s are 1 (i.e., receiver triggered), and the others are 0.
In addition, the resolution of the §, is 10 degree.

Two IR distance sensors are installed on a small RC
servo motor to detect the distance between the target and
the follower shown in Fig. 1(c). One is for short distance
and the other is for long range. After the follower knows
the direction of the target, §,,, the RC servo quickly ro-
tates the IR distance sensors to aim at that direction, so
the distance between the target and the follower, #,, can
be obtained. Though the RC servo may not be necessary
since the equivalent rotation can be achieved by the mo-
tion of the follower itself, by turning the RC rather than
the follower itself can avoid the follower performing
high frequency rotation or swing motion, so the follower
can move in a low frequency smoother trajectory.

In short, the state of the target relative to the follower,
(6,,%,), are obtained. Next, the question lies in how to
generate adequate motion of the follower to follow the
target.

III. LOCOMOTION OF THE FOLLOWER

During the following motion, the follower is pro-
grammed to face the target directly and to follow the
target with a designate distance. Thus, at any instant with
given (6,,?,) provided by the detection device, the de-
sired setting is §," = 0° and £," = constant. Generally,
the normal social distance between people is about
122-366 cm. Therefore, the designed distance is set to
Im or 2m.

The control goal is to minimize the difference be-
tween the current value and the desired one:

o= e - ®
— %o o

The position of the target (6,,f,) changes as the
target moves, and the follower updates the new goal and
tracks the target. This mode is hereafter referred as the
“normal mode”. In order to prevent in certain occasions
where the detection module does not obtain the new
states (i.e., the receivers don’t receive any signal from the
transmitters), the follower is built in with another
“odometry mode” which moves the follower to the last
sensed position of the target. During this blind motion, if
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Fig. 2. The maximum forward speed (a) and turning speed (b)
versus the errors of target tracking.

the detect module senses the target, the follower shifts
back to the normal mode automatically. If no signal from
the transmitters appears in between, the follower stops at
the last sensed position and enters the “search mode”,
where the robot rotates in place to search for the signals
from the IR transmitters. Because the IR receivers are
installed in the front 180-degree, the rotation of the fol-
lower enables the search of the target in all directions
around the follower. If the search still fails to locate the
target, the follower will stop and wait at the last sensed
position. If the target is found, the follower switches back
to the normal mode and track the target.

A simple kinematic model is built in the follower to
track the motions of the target and the follower. With loss
of generality, assume the current state of the follower is
[ (x;,v:),0; ], where the first two values and the last one
value represents the position and the orientation of the
follower at time stamp i, respectively, as shown in Fig. 2.
In the two-wheeled differential-drive mobile robot, the
incremental movements of the robot in the forward As
and rotational A6 directions are

Asp+Asg As;—Asgp
= , AB =

As s
2 b

“

where As; and Asy are the incremental rotations of
the left and right wheels in the time stamp 7 and b is the
distance between two wheels. Thus, the state of the robot
(i.e., follower) at the next time stamp i+/ based on the
odometry can be computed as

[ Kis1, Yie1)s Orea] = [(x; + Ax,y; + Ay), 6; +A60] (5)

where

Ax = As cos(6; + A8/2) and Ay = As sin(6; + A6/2) .

In addition, if the state of the target relative to the
follower at time stamp i is (8,;,%,;), the state of the
target in the normal mode can be represented as

[ (X i+1: Yo i+1)]
= [(x0i+20i€0s (0; + 8, 1), Yo itEoi5in (6; + 6, )) .

(6)

The states of both target and follower are computed
and stored by onboard embedded system in real time.
Assuming at time stamp j+/ the follower does not ac-
quire new state of the target, the follower enters the

Fig. 3. (a). Configuration of nine ultrasonic range finders in-
stalled on the follower; (b) the configuration where the thre-
sholds #; are set up.

odometry mode automatically and treats the state
[ (%0, ;)] as the final goal to reach. In the following
time stamp i with >/, the dummy target state is com-
puted as

1

toi = ((xoj - xi)z + (o — }’i)z)z +ct,”
801 = atan2(y, ; — yixoj — %) — 6; , 7

where ¢ is the tuned value which gradually increases
to / while the follower approaches the target. This setting
allows the smooth switching from the normal mode to
the odometry mode smoothly, and the follower can
moves to the target but not keep the designate following
distance £, ". If the follower cannot find the target in the
followed time stamp i, it keeps moving to the final goal
[ (xo ;,¥0 j)]- Because the positioning of the follower has
certain accuracy, the follower is programmed to stop and
start the search mode once the follower enters the
pre-defined small area centered at the goal [ (x, , ¥, )]
If the target is found at any time stamp i>; before it
reaches the goal, the follower automatically shifts back
to the normal mode and follows the target according to
the newly detected target position.

The follower such as a mobile robot is in general a
dynamic system which has certain response characteris-
tic. For the safety reason, the maximum allowable speed
is set to confine the motion of the follower. The maxi-
mum allowable speed of the robot V,,,, is set as a func-
tion of the actual distance. V,,,, increases as ¥, increases,
to ensure that £, can be converged to £,". While the
actual distance ¢, is short, the reduced maximum al-
lowable speed can prevent the follower bumping into the
target. The formula is

Vinax = Coxto » 3

where Cp, is a constant roughly determined by the
braking performance of the follower.
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The motion of the follower basically utilizes speed
control strategy. For the forward motion, the quantitative
representation of the speed profile versus the following
error, A?, is listed as follows:

V =max(min(V, + PID(£,,25") , Vinax), 0) , 9)

where V represents the forward speed and V, is the
speed of the target, derived from differentiation of #,,.
The speed V is adjusted by an ordinary PID control
strategy. Equation (9) also reveals that if the following
distance is kept at the desired value, the follower also
moves at speed V,, the same as the target. For the turning
motion, the quantitative representation of the speed pro-
file versus the following error, A, is listed as follows:

aW(ao - 80*) ’
W )

(60 - 60*) > 65

w=| 5,-6,) <6,

(10)

where W represents the turning speeds, and ay, &,
and W; are constants. Because the resolution of direction
detection &, is 10 degree, the PID controller is not ef-
fective. Instead, a simple proportional control is utilized.
For small error A§ < §; = 15°, a smaller value Wjis set
to prevent overcorrection owing to the slow dynamic
response of the robot. For safety reason, equation (10)
also constrains the follower to move backward because
no ultrasonic sensor senses the back side of the follower.

In the empirical evaluation where the follower is a
two-wheeled differential-drive mobile robot, the forward
and turning speed can further be converted to the forward
speeds of the left and right wheels, V; and Vg,

V=V +bW/2
{VR =V-bWw/2" (1D

The rotation speeds of the left and the right wheels,
¢, and @g, can then be calculated as

(12)

where R is the radius of the wheel.

IV. OBSTACLE AVOIDANCE

If the follower tails the target very closely, the motion
of the follower can be programmed to directly follow the
“movable” target point (i.e., a tracking problem). In this
case the obstacle avoidance capability in the follower is
not necessary as long as the target can find an accessible
path and avoid the obstacles successfully. In this case,
actually it is the target itself to perform the obstacle
avoidance.

In general following tasks where certain distance ex-
ists between the target and the follower, the capability of
obstacle avoidance in the follower is crucial. For exam-
ple, in the case of human following where the comfort-
able distance for human to be tailed is at least 1 meter, it
is hard to guarantee that the space between the human
and the follower is clear at all time. Thus, in this section

the motion of the follower with obstacle avoidance ca-
pability is described.

As reported in, nine ultrasonic range finders are in-
stalled on the follower to cover the front 180-degree en-
vironment sensing capability as shown in Fig. 3(a). The
installation and alignment of the ultrasonic range finders
are similar to that of the IR receivers, equally distributed
on the semicircle. Thus, the difference of the main
sensing direction between the consecutive sensors is 20
degree. The ultrasonic range finder itself has ~45 degree
receiving cone, so in current arrangement the sensing
areas have some overlap to make sure the front area are
sensed thoroughly. Assume u; is the distance of the ob-
stacle measured by the sensor, where the notation
j=[80 60 40 20 0 —20 —40 —60 -—80] indicates
the physical sensing directions of the sensors, similar to
the notations of the IR receivers shown in the section II.

Nine threshold ;s are defined as the safety measure
of the follower’s motion. Because the follower faces the
target most of the time, the defined thresholds of the six
range finders on both sides are mainly determined by the
geometrical configuration of the follower relative to the
imaginary side wall as shown in Fig. 3(b). Here Lgyge 1
set to 55cm and the #; s are calculated as @; =
Lgafe/cos (90 — abs(j)), where j = +40, +60, and +80.
Because the combined sensed range of the three front
sensors is wider than the width of the follower, the ;s of
these three are treated as the judgment whether the fol-
lower can go straight forward or not. Empirically the
value is set to u; = 75cm, j=0,+£20. In addition,
when the sensed u; is less than Lg,p, = 37.5cm, the
follower stops immediately to avoid any potential colli-
sion.

A function fj(uj) is defined to represent the obstacle
status around the follower:

i < 1.
w)=f, TS, (13)
where the value 1 indicates that the robot is too close
to the obstacle in the j direction. The value 0 indicates no
obstacle in that direction. Because the combined sensed
range of three consecutive sensors is wider than the
width of the follower, the follower can move safely to-
ward the center of the three consecutive sensors which
shows 0. Following that logic, the feasible following
direction &, with obstacle avoidance (hereafter referred
to as front obstacle avoidance) can be described as

(8, =5, ifoj(uj)=0 j=8,,8,+20
J

8, =8 if ) fi(w) =0 j=8,,8,£20 min|§, - 5,]
j

(14)

if the direction of the target 8, is derived to be the

same as one of the number j (i.e., 0, 20, 40,...), as the

case 1 shown in Fig. 3(a). If the derived 8, is derived to

be in between the number Js (ex, 10, 30, ...), the criteria
is
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Fig. 4. Photo of the follower utilized in the experimental vali-
dation.

{5b=5,, if ¥fi(y)=0 j=6,+10,5,+30
8, =6, if Xifi(w)=0 j=8,,5,+20 min||§, — 5]

(15)

where the obstacle status of 4 consecutive sensors is
checked, as the case 2 shown in Fig. 3(a). In brief, if no
obstacle in the &, direction, the follower moves toward
that direction in order to follow the target adequately. If
the obstacle exists, the follower will search for the suit-
able direction (1) where three consecutive fj(uj)s are Os
and (2) which is as close to the &, as possible.

The algorithm shown above can effectively detour the
path of the follower to avoid the obstacles in the original
moving direction. However, the detoured path should
also be checked with obstacle condition for safe follower
motion. Thus, obstacle status sensed by six side sensors
fj(uj)s is utilized to adjust the motion direction shown
below:

U=l

8 = 2w f](“}) )

W10~ 440,460,480

(16)

where §, represents the direction adjustment (hereaf-
ter referred to as side obstacle avoidance), w;s indicate
the weights of the sensor readings, and T, ;48 are the
constants calculated while the motion direction of the
follower is 10 degree toward the side wall. Ten degree is
chosen because the best resolution of direction §, is 10
degree. The direction adjustment is linearized and scaled
according to this number.

Finally, the motion direction of the follower, §,,,, can
be calculated as the linear combination of the above
considerations:

8 =6+ 65, 17)

where the §,, replaces the §, in (10) as the new target
direction to generate the motion of the follower. The
revised direction tracks the target closely but also avoids
the obstacles.

Besides the direction correction, the allowable for-
ward speed should be adjusted if the obstacles are sensed.
Intuitively, when the follower travels in the tight space

Obtain sensor signals:
IR signals from the target s; and ultrasonic ranger singals u;

l Calculate adjusted I
motion dir. 0.

Past state of
¢ target exist 2

Yes

Calculate feasible
following dir. &,/

Calculate direction of

R =
: | Obtain last (x, , y,) | | | the target §, |—IT|
¢ —
I

: | Caleulate 8, and | | | | Turn RC servo motor

Calculate direction

toward the target : I of motion ¢
| - Obstacle avoidance
| Calculate distance of |
| | the target fu
Nol Following mpde
(<t
|— — J Calculate forward

= "
Calculate turning
speed v speed w

Odometry mode

I
—

Wheel drive and l
motion control Motion generation |

Fig. 5. The flowchart of the overall algorithm

and is surrounded by lots of obstacles, the motion of the
follower should be slower, just like animals moves
slower in the challenge terrain. Thus, the allowable
forward speed, V., is further revised as
= Ff,w)) v . (18)
which is a function of the original controlled forward
speed V' shown in (9) and obstacle status f](u]) Equa-
tion (18) replaces the V shown in (9) as the new allowa-

ble speed, to constrain the motion of the follower in the
safer manner.

V. EXPERIMENTAL VALIDATION

The platform shown in Fig. 4 is utilized as the fol-
lower for experimental evaluation. A tester wearing the
belt with transmitters acted as the target to be followed,
so the following task is in certain level equals to the
human following. The platform is a three-wheeled mo-
bile robot with two-wheel differential drive as the actu-
ating mechanism and the third wheel as an idler. Thus, it
can move forward/backward and turn in place (i.e., mo-
bility =2). The mechatronic system on the platform in-
cludes a detection device which senses the direction and
distance of the target described in Section II, an ultra-
sonic sensor array to detect the surrounded obstacles, and
a real time embedded control system (sbRIO-9642, Na-
tional Instruments) which is in charge of algorithm
computation and motion control. The overall flow chart
is depicted in Fig. 5.

The proposed sensory setup and following algorithm
were evaluated experimentally under various scenarios.
A commercial HD camcorder (XDR-11, SONY) was
placed on top of the scenarios to record the trajectories of
the target and the follower. LEDs are installed on top of

675



The 43" Intl. Symp. on Robotics (ISR2012), Taipei, Taiwan, Aug. 29-31, 2012

@) b [0,
(1m) + (1m)
300 300
200 0| EM
0, R Start R, Start
100 End 100 [eN !
0
0 100 200 300 400 500 600 [ 100 200 300 400 500 600
(c) Op

1
30p End am ) 300f  End

200 200 Ox

100 ) 100

0
0 100 200 300 400 500 600 0

Fig. 6. Trajectories of the target (red line) and the follower (blue
line) in various scenarios viewing from the ceiling (top view).
Walls/obstacles are shown in green color and the designated fol-
lowing distance (1m or 2m) is shown at the upper right corner of
each scenario. When the robot is operated in the odometry mode,
the trajectory is marked in pink color. (a) odometry mode and
stop; (b) odometry mode and then back to normal mode;(c) right
angle turn
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the target and the follower as the markers during the
experiments, which ease the followed post processing in
Matlab to extract the positions of the markers from a
sequence of images. The results are shown in Fig 6 and
Fig 7, where the red line and blue line represent the tra-
jectories of the target and follower, respectively. The
special legends marked on both lines indicate the posi-
tions extracted from the same image, and this informa-
tion provides the relative position between the target and
the follower at several different time stamps.

Figure 6(a) plots the trajectories of the target and the
follower where the follower loses the signal from the
target (intentionally turns off the transmitter) at point Ra.
The follower enters the odometry model and successfully
moves to the last target position O, within certain error
range. It then performs the search mode (i.e., turning in
place), but because no target is found, the follower rests
around the last target position O,. In Fig. 6(b), the fol-
lower also goes through normal mode, odometry mode,
and then search mode by the similar setting (intentionally
turns off the transmitter). At certain moment after the
transmitter is intentionally back on, the follower finds the
target at Og and moves directly toward the target. Figure
6 (c) to (e) compare the performance of the following
with different designated following distances. In the
simple turning motion shown in Fig. 6(c)-1m, the fol-
lower can track the target well with smooth trajectory
close to that of the target. For the case in Fig. 6(c)-2m,
because of the longer following distance, at certain time
period right after the turning of the target, the follower
loses the signals from the target and enters the odometry
mode (pink line segment, between R, and Rg), but it then
recovers back to the normal mode at the later moment
before it reaches the target point O4. Thus, the follower
goes back to the normal mode from the search mode, not
entering the search mode. Comparing to Fig. 6(b) which
has a sharp turning owing to the turning in place in search
mode, the trajectory shown in Fig. 6(c)-2m has a
smoother trajectory.

VI. CONCLUSION

We report on the target tracking and following algo-
rithm based on the developed IR-based target detection

module. With given target direction and distance, the
follower generates the adequate motion with obstacle
avoidance to track the target. The follower can also
detect the speed of the target and follows it accordingly.
If the signal from the target is lost, the follower switches
to the odometry mode to move to the last target position
and search for the target. As long as the target is found,
the follower automatically switches back to the normal
mode and keeps following task. The algorithm is expe-
rimentally evaluated and is proved functional.

We are current in the process of developing a more
sophisticate algorithm which can perform target fol-
lowing with faster following speed and in a complicate
and wide range of environment setup.
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