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Abstract—A sensory setup and algorithm for target following 
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. The transmitted signal is coded so 
the receiver is free from environmental disturbances. The 
motion of the follower has obstacle avoidance capability 
achieved by utilizing an ultrasonic sensor array. The proposed 
algorithm derives the follower locomotion by adequately fusing 
the information from both sensor modules. Experimental 
validation is executed to evaluate the performance the proposed 
device. 

I. INTRODUCTION 

he 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 environment 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 follow 
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 capable 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 [10], and the 
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potential field method is also widely adopted, where the 
follower was “attracted” to the target and was “pushed away” 
from the obstacles  [11]. 

Here, we report on the low-cost sensory setup and 
algorithm for the target following on the mobile robot. The 
target detection, including its direction and distance, is 
achieved by the low-cost IR transmitter and receiver pair. The 
transmitted signals are coded so the receiver is free from 
environmental disturbances. Comparing to the conventional 
vision method, this method avoids the necessity of 
pre-process of learning the target motion as well as has the 
advantage of low computation power and high sensor 
sampling rate. The target can be followed as long as the 
transmitter is carried. The motion of the follower has obstacle 
avoidance capability achieved by utilizing an ultrasonic 
sensor array. The proposed algorithm derives the follower 
locomotion by adequately fusing the information from both 
sensor modules.  

The paper is organized as follows: Section II describes the 
design of the target detection module. Section III presents the 
algorithm of target following with obstacle avoidance. 
Section IV presents the generation of the follower locomotion, 
and Section V presents the experimental evaluation. Section 
VI concludes the work. 

II. DESIGN OF THE TARGET DETECTION MODULE 

In order to achieve the target following task, it is necessary 
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 specifically, the position 
of the target can be represented in the polar coordinates of the 
coordinate system built on the follower, ሺߠ௢, ℓ௢ሻ. In addition, 
assume that =0 represents the nominal heading of the 
follower. 

The IR transmitter and receiver are chosen to achieve the 
direction detection of the target ߠ௢  because the IR light in 
principle is directional and invisible by the human. 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. In addition, though the IR light signal itself is directional, 
the commercial IR receivers are usually designed to be 
capable of receiving the IR signals from a wide range of 
directions. Thus, to prevent IR receiver receiving the IR 
signal from unwanted directions, a custom design of the 
housing of the IR receiver is required. 

Several experimental tests were performed to evaluate the 
directional effect of the IR receiver. As shown in Fig 1(a) 
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where the IR receiver is installed inside a black hollow 
cylinder, experimental result shows that the IR receiver can 
receive the signal emitted from the IR transmitter only when 
the transmitter is placed in front and along with the axis of the 
cylinder, which confirms the directional property of the light. 
Because of this confirmed characteristic, the detection range 
of the receiver can be adjusted by placing the side walls 
around the receiver. One of the simplest methods to deploy 
several receivers to cover the front 180-degree detection 
range is to equally divide the detection range by the number 
of the utilized receivers, just like slicing the cake shown in 
Fig 2(a).  

In order to evaluate the performance of each “sliced” 
sensor unit, the experimental setup shown in Fig 1(b) is built 
to evaluate the effect of length of the side wall L and designed 
detection angle s to the actual detectable angle, f. The 
results listed in Table I reveal that with the same length of the 
side wall, the actual detectable angle f is larger than the 
designed detection angle s while the distance between the 
transmitter and the receiver, D, is short, and the former one f 
approaches the latter one s while D increases. This 
phenomenon is mainly due to the fact that for a small distance 
D, the intensity of the reflected incoming IR signal from the 
side wall is still strong enough to trigger the receiver. Thus, 
even when the transmitter is not located within the designed 
detection angle s, the receiver is still capable of sensing the 
signal from it. When the distance D increases, the intensity of 
the incoming signal has already been weaken due to long 
travel distance, so only the direct-incoming signal without 
any reflection can trigger the receiver. Therefore, the 
designed detection angle and the actual detectable angle can 
be treated equal in this case. In an effort to remedy the effect 
of light reflection, the black smooth acrylic is adopted as the 
side walls, which has the larger light absorption rate and less 
light scattering effect. On the transmitter side, each 

transmitter also has certain emitting angle f. Empirical test 
confirms that the receiver can be triggered as long as the 
emitting directions of the transmitter and the detectable 
directions of the receiver has certain overlap as shown in Fig 
2(c). Table also reveals that the lengths of the side wall L 
equaled to 7.5 and 10 cm have similar effect on the actual 
detectable angle f, and fs of those both cases have faster 
converging rate to s than that of L equaled to 5cm. This is 
reasonable since the filtering of the unwanted incoming light 
is better when the length of the side wall increases. Once the 
length of L passes certain threshold where the intensity of the 
reflected incoming signal can never trigger the receiver, the 
further increase of L has insignificant effect. 

The blue and yellow areas shown in Fig 1(c) depict the 
detectable ranges of the receiver S1 and S2, respectively. The 
configuration of the transmitter T1 indicates the right limit of 
the transmitter which can be sensed by the receiver S1. The S1 
can sense T1 adequately if the T1 moves left or orients toward 
left. Similarly, the configuration of the transmitter T2 
indicates the left limit of the transmitter which can be sensed 
by the receiver S2. The transmitter placed in the blue or 
yellow region with adequate emitting angle can be sensed by 

TABLE I Actual detectable angle versus designed detection angel 
under various settings 

L=10 cm 

  D=1m  D=3m  D=5m 

 ௦=45°ߩ  ௙=63°ߩ  ௙=57°ߩ  ௙=49°ߩ

 ௦=30°ߩ  ௙=44°ߩ  ௙=40°ߩ  ௙=34°ߩ

 ௦=20°ߩ  ௙=34°ߩ  ௙=30°ߩ  ௙=24°ߩ

L=7.5 cm 

  D=1m  D=3m  D=5m 

 ௦=45°ߩ  ௙=64°ߩ  ௙=58°ߩ  ௙=49°ߩ

 ௦=30°ߩ  ௙=45°ߩ  ௙=40°ߩ  ௙=34°ߩ

 ௦=20°ߩ  ௙=35°ߩ  ௙=30°ߩ  ௙=24°ߩ

L=5 cm 

  D=1m  D=3m  D=5m 

 ௦=45°ߩ  ௙=73°ߩ  ௙=62°ߩ  ௙=52°ߩ

 ௦=30°ߩ  ௙=54°ߩ  ௙=45°ߩ  ௙=36°ߩ

 ௦=20°ߩ  ௙=38°ߩ  ௙=32°ߩ  ௙=26°ߩ

 

Fig. 2. (a) Configuration of nine IR receivers installed inside the 
semicircle-shape housing; (b) photo of the belt with transmitters wear by the 
target; (c) photo of the target detection device. 

 
Fig. 1. (a) IR transmitter (red star) and receiver (black shape) pair; (b) the 
single unit test, including the definition of the terminologies; (c) actual 
detectable area of each unit (blue or yellow region).  
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only one receiver. However, if the transmitter is placed in the 
green region, both receivers can sense the transmitter. 

In the final design, a bank of nine receivers is adopted to 
cover the front 180-degree detection range, so the designed 
detection angle of each receiver s is 20 degree. In addition, 
L=5cm is chosen for its compact size. Because the actual 

detectable angle f in L=5cm case is larger than that in 
L=7.5cm or 10cm case, the overlapped green area is larger as 
well. The reasonably increase of the overlapped region 
improves the resolution of the direction detection. For 
example, for the same distance D, if the arc in the green 
region is equal to that in the yellow or blue region, the 
resolution increases to 10 degree. If there is no overlapped 
green region, the resolution is 20 degree, equaling to the 
designed detection angle. Because the actual detectable angle 
e varies with the distance D, the resolution of the direction 
detection is a function of the distance between the transmitter 
and the receiver D, within the range 10-20 degree. In current 
design at most two receivers can sense 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 represented asߠ

௢ߠ ൌ
∑ ݅ ܵ݅݅

∑  ܵ݅݅
, (1) 

where i ൌ ሾ80 60 40 20 0 െ20 െ40 െ60 െ80ሿ , 
representing the physical directional in degree, and  

௜ܵ ൌ ቄ1          ݀݁ݎ݁݃݃݅ݎݐ
݁ݏ݈݁                    0

      . 

Though 9 terms are summed up in (1), please remind that at 
most two Sis are 1 (i.e., receiver triggered), and the others are 
0. 

The IR distance sensor installed on a small RC servo motor 
is chosen to achieve the distance detection between the target 
and the follower. After the follower knows the direction of 
the target ߠ௢, the RC servo quickly rotates the IR distance 
sensor to aim at that direction, so the distance between the 
target and the follower,  ℓ୭ , can be obtained. If the side 
moving of the target is slow (i.e., ߠ௢ changes slowly), the RC 
servo may not be necessary, and the equivalent rotation can 
be achieved by the motion of the follower. However, in 
general the turning response of the follower itself is slower 
than the side motion of the target. In addition, by turning the 
RC rather than the follower to obtain distance detection can 
avoid the follower performing high frequency rotation 
motion, so the follower can move in a smooth trajectory. 

In summary, the state of the target relative to the follower, 
ሺߠ௢, ℓ௢ሻ, are obtained according to the algorithm described in 
this section. Next, the question lies in how to generate 
adequate motion of the follower to follow the target. 

III. TARGET FOLLOWING WITH OBSTACLE AVOIDANCE 

If the follower tails the target very closely, the motion of 
the follower can be programmed to follow the “movable” 
target point, and the obstacle avoidance capability in the 
follower is not necessary, as long as the target can avoid the 
obstacles successfully. However, in general following tasks 
where certain distance exists between the target and the 
follower, the capability of performing the obstacle avoidance 
in the follower is crucial. For example, if the task is human 
following, the comfortable distance for human to be tailed is 
at least 1 meter, and 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 capability is described. 
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Fig. 3. (a) Configuration of nine ultrasonic range finders installed on the 
follower; (b) the configuration where the thresholds ݑത௝ are set up; (c) the 
configuration where the thresholds uത௝ ,ଵ଴ are determined; (d) the values of 
the thresholds ݑത௝. 
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Nine ultrasonic range finders are installed on the follower 
to cover the front 180-degree environment 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 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 ݑ௝  is the distance of the obstacle 
measured by the sensor, where the notation of  
݆ ൌ ሾ80 60 40 20 0 െ20 െ40 െ60 െ80ሿ, similar to the 
definition of the IR receivers shown in the previous section. 

Nine threshold ݑത௝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 Lୱୟ୤ୣ is set to 55cm and the 
ത௝ݑ s are calculated as ݑത௝ ൌ Lୱୟ୤ୣ/cos ሺ90 െ absሺjሻሻ , where 
j ൌ േ40,േ60 േ 80. The ݑത௝s of the three front sensors are set 
as the judgment whether the follower can go forward or not 
because the combined sensed range is wider than the width of 
the follower. Empirically the value is set as ݑത௝ ൌ 75 cm,    j ൌ
0,േ20. In addition, when the sensed ݑ௝ is less than Lୱ୲୭୮ ൌ
37.5cm , the follower stops immediately to avoid any 
potential collision. 

 A function ௝݂൫ݑ௝൯  is defined to represent the obstacle 
status around the follower: 

௝݂൫ݑ௝൯ ൌ ൜
௝ݑ ݂݅    1 ൑ ത௝ݑ
݁ݏ݈݁              0

, 

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. In addition, the follower can move in a specific 
direction safely if ௝݂൫ݑ௝൯ in that direction and ௝݂൫ݑ௝൯s of the 
consecutive right and left sensors are all 0. More specifically, 
three consecutive 0s are required for the follower to 
successfully move in that direction. Following that logic, the 
feasible following direction θୠ can be defined as  

ቊ
௕ߠ ൌ  ݂݅    ௢ߠ ∑ ௝݂൫ݑ௝൯ ൌ 0௝     ݆ ൌ , ௢ߠ ௢ߠ േ 20

௕ߠ  ൌ  ݂݅  ෨௢ߠ ∑ ௝݂൫ݑ௝൯ ൌ 0௝   ݆ ൌ , ෨௢ߠ ෨௢ߠ േ 20   ݉݅݊ฮߠ෨௢ െ ௢ฮߠ
, 

if the direction of the target ߠ௢ is derived to be the same as 

one of the number j (i.e.,  θ୭ 10ൗ א even). If the derived θ୭ is 
derived to be in between the number js (ex, 10, 30, …), the 
criteria is  

ቊ
௕ߠ ൌ  ݂݅    ௢ߠ ∑ ௝݂൫ݑ௝൯ ൌ 0௝     ݆ ൌ ௢ߠ േ 10 , ௢ߠ േ 30

௕ߠ ൌ  ݂݅  ෨௢ߠ ∑ ௝݂൫ݑ௝൯ ൌ 0௝   ݆ ൌ , ෨௢ߠ ෨௢ߠ േ 20   ݉݅݊ฮߠ෨௢ െ ௢ฮߠ
, 

where obstacle status of 4 consecutive sensors is checked. In 
brief, if no obstacle in the ߠ௢ direction, the follower moves 
toward that direction in order to follow the target adequately. 
If the obstacle exists, the follower will search for the suitable 
direction where (1) three consecutive ௝݂൫ݑ௝൯s are 0s and (2) is 
as close to the ߠ௢ 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 ௝݂൫ݑ௝൯s is utilized to 
adjust the motion direction shown below: 

௦ߠ ൌ ௝ݓ∑ · ௝݂൫ݑ௝൯ ·
௨ೕି௨ഥೕ

௨ഥೕ ,భబି௨ഥೕ     ௝ୀേସ଴,േ଺଴,േ଼଴
, 

where θୱ represents the direction adjustment, wjs indicate the 
weights of the sensor readings, and  uത௝ ,ଵ଴s are the constants 
calculated while the motion direction of the follower is 10 
degree toward the side wall shown in Fig 3(c). Ten degree is 
chosen because the best resolution of direction ߠ௢  is 10 
degree. The direction adjustment is linearized and scaled 
according to this number. 

Finally, the motion direction of the follower, ߠ௠, can be 
calculated as the linear combination of the above 
considerations: 
௠ߠ ൌ ௕ߠ ൅  .௦ߠ

IV. LOCOMOTION OF THE FOLLOWER 

During the following motion, the follower is programmed 
to face the target directly and to follow the target with 
designate distance. Thus, with given ሺߠ௢, ℓ௢ሻ provided by the 
detection device described in Section II, the desired setting is 
θ୭

כ ൌ 0୭ and ℓ୭
כ ൌ constant, where the empirical value is 

set to 1 meter for human following. The control goal is to 
minimize the difference between the current value and the 
desired one: 

൜
∆θ ൌ θୱ െ θୱ

כ

∆ℓ ൌ ℓ୭ െ ℓ୭
 .כ

The follower in general is a dynamic system which has 
certain response characteristic. One of the typical constraints 
is the maximum acceleration and deceleration the follower 
can achieve. Thus, in the empirical implementation the 
follower will accelerate and decelerate to minimize ∆ߠ and 
∆ℓ in a constraint manner. For different desired distance ℓ୭

 ,sכ
the allowable speeds of the follower are also set to have 
different saturation values. The logic is similar to the car 
traveling in the highway where the higher speed requires the 
longer safety distance, so the response to any emergency is 
effective. In addition, the maximum allowable speed of the 
robot is set to 2 m/s for safety consideration.  

The motion of the follower is basically followed speed 
control architecture, and the quantitative representation of the 
speed profile versus the ∆ℓ and ∆ߠ are shown in Fig 4 and 
listed as follows: 

ቊ
ܸ ൌ

௏೘ೌೣି௏೘೔೙

௔భ
ሺ∆ℓ െ ܽଵሻ    ݂݅ ∆ℓ ൑ ܽଵ

ܸ ൌ ௠ܸ௔௫                                                ݈݁݁ݏ
, 


Fig. 4. The maximum forward speed (a) and turning speed (b) versus the 
errors of target tracking.  
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ቊ
ܹ ൌ

ௐ೘ೌೣିௐ೘೔೙

௔మ
ሺ∆ߠ െ ܽଶሻ    ݂݅ ∆ߠ ൑ ܽଶ

ܹ ൌ ௠ܹ௔௫                                                  ݈݁݁ݏ
, 

where a1 and a2 are constants, and V and W represent forward 
and turning speeds, respectively. For the follower with 
two-wheel differential-drive mechanism, the speed can 
further be converted to the forward speeds of the left and right 
wheels (VL and VR), 

ቐ
ܸ ൌ

௏ಽା௏ೃ
ଶ

ܹ ൌ
௏ಽି௏ೃ

௕

, 

where b is the distance between the wheels. The wheel 
rotation speeds can then be calculated as, 

൝
ሶ߮ ௅ ൌ

௏ಽ
ோ

ሶ߮ ோ ൌ
௏ೃ
ோ

, 

where R is the radius of the wheel. 

V. EXPERIMENTAL VALIDATION 

The platform shown in Fig. 5(a) is utilized as the follower 
for experimental evaluation. A tester wearing the belt with 
transmitters shown in Fig. 2(b) 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 mobile 
robot with two-wheel differential drive as the actuating 
mechanism and a third wheel as an idler. Thus, it can perform 
3 degree-of-freedom planar motion on the ground. The 
mechatronic system on the platform includes a detection 
device which senses the direction and distance of the target 
detailed in Section II, an ultrasonic sensor array to detect the 
surrounded obstacles, and a real time embedded control 
system (sbRIO-9642, National Instruments) which is in 
charge of algorithm computation and motion control. The 
overall logic flow chart is depicted in Fig. 5(b).  
  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 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, where the red line and blue line represent the 
trajectories of the target and follower, respectively. The same 
legends marked on two lines indicate the positions extracted 
from the same image, and this information provides the 
relative position between the target and the follower at several 
different time stamps. 

Fig 6(a) and 6(b) plot the trajectories of the target and the 
follower while the target moves in a straight line and in a 
circular motion, respectively. The circular trajectory of the 
follower is smaller than that of the target because in the 
algorithm setting the follower moves toward the target, not to 
follow the exact trajectory of the target. Figure 6(c) and 6(d) 
plots the motion with a 90-degree turning, including inside 
and outside of a ‘L’ shape obstacle. With the obstacle 
avoidance setup, the follower chose the path closer to the wall  
but not bump into the wall even when the direction of the 
target is toward the wall. Figure 6(e) and 6(f) represents the 
trajectories of the target and the follower passing through a 
door, including two different configuration of the opened 
door. In both scenarios the follower can pass successfully. 
Figure 6(g) and 6(h) plots the motion through wide and 
narrow corridors, and Fig 6(i) plots the motion with two sharp 
turns in different directions. In summary, the experimental 
results shown in Fig 6 confirm that the proposed setup and 
algorithm is functional. In addition, in contrast to the human 
walking which has side swing motion, the robotic follower 
performs a smoother locomotion. The original movie clips 
can be found in the supplementary video. 

VI. CONCLUSION 

We report the sensory setup and algorithm for target 
following on the mobile robot. The direction detection of the 
target is achieved by the setup of nine IR receivers which 
monitor the signals from the transmitter installed on the target. 
Nine ultrasonic range finders are also installed on the 
follower to performance the obstacle avoidance task. The 

o
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b sbm  

 mm 
 oo 

s

Fig. 5. (a) Photo of the follower utilized in the experimental validation; (b) The flowchart of the overall algorithm. 
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proposed algorithm derives the follower locomotion by 
adequately fusing the information from both sensor modules. 
Experimental results show that the proposed method can 
successfully achieve target following in various scenarios, 
including straight line and circular motion, sharp-turn motion, 
door passing, corridor passing, and S-shape corridor 
following. 

We are current in the process of developing a more 
sophisticate algorithm which can perform target following in 
a complicate and wide range of environment setup. 
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Fig. 6. Trajectories of the target (red line) and the follower (blue line) tested in various scenarios: (a) straight line motion; (b) circular motion; (c) inner right 
angle turn; (d) outer right angle turn; (e) door passing I; (f) door passing II. Black arrows indicate the direction of motion; (g) in wide corridor; (h) in narrow 
corridor; (i) S-shape motion. Black arrows indicate the direction of motion. Unit: cm. 
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