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Abstract: The use of micro-class Unmanned Aerial Vehicles (UAV) for consumer applications
is rapidly growing. Many such applications employ intelligent systems in order to interact with
the environment around the UAV. This paper demonstrates the modelling, simulation and
experimental verification of a one-dimensional object tracking quadrotor that can detect and
follow a solid object in front of it by regulating its distance from the object. A combination of a
noise-based filter along with a sensor fusion technique using a sigmoid function was developed
for a specific combination of two proximity sensors. This system uses a Proportional-Integral-
Derivative (PID) controller to generate a single high-level pitch reference based on the sensor
fusion output, in order to track a target. Low-level attitude control and altitude maintenance is
simultaneously performed by a commercially available autopilot system.
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1. INTRODUCTION

UAVs have always been pertinent in the domain of de-
fense and military applications. Nowadays, there is also
an increasing trend in the use of micro-class UAVs for
consumer applications. Owing to its simple mechanical
structure, the quadrotor platform (four propellers) is the
most common aerial vehicle configuration that is being
used today. Research and development in the guidance,
navigation and control of quadrotors has gained impetus
due to the large scale availability of sensors, actuators and
microcontrollers in recent times. Through this, UAVs are
being given capabilities to intelligently perceive and act on
their surrounding environment.

The primary problem of controlling a quadrotor involves
state estimation and motor control for maintaining desired
attitude and thrust. Many researchers have solved this
problem by employing different control techniques – from
classical PID or LQR control to more complex non-
linear integral backstepping control. More complicated
approaches are taken to improve robustness by including
gyroscopic and aerodynamic effects. However, this problem
is sufficiently solved and has enabled researchers to develop
systems which pertain to higher level tasks like object
recognition and subsequent tracking or collision avoidance.

Problems involving detection, avoidance and tracking are
fundamental to autonomy. Boudjit and Larbes (2015) and

� This work was sponsored by the Department of Aerospace Engi-
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Dang et al. (2013) have developed an object detection
and target tracking system using computer vision on the
commercially available AR.Drone. Mth et al. (2016) have
used a similar visual servoing technique with an Extended
Kalman Filter (EKF). Teulire et al. (2011) and Jurado
et al. (2012) have both developed novel color-based robust
target tracking techniques using visual feedback. However,
all of the above works depend on a wireless link to transmit
video feed and ground station processing.

There also have been some efforts to develop fully on board
systems. Scherer et al. (2008) used a learning approach
to avoid obstacles detected using a laser scanner. Shen
et al. (2011) fused data from a laser scanner and a camera
with the iterative closest point (ICP) method and EKF
for position estimation, to run completely on-board and
uses a 1.6GHz Atom board. Similar solutions from Engel
(Engel et al. (2012a), Engel et al. (2012b)) and Celik et al.
(2009) depend on an external laptop. Becker et al. (2012)
used four ultrasonic sensors and a vertical camera which
is effective but does not cover 360◦ nor perform distance
control. Kendall et al. (2014) have developed a low cost on
board monocular vision-based object tracking drone but
fails when there is insufficient lighting. Finally, Gageik
et al. (2015) uses a novel combination of an ultrasonic
and an infrared sensor which is similar to the approach
presented here, but was developed and tuned for collision
avoidance and not object tracking.

In this paper, a mathematical model of a quadrotor track-
ing an object in front of it in one dimension is developed,
along with a PID control strategy for it. The proximity
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and an infrared sensor which is similar to the approach
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fense and military applications. Nowadays, there is also
an increasing trend in the use of micro-class UAVs for
consumer applications. Owing to its simple mechanical
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used today. Research and development in the guidance,
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due to the large scale availability of sensors, actuators and
microcontrollers in recent times. Through this, UAVs are
being given capabilities to intelligently perceive and act on
their surrounding environment.

The primary problem of controlling a quadrotor involves
state estimation and motor control for maintaining desired
attitude and thrust. Many researchers have solved this
problem by employing different control techniques – from
classical PID or LQR control to more complex non-
linear integral backstepping control. More complicated
approaches are taken to improve robustness by including
gyroscopic and aerodynamic effects. However, this problem
is sufficiently solved and has enabled researchers to develop
systems which pertain to higher level tasks like object
recognition and subsequent tracking or collision avoidance.

Problems involving detection, avoidance and tracking are
fundamental to autonomy. Boudjit and Larbes (2015) and
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commercially available AR.Drone. Mth et al. (2016) have
used a similar visual servoing technique with an Extended
Kalman Filter (EKF). Teulire et al. (2011) and Jurado
et al. (2012) have both developed novel color-based robust
target tracking techniques using visual feedback. However,
all of the above works depend on a wireless link to transmit
video feed and ground station processing.

There also have been some efforts to develop fully on board
systems. Scherer et al. (2008) used a learning approach
to avoid obstacles detected using a laser scanner. Shen
et al. (2011) fused data from a laser scanner and a camera
with the iterative closest point (ICP) method and EKF
for position estimation, to run completely on-board and
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all of the above works depend on a wireless link to transmit
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systems. Scherer et al. (2008) used a learning approach
to avoid obstacles detected using a laser scanner. Shen
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with the iterative closest point (ICP) method and EKF
for position estimation, to run completely on-board and
uses a 1.6GHz Atom board. Similar solutions from Engel
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(2009) depend on an external laptop. Becker et al. (2012)
used four ultrasonic sensors and a vertical camera which
is effective but does not cover 360◦ nor perform distance
control. Kendall et al. (2014) have developed a low cost on
board monocular vision-based object tracking drone but
fails when there is insufficient lighting. Finally, Gageik
et al. (2015) uses a novel combination of an ultrasonic
and an infrared sensor which is similar to the approach
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sensing is performed using two ultrasonic sensors with
distinct characteristics. The reliability of the proximity
data is vastly improved by a combination of a noise-based
filter (NBF) and an experimentally derived sensor fusion
technique based on a sigmoid function. This computation-
ally inexpensive method was developed and tested using a
low-cost microcontroller, entirely on board the quadrotor.
Since this scheme depends only on ultrasound signals, it
remains effective even in poorly lit environments.

Fig. 1. The fully assembled quadrotor with two front-
mounted proximity sensors.

2. QUADROTOR PLATFORM AND SENSOR SUITE

The quadrotor platform used in the development of this
system is the DJI F-450. It is lightweight and has ample
space for onboard electronics.

COMPONENT SPECIFICATIONS

Frame Type DJI ‘X’ configuration 450mm diagonal

Motor Type Three Phase Brushless DC, 1200KV

ESC 30A Rating with BEC

Battery 3 S Lithium Polymer 3500mAh

Transmitter (TX) 6 Channel Fly-Sky FS-T6

Receiver (RX) 6 Channel Fly-Sky PWM FS R6B

Table 1. Specifications of the DJI F-450 kit.

In addition, the quadrotor is equipped with an APM 2.5 1

for low-level control as well as an Arduino R© UNO 2 as a
companion board to send high level control commands us-
ing sensor data. The two proximity sensors were mounted
on the front of the quadrotor facing forwards as seen in
Fig. 1.

3. SYSTEM DYNAMICS

The quadrotor can maintain altitude using an on board
barometer. Hence, the quadrotor as shown in Fig. 2 is
assumed to be static in the vertical direction. The analysis
that follows is a simplified model with the objective of
aiding controller design.

As shown in Fig. 2, the coordinate frame attached to the
ground measures the distance of the object y from its
origin. Another frame attached to the object measures the
distance of the quadrotor x from the object. Applying

1 http://ardupilot.org/copter/
2 https://www.arduino.cc/

Fig. 2. System dynamics of a quadrotor tracking a moving
object in one dimension.

Newton’s 2nd law on the system in the vertical and
horizontal directions respectively, we obtain the following
equations:

mg = T cos θ(t) (1)

m
d2x

dt2
+ T sin θ(t) =m

d2y

dt2
(2)

Here, θ(t) is the pitch angle, T is the value of the thrust, m
is the total mass of the quadrotor and g is the acceleration
due to gravity. Assuming that the small angle approxima-
tion is applicable (as the pitch angle shall be limited to
15◦), we can develop the above dynamic equations into an
LTI system.

d2x

dt2
+ gθ(t) =

d2y

dt2
(3)

Taking the Laplace transform and replacing θ(t) as a
linear function of the input PWM signal 3 , we obtain the
following:

X(s)− Y (s)

P (s)
=

gk

s2
(4)

Here, P (s) is the Laplace transform of the PWM control
input signal and k is the constant of proportionality in the
linear relationship between the PWM signal and the pitch
angle, given by θ(s) = kP (s).

4. OBJECT DETECTION AND DISTANCE
ESTIMATION

4.1 Proximity Sensor Specifications and Comparison

SPECIFICATION HC-SR04 MaxbotixR© MB1220

Range 3 cm-400 cm 20 cm-760 cm

Resolution 3mm 1 cm

Measuring Angle Low, <15◦ High, <30◦

Reliable Range

for small objects 3 cm-40 cm 20 cm-150 cm

Noise filtering

Noisy with

sharp peaks

Good over a large

range above 25 cm

Table 2. Comparison between the HC-SR04
and the Maxbotix MB1220 sensors based on

datasheet values and additional tests.

3 This is determined using the Mission Planner client software
for APM (http://ardupilot.org/dev/docs/apmcopter-programming-
attitude-control-2.html).
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The two ultrasonic proximity sensors used are the HC-
SR04 and the Maxbotix R© MB1220. Both are cheap and
easy to integrate. From the comparison given in Table
2, it is evident that the two sensors have many distinct
characteristics. This led to the decision of employing sensor
fusion based on a sigmoid function.

4.2 Data Filtering

Since a stable, reliable and accurate stream of distance
data is required as an input to the controller, the sensor
data was processed through an effective filter. A com-
parative analysis of three filters – exponential smoothing,
digital filtering and noise-based filtering was done through
implementation on hardware in order to choose the best
candidate for the final system.

Exponential Smoothing: Exponential Smoothing is a
simple low-pass filter. Let s[n] be the raw sensor data
obtained at the nth time sample and p[n] be the filtered
data calculated using the nth time sample.

p[0] = s[0]

p[1] = αs[1] + (1− α)p[0]

p[n] = αs[n] + (1− α)p[n− 1] (5)

Here, α is the smoothing factor.

Digital Filter: The digital low-pass filter uses a time
constant τ and the loop time T to calculate the filtered
output. Let y[n] be the filtered output and x[n] be the raw
sensor data.

y[n] = ay[n− 1] + (1− a)x[n] (6)

where a = τ
τ+T . The constant τ depends on the desired

cut-off frequency for the filter. The loop time was ma-
nipulated by reading the sensor at specific time intervals,
depending on its update frequency.

Noise-Based Filter (NBF): The NBF designed specifi-
cally for this system recursively calculates the estimate of
distance combining prior estimates, the sensor model and
noisy measurements. The scalar variable distance is mea-
sured by the sensor, whose best estimate is stored in a vari-
able labeled as the output of the filter. This is essentially
a low-pass filter with a varying time constant based on a
Gaussian model. A gain G[n] distributes weight between
the previous estimate and the current sensor reading. At
the nth time step, the gain is updated using the sensor
variance σ2

s (known from intrinsic sensor characteristics)
and the estimate variance σ2

x[n].

G[n] =
σ2
x[n]

σ2
s + σ2

x[n]
(7)

Next, the new estimate x[n] is calculated using the previ-
ous estimate x[n− 1] and the current raw sensor reading.

x[n] = (1−G[n])x[n− 1] +G[n]S[n] (8)

Here, S[n] is the raw sensor data. Next, the estimate
variance is updated using the previous variance and the
gain as shown below.

σ2
x[n] = (1−G[n])σ2

x[n− 1] (9)

Comparison and Modification: For comparison between
the performance of the sensors, each algorithm was im-
plemented on hardware. The sensor data was plotted on
MATLAB R© for observation and qualitative judgement.

Fig. 3. Comparison between raw data and various filtered
data for the HC-SR04 sensor: The figure clearly shows
the capability of the NBF to substantially reduce
deviation from the ‘true’ value of proximity.

Fig. 4. Comparison between raw data and various filtered
data for the Maxbotix MB1220: The figure clearly
shows the capability of the NBF to substantially
reduce deviation from the ‘true’ value of proximity.

From Fig. 3 and Fig. 4, it can be seen that the outputs from
the exponential smoothing and the digital filter contain
noise of large magnitude. The NBF rejects this noise very
effectively in comparison to the other two filters. However,
it is sluggish because of a relatively low sensor update
frequency. Therefore, the NBF gain was modified with an
additive factor ‘A’ while ensuring that it stayed within the
lower limit of 0 and the upper limit of 1.

G[n] =
σ2
x[n]

σ2
s + σ2

e [n]
+A (10)

Since the emphasis was on safe and smooth movement of
the quadrotor, the NBF was chosen as the ideal filter for
the task.

4.3 Sensor Fusion

As was observed from the comparison of the sensors in
Table 2:
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The two ultrasonic proximity sensors used are the HC-
SR04 and the Maxbotix R© MB1220. Both are cheap and
easy to integrate. From the comparison given in Table
2, it is evident that the two sensors have many distinct
characteristics. This led to the decision of employing sensor
fusion based on a sigmoid function.

4.2 Data Filtering

Since a stable, reliable and accurate stream of distance
data is required as an input to the controller, the sensor
data was processed through an effective filter. A com-
parative analysis of three filters – exponential smoothing,
digital filtering and noise-based filtering was done through
implementation on hardware in order to choose the best
candidate for the final system.

Exponential Smoothing: Exponential Smoothing is a
simple low-pass filter. Let s[n] be the raw sensor data
obtained at the nth time sample and p[n] be the filtered
data calculated using the nth time sample.

p[0] = s[0]

p[1] = αs[1] + (1− α)p[0]

p[n] = αs[n] + (1− α)p[n− 1] (5)

Here, α is the smoothing factor.

Digital Filter: The digital low-pass filter uses a time
constant τ and the loop time T to calculate the filtered
output. Let y[n] be the filtered output and x[n] be the raw
sensor data.

y[n] = ay[n− 1] + (1− a)x[n] (6)

where a = τ
τ+T . The constant τ depends on the desired

cut-off frequency for the filter. The loop time was ma-
nipulated by reading the sensor at specific time intervals,
depending on its update frequency.

Noise-Based Filter (NBF): The NBF designed specifi-
cally for this system recursively calculates the estimate of
distance combining prior estimates, the sensor model and
noisy measurements. The scalar variable distance is mea-
sured by the sensor, whose best estimate is stored in a vari-
able labeled as the output of the filter. This is essentially
a low-pass filter with a varying time constant based on a
Gaussian model. A gain G[n] distributes weight between
the previous estimate and the current sensor reading. At
the nth time step, the gain is updated using the sensor
variance σ2

s (known from intrinsic sensor characteristics)
and the estimate variance σ2

x[n].

G[n] =
σ2
x[n]

σ2
s + σ2

x[n]
(7)

Next, the new estimate x[n] is calculated using the previ-
ous estimate x[n− 1] and the current raw sensor reading.

x[n] = (1−G[n])x[n− 1] +G[n]S[n] (8)

Here, S[n] is the raw sensor data. Next, the estimate
variance is updated using the previous variance and the
gain as shown below.

σ2
x[n] = (1−G[n])σ2

x[n− 1] (9)

Comparison and Modification: For comparison between
the performance of the sensors, each algorithm was im-
plemented on hardware. The sensor data was plotted on
MATLAB R© for observation and qualitative judgement.

Fig. 3. Comparison between raw data and various filtered
data for the HC-SR04 sensor: The figure clearly shows
the capability of the NBF to substantially reduce
deviation from the ‘true’ value of proximity.

Fig. 4. Comparison between raw data and various filtered
data for the Maxbotix MB1220: The figure clearly
shows the capability of the NBF to substantially
reduce deviation from the ‘true’ value of proximity.

From Fig. 3 and Fig. 4, it can be seen that the outputs from
the exponential smoothing and the digital filter contain
noise of large magnitude. The NBF rejects this noise very
effectively in comparison to the other two filters. However,
it is sluggish because of a relatively low sensor update
frequency. Therefore, the NBF gain was modified with an
additive factor ‘A’ while ensuring that it stayed within the
lower limit of 0 and the upper limit of 1.

G[n] =
σ2
x[n]

σ2
s + σ2

e [n]
+A (10)

Since the emphasis was on safe and smooth movement of
the quadrotor, the NBF was chosen as the ideal filter for
the task.

4.3 Sensor Fusion

As was observed from the comparison of the sensors in
Table 2:
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(1) The Maxbotix sensor has a good measuring angle for
small moving objects and hence is ideal for detecting
such objects at moderate to large distances (greater
than 40 cm). However, it has a minimum reading
value of 20 cm and is very noisy and unreliable when
the actual distance is close to 20 cm.

(2) The HC-SR04 sensor is poor in sensing moving ob-
jects at large distances. However, it performs well for
distances smaller than 30 cm for almost any kind of
object. It has a minimum reading value of 3 cm.

These differences motivated the decision to employ sensor
fusion using a sigmoid function. This function assigns a
value between 0 and 1 to the variable α.

α =
1

1 + e−k(x−xref )

Fig. 5. Sigmoid function with k=0.6 and xref = 30 cm.

Here, the parameters k and xref were chosen as 0.6 and 30
respectively for smooth transition starting at x = 20 and
ending at x = 40. These parameters were chosen keeping in
mind sensor characteristics and comparisons as highlighted
in Table 4.1. This fusion technique’s efficacy was confirmed
in a hardware implementation test wherein the two sensors
mounted together, operating in fused mode, were moved
closer and away from a rough cardboard panel while
simultaneously shaking and disturbing their orientation to
simulate attitude disturbances on a quadrotor. The fusion
step obeys the following equation:

dF = αdM + (1− α) dH (11)

Here, dF is the fused value (output) and dM and dH are
the individually filtered values of the Maxbotix and the
HC-SR04 sensors respectively.

As is evident from the plot, this method proves to be
effective for the reasons given below:

(1) Since the output completely follows the output of
the HC-SR04 below 20 cm, noise and out-of-range be-
haviour exhibited by the Maxbotix sensor is ignored
for this range.

(2) At larger distances (greater than 30 cm), the increas-
ing share of the Maxbotix sensor reading in the out-
put ensures that the noisy HC-SR04 data is neglected.

5. CONTROLLER DESIGN AND SIMULATION

The equation of motion of the object with respect to
ground is given by y(t). One of the main goals of this

Fig. 6. Test results of sensor fusion output in comparison
with individual sensor data.

work is to enable the quadrotor to follow a human. Hence,
to simulate a person walking at normal speed of about
140 cm s−1 (Levine and Norenzayan (1999)), the equation
used is as follows:

y(t) = 140 t (12)

For a person moving back and forth, the equation of
motion may not be as straightforward. Hence, to simulate
such a situation, a sinusoidal input for amplitude 50 cm
and time period of 3 seconds has been used.

y(t) = 50 sin(
2πt

3
) (13)

5.1 PID Controller

The controller uses a PID control law for the regulation of
distance between the object and the quadrotor. A reference
value of 75 cm between the object and the quadrotor was
selected.

Up(t) = kp e(t) + kd
de(t)

dt
+ ki

t∫

0

e(t) (14)

Here, e(t) is the difference between the observed distance
and the reference distance. The reference in the implemen-
tation is selected as 75 cm. kp, ki and kd are the P, I and D
gains respectively. Up(t) is the controller output in terms
of the PWM signal value constrained between +65 and -65
to limit pitch angle to a maximum of 12◦.

The algorithm runs the control loop only when com-
manded to do so (from the transmitter) and when the dis-
tance measured is within 35 cm of the reference distance.
At all other times, it is under manual control.

5.2 SIMULINK R© Model

The control system along with the two aforementioned
probable motions of the object (person) was modelled
on SIMULINK R©. The reference input is set at 35 cm
as detection begins at this distance the the reference in
the SIMULINK model is left at 0 cm for simplicity. The
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response will remain the same as when the reference is
kept at 75 cm with a detection at either 75 + 35 = 110 cm
or 75− 35 = 40 cm.

Fig. 7. SIMULINK R© model of the closed-loop system.
It shows two possible types of motions - linear and
sinusoidal - as feedforward inputs.

The simulated system response (8 seconds) for kp =
3.5, ki = 0 and kd = 0.6 were plotted as shown in Fig.8 and
Fig.9. The integral term remains at zero as this prevents
the feedforward component in the system from generating
an unstable closed-loop response.

Fig. 8. Response for linear movement of the object.

Fig. 9. Response for sinusoidal movement of the object.

The results from Fig. 8 and Fig. 9 show that the quadrotor
settles at the desired relative distance from the object
within 1 second and does not deviate by more than 2 cm
from its desired position once motion begins. In the case

of sinusoidal motion, there exists a persistent sinusoidally
varying error due to the feedforward component in the
system model. However, its amplitude is less than 1 cm.
Therefore, the controller performance can be said to be
satisfactory.

6. IMPLEMENTATION AND RESULTS

The controller was implemented on an Arduino UNO
(16MHz processing speed) with three modes:

(1) Stabilise Mode: In this mode, APM performs attitude
stabilization. Apart from that, the yaw, pitch, roll and
thrust inputs lie in the control of the transmitter held
by the user.

(2) Altitude Hold Mode: In this mode, the thrust control
is almost completely taken away from the user and
is controlled by APM to maintain constant altitude
using data from the on board barometer; rest of
the control is retained by user as in Stabilise Mode.
Channel 5 of the transmitter is used to activate this
mode.

(3) ‘Follow Me’ Mode: This is the mode for which the
entire control system was developed. In this mode, the
quadrotor scans for an object in front of it and follows
it when the specified distance criterion is satisfied.
This mode is nested in altitude hold. The object
detection begins when Channel 6 of the transmitter
is set to a value above a given threshold.

Fig. 10. Loop flow chart of the algorithm.

The ‘object’ used was a cardboard panel mounted on a
ground robot. The tests were carried out by activating the
quadrotor’s ‘follow me’ control loop at a preset distance
from the object while it traversed linear and sinusoidal tra-
jectories in between sufficient dwell times. The trajectory
of the ground robot was gathered from its motor encoders
and the same from the quadrotor was gathered from its
IMU. The maximum and mean absolute tracking error
during the linear walking experiment was about 55 cm and
13 cm respectively. The error was not more than 20 cm
during the sinusoidal back-and-forth tracking. In spite of
the drift from the accelerometer data integration causing
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response will remain the same as when the reference is
kept at 75 cm with a detection at either 75 + 35 = 110 cm
or 75− 35 = 40 cm.

Fig. 7. SIMULINK R© model of the closed-loop system.
It shows two possible types of motions - linear and
sinusoidal - as feedforward inputs.

The simulated system response (8 seconds) for kp =
3.5, ki = 0 and kd = 0.6 were plotted as shown in Fig.8 and
Fig.9. The integral term remains at zero as this prevents
the feedforward component in the system from generating
an unstable closed-loop response.

Fig. 8. Response for linear movement of the object.

Fig. 9. Response for sinusoidal movement of the object.

The results from Fig. 8 and Fig. 9 show that the quadrotor
settles at the desired relative distance from the object
within 1 second and does not deviate by more than 2 cm
from its desired position once motion begins. In the case

of sinusoidal motion, there exists a persistent sinusoidally
varying error due to the feedforward component in the
system model. However, its amplitude is less than 1 cm.
Therefore, the controller performance can be said to be
satisfactory.

6. IMPLEMENTATION AND RESULTS

The controller was implemented on an Arduino UNO
(16MHz processing speed) with three modes:

(1) Stabilise Mode: In this mode, APM performs attitude
stabilization. Apart from that, the yaw, pitch, roll and
thrust inputs lie in the control of the transmitter held
by the user.

(2) Altitude Hold Mode: In this mode, the thrust control
is almost completely taken away from the user and
is controlled by APM to maintain constant altitude
using data from the on board barometer; rest of
the control is retained by user as in Stabilise Mode.
Channel 5 of the transmitter is used to activate this
mode.

(3) ‘Follow Me’ Mode: This is the mode for which the
entire control system was developed. In this mode, the
quadrotor scans for an object in front of it and follows
it when the specified distance criterion is satisfied.
This mode is nested in altitude hold. The object
detection begins when Channel 6 of the transmitter
is set to a value above a given threshold.

Fig. 10. Loop flow chart of the algorithm.

The ‘object’ used was a cardboard panel mounted on a
ground robot. The tests were carried out by activating the
quadrotor’s ‘follow me’ control loop at a preset distance
from the object while it traversed linear and sinusoidal tra-
jectories in between sufficient dwell times. The trajectory
of the ground robot was gathered from its motor encoders
and the same from the quadrotor was gathered from its
IMU. The maximum and mean absolute tracking error
during the linear walking experiment was about 55 cm and
13 cm respectively. The error was not more than 20 cm
during the sinusoidal back-and-forth tracking. In spite of
the drift from the accelerometer data integration causing
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a noticeable error in the experimental results, the perfor-
mance of the controller as seen from Fig. 11 and Fig. 12 is
satisfactory for this application.

Fig. 11. Experimental Results: Target tracking of a linearly
moving object.

Fig. 12. Experimental Results: Target tracking of a sinu-
soidally moving object.

7. CONCLUSION

In this paper, a computationally cheap and effective way
of object detection and tracking in one dimension was
demonstrated. The entire system including the quadrotor
kit was assembled in under $150, requiring only a 16MHz
on board processor. It is easy to see how this system can be
extended to account for multiple dimensions. Such systems
can find applications in both indoor and outdoor localiza-
tion with respect to fixed and moving references. Robot
swarms requiring coordinated movement may utilize this
system in GPS-denied or visually degraded environments.
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