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Abstract This paper presents a novel method for the interception of moving targets in the
presence of obstacles. The proposed method provides simultaneous positional interception
and velocity matching of the target moving in a dynamic environment with static and/or
mobile obstacles. An acceleration command for the autonomous robot (i.e., interceptor) is
first obtained from a rendezvous-guidance technique that takes into account the kinematic
and dynamic limitations of the interceptor, but not the motion of the obstacles. This
command is subsequently augmented, though only when necessary, in order to avoid those
obstacles that are about to interfere with the time-optimal motion of the interceptor. The
augmenter acceleration command is obtained in our work through a modified cell-
decomposition method. Extensive simulation and experimental results have clearly
demonstrated the efficiency of the proposed interception method, tangibly better than other
existing obstacle-avoidance methods.

Key words moving-object interception . navigation-guidance . obstacle-avoidance .

online trajectory planning . rendezvous-guidance

1 Introduction

Autonomous navigation in dynamic cluttered environments is the first and foremost
requirement for intelligent vehicles. Intelligent vehicles are defined as those that can move
and navigate autonomously in highway and/or urban traffic, in unstructured manufacturing
environments, etc. In flexible manufacturing systems, for example, a common material-
handling system is the Automated Guided Vehicle (AGV), used to transport tools and parts
to and from workstations. Present day AGVs are guided by wires embedded below the
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surface or strips placed/painted on the surface and stop their motion when encountered with
an obstacle [1]. Thus, their autonomy and efficiency could be tangibly increased, if they
were capable of making on-line routing decisions in (mobile or static obstacle) cluttered
environments.

In the above context, the focus of this paper is on two autonomy aspects of intelligent
and autonomous vehicles: (a) guidance-based time-optimal interception and rendezvous
with a moving target and (b) obstacle avoidance. In the following subsections, the most
pertinent literature is reviewed prior to the overview of the proposed system in Section 2.

1.1 Guidance Based Interception

The literature on missile guidance can be traced to as early as 1870s, when the destruction
of enemy vessels by guided torpedoes was proposed to the Prussian Ministry of War [2]. As
the field has developed, missile-guidance techniques have been classified into five main
categories [3]: Line-Of-Sight (LOS) guidance, in which the interceptor remains on a
hypothetical line connecting the point of control to the target; Pure Pursuit (PP), in which
the missile always heads towards the target; Proportional Navigation Guidance (PNG), in
which the rate of rotation of LOS is kept zero while the distance is decreased; Optimal
Guidance (OG), in which an objective function is optimized using optimal control theory
such that interception is guaranteed; and, other guidance methods including the use of
differential game theory. Missile guidance laws assume that the future trajectory of the
target is completely defined either analytically, or by a probabilistic model [4–6].

The tools used to compute tactical missile guidance laws are similar to those used in
dynamic motion planning. In particular, the PNG law uses the homing triangle for
computing the acceleration of a missile pursuing an evading target. The homing triangle is
defined by the interceptor, the target, and the point of interception. This control law makes
the interceptor’s acceleration normal to its path and proportional to the rate of change of the
line of sight vector to the target. This ensures that the angle between the velocity vector of
the interceptor and the LOS is constant. This in turn results in a homing triangle with fixed
angles, which collapses to a point at interception. Due to its low computational
requirements, simplicity of on-board implementation and time optimality characteristics,
PNG has been the most widely used and researched guidance technique among all missile-
guidance methods [7]. However, the problem of velocity matching introduced in this paper
has not been an issue in missile-guidance applications.

The need for Rendezvous-Guidance (RG) methods arose from spaceship rendezvous
missions with space stations and/or satellites. Rendezvous has been defined as the
simultaneous matching of the position and velocity vectors of the autonomous vehicle with
those of the target. A PNG-based RG method for the docking problem of two space
vehicles was proposed in [8]. In [9], the use of exponential-type guidance, which is a
special form of PNG-RG, was suggested for asteroid rendezvous. The problem of
rendezvous with an object capable of performing evasive manoeuvres in order to avoid
the rendezvous (as opposed to a non-evasive friendly target) was addressed in [10].

The utilization of a guidance-based technique in robot motion planning, with the purpose
of improving upon the interception time achievable by visual-servoing techniques, was first
reported in [11–14]. Although, these works showed that guidance-based methods could
yield shorter interception times compared to other available techniques, all were limited to
environments with no static or dynamic obstacles. Thus, this paper proposes a new
guidance-based method that overcomes this limitation by modifying the RG law and
enabling it to optimally deal with obstacles.
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1.2 Motion Planning and Obstacle Avoidance for Mobile Robots

In the early 1960s, manufacturers such as General Motors began to use robot manipulators
to aid them in various manufacturing tasks such as welding. A common way of specifying
the movement of a robot was using a pendant to manually move the robot first through the
required motions and teaching it collision-free paths. As tasks became more complicated,
this method of path planning was too difficult and time-consuming. In response, a simple
collision-avoidance method was proposed in [15]. It used a visibility graph to find a
collision-free path in the workspace. A visibility graph is a roadmap method in which the
vertices of the obstacles, nodes, are connected to each other if they are not obstructed. The
shortest path is, then, found heuristically by searching through these nodes. A series of
papers addressing the problem of ‘piano movers,’ were published after this work [16–18],
where a collision-free path through a set of polygonal obstacles is found without the use of
heuristics. The same problem was addressed in [19] as an optimal-control problem by
minimizing the distance functions between potentially colliding parts.

One of the first mobile robots that could navigate through its surroundings
autonomously was reported in [20] in 1967. Starting in early 1980s, mobile robotics
became a common research theme and many papers have been published since. As one of
the early examples, the outdoor land vehicle proposed in [21] used a navigation system that
incorporated the use of sensor data and pre-loaded global maps. The autonomous mobile
robot proposed in [22] used a collision-avoidance method that detected possible collisions
and either slowed down or sped up the robot to avoid the collisions.

Starting in 1990s, collision-avoidance techniques matured and evolved to yield algo-
rithms that are “feasible, believable, and practical” [23]. Many of the individual techniques
for static-obstacle avoidance methods have been classified into three main categories: road-
map methods (visibility and Voronoi graphs), potential field techniques, and cell decompo-
sition methods [24–26]. In Cell Decomposition (CD), the focus of this paper, the workspace
is divided into cells that represent ‘obstacles’ and ‘free space.’ A path is the constructed by
connecting the cells that guide the robot to its goal: in Exact CD (ECD), the workspace is
divided into polygons. The union of the free cells defines exactly the free space; in
Approximate CD (ACD), square cells are used to approximate the workspace. Each square
may be ‘filled’ or ‘empty,’ depending on the presence of an obstacle in each square cell. ACD
is further divided into three types: regular grid, quadtree, and framed-quadtree [27, 28].

One major advantage of ECD over ACD, and potential-field techniques, is its robustness
in finding a solution: ECD guarantees a solution when one exists. The major computational
requirement of ECD, however, is the triangulation or division of the workspace. The
solutions of ACD are similar to those of the visibility graphs, where the robot travels very
near the edges and vertices of the obstacles, while ECD yields a path through the midpoints
on the edges that separate obstacles. Thus, the robustness of ECD is in its ability to
guarantee a solution that is safer than that of ACD.

2 System Overview

A schematic diagram of the proposed implementation of RG and Modified ECD (MECD)
method is shown in Figure 1. A vision module first obtains the positional and velocity (p, v)
state vectors, respectively, of all the objects in the workspace, namely, the robot’s (pR, vR),
the target’s (pT , vT) and the obstacles’ (pO1, vO1), (pO2, vO2), etc., and passes this infor-
mation to the RG and MECD algorithms. The RG method first determines the maximum

J Intell Robot Syst (2006) 47: 341–360 343



allowable closing velocity component, which represents the desired velocity to be achieved
by the robot in the next time instant, and then computes the acceleration command to
achieve this velocity, aRG. In parallel, the MECD acceleration command, aMECD, is
obtained. Aweighting factor, w, is used to combine the two accelerations. When the robot is
far away from the obstacle, more emphasis is given to the acceleration command aRG,
conversely, in close vicinity of the obstacle more emphasis is given to the acceleration
command aMECD.

The robot controller receives the combined acceleration command, aR, and transforms it
into the necessary right- and left-wheel velocities required to move the robot in the desired
direction at the desired velocity. One should note, however, that the largest lateral accel-
eration which a mobile robot with a differential drive can achieve without causing slippage is
dependent on the wheels’ rotational speeds as well as the kinematic/dynamic model of the
robot. If the acceleration command given by the path planner were to exceed the maximum
allowable acceleration of the robot, the robot simply adopts the maximum feasible value.

The proposed algorithm is reiterated until rendezvous with the target is achieved with a
matching velocity component. Sections 2.1 and 2.2 present a detailed discussion of the RG
law and MECD method, respectively. Section 3 explains how the RG law and the MECD
method are combined to obtain the final acceleration command for the robot.

2.1 Interception Using Rendezvous Guidance

A Line-of Sight (LOS) is defined as the relative position vector, r, connecting the
interceptor/robot to the target as shown in Figure 2. The parallel-navigation rule states that
the direction of LOS should remain constant relative to a non-rotating frame, while the inter-
ceptor approaches the target. Namely, the relative velocity, r

�
, between the robot and the target

should remain parallel to the LOS, r, at all times [2]. If this rule holds throughout the motion
of the interceptor, the distance between the interceptor and the target would decrease until
they collide. Furthermore, if the target moves with a constant velocity, parallel navigation
results in global time-optimal interception.

The parallel-navigation law is expressed by the following two relationships:

r � r
� ¼ 0; ð1Þ

and

r � r� < 0: ð2Þ

+

+
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Figure 1 Schematic of proposed hybrid RG-MECD method.
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Equation (1) guarantees that the LOS and relative velocity remain parallel, while equation
(2) ensures that the interceptor is not receding from the target. The above equations can be
solved for r

�
in a parametric form to yield

r
� ¼ �αr; ð3Þ

where α is a positive real number. The instantaneous relative velocity, also referred to as
‘closing velocity,’ can be, then, written in terms of the robot and object velocities, denoted
by vR and vT, respectively, as follows:

r
� ¼ vT � vR: ð4Þ

Substituting equation (3) into equation (4) and solving for the robot velocity yields:

vR ¼ vT þ αr: ð5Þ
The goal of the trajectory planner is to obtain a robot-velocity command for the next

command instant, according to the parallel-navigation law. The vectors r and vT are
determined based on data received from a vision module based on the instantaneous
positions of the robot and the target. Substituting these two known vectors into equation (5)
would result in a locus for the robot’s velocity vectors, vR, all lying on a semi-line
parameterized by α. This semi-line, referred to as the Rendezvous Line (RL), is depicted in
Figure 2. The centre of the frame of coordinates is located on the robot to show the
instantaneous relative position of the target. The end-points of the velocity vectors show
the position of the target or the robot, after one unit of time has passed, should they adopt
the corresponding velocities. If the robot continually adopts a velocity command that falls
on the instantaneous RL, the direction of LOS would remain constant and positional
matching between the robot and the manoeuvring target is guaranteed.

Unlike in missile-guidance applications, in order to rendezvous with a target, the
velocity of the robot/interceptor must also match the velocity of the manoeuvring target at
the time of interception. The velocity commands generated based on equation (5) guarantee
position matching. Thus, the next task is to find an α value such that velocity matching is
also assured. An early attempt to match the target velocity may unnecessarily increase the
interception time. Thus, it is desirable to determine the maximum allowable closing
velocity without violating the velocity-matching condition.

Let us assume that from the current instant until interception, the robot is guided by
velocity commands that lie on the instantaneous RL. This assumption allows us to consider
the interception problem only in the direction of LOS. Let us, furthermore, consider that the

vR = vT

Target 

Robot 

r 

vT

Y 

X 

vR = vT + rα

RL 

Figure 2 Construction of
Rendezvous Line (RL).
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acceleration capability of the robot in this direction is given by A. This acceleration would
be used to bring the closing velocity down to zero. Assuming a constant acceleration for the
rest of the robot motion, the simultaneous reduction of velocity and position differences in
the direction of LOS for interception may, then, be written as

r�rendmax � Atr ¼ 0;

r � r
� rend
max tr þ 1=2At

2
r ¼ 0

(
; ð6Þ

where r
� rend
max is the magnitude of the maximum allowable closing/rendezvous velocity

(hence, the superscript rend), and tr is the time remaining to intercept the target from the
current instant. The maximum instantaneous allowable closing velocity is then obtained by
solving equation (6),

r
� rend
max ¼

ffiffiffiffiffiffiffiffi
2rA

p
: ð7Þ

The maximum closing velocity as imposed by the frequency of velocity command
generation by the trajectory planner for a fast asymptotic interception is given by

r
� cr
max ¼ r nΔt:= ð8Þ

The value of n is determined experimentally. The final allowable closing velocity
component of the velocity command is, then, obtained by considering equations (7) and
(8) simultaneously:

vrelmax ¼ min r
� rend
max ; r

� cr
max

D E
: ð9Þ

The end points of all velocity command vectors on RL that have a closing-velocity
component smaller than v rel

max constitute a line segment extending from vR=vT to
vR ¼ vR;max ¼ vT þ vrelmax r= rk kð Þ� �

. This set of points is referred to herein as the Rendezvous
Set (RS), Figure 3a.

The velocity represented by vrelmax (Figure 3a) may not be achievable by the robot within
the time interval Δt. Therefore, we define a feasible velocity region representing all
velocities achievable by the robot within the time interval Δt, taking into account the
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Figure 3 Rendezvous set and the generation of velocity commands.
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kinematic and dynamic constraints on the robot, [29]: this region is depicted by the polygon
in Figure 3b. The velocity selected by the robot for the time interval Δt is the component of
the RS within the feasible velocity region with the maximum value, which is represented by
vR (ti+Δt) in Figure 3b. It is, thus, concluded that if the robot adopts velocity commands
from within the RS with the largest allowable closing velocity component, then, a time-
efficient interception can be achieved.

The overall generation of velocity commands from the rendezvous-guidance algorithm
can be summarized as follows, Figure 3b: (1) Receive the instantaneous state of the object
and the robot, (2) determine the feasible velocity region of the robot for the current state, (3)
construct the RL obtain the maximum closing velocity, (4) construct the RS, and finally, (5)
determine the robot velocity based on the intersection of RS and feasible velocity region.
This process is repeated until both position and velocity matching errors are reduced to
within the specified tolerances.

2.2 Obstacle Avoidance Using Cell Decomposition

The two most common static obstacle-avoidance methods that have been utilized in robotic
applications are the Exact Cell Decomposition (ECD) and Potential Field (PF) methods.
Both examine a single snapshot of the workspace and devise an optimal collision-free path
to the target. Since obstacle and target movements are not factored into the calculations,
these methods only perform well in finding a collision-free path based on the current
positions of the robot, obstacles, and target. The planned path is usually the shortest one
that is within the constraints of the algorithm. When used in a dynamic environment, the
time-optimality of these methods quickly degrade. In this work, we consider only the ECD
method, since it offers a more robust performance over the PF method by guaranteeing a
solution when one exists [24]. However, since solutions provided by ECD may perform
poorly under dynamic conditions, herein, the ECD method is first modified and, then,
further augmented with a rendezvous guidance law for optimal-time interception and
velocity matching.

2.2.1 Exact Cell Decomposition

Exact Cell Decomposition (ECD) divides the workspace into triangles (cells) and
determines a collision-free path by connecting the midpoints of the edges of a series of
cells, henceforth referred to as nodes, that link the robot to the target via the assignment of
cost for travel between each node, Figure 4. Only the obstacles and the boundaries of the
workspace are considered in the triangulation problem. The specific triangulation algorithm
used in this work is based on the bridge-building operation first presented in [30]. The
Dijkstra Algorithm [31] is subsequently used to search for the shortest path between the
robot and the target from any node in the network.

2.2.2 Modified Exact Cell Decomposition

In conventional ECD, as noted above, the workspace is divided into triangles and nodes are
placed at the midpoints of the edges of these triangles. One may note that if an obstacle
were to be located far from the workspace boundaries, the edges would be very long. As a
result, if the position of the robot or target were near an obstacle, the path generated would
be unnecessarily long. Thus, the use of a Modified form of ECD (MECD) is proposed here.
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MECD is similar to the Framed-Quadtree approach for the Approximate Cell Decompo-
sition method [27, 28], where more than one node is made available on the edge of a cell. A
safety distance is defined for MECD. Rather than having only one possible node on each
line, at the midpoint of the line, another node is considered, at a safety distance from the
obstacle, on the line. This is applied to both ends of the line. Therefore, on each line, there
are, now, three available nodes that could be traversed. In the case where a edge is short,
defined as being less than (3×safety distance), only the midpoint is used as a node. A robot
path based on ECD is illustrated Figure 5a, while that of MECD is shown in Figure 5b.

3 Implementation

3.1 Trajectory Generation

The process of generating a robot trajectory using the proposed hybrid RG-MECD
algorithm is depicted in Figure 6, where a target is moving with a velocity vT in an
environment having a single static obstacle that blocks the path of the robot.

In Figure 6, vR represents the velocity of the robot at the current time instant ti. First, in
order to obtain the RG velocity component, vRG, the Rendezvous Set (RS) is constructed
(line from v1 to v rel

max as described in Section 2.1). The Feasible Velocity Region (FVR) for
the robot is obtained next: this denotes all velocities achievable by the robot in the time
interval (ti+Δt) shown by the parallelogram in Figure 6. As shown in Figure 6, the velocity
v rel
max lies outside the FVR, thus, this velocity cannot be achieved by the robot within the
time interval (ti+Δt). Therefore, we have to select another velocity from within the RS for
the time interval (ti+Δt). As shown in Figure 6, the Rendezvous Line (RL) intersects the
FVR at two points designated by v1 and v2. The set of points on the line bounded by v1 and

Figure 4 A possible path
in a decomposed workspace
using ECD.
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v2 represents the set of velocities that are both within the FVR as well as members of the
RS, these set of points is referred to as the Feasible Rendezvous Set (FRS). By selecting a
point from within FRS we would ensure a rendezvous with the target with the desired
velocity component.

For time-optimal rendezvous, we select the maximum velocity from within FRS that
takes the robot nearest to the target, which corresponds to v2 in this case. Thus, the required
velocity to be achieved by the robot in the next time instant computed by the RG law is
given by vRG ¼ vR ti þΔtð Þ ¼ v1. The corresponding lateral acceleration command aRG in
order for the robot to achieve this velocity in the interval (ti+Δt) is expressed as

aRG ¼ vRG � vRðtiÞ
Δt

: ð10Þ

However, as can be noted in Figure 6, if the acceleration command is computed purely
via the RG law, the robot would collide with the stationary obstacle. Therefore, the
acceleration command needed to avoid the stationary obstacle must be determined via the
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MECD method, as discussed in Section 2.2. First, we need to compute the velocity
component based on the MECD method, vMECD. As discussed in Section 2.2, the MECD
algorithm provides a target point for the robot, defined here as the workspace location to
which the robot is commanded to move during the next instant (ti+Δt). This is represented
by the velocity vector vTP in Figure 6. Thus, the velocity required in the next time interval
Δt, in order to avoid the obstacle, is given by vTP. It should noted that, in the case of static
obstacles, the target point remains the same as long as the robot remains in a particular cell,
since for static obstacles there is no change in the decomposition of the workspace with
time. However, for dynamic obstacles, there would be a shift in the position of the target
point for each time increment Δt. Therefore, for dynamic targets the target point needs to
be tracked as well.

The lateral acceleration command, aMECD, given to the robot to achieve vTP in the
interval (ti+Δt) is expressed as

aMECD ¼ vTP � vR tið Þ
Δt

: ð11Þ

Thus, for each time instance, we have two acceleration commands: aRG that places
emphasis on rendezvous with the target and aMECD that places emphasis on obstacle
avoidance, respectively. The next issue to consider is how to obtain a feasible overall
acceleration command which achieves both the above mentioned goals (rendezvous and
obstacle avoidance) without compromising time optimality. If the path of the robot to the
target computed by the RG Law is free of obstacles, one could proceed using just the aRG
command, conversely, in close vicinity of obstacle one could use only the acceleration
command aMECD. Thus, herein, depending on the need for obstacle avoidance, a weight
w is assigned to each acceleration command component in real-time, the procedure for
assigning the weight w is discussed in succeeding paragraphs.

In order to achieve the best possible optimization, the path planner collects two pieces of
information from the vision system: the distance and distance rate between the robot and
obstacle(s). The time-to-impact is, then, determined by dividing the distance by its rate:

time� to� impact ¼ d tið Þ
d ti�1ð Þ � d tið Þ=Δt

; ð12Þ

where d(ti) is the distance between the robot and the obstacle at the current time instant and
d(ti-1) is the distance between the robot and the obstacle in the preceding time instant. Using
the time-to-impact value, the acceleration command weight is calculated using a function
such as the one in shown in Figure 7. During the implementation of the proposed algorithm,
in order to ensure the safety of the robot, when the distance between the robot and obstacle
was below 300 mm, w was forced to have a value of 1. Also, one can note that, the value of
time-to-impact would be negative when the distance between the robot and the obstacle at
the current time instant d(ti) is greater than the distance in the previous time instant d(ti-1),
namely, the robot is moving away from the obstacle. In such a case, the obstacle is no
longer a threat and obstacle avoidance is not required. Therefore, the value of w is set to 0.
By considering the above two cases, the final acceleration command is obtained via
equation (13) by summing the weighted accelerations:

aR ¼ 1� wð Þ � aRG þ w� aMECD: ð13Þ
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The above procedure can be extended to multiple-obstacle scenarios, where the
trajectory planner first computes the distance and distance rate for each obstacle in the
environment. Based on these values of distance rate, the algorithm obtains the value of
w for each obstacle. Finally, the acceleration command with the largest value for w is
executed by the robot.

3.2 Robot/Interceptor Kinematics

In this sub-section, we briefly examine the kinematics of a mobile robot/interceptor with a
differential drive system by considering a robot located at (x,y) turning to the right. Let vl,
vr, and vR represent the velocities of the left wheel, the right wheel, and the robot,
respectively. Let d be the distance between the two wheels, and D be the distance between
the right wheel and the Instantaneous Center of Curvature (ICC), Figure 8. The set linear
velocity, vR, and angular velocity, ωR, of the robot define the turning of the robot at a
certain radius of curvature, RC, specifying vl, and vr,

ωR ¼ vR
d=2þ D

: ð14Þ
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The wheel velocities are then calculated as

vR ¼ vl þ vr
2

; ð15Þ

vr
D

¼ vl
Dþ d

; and ð16Þ

vl ¼ rwhωl; vr ¼ rwhωr; ð17Þ
where rwh is the radius of the wheel, and ωl and ωr are the angular velocities of the left and
right wheel, respectively.

4 Simulations

A large number of computer simulations were carried out for interception with matching
velocity using the RG-MECD algorithm. The maximum velocity and lateral acceleration of
the robot was limited to 300 mm/s and 3000 mm/s2, respectively. The robot is assumed to
have no axial acceleration and is initially moving at 300 mm/s in the positive X direction.
The criterion for successful interception was set as the achievement of <10 mm relative
distance in both X and Y directions and achieving a relative velocity of <10 mm/s with that
of the target. Results of two of simulations are shown in Table I.

The first simulation was carried out with static obstacles and a moving target. The
motion of the target in this simulation is a straight line and the rendezvous trajectory of the
robot is shown in Figure 9. The proposed trajectory planner uses MECD only when needed,
therefore, the robot begins its trajectory by following the path generated by the RG law. As
it, then, approaches the obstacle, the value of w increases and more emphasis is placed on
the acceleration command given by MECD. Since obstacle 1 lies directly in the path
generated by the RG law the value of w saturates to 1 as soon as the distance between the
robot and obstacle becomes less than 300 mm, in this situation the entire acceleration
command is obtained form the MECD method. As soon as obstacle 1 is navigated the
distance between the robot and the obstacle begins to increase this causes the value of time-
to-impact to become negative and w reduces to 0. Since obstacle 2 is not directly on the
path generated by the RG Law a small weight w is given to the acceleration command
generated by MECD for obstacle 2 during the entire manoeuvre. This example
demonstrates by the ability of the proposed RG-MECD method of yielding an optimal
path until obstacle avoidance is required.

The second simulation shows a highly dynamic environment in which both the obstacles
as well as the target is moving, for this simulation, the motion of the obstacles is linear

Table I Interception data simulations

S/No. Complexity Obstacle velocity (mm/s) Target velocity
(mm/s)

Interception
time (s)

Obs. 1 Obs. 2

1 Static obstacles – moving target 0 0 120 7.57
2 Moving obstacles – moving target 80 80 90 9.07
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whereas the motion of target is circular as shown in Figure 10. In this figure, a time
sequence of objects in the environment to show the time evolution of the avoidance
manoeuvre is also shown. In this case, the position of each object at discrete time instants is
shown. Each circle represents the location of the object after 1 s of motion. The shaded
circles represent the location of each object at time instants of 0, 3, 6, 9 s of simulated time.

As shown in Figure 10, the robot initially moves directly towards the target based on the
command generated by the RG Law, however, if this path is continued the robot will collide
with obstacle 1. This is recognised by the planner and the value of w increases and obstacle
1 is avoided. Further the method also realizes that the optimal path lies by passing in front
of obstacle 1 (instant 3). After obstacle 1 is negotiated the motion of obstacle 2 brings it
directly between the target and the robot. This causes the value of w to increase gradually.
At first the value of w is very small and the robot follows the command mainly generated
by the RG law, however, as the robot approaches obstacle 2 the value of w increases up to
the point where the distance between robot and obstacle reduces to less than 300 mm. At
this point the value of w saturates and becomes 1. However, as soon as obstacle 2 is
negotiated and the distance between the robot and the obstacle starts to increase the value of
w reduces to 0. Here again the algorithm correctly assumes that the optimal path lies by
passing behind the obstacle (instant 6). After avoiding the obstacles the robot matches the
velocity with the target using the rendezvous guidance law until the desired position and

Y
 (

m
m

)

0

300

600

900

1200

1500

0 300 600 900 1200 1500 1800 2100 2400 2700

Robot

Target

Obstacle 1

Obstacle 2 A
cc

el
er

at
io

n 
C

om
m

an
d 

W
ei

gh
t w

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4

w - Obs 1
w - Obs 2

X (mm)  Time (s) 

(a) (b) 

Figure 9 Simulation with static obstacles. (a) Robot trajectory. (b) Acceleration command weight w.
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velocity matching is achieved (instant 9). This example demonstrates the ability of the
method to deal with a highly dynamic environment and to correctly follow the optimal path
to rendezvous with a moving target.

5 Experiments

The physical layout of the experimental set-up is depicted in Figure 11 and the hardware
specifications are given in Table II. The software for the experiments, running in a Pentium
IV 1.6 GHz processor PC, consists of three modules: image acquisition and processing,
trajectory planning, and communication modules, respectively. An analog CCD camera
captures the image of the workspace and transfers it to the frame-grabber in the PC. The
vision algorithm, then, extracts the positional information of all the objects in the
workspace. This information is sent to the trajectory planner, where an acceleration
command is calculated for the robot/interceptor. The communication module broadcasts this
data to the mobile robots via a RF module connected to the PC through a serial port. Details
of the vision system, communication system and mobile robots are included in
Appendix A.

Figure 11 Physical layout
of the setup.

Table II Experimental hardware

Component Characteristics

Two mobile robots RF controlled
PC Host computer with frame grabber and RF module
CCD camera Resolution: 640×480 pixels

Lens focal length: 6 mm
Distance from floor: 3,000 mm

Floor workspace 2,740 mm×1,500 mm
Surface material: felt
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5.1 Experimental Results

In order to illustrate the real-time performance of the proposed algorithm, experiments were
carried out with the aim to intercept a moving target without trying to rendezvous with it
(for equipment safety reasons). A large number of experiments were carried out to verify
the proposed implementation methodology. Each experiment was repeated three times
under identical conditions (Table III and Figures 12 and 13). As shown in these figures, the
behaviour of the (pursuing) robot in terms of performance and trajectory is very similar to
the behaviour of the robot behaviour in the simulations. Experimental results (as did the
simulations) reflect the ability of the algorithm to determine the optimal interception path.

In the first experiment reported herein, the object is moving in a straight line and the
obstacles are static. In this case, as shown in Figure 12, the behaviour of the robot follows
closely the behaviour observed in the simulations. In the second experiment, Figure 13, an
obstacle is moving across the path of the robot and the target is static. This experiment
shows the ability of the algorithm to correctly assume the optimal interception path in real-
time. The robot starts of by proceeding directly towards the target using the RG Law;
however, it realizes that this path will lead to a collision with the oncoming obstacle.
Therefore, based on the weight w obtained form MECD the path of the robot is modified
(only when required) to avoid the obstacle. The algorithm again correctly decides that the
shorter path is obtained by passing in front of the obstacle rather than behind it.

6 Conclusions

A novel rendezvous-guidance method is proposed for autonomous robotic interception of
moving targets in a dynamic environment with static and/or moving obstacles. The focus

Table III Interception data experiments

E/No. Complexity Obstacle velocity (mm/s) Target velocity
(mm/s)

Interception
time (s)

Obs. 1 Obs. 2

1 Static obstacle − moving target 0 0 120 5.04
2 Moving obstacle − static target 120 0 0 6.18
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has been on two autonomy aspects: (a) time-optimal interception and rendezvous with a
moving target and (b) obstacle avoidance. The trajectory planner has two components: The
first component is obtained from the RG law, which is used to track the target itself. The
second component is obtained from the MECD method, which tracks the target points at
teach time instant. Each component assigns a lateral acceleration command independent of
the other. The final acceleration command, which is executed by the robot, is the sum of the
two weighted acceleration commands based on time-to-impact with an obstacle.

Simulations and experiments have verified the system to be efficient and robust in
regards to interception of moving targets with various different interception parameters and
situations. It is to be noted that in order to reduce the errors between the perceived and
actual state of the moving objects and further improve the robustness and performance of
the algorithm, it can be enhanced with well established probabilistic methods for robot
navigation e.g., use of particle filters.

Since the proposed method is based on well established guidance laws, it can be
extended to multi-robot applications. An interesting extension to the proposed algorithm for
future work could be to consider the application of the algorithm to intercept a set of
multiple moving targets in which case acceleration commands for each target could be
computed and executed based on a hierarchical framework depending on the tasks required
to be performed by the interceptor. A similar method could also be used in a multi-robot
intercepting system where a number of robots co-ordinate their movement based on the
acceleration commands generated by the guidance law to surround and eventually intercept
an evasive target.

Acknowledgement We acknowledge the support of the Natural Sciences and Engineering Research Council
of Canada (NSERC).

Appendix A: Details of the Experimental Setup

A1 Vision System

The robot, the obstacles, and the target have markers that are colour-coded for identification.
The raw image containing three channels of data, indicating the intensities of the Red (R),
Green (G) and Blue (B) colours in each pixel is transformed into the YCbCr (luminance,
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chrominance-blue, and chrominance-red) colour space. The transformation is performed by
the following equations [31]:

Y ¼ 0:299Rþ 0:587Gþ 0:114B ð18Þ

Cb ¼ B� Yð Þ=1:772 ð19Þ

Cr ¼ R� Yð Þ=1:402 ð20Þ
where Y has a range of [0, 255], and Cb and Cr have a range of [−127.5, 127.5].

When an image is examined, the weighted Euclidean distances, in the YCbCr colour
space, between each pixel in the image and the predefined colour set are calculated:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:15 Yp � Yc

� �2 þ 0:425 Cbp � Cbc
� �2 þ 0:425 Crp � Crc

� �2q
ð21Þ

where D is the weighted Euclidean distance, Yp, Cbp, and Crp, are measured YCbCr values
of the pixel, and Yc, Cbc, and Crc are the values of the predefined colour set. It was noted
that the pixels on the identification marker did not vary more than 18.0 in weighted
Euclidean distance from the defined YCbCr value. This value was, therefore, set as the
threshold distance: if a pixel is within this threshold distance of a certain colour in the
predefined colour set, then it is considered to be that colour. After the image has gone
through the thresholding operation, the positions of the mobile robot, the obstacles, and the
target are determined.

A search is performed to find the markers on all the objects. To achieve the smallest
sampling rate, the dimension of the smallest marker is used, denoted here as l pixels.
Starting from the pixel location (0, 0), every 0.5l pixels are sampled along the X and Y
directions. If the sampled pixel has the colour of the predefined set, a search frame is placed
over that pixel. The size of the search frame is twice the diameter of the marker. If the
number of pixels of a certain colour in the search frame exceeds a pre-determined threshold,
then, a marker of that colour is considered to be located in that search frame. The centroid

D

Search Frame 

Sampling Points 

Colour of Interest 

Sampled Point - 
Colour of 

Predefined Set 

Robot Marked Pattern 
l

Workspace 
Figure 14 Colour marker search.
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of that colour blob is, then, calculated to sub-pixel accuracy using the Centroid Method [32]
(Figure 14).

With all the markers located, object identification can be performed. The vision program
first searches for blue markers. Once a blue marker is found, the algorithm looks for a white
marker within a distance of the radius of a robot. If a corresponding white marker is
located, then, a robot has been successfully identified. Bearing of the object is indicated by
an imaginary line drawn between the center of the blue circle to the centroid of the white
pattern. The algorithm takes approximately 150 ms to execute (i.e., a frame-rate of 6.5 fps).

A2 Communication System

The communication system uses wireless transceivers to provide an asynchronous half-
duplex link between the host PC and the mobile robots, [33]. The transmission baud rate
operates at 19.2 kbps. Two carrier frequencies are available for this system: 866 MHz and
916 MHz. An independent wireless transceiver module is responsible for communication
on the host PC. It is connected to the PC through the RS-232 serial port. The MAX232N
chip converts the RS-232 signals into TTL signals which can, then, be transmitted by the
transceivers. The transceiver modules include the TLP916 and RLP916 for transmitting and
receiving, respectively.

A3 Mobile Robots

Two differential-drive mobile robots were used in the implementation of this paper: an
interceptor and a moving obstacle or target. The mobile robots are powered by two
Faulhaber 2842-012C DC-motors, rated at 12 V and provide 6.50 W of output power.
Maximum torque is rated at 6.88 oz-in. A Faulhaber 38/3 spur gear-head provides a 5.42:1
reduction ratio to provide more torque to the wheels. This gear-head is in turn connected to
the wheels through a 1:1 ratio gear assembly. Two ball casters provide balancing support to
the robot. The top plate is marked with a coloured pattern.

A4 Robot Controller

The robot controllers utilize the Quanser QIC processor core. A baseboard was designed to
house this processing unit and other auxiliary modules, such as the motor drivers and
wireless transceivers. The controllers are powered by two 7.2 V Canon BP-511 Li-Ion
batteries. The QIC Processor Core uses a Microchip PIC16F877 microprocessor and has a
built-in RS-232 interface. It has 8 K of flash program memory, 10-bit A/D converter, and a
built-in PWM controller. The processor is programmed using an embedded C++ language.
The baseboard consists of three modules: transceiver unit, power unit, and motor drivers.
Voltage regulators provide steady 12 V and 5 V for the transceiver unit and the motor
drivers. The PWM driven motor drivers used were Allegro Microsystems 3959 series
capable of delivering up to 3.0 A to each motor.
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