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Abstract. With robotics technologies advancing rapidly, there are
many new robotics applications such as surveillance, mining tasks, search
and rescue, and autonomous armies. In this work, we focus on use of
robots for target searching. For example, a collection of Unmanned Aerial
Vehicle (UAV) could be sent to search for survivor targets in disaster
rescue missions. We assume that there are multiple targets. The moving
speeds and directions of the targets are unknown. Our objective is to min-
imize the searching latency which is critical in search and rescue appli-
cations. Our basic idea is to partition the search area into grid cells and
apply the divide-and-conquer approach. We propose two searching strate-
gies, namely, the circuit strategy and the rebound strategy. The robots
search the cells in a Hamiltonian circuit in the circuit strategy while they
backtrack in the rebound strategy. We prove that the expected searching
latency of the circuit strategy for a moving target is upper bounded by
3”25% where n is the number of grid cells of the search region. In case
of a static or suerfast target, we derive the expected searching latency of
the two strategies. Simulations are conducted and the results show that
the circuit strategy outperforms the rebound strategy.

Keywords: Robot search - Mobile target - Search planning and
analysis

1 Introduction

From small toasters to huge industrial machines, robots are already an indis-
pensable part of our daily lives. Automatic robots such as Unmanned Aerial
Vehicle (UAV) can now be bought in many shops and are easily affordable by
individuals. Some UAVs can be bought at several hundreds US dollars. It is not
surprise to see UAVs flying nowadays. Apart from aerial robots, there are also
other kinds of robots such as unmanned vehicles (e.g., Google driverless cars),
AUVs/UUVs (autonomous underwater vehicle/unmanned underwater vehicles),
and unmanned ships. The robots carry sensors such as accelerometers, infrared
detectors, microphones and cameras. They can be used in many applications
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including surveillance, search and rescue, payload delivery and military missions
[1,2].

In this paper, we focus on searching missions using robots [7,25]. Figure 1
shows an example of the searching mission, where several robots are deployed
to search for multiple targets in an area. In July 2018, a 44-year-old paraglider
was blown off course from Sunset Peak in Lantau South Country Park in Hong
Kong'. The missing person was believed to have fallen into the nearby jungle or
the sea. It is difficult and slow to deploy ground machines or human forces to
search in the jungle or the sea. The Hong Kong police considered searching for
the missing person using UAVs, which could be massively deployed to assist the
search at land, sea, and air at low visibilities. There could be multiple targets to
be rescued and they may move from time to time. For example, in the incident
of MH3702?, there are over 200 people missing and they may move following the
ocean current. Using a large number of robots to assist in the search can increase
the chance of locating the targets in the huge search area and hence may save
more lives.

9 I T N R A
s| <0 1 1ol
***** e s M A s R Sebil DR
7 I T N R A
6 A T A
B s e B
e N A
e T e it HU Aeni ety e St
3 & S Q! L LA
2 LYk
1 A
1 2 3 4 5 6 7 8 9

Fig. 1. Robots searching for mobile targets in the search area

Although searching for mobile targets using robots is common in practice,
this topic has received little attention. To our best knowledge, we are the first
to study and analyze the strategies of robot-based mobile target searching. We
assume no information, such as speed and direction, about the target’s movement

! https://www.hongkongfp.com/2018/07/27 /hong-kong-paraglider- missing-since-sun
day-found-dead-lantau-island/.

2 https://www.usatoday.com/story /news/world/2014,/03 /07 /malaysia-airlines-beijin
g-flight-missing /6187779/.
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is known. We use a divide and conquer approach to let the robots search in
different areas. Fach robot searches its assigned area in a pre-set path. There
are two strategies: (1) Circuit strategy and (2) Rebound strategy. The search
strategies are divided into two phases. In the first phase, both strategies detect
every place in the map once to find the targets. However, as targets may move,
the robots may miss the targets in the first phase. Then, in the second phase,
the circuit strategy repeats the same path in the first phase until the robot
runs out of energy. In the rebound strategy, a robot backtracks (i.e., going back
along the path that it followed in the first phase) until its energy is depleted.
Interestingly, as we have proven in this paper, the circuit strategy has a lower
searching latency than the rebound strategy, i.e., the circuit strategy can find the
targets in a shorter time. We have also analyzed the expected searching latency
of our strategies. In specific, with n being the number of cells in the search area,
we proved the following:

1. The expected searching latency of the circuit strategy is upper bounded by
3n2—4n+3

2n :
2. The expected searching latency of both strategies is 2% when the target is

2
static.
3. The expected searching latency of any strategy is n when the target is super-
fast and can move to any location in the search area at any time.

The simulation results agree with our theoretical results and show that the
circuit strategy has the lowest searching latency.

2 Related Works

Motion control of robots was modeled in [3-5,10,22,28] and has been applied
in a number of applications, such as target searching [8,18,19] target track-
ing [16,23,24], formation of specific topologies and patterns [12,15,26], coverage
area maximization [6,14,21,27], vehicle behavior description [11,13], and net-
work connection maintenance [9,17,19]. We focus on the target searching liter-
ature as follows.

Several studies have examined searches for a single static target. Dimidov et
al. [8] analyzed the efficiency of two classes of random walk search strategies,
namely the correlated random walk and Lévy walk, for discovering a static tar-
get in either a bounded or open space. The search strategies were tested through
simulations that used up to 30 real robots (Kilobots). During the experiment,
communication between robots included sharing information about discovery of
the target. Sakthivelmurugan et al. [20] introduced a number of searching strate-
gies for the detection and retrieval of a static target, including the straight-line,
parallel-line, divider, expanding square, and parallel sweep approaches. Exper-
iments were conducted with up to four robots in an environment with known
boundaries and showed that a parallel sweep with the divider approach was the
most efficient strategy.

Searching for multiple targets was studied by Rango et al. [18]. They consid-
ered the mine detection problem using a modified ant colony algorithm. Given
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Table 1. A summary of differences between our work and current literature

Single/multiple targets | Static/mobile targets
This paper | Multiple targets Both static and mobile targets
[19] Single target Static target
[8] Single target Static target
[18] Multiple targets Static targets

multiple mines that were randomly distributed in an unexplored area, the prob-
lem is to use robots to explore the area and detect all of the mines in the minimum
time. During the searching process, the robots lay repelling anti-pheromones on
the explored area. When a robot decides for its next next movement, it per-
ceives pheromone information from their surroundings and travels to undetected
regions with the least pheromone intensity. Once one or more robots discovered
a mine, attractive pheromones were deposited to recruit other robots. After the
required number of robots were attracted to the mine location, they worked
cooperatively to disarm the mine.

Although the robot-based target searching has been studied, the previous
works focused on the static target. To the best of our knowledge, this paper
is the first one to consider mobile target searching using robots. In Table 1, we
summarize the differences between our work and current literature.

3 Problem Definition and System Models

There are M targets (e.g., missing persons). They are located within a rectangu-
lar search area of size w X £. They may move from time to time. The speed and
direction of the targets are unknown and they can change at any time. Targets
are assumed not to move outside the search area. There are N homogeneous
robots (e.g., UAVs). Each robot is given a unique integer 1 to N as its ID. Each
robot has a lifetime of L, representing the time it can spend to search for the
target, e.g., before the battery is empty. Each robot has sensing ability so that
it can detect a target within a small range. We define the searching latency of
i-th target, denoted as T;, as the time to locate the target since the start of the
search. The problem is to design searching plans of the robots so that the chance
for the robots to find all targets is maximized and the average searching time
(#) is minimized.

First, we discretize the problem as following. The sensing range of each robot
is assumed to be a square® of length k so that the robot can detect the target
if it is located in the square. We divide the search area into w. x . cells where
we = [%] and b = [£]. We write (z,y) as the coordinate of each cell. (1,1)
represents the bottom left corner while (w, £.) represents the upper right corner.
Let n = w, X £. be the total number of cells of the search area. In our system,

3 The actual sensing range could be a circle containing the square.
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Table 2. Important notations.

Notation | Definition

Number of cells in width of the search area

g

IS}
o

Number of cells in length of the search area

Total number of cells of the search area, n = w. X £,

Number of robots

Number of targets
Lifetime of the robots

Searching latency of i-th target

~l5xzl=zs

The current timeslot

we consider that n is significantly larger than number of robots N as the search
area in reality is normally very large. Time is also discretized (time-slotted).
We define 1 unit of timeslot as the time taken by the robot to move from a
cell to a neighboring cell (including diagonally) and perform the detection. In
others words, after a robot has finished the detection at a cell, it can move in 8
directions and reach the next cell to perform the detection. Each robot performs
the movement and detection for exactly 1 cell in 1 timeslot, i.e., the speed of the
robot is 1 (cell per timeslot). A target is always located in one of the n cells of the
search area. If a target and a robot are in the same cell at the same timeslot, the
target is detected. The problem now becomes to design search paths of robots
on the cells. Table 2 summarizes the major notations used in the paper.

4 Search Strategy of Robots

We use a two-phase search strategy as described below.

Phase 1: Explore all Cells Once. Without any information about the target’s
location, the first goal in the searching task is to check all the cells in the search
area once. We use a divide and conquer approach to let the robots search in
different regions at the same time. We take a side (width or length) of the search
area, and divide it into N strips along this side, as shown in Fig. 2. Each robot
is assigned a strip to search for targets and it visits every cell in the strip to find
the targets. The side is selected in order to minimize the difference between the
areas of the strips. Say for example, if w, is divisible by N, we divide the search
area along the width. Each strip is an equi-width rectangle of size §¢ x £. In
general, say we divide the search area along the width and let »r = w. mod N.
For robots with ID < r, each is assigned a strip of width [%¢] and length /.. For
robots with ID > r, each is assigned a strip of width |%¢| and length /.. Each
robot starts its search at the bottom left corner of its assigned strip at ¢t = 1.

Phase 2: Re-visit Until All Targets are Found. If the targets are static, i.e.,
they do not move, it is guaranteed to find all targets in phase 1. Since the targets
may move, the robots may miss some targets. The robots repeat the search until
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Fig. 3. Search paths of the circuit strategy for different dimensions of the search area.

all targets are found. We consider the following two searching strategies for each
robot.

Circuit Strategy. Each robot travels in a Hamiltonian circuit to visit all
the cells in the assigned strip. After visiting all the cells once, the robot ends
at the staring location. It repeats the circuit again and again until all targets
are found. Hamiltonian circuit always exist when the width and length of the
strip are over 1. Figure 3 illustrates the search paths of the circuit strategy.
Rebound Strategy. Each robot travels in a Hamiltonian path. After it visits
all the cells once, it starts at the ending point and travels back the same
Hamiltonian path in the opposite direction. It repeats the path back and forth
until all targets are found. Hamiltonian path always exist. Figure 4 illustrates
the search path of the rebound strategy.

5 Analysis on Searching Latency

We analyze the searching latency of the proposed searching strategies theoreti-
cally. We assume there is one robot only in the search area. It is trivial to extend
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Fig. 4. Search path of the rebound strategy.

to the multi-robot case as each robot searches in a non-overlapping area. If the
targets are all independent, the expected searching latency of any of them is the
same. Our analysis focuses on the searching latency of j-th target, T;. We divide
the analysis into three parts:

Static Target. The target does not move but its location is unknown.
Superfast Target. We consider the target’s speed v is over the size of the
search map, i.e., v > max(we, £.). The target can move from any cell to any
cell between any two timeslots. In this case, the locations of the target at two
consecutive timeslots are independent.

Mobile Target. The target may move and its speed v is smaller than the
size of the search map, i.e., v < max(we, {.).

5.1 Analysis on Static Target

As the robot searches in all cells, it is guaranteed to find the target. In Theorem 1,
we show that both strategies have the same expected searching latency.

Theorem 1. If the target is static, then the expected searching latency of a robot
using either circuit strategy or rebound strategy is E(T;) = "T'H, where n is the
number of cells of the search area.

Proof. Since there are n cells, the target must be found at or before t = n. There
is a probability of % to find the target at ¢t =4 for i = 1 to n. We have

Z Pr(Target found at t =) -4
i=1

E(T3)
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5.2 Analysis on Superfast Target

In Theorem 2, we show that any strategy has the same expected searching
latency.

Theorem 2. If the target is mobile with speed > max(we,{.), then the expected
searching latency of a robot using any strategy is E(T;) = n, where n is the
number of cells of the search area.

Proof. The probability of the target appearing in any cell at any time ¢ = 4 is the
same, i.e., Pr(Robot meets target at t = i) = % Note that the above probability
is the same regardless of which strategy is used. The expected latency is

1

E(T;) = =
(1) Pr(Robot meets target at t = ) "

5.3 Analysis on Mobile Target

Every time a robot explores a cell and cannot find the target there, we can
conclude that the target must be in one of the remaining cells. We model the
target’s movement as a probabilistic model where the target may stay at the
same cell in the next timeslot with a probability p or may move to a neighboring
cell with even probability. We can estimate the probability of finding the target
at different cells using the following.

Let x be a cell in the search area and N, be the set of reachable cells of x.
Let Pi(m) be the probability of the target being located at cell z at ¢t = i. Assume
the robot does not explore = at t = ¢ 4+ 1. We have

Pi(f)l —P") x Pr(the target stays at z) + Z P x Pr(the targets leaves y)
yeN,

x Pr(the target moves toz | the targets leavesy)

yeN, Y

(1)

At t =i+ 1, the robot explores one of the cells say z. Suppose the target is

not found at z. Let Pi(f)l be the probability of the target being located at cell x

at t =1+ 1 given that the target is not found at z. We have Pi(j_)l =0 and

—_— (z)
= P,
Py = ﬁ (2)
AR

We use the special case where w, = £, = 2 to illustrate the idea, i.e., the
search area has four cells in total. |N,| = 3 for all cells z. Suppose p = 0.5.
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Figure5 illustrates how the probabilities of finding the target at different cells
change over time. Initially, at ¢ = 1, each of the three unexplored cells has the
same probability (%) to find the target. At ¢t = 2, we calculate the probabilities

according to Egs. 1 and 2. P2(1’1) =0.5(3)+0.5( §+%+0) = 2 =0.278. Similarly,

3 18~
P2(2,1) = 2 = 0.278. Since the robot explored (1, 1) and the target is not found,
Pz(l’l) = 0 (lower left cell). We have P2(2’1) = 1_1%1 = 2 = 0.385 (lower right
18
cell).

2| 0(n) 0.333 0.231 0.385

2
0333 | 0333 |:> 1l o() | o03ss
1 2 1 2

t=1 @ t=2

0345 | 0.418 :>2 0.406 | 0 ()
0236 | 0(a) 1| 0.354 | 0.240

1 2 1 2
t=3 t=4

[y

N

=

Fig. 5. Illustration of the probability of finding the target at different locations in a
2 x 2 search area from ¢t = 1 to 4, given the target is not found. p = 0.5. A denotes the
location explored by the robot at that timeslot.

Observe that the probability to find the target is not even at all the cells. A
cell that is explored recently has the lowest probability to find the target. This
probability increases as time goes until it is explored again. The same can be

observed in the general case. From Eq. 1, Pi(f)l is the smallest when the robot
has explored = at t = i, i.e., Pi(w) = 0. Assume |N,| = |N,| for any cells z and y.
The change in PZ-(I)7 denoted as APZ-(I), can be calculated as

AP = P = P = (1= p)(PY = PI) (3)

()
where Pi(y) _ Xy B

INo |
small, APZ.(‘T) is large. As Pi(m) gets larger, APZ-(I) decreases, until Pi(x) approaches

the average of Pi(y)

denotes the average of Pi(y) for y € N,. When Pi(z) is

of the neighboring cells.

Summary. To maximize the chance to find the target, it is preferred to explore
the cells that are not explored for the longest time at each timeslot. In the first
phase of the search, both the circuit strategy and the rebound strategy visit
the unexplored cells once. This matches the principle above. At the beginning
of the second phase, the circuit strategy and the rebound strategy restart the
search at different routes. The circuit strategy explores the cells that have not
been detected for a longer time. The rebound strategy, in contrast, visits the
cells that are just visited not long ago. The circuit strategy is expected to have a
better chance to find the target during this period. The rebound strategy leaves
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the cells around the starting point of the search path to be explored later. This
increases the time gap between two detections on the same cell. However, as we
have discussed in Eq. 3, the gain in the probability to find the target is marginal.
Thus, we expect the circuit strategy to outperform rebound strategy.

Upper Bound of Expected Latency of the Circuit Strategy. The circuit
strategy and the rebound strategy are simple and intuitive. They are similar in
the sense that they travel through all the cells repeatedly to find the targets.
However, as we have showed, circuit strategy has a smaller expected searching
latency than rebound strategy. Circuit strategy is suggested in practice. In The-
orem 3, we provide an upper bound of the expected searching latency of the
circuit strategy.

Theorem 3. The expected searching latency of the circuit strategy E(T;) is

3n®—4n+3

o searching a mobile target in a search area of n cells.

upper bounded by

Proof. The search path of the robot is static. Say, the path in Fig. 3(b) is used.
Suppose now the target is at (1,1) at ¢ = ¢ and the robot is not here. We know
that the robot cannot be at (1,2) at ¢ = i + 1. The probability of being found
at t = ¢+ 1 if the target moves to (1, 2) is 0. We call this location the blind
spot. The robot may appear in any of the remaining n — 1 cells at t =i + 1. Let
C be the set of candidate locations that the target may move to at t = ¢ + 1.
The target moves to any one of the locations in C' with even probability. Let
p be the probability of the target being found at ¢ = ¢ 4+ 1. If the blind spot
is in C, we have p = Zﬁ‘fl ﬁ L= m?nill). p is the smallest when |C] is
the smallest with the blind spot being one of the candidates in C. This happens
when the target is moving at the speed of 1 cell per timeslot and is located at
the corner, say (1, 1). There are only 3 candidate locations in this scenario: (1, 2)
(blind spot), (2,1), (2,2). We denote the smallest of p, ppin = IeT)

E(Tj;) is the largest (the upper bound) when the probability to find the
target at any time is p;,. We denote it as Ep,q, (T;). We calculate E,,q, (1) as
following.

Let F; be the event of the target being found at t = i and S; be E; A By A
... A E;. At t = 1, the target is located at a random position. Pr(E;) = 1. At
t = 2, as we discussed above, Pr(F;|S;—1) = pmin for i > 1. We have Pr(S;) =
=L (1 — popin) ! for i > 1.

n

Emas(Tj) = Pr(Ey) - 14 Y Pr(S; 1) - Pr(Ei[Si—1) - i

i=2
1 &n-1 3n-5,, 2 .
_n+i:ZQ n (37173) 3(n—1) !

1 2 3n-5

a7 S

4= )2
n 3”1‘:2
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The[term X = > 72,(32=2)"2 . is an arithmetico-geometric sequence. Let
q= gz:g andsol—gq= ﬁ We have

0 .
X=> ¢ (4)
=2
and - -
gX =) ¢ li=) ¢ 2(i-1) (5)
=2 =3

By subtracting Eq. 5 from Eq. 4, we have

X —qX = iq“i - iqi’z(i -1
=2 =3

1-X =¢@)+) ¢ %i—q¢ (-1
1=3

(1-gX =2+ ¢
=3

(1—q)X:2+1L

—q
2w _9n (52=3)
3n—3 o
¥ 3(3n% —4n +1)
4

Substitute X into Epq.(T;), we have

1 2 3(3n2—4n+1
Emax(Tj):f“" g

n % 4
- 3n2 —4n+3
- 2n

6 Simulation

In this section, we present our simulation study to evaluate our search strategies:
‘circuit’ and ‘rebound’. The purposes of the simulation are: (i) to verify our
theoretical results; and (ii) to evaluate the performance of different strategies
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in practice. A ‘random’ strategy [8] is implemented as the baseline method for
comparisons. In the random strategy, each robot randomly goes to a neighboring
cell and detects the target. All simulations are performed on a computer with i5
3.4 GHz CPU and 8 GB memory. The experimental platform is Matlab R2018b.
All results are averaged over 10000 independently simulation executions.

6.1 Simulation Setup

We consider a 2D search area with size 40 x 40. The search area is divided into
cells, each with size 1 x 1, i.e., there are 160 cells in total. There are three types
of the targets as discussed in Sect. 5: (i) static target; (ii) mobile target; and (iii)
superfast target. For type (ii) mobile targets, each target is assumed to move
randomly. At each timeslot, it goes to a random direction at a random speed
bounded by v4z, @ preset maximum speed. In our simulation, we tested vyqs
in {0.25,0.5,0.75,1}.

We tested the strategies in two scenarios: (i) single target; and (ii) multiple
targets. All strategies were evaluated using the following performance metrics:

1. Achievement ratio: the ratio of simulation runs that find all targets within
robots’ lifetime.

2. Average latency: the average searching latency to find all targets upon a
successful search.

6.2 Simulation Results on Single Target Searching

We performed the simulation for searching a single target varying the number
of robots from 4 to 10. Figures6 and 7 show the achievement ratios and average
latency of different strategies in our simulations.

We make the following observations from the simulation results:

1. The circuit strategy has the same performance as rebound strategy for static
and superfast targets while the circuit strategy is slightly better than the
rebound strategy for mobile targets in all speeds. The circuit strategy is the
best among the three in all scenarios.

2. The random strategy is the worst in all scenarios. The gap is significantly
large except for superfast target (in which any strategy has the same chance
to find the target for superfast target, as discussed in Theorem 2).

3. As the number of robots increases, the achievement ratio of the three strate-
gies increases and the average latency decreases.

4. When the number of robots is 10, the achievement ratio of the circuit strategy
and the rebound strategy is very close to 1.

6.3 Simulation Results on Multiple Targets Searching

In this scenario, the number of robots is fixed to be 10. We performed the
simulation for searching for 2 to 6 targets. The targets move independently.
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Figures8 and 9 show the achievement ratios and average latency of different

strategies in our simulations.

We make the following observations from the simulation results:

1. Similar to single target searching, the circuit strategy is the best among the
three strategies. The circuit strategy and the rebound strategy have almost
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Fig. 7. Average latency of different strategies varying number of robots.

the same achievement ratio. Yet, the average latency of the circuit strategy
is smaller than the rebound strategy for mobile targets (except for the case

Umae = 0.25).

The average latency is not affected by number of targets. This is expected as

the targets are independent.
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3. The random strategy is significantly worse than the circuit strategy and the
rebound strategy in terms of both achievement ratio and average latency,

except for case of superfast targets.
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Fig. 9. Average latency of different strategies varying number of targets.

4. As the number of targets increases, the achievement ratio of the random
strategy drops significantly. The achievement ratios of the circuit strategy
and the rebound strategy remain steady.
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6.4 Discussions

All simulation results agree with our theoretical analysis. The reuslts show that
the circuit strategy is the best in terms of achievement ratio and average latency.
The performance of the rebound strategy is close to the circuit strategy but never
outperforms the circuit strategy. The circuit strategy is suggested in practice for
searching. In contrast, the random strategy is the worst and its performance is
significantly worse than the other two strategies. This highlight the importance
of picking the right strategy for searching in a disaster rescue mission.

7 Conclusions and Future Work

In this paper, we study the problem of mobile target searching using robots.
No information about the targets is known. We propose a divide-and-conquer
approach to divide the search areas into strips and let each robot search in one
strip. We study two searching strategies, namely circuit strategy and rebound
strategy. We theoretically analyze the searching latency in the strategies under
different scenarios and conclude that the circuit strategy is better. The results are
verified with extensive simulations. In the future, we plan to extend the model to
allow the robots to communicate with each other during the search. This allows
a more intelligent search strategy at the cost of increased communication cost
and reduced lifetime of robots.
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