2023 IEEE 24th International Workshop on Signal Processing Advances in Wireless Communications (SPAWC) | 978-1-6654-9626-1/23/$31.00 ©2023 IEEE | DOI: 10.1109/SPAWC53906.2023.10304552

RF-Based Simultaneous Localization and Source
Seeking for Multi-Robot Systems

Ke Xu*, Rui Zhang*'

, He (Henry) Chen*"

“Department of Information Engineering, The Chinese University of Hong Kong
"Shun Hing Institute of Advanced Engineering, The Chinese University of Hong Kong
{xk020, ruizhang, he.chen}@ie.cuhk.edu.hk

Abstract—This paper considers a radio-frequency (RF)-based
simultaneous localization and source-seeking (SLASS) problem
in multi-robot systems, where multiple robots jointly localize
themselves and an RF source using distance-only measurements
extracted from RF signals and then control themselves to ap-
proach the source. We design a Rao-Blackwellized particle filter-
based algorithm to realize the joint localization of the robots and
the source. We also devise an information-theoretic control policy
for the robots to approach the source. In our control policy, we
maximize the predicted mutual information between the source
position and the distance measurements, conditioned on the robot
positions, to incorporate the robot localization uncertainties. A
projected gradient ascent method is adopted to solve the mutual
information maximization problem. Simulation results show that
the proposed SLASS framework outperforms two benchmarks
in terms of the root mean square error (RMSE) of the estimated
source position and the decline of the distances between the
robots and the source, indicating more effective approaching of
the robots to the source.

Index Terms—source seeking, cooperative localization, Rao-
Blackwellized particle filter, mutual information, multi-robot
systems

I. INTRODUCTION

Recently, robot systems have been increasingly popular and
used to perform a large number of tasks in various scenarios
[1]-[3]. Compared to a single robot, multi-robot systems
are more powerful because the robots can simultaneously
make observations of the environment, share the gathered
information with each other, and complete the tasks in a
more efficient manner. In addition, the inter-robot cooperation
and observation diversity make the multi-robot system more
robust to network failure. Therefore, multi-robot systems are
particularly suitable for complex tasks [4].

Radio-frequency (RF) source seeking is an important ap-
plication of multi-robot systems [5]-[8]. More specifically, a
team of robots can be used to cooperatively seek an RF source
in the areas inaccessible to humans, such as an extraterrestrial
surface. The completion of such tasks consists of two steps: (1)
determine the source position, and (2) design an appropriate
control policy for the robots to approach the source. Several
source-seeking policies have been proposed in the literature.
In [5], a particle swarm optimization (PSO) technique was
applied to design the control policy, and the performance of
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several variations of PSO was compared. In [6], the authors
used the particle filter to estimate the source position and de-
signed an information-theoretic control policy by maximizing
the mutual information between the source position and the
measurements in the next control cycle. In [7], a stochastic
gradient ascent method was developed to approximate the
exact gradient of the mutual information. A networked drone-
based RF source-seeking method was investigated in [8],
and the results showed that the localization accuracy can
be improved if the drones spread out. However, spreading
will result in additional flying distance, which is not favored
from the perspective of source approaching. To handle such a
tradeoff, the authors proposed a unified objective function in
their formulated problem to balance the localization accuracy
and approaching efficiency, offering a flexible strategy for
flight planning.

In all the source-seeking schemes mentioned above, the
positions of the robots are assumed to be known, which are
obtained using other localization means, such as the global
navigation and satellite system (GNSS) or laser scanners. As
such, only the position of the source needs to be estimated in
each control cycle. However, these localization means may
not work in some tasks. For example, laser scanners be-
come less efficient in feature-sparse environments, and GNSS
is no longer available for the tasks of space exploration.
In these tasks, RF-based localization approaches represent
a promising solution to realize robot self-localization [9]-
[11], where robots can exchange RF signals to cooperatively
localize themselves. With this in mind, it is natural to come
up with a trivial two-stage strategy for these tasks: the
robots first perform RF-based cooperative localization and
then execute one of the existing source-seeking algorithms
that treat the estimated robot positions as the known ones to
further localize the source and obtain the control inputs for
all robots. However, one can quickly realize that such a trivial
solution overlooks the mutual benefits between the robot self-
localization and the source localization that are both based
on RF signals. It is apparent that a better estimation of the
robot positions will lead to a better estimation of the source
position. Conversely, a better estimation of the source position
will also benefit the estimation of the robot positions because
the source can serve as a fixed reference node for the robots. In
this context, we are motivated to develop a new simultaneous
localization and source-seeking (SLASS) algorithm to harness
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the mutual benefits between the robot localization and the
source localization. To our best knowledge, such a problem
has not been thoroughly investigated in the open literature.
In this paper, we consider a SLASS problem with the
joint localization of the source and robots using distance-
only measurements, which can be extracted from the time-
of-arrival (ToA) parameters of RF signals. In the considered
problem, the robot positions are no longer known a priori
due to the control error and localization uncertainty, making
the problem more challenging than existing ones. In partic-
ular, the localization of both robots and source needs to be
performed in a probabilistic manner, the objective of which
is to compute the posterior distributions of the robot and
source positions. Based on the obtained posterior distributions,
we then adopt a new conditional mutual information as the
objective function to design the control policy. We provide
a centralized solution to the considered SLASS problem by
developing new algorithms for both cooperative localization
and information-theoretic control. For the localization part, we
apply a Rao-Blackwellized particle filter [12] to approximate
the continuous distributions as discrete ones and compute the
marginalized posterior probabilities of the involved unknown
variables. For the control part, we use a projected gradient
ascent method to navigate the robots to the directions with the
largest mutual information. Simulation results are provided to
demonstrate the merits of the proposed algorithms.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a system consisting of K robots and a remote
and stationary RF source. The position of robot &k at the n-
th control cycle is denoted by X, = [Tk, Ynk|T, and the
source is located at x,, o = [z, yo]T withn =1,---, N. The
task of the robots is to control themselves to approach the
source. The positions of the robots and the source are both
unknown, and thus we will use a joint probabilistic model to
simultaneously estimate their positions. Assume the robots can
receive reference RF signals to estimate the distances between
each other and between the source and themselves. In this
paper, we use the following distance measurement model [6]

P(2n k1 ks Xy s X k)

= N (Zn ks ko Q0 + Trks ko O Tk ko 02 M
where 2, i, k, represents the distance measurement obtained
from the RF signal received by robot ko (ko = 1, -+, K)
and transmitted from robot k; (k; = 1,--- , K) or the source
(k1 = 0). N(z;p,0?) is the probability density function of
a Gaussian random variable z with mean p and variance o2.
Trkiks = ||[Xnki — Xn,koll2 is the distance between node
k1 and node ko. oy, «, and af are parameters related to the
physical environment.'

These parameters can be estimated using some labeled data [6].

Based on (1), the joint likelihood function at the n-th control
cycle can be written as

K
p(zn|xn) = H p(Zn,O,k |Xn,07 Xn,k)
k=1 (2)

X H p(zn,khkzlxn,knxn,kz)v
1<k <k2<K

where z,, = [2,0,1," " * » Zn,0,K» Zn,1,2," "+ s Zn,K—1,K] " is the
collection of all the measurements between any two nodes,
and x,, =[x}, 0, X5 1, , X}, g7 is the collection of all the
node positions. In the above equation, we assume that the
measurements are mutually independent given the positions
of the source and the robots.

In each control cycle, the robots need to generate control
inputs to decide where they should move in the next step based
on the distance measurements. The relationship of the robot
positions in two consecutive control cycles is described as

Xn,k = Xn—1,k + Cpn—1,k + Ny_1k, (3)

where c,,_1  is the control input of robot & at the (n — 1)-
th control cycle, and n,,_; ; is the control error following a
Gaussian distribution with zero mean and variance af. Hence,
the transition distribution of the robot position is given by

p(Xn,k|Xn—l,k) = N(Xn,k;xn—l,k + Cn—l,kvagl)a (4)

where I is an identity matrix. In addition, since the source
remains stationary during the whole seeking process, its tran-
sition distribution of the position can be written as

P(Xn,0|%Xn-1,0) = 0(Xn,0 — Xn—1,0), ®)

where §(-) is a Dirac impulse function.

At the initialization stage, p(x1,0) £ p(X1,0/X00) is as-
signed to be a uniform distribution in the explored area, and
p(x1k) = p(x1k|Xo0k) = (X1 — X1x) for k =1,-- K,
where X; j is the true starting position of robot k. It should
be noted that although the robot positions are assumed to be
known at n = 1, it is inadequate to use the initial positions and
the control inputs to infer the robot positions when n > 2. This
is because the control error n,, ;, can accumulate over time and
the estimates of robot positions will become highly inaccurate
if the error is simply ignored.

Combining the likelihood function in (2) and the transition
prior distributions in (4) and (5), the joint posterior distribution
of the source and robot positions can be computed as

p(Xl:lelzN) X p(XI:N)p(z1:N|X1:N)

il 6)
X H p(Xn|Xn—1)p(Zn‘Xn)7
n=1
where x;.v = [x], - ,x%]T, ziy = |21, - ,z%]T,

p(xn‘xn—l) = p(Xn/,()'Xn—l,O) Hszl p(Xn,k|xn—1,k)a and
p(zn|xy) is given in (2). The objective of the SLASS algo-
rithm is to obtain an estimate of the source and robot positions
from the posterior distribution, and accordingly design a policy
to control the robots to move to their next positions.
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III. PROPOSED SLASS ALGORITHM

In this section, we propose a centralized SLASS algorithm
that simultaneously incorporates the position uncertainty of the
source and the robots. First, a Rao-Blackwellized particle filter
is used to jointly estimate the posterior probabilities of the
source and robot positions. Based on the estimated posterior
probabilities, a control policy is designed for the robots by
maximizing the predicted mutual information between the
source position and the distance measurements, conditioned on
the robot positions. In practice, one of the K robots should act
as a central robot which has high computing power. The central
robot gathers the measurements from all the robots, executes
the SLASS algorithm, and sends the control inputs back
to other robots to navigate them. Nevertheless, the detailed
implementation is beyond the scope of this paper.

A. Joint Localization of the Source and Robots

In this part, we elaborate on the joint localization algorithm
for the source and robots based on the established probabilistic
model in Section II. In practice, it is intractable to directly
compute the posterior distribution from (6) because the source
position and robot positions are coupled with each other.
To address this challenge, we refer to [12] and develop a
Rao-Blackwellized particle filtering algorithm to perform the
localization. To this end, we factorize the posterior distribution
in (6) as

p(X1;N|Zl:N) = p(Xl;N,lzK\Z1:N)p(X1;N,o|X1;N,1:K,Zl;N),

@)

— Iy T T T _

where X1.n1:k = [X) 1k s Xnak) and Xp 1k =
[x] 1, ,x} ;]". Based on this factorization, the posterior

distribution of the robot positions can be approximated by a
set of discrete particles, i.e.,

M.
p(x1:N1:K|21:N) & Zw%)5(x1;N,1:K - Xgl;)zv,pk)v 3
=1

where M, is the number of robot particles, ng)N)l: K 1is the
1-th particle of x1.,1.x sampled from an importance density
function, which is typically chosen to be the density function
of the position transition model, and w%) is the weight of
the i-th robot particle. Given the robot particle x(f)N 1.k the
conditional posterior distribution of the source positioh can be
approximated by

M
1N 0Ky 1o Zin) & D w0 — xR0, 9)
j=1

where M, is the number of source particles subordinate

to one robot particle, xif}{,)o is the j-th particle of xi.n,0
e x\?

subordinate to robot particle xll; ~N1.x sampled from its

importance density function, and w%’g ) is the correspond-

ing particle weight. In each control cycle, the weights of
the robot and source particles are updated recursively as

i i M, (i) i i i
wgv) x wg\f)—l 21 wgvi)lp(ZN|X§v),1:KvX§v,jo)) and wj(vj) x

w( )1 p(zn |x§\i,)’1: % xg\%)), respectively. The detailed deriva-
tion of the weight update equations is omitted due to space lim-
itation. After updating the particle weights, resampling should

be performed to avoid the degeneracy phenomenon [13].

B. Information-Theoretic Control Policy

In this part, we design the control policy by maximizing the
predicted mutual information between the source position and
the distance measurements, conditioned on the robot positions.
We adopt the mutual information as the objective function, as
it can effectively measure the reduction in the source position
uncertainty when the distance measurements are available in
the next control cycle.

Using the particle representation of the robot positions,
the predicted mutual information between the source position
and the measurements conditioned on the robot positions is
expressed as’

I(XN41,05ZN+1,0/XN+1,1:K)

M,
~ (4) . _ o (®
~ ZwN+1I(XN+1,O7ZN+1,O|XN+1,1:K = XN+1,1:K),

i=1

(10)
where ZN+1,0 = ['ZN+1,0,17 T, ZN41,0 K]T. Speciﬁcally, we
assume w\,; = w and w ]\l,’fr)l = w](\z,’J ), and then use the
following predicted likelihood function to compute the mutual

information in the next control cycle:

ﬁ(ZN+1,0|XS\Z/i)1,0aXS\ZI)+1,1:K)
- ; (11)
= p(ZN,0|X5\Zﬂ%)7 X%),l;K +cn 1K) )
ZN+1,0=2ZN,0
where ¢y 1.6 = [}, - ,Cx x| The derivation of the
detailed expression of (10) is omitted due to space limitation.
The expression can be derived by adapting the method used
in [6].
The control input can be generated by solving the following
optimization problem

max  I(XN41,0;ZN41,0/XN+1,1:K)
{CN,k}i(:1
8.t || XN41,k — XN+1,k2 ]2 > dmin, (12)

\V/klak2:17"' 7Ka kl #k27

where the constraints are imposed to avoid collisions among
the robots. Inspired by [14], we apply a projected gradient
ascent method to solve (12). By maximizing the mutual
information, the robots can gradually approach and eventually
arrive at the source position. The whole SLASS algorithm is
formally presented in Algorithm 1.

IV. SIMULATIONS

In this section, we evaluate the performance of the pro-
posed SLASS algorithm and show its superiority over the
benchmarks through simulations. In the following, we use the
meter as the unit of distance-related parameters. A stationary

2We use the index N instead of n in this part, since we are focusing on
the latest control cycle.
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Algorithm 1 SLASS at Control Cycle N

(1) M.

Input: Robot particles {xy/;.}i=; and source particles
(4,5)y My, M
XNo }i:71,j:sl'
Output: Control inputs of the robots {cx x }r_;.
: The robots receive distance measurements z N
. : i 4,5)y My, Ms
: Compute the weights of source particles {wy™’ };2772; .

: Compute the weights of robot particles {wg\i,) f.”iq.

1

2

3

4: Normalize the weights and resample the particles.
5: Compute the control inputs of the robots by solving (12).

6: The robots move to their new positions according to the control

inputs.

7. Draw  new  source particles {Xg\if’i)l,o fi’ljngl from
{p(XNH,O‘Xg\ir),LK:X%ifl)))}iéfﬁ{;r

8: Draw  new  robot  particles {X%)H,L K- from

; M,
{p(xN+1,1:K |X§\17),1;K)}i:1'

source is located at x,, o = [100,100]%" for all n. The number
of robots K varies from 1 to 3. The initial positions of
the three robots are x1; = [0,0]7, x12 = [5,0]7 and
x1.3 = [0,5]7. As mentioned in Section II, the source particles
are initialized to follow a uniform distribution in the explored
area {[z,y]"]0 < x < 150,0 < y < 150}, and the initial
robot particles are given by xf}c = Xy, for all ¢ and k. The
parameters of distance measurements are og = 0, & = 1, and
02 = 0.1. The numbers of robot particles and source particles
are M, = 30, M, =30 for K =1, M, = 100, M, = 100 for
K =2, and M, = 300, M, = 300 for K = 3. We normalize
the control input such that ||c,, |2 = 1. In other words, each
robot moves 1 meter in each control cycle. The variance of
the control error is chosen such that E{|n,, x||3} = 0.05. To
avoid collisions, the minimum tolerated distance between any
two robots is dyin = 4. As in [15], we introduce a small
noise with variance o2 = 0.1 in the transition model of the
source position for the sake of numerical stability, although the
source remains stationary during the whole seeking process.
When a robot is within 5 meters of the source, it will stop
moving but continue to measure distances to assist the other
robots in approaching the source. The algorithm is terminated
when either the number of control cycles reaches 500 or all
the robots are within 5 meters of the source. Except for the
robot trajectories, all the other curves in the following figures
depict the average results from 100 trials.

Fig. 1 shows examples of the robot trajectories with the
number of robots K varying from 1 to 3, in which the
triangle/square/star indicates the starting position of a robot. It
can be observed that the trajectories are not straight lines from
the starting positions to the source. In the cases of K = 2
and K = 3, the robots first spread out and then converge
to the source. This is because there is a high uncertainty
about the source position at the early stage, and thus moving
directly toward the estimated source position possibly leads to
a deviation from the true position. Spreading allows the robots
to receive diverse distance measurements between the source
and the robots. Hence, position information can be observed
from different views. After the source position uncertainty

reduces to a low level, the robots can gradually approach the
source. Even when K = 1, a twisty trajectory is observed,
which is also for reducing the source position uncertainty.
All these robot behaviors directly result from the information-
theoretic control policy proposed in Section III-B. Note that
robot 1 and robot 2 do not pass through the intersection point
in Fig. 1(c) in the same control cycle. In other words, the
collision avoidance constraints are not violated.

Fig. 2(a) shows the root mean square error (RMSE) of the
estimated source position with the number of robots K varying
from 1 to 3. In each trial, if all robots reach the source before
n = 500, the subsequent RMSE values are set to equal the one
computed at the final positions of the robots. From the figure, a
peak can be observed in each curve when n is small, implying
that there is a large localization uncertainty at the early stage.
In addition, the peak becomes narrow as the number of robots
increases. This is reasonable because the cooperation among
the robots improves the localization efficiency and thus the
source position uncertainty rapidly reduces as n increases. It
is noted that the RMSE does not decrease monotonically with
n, since, in some trials, the estimated source position deviates
from the true position due to the accumulated localization error
during the source-seeking process. As a result, the robots fail
to reach the source and gradually move away from the source,
leading to large RMSE. For the other trials, the RMSE remains
unchanged after the robots reach the source. Therefore, the
overall RMSE increases when n is large.

In Fig. 2(b), we fix K = 2 and compare the RMSE
of the proposed source-seeking scheme with two benchmark
schemes: a flocking scheme and a two-stage scheme (i.e.,
the trivial scheme discussed earlier). In the flocking scheme,
the robots move directly toward the estimated source position
in each control cycle. For fairness, we use the same Rao-
Blackwellized particle filtering method for the cooperative
localization. The only difference is that the objective is to
maximize Zle IxN+16 — Xn41,0]2. Compared with the
source-to-robot distances, the robots are close to each other
initially. Hence, the flocking scheme will generate similar
control inputs for all the robots. Instead of spreading out, the
robots will approach the estimated source position as a flock,
and no measurement diversity can be used to reduce the large
localization uncertainty in the early stage. As a result, the
flocking scheme has the worst RMSE performance and the
robots are most likely to deviate from the true position of the
source and gradually move away. In the two-stage scheme,
we first use a conventional particle filtering algorithm to
estimate the robot positions. Afterward, the estimated positions
of the robots are regarded as the true positions to localize
the source and design the control inputs. As we can see, the
RMSE of the two-stage scheme is also higher than that of
the proposed scheme because the proposed joint localization
approach has leveraged the mutual benefits between the robot
self-localization and the source localization and thus achieves
better performance.

Fig. 2(c) shows the distances between one of the robot
(we select k = 1 without loss of generality) and the source
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Fig. 1. Robot trajectories of the proposed source-seeking scheme with K varying from 1 to 3.
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Fig. 2. (a) RMSE comparison with K varying from 1 to 3. (b) RMSE
comparison with different source-seeking schemes. (c) Comparison of the
distances between robot 1 and the source with K varying from 1 to 3. (d)
Comparison of the distances between robot 1 and the source with different
source-seeking schemes.

with different K’s. We observe that the distances almost
keep decreasing as n increases. Further, with more robots
cooperatively performing the task, the robots can move more
efficiently to the source, which is particularly evident when
K is increased from 1 to 2. In Fig. 2(d), we fix K = 2
and compare the distances between the selected robot and the
source in different schemes. In the two benchmarks, the robots
can approach the source faster at the early stage. However, they
are more likely to fail to reach the source eventually due to
the large accumulated localization errors.

V. CONCLUSIONS

This paper investigated a simultaneous localization and
source-seeking (SLASS) problem in multi-robot systems. A
centralized algorithm has been proposed, including a cooper-
ative localization algorithm to jointly estimate the positions
of the source and robots, and an information-theoretic control
policy for navigating the robots. Simulation results show that
the proposed scheme outperforms two benchmarks, and the
robot team can approach the source more efficiently as the
number of robots increases. In future work, we will design
decentralized and scalable SLASS algorithms that better suit
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