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Abstract— This paper investigates the problem of informative
path planning for a mobile robotic sensor network in spatially
temporally distributed mapping. The robots are able to gather
noisy measurements from an area of interest during their
movements to build a Gaussian process (GP) model of a
spatio-temporal field. The model is then utilized to predict
the spatio-temporal phenomenon at different points of interest.
To spatially and temporally navigate the group of robots so
that they can optimally acquire maximal information gains
while their connectivity is preserved, we propose a novel multi-
step prediction informative path planning optimization strategy
employing our newly defined local cost functions. By using
the dual decomposition method, it is feasible and practical
to effectively solve the optimization problem in a distributed
manner. The proposed method was validated through synthetic
experiments utilizing real-world data sets.

I. INTRODUCTION

Understanding natural phenomena is crucial in many
fields of science and technology. However, collecting data
with stationary sensors is often costly and time-consuming.
Mobile robotic sensor networks (MRSN) offer a new way
to generate such spatio-temporal (ST) data since MRSN can
be quickly deployed and target data collection in areas of
high information value. With the development of unmanned
vehicles in all fields (ground, surface water, underwater, and
air), this approach can solve many monitoring and observation
tasks [1]-[3]. Compared to sensing by stationary sensor nodes,
the main challenge of using the data collected by MRSN
to model ST phenomena is that the number of observation
positions, hence the number of measurements taken at a
sampling instant, is restricted by the limited number of robots
and their mobility constraints. Thus, successful ST mapping
solutions with mobile robots must take into account these
limitations.

Recently, Gaussian process regression (GPR) has received
significant interest as a technique for discovering ST data
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correlations. GPR provides a fundamental framework for
nonlinear non-parametric Bayesian inference widely used in
soil organic matter mapping [4], temperature mapping [5]
and leakage detection [6]. The use of non-parametric models
opens possibilities for mapping solutions to remain generic
and flexible, since hyperparameters are able to be adjusted
to create more accurate practical models for some specific
applications. GPR also provide an estimation of forecast
uncertainties and provides opportunities for future planning
algorithms focusing on uncertainties. This spatial and tempo-
ral mapping technique GPR can be used in any situation in
which a mobile robot is faced with a phenomenon that differs
in time and space. For example, as an typical exploration
task, GPR for spatial temporal maps can be established for
understanding temperature, chemical concentration and water
flow. In the field of robotics, it may be extremely valuable
for precise control to have the ability to model and predict
environmental disturbances and then to make appropriate
strategies against the impacts of disturbances.

With the help of MRSN, ST mapping has been intensively
investigated to observe and model temporal changes of
unknown environments. The authors in [7] take advantage of
mobile sensors to build a map of spatio-temporal phenomena
via GPR; however, the restrictions on the movement of mobile
sensors were not considered. The study in [8] attempted to
capture a slow-changing phenomenon in real-time operation,
but it is assumed that the phenomenon is static during robot
measurements. Recently, the authors in [9] presented spatial-
temporal mapping with observations from a single robot
traversing on a fixed-path design.

Among robot planning methods in exploration tasks, infor-
mative path planning (IPP) [10] has excellent performance, as
future paths are generated by estimated environment models.
The core idea of the IPP is based on minimizing prediction
uncertainties, which leads to designing optimal routes to
collect measurements. In the literature, the centralized IPP
can be found in [11], [12], where the observed data is collected
in a central unit to update a surrogate model. Then, optimal
paths are computed and sent to each robot. These works
meet inherent restrictions since a tremendous amount of data
collected by many robots possibly results in congestion in
both communication and computation. In recent years, several
studies have been devoted to distributed IPP [13], [14] with
regard to GPR. However, none of them takes into account the
mapping of spatial-temporal phenomena and the dynamics of
actual robots. Furthermore, the cost functions of the IPP used
in these studies are separated, i.e., each robot has its own cost



function related only to its future path. This setup ignores the
cross-relation between the future paths of neighbor robots.

Motivated by the above discussion, this article presents a
new distributed IPP approach for mapping spatial-temporal
fields by using multiple robots. In other words, we propose a
spatially and temporally distributed prediction scheme based
on GPR while the connectivity of the robot team is preserved
during their movements. Another key contribution of this
paper is the novel local cost functions for the IPP optimization
problem with respect to the future paths of neighbor robots.
The proposed spatially temporally distributed IPP approach
was validated by mapping spatio-temporal temperature using
a real-world dataset.

The organization of this paper is as follows. Section II
briefly presents models of mobile robots for monitoring a
spatio-temporal fields. The IPP optimality with connectivity
preservation is then presented in Section III. Next, Section
IV describes the distributed implementation of the proposed
IPP algorithm. Finally, simulation results obtained by imple-
menting the proposed approach using the real-world dataset
in synthetic environments are discussed in Section V. The
conclusions are described in Section VI.

Notations: Let us denote N and R as the sets of natural
and real numbers, respectively, ® as the Kronecker product,
and 1,, € R™ as a vector in which each element is 1. With
a set of integers (index set) Z = {z1,22,...,2n|1; € N},
define [Mi]z'ez = [M;7M;;,...,MZTH]T as a block of
matrices M, with appropriate dimension.

II. MOBILE ROBOTS FOR MONITORING
SPATIO-TEMPORAL FIELDS

Consider a convex set Q € R’ standing for an operation
space of all robots. Let us define n as a number of robots
working in Q, and we assume that the communication area of
each robot ¢ at anytime is a ball (or a circle in 2D) centered
at p,; , with radius R. Here, p; ;. is the location of robot §
at time t;. In this paper, the spatio-temporal field of interest
is considered as a latent relationship z : (Q,R*t) — R
mapping a location of measurement in Q and its current time
tr to a spatio-temporal phenomenon. The robot ¢ observes a
noisy measurement y; . € R of the spatio-temporal field z
at its current position for every time step. In addition, robot
movements are described as

Pik+1 = ArPik + Brli g, (1)
where u, 5, stands for the bounded control input (||u; x||c <
u) of robot ¢ between two consecutive time steps with « being
the maximum magnitude of each element in control input
vector u; ;. Additionally, A; and By, represent the matrices
obtained by linearizing the dynamics of the robot at time
step k.

Based on the above setups, let us define that robots ¢ and j
are connected at step k if ||p; x — pPjx|l2 < R. Accordingly,
let & be the set of pairs of connected robots (,7) at time
step k, that is, &, = {(Z,j) eEVxXV: ||pi,k; — Pjk |2 < R}
Denote V = {1,2,..., M} as a set of indexed vertices in
which each robot represents a vertex. Then, let G be an
undirected graph established by set of vertices V' and edges

& Note that Gy, varies over time. The undirected graph Gy,
is connected if there exists at least a path between any pair
of robots. Robot 7 is considered a neighbor of robot j if they
are connected.

Denote N}yk as a set of neighbors of robot ¢ and let
yi,x be a measured value of the robot ¢ at the time ?j at
location p; ;. Denote D; ;. as a dataset of robot 4 collected
up to time t;. The local data set D; j can be decomposed
from the sets D}, D}, D], of all measurements, locations,
and timestamps. Consequently, the data exchange in robot
i is described by D; i, = (Uje/\/fkpj»kfl) U{Yiks Pi st }
where NV, = N U {i}. In this setup, each robot has a
measurement model as follow

Yik = 2(Pi k> te) + Oi, 2
where d; 1, ~ N(0,07,) is an independent and identically
distributed zero-mean Gaussian noise with standard deviation
oik >0, and z ~ GP(u, K(p,p’,t,t')) is the random/latent
variable with covariance funcion /C and mean p which can be
set as a deterministic function (constant, polynomial or peri-
odic) or determined by observed data such as neural network
[15], [16]. After moving to new locations, P1 k+1, - - -, Pn,k+1
at the next step 51, the robots collect additional measure-
ments from the spatio-temporal phenomenon. The Gaussian
process model, z ~ GP(-,-), is then updated with the
newly acquired data. The central challenge in this context
is determining the optimal new locations for measurement
collection.

III. INFORMATIVE PATH PLANNING WITH NETWORK
CONNECTIVITY PRESERVATION

The movements of robots possibly disrupt the connectivity
of sensor network. Thus, this section proposes a distributed
algorithm to ensure that the connectivity of robot network
is preserved in the next step. To be specific, if the network
is currently connected, then by maintaining some edges, the
network will be connected in the next step. We then formulate
the IPP optimization problem given the robot dynamics and
connectivity constraints.

At the beginning, we recall previous results in [14]. Let us
define & 41 = {(v,m) € ./\/fk X /\/:rk7v # m|||Pvk+1 —
Pmk+1ll2 < R} as a set of connection at k + 1 established
by neighbors of robot ¢ at time step k. Accordingly, let
Gik+1 be the sub-graph defined at time step k + 1 induced
by (N;Jrk, & k+1). In this paper, we assume that the graph Gy
is connected at the initial time %.

_Lemma 3.1 ( [14]): Suppose that G is connected. If
G; k+1 is connected for all ¢ € V), then so is G1.

With the help of Lemma [3.1] at current time k, define
a set S; ;; of neighbors of robot ¢ that robot 7 attempts to
preserve its connectivity to robots in S; ) at time k + 1.
Then, we nail down Algorithm 1 for finding S; . such that
the robot network at the next time step k + 1 is connected.
The following Theorem presents a distributed mechanism to
preserve the connectivity of robot network.

Theorem 3.2: Suppose that: (i) Gy is connected; (ii) at
time step k + 1, robot ¢ is connected with robots in S; j



Algorithm 1 Distributed Connectivity Preservation

Input N; i, pj k. Ri
Output S; ;.
1: Initiate: S; , = ()
: for j € N, do
3 df Boe Nip \ {i}: R~ |[pek — pjkll > 0 and

N

maX,e (i j} [|[Pok — Pekllz < [[Pik —Pjkll2 then
4 Sik <+ SikU{j}
5: end if
6: end for

determined by Algorithm [1 for all i € V. Then Gy is
connected.

Proof: Based on Lemma [3.T, the proof of Theorem [3.2
follows the same steps with similar arguments as in the proof
of [14, Lemma 3.6]. |

Apart from this, let yp, , be a vector of all measurements
that the robot ¢ took up to time step k, then the vector of
local measurements yp, , follows a multivariate Gaussian
distribution in the following form

YD ™ glp(u’Di,ka E'Di,k) 3
where pp, is a mean vector with regard to the local dataset
Dik» ¥p,, = K(D}y, DYy D], Di ) + 07, I denotes a
covariance matrix with noise term. In what follows, for
unobserved locations of interest

N T T T OxH

PiH = [pi,k+17 cee »Pi,k+H] € R™ 4
corresponds to specific time instants ty = [tpy1,...,theH]
and an unobserved vector of  measurements
Vi = [J(Dik+1,t J(pi t T. H
YinH = [y(PzﬁkJrl, k+1), cee ay(pz,k+H7 k+H)] . ere,

H = {0,1,...,H — 1} with 0 < H € N represents the
predictive horizon. Additionally, let us use (o) for an
unobserved vector of latent variables, locations, and their
corresponding covariance matrices. Then, following a
multivariate Gaussian distribution, it has

> Q)

-2
Yin Hin

in which matrices XA]DL «H»> 24,3 are obtained from a spatio-
temporal covariance function K(p, p’, t,t") with respect to the
data set D; x and unobserved locations p; 3. In addition, f; 5,
denotes mean vectors with respect to unobserved locations
Di7. According to [17], the conditional distribution of
unobserved positions is

Vin|Dik ~ GP (i 1D, 1> 2i 1| Ds k)5 (6)
where matrices fiyp, , , % n D, , are given by

XD, W H
DY,

EDi,k
T
ZD7kH

ik’

i 1| Di e = i+ EZT;i:kHZg}:k(ym,k —pp,,), (Ta)

SinDe, = Sin — 2p,  u S, S0 - (7b)
Let P, = {s1,82,...,84} € Q7 be a set of distinguished
locations in which all robots can measure in H consecutive
sampling instants tx41,tk+2,. .., tk+m. With a very large g,
‘Pi. can be chosen such that for arbitrary s € Q and small
€ > 0 (depends on ¢), we have dist(s, P) = minecp, || —
S||2 < e. Let 77@,H = {tk+1,tk+27 . 7tk+H} be a set of the
corresponding time stamps. Based on such the setups, we
present a IPP for a robot.
Problem 3.3 (Single robot informative planning): Find

fi(Dis Pjn) Fi(Bias Bjas Prn) Fe(Djm, Prw)
Cost Cost Cost
function function function
.. Y . S .y T
Robot i Robot j Robot k
Pin PjH PrH

Fig. 1: The architecture of local cost functions

an optimal path p; 4 of each robot ¢ in the mobile robot
network at time k, leading to the lowest uncertainties at all
unobserved locations of interest

pin = argmin S(Uy, 1| D} 1., Vi,m), (8
where S(e) is the conditional entropy [18] with respect to the
vector of measurements Uy, g = {9(s, 7)|s € Pig, T € Tm}
corresponding to P; ;, and 7T . By using the chain rule
for conditional entropy [18], we have S(Uj, H‘D?’,k» Vin) =
SUk,u,¥in|D}}) — S(Fiu|D}}.). It should be noted that
Vi is a vector of latent variables at locations p; 3 and
time tgy1,...,t6+m. We assume that P, € P; i then
Vi is contained in Uy g (tgs1, ... tk+m € Ti,m). Then,
SUp,r,¥i1|DY)) = SUk,u|DY,) is constant. Therefore,
it can be clearlyvseen that is concerted to

Pin = argmax S(y;,u|D} ). ©))

The conditional entropy of a multivariate Gaussian distribution
of random variables y; 7 at unobserved locations p; 7 at
time t3 is given by a closed form [18]: S(y;u|D;,) =
1logdet S, 3p, , + const.

When robot 7 determines its future path p; 3, independently
(by solving (9)), the informative correlation between the
optimal paths will be ignored, i.e. , for the neighbor j of
robot ¢, P; # is not considered for obtaining p; 3. Based on
Problem 3.3, we modify (8) to set up an informative planning
problem for multiple robots in a distributed manner. To begin
with, define p;,, = [f)j’H]jeka and 77, = [yjﬂ]jem.

Problem 3.4 (Multiple robot informative planning): Find
optimal paths f);fH of robots + = 1,2,...,n in the mobile
robot network at time k, leading to the lowest uncertainties
at all unobserved locations of iTlllterest

,Pn = arg minz SUy, DY 5’257{) (10
i=1
Unlike , we use future measurements of neighbors yjﬂ in
to evaluate uncertainties. Consequently, the conditional
uncertainties at unobserved locations will have better local
evaluations. In the same manner as derivation of @ the
optimization problem (10) is equivalent to
n

P1H;- -

P14, Doy =arg maxz S(&:ﬂ@ik)
i=1
n
:argmabegdet E;leD_ E an
i=1
where EijlD . is the covariance matrix associated to

conditional distribution of ijﬂ determined via (7b) by using
f);'H instead of p; 3.



In the light of (11)), Problem for optimally mapping a
spatio-temporal field is formulated in the following optimiza-
tion problem: forall h e H

maleogdet E”{‘D " (12a)

et

S.t. Piktht1 = ApDPik+n + Brli kth, (12b)
Pik € Q, [Wirinlo <1, (12¢)
1Pik+n — Pjksnllz < R, Vi € Sig. (12d)

In the above optimization, constraints and denotes
system dynamics and their physical limitations, and
stands for connectivity conditions.

Remark 3.5: As seen from (12a), log det 327 i H|D, , Stands
for the local cost function of robot i with respect to its
optimal future locations p;# and its neighbors p; 3 (see
Fig. . Compared to previous work [4], [14], the correlation
between the data collected by the robot ¢ and its neighbor’s
future paths is exploited. Thus, each robot has an awareness
of the future movements of its neighbors for planning.

IV. DISTRIBUTED IPP

It should be noted that the objective function (12a) and
the connectivity constraint (I2d) are involved in at least
two robots. To solve the optimization in a distributed way,
each robot should create copies of its neighbors. Let ¢;;

[c;,kﬂ,...,quw] (for all j € Njj) represent the
virtual positions of the robot j computed by the robot i
via solving the optimization problem (I2a). Denote a vector
¢ = [Cw] JeNT, where (,;; = P . Our objective here is

to achieve CU 4 = Pjn (forall j € M &). With the above
deﬁmtlons the optimization problem (12a) is equivalent to:

mcz?x;bg det Ez ;. k(C ), (13a)
st. §;; = Cji? V(i,7) €V X ./\/2'7167 (13b)
Ciiktht1 = AkCii kn + Bri kths (13¢c)
Ci € Q" W ksnlloo < 1, (13d)
1Cii ktn — Cijprnllz < R, V(i,7) € V X Sk, (13e)

for all h € H. For the sake of simplicity, we define
fi(¢;) = —logdet El D (¢;)- The optimization problem
(T3a) can be solved in a dlstrlbuted fashion by using proximal
alternating direction method of multiplier (proximal ADMM)
presented in [12], [19]. However, the method requires gradient
updates V f; for every iteration of the ADMM in a single time
step. It should be noted that the computational complexity
of Vfi is O(d|D; x|?) where d is the input dimension and
|D; k| is the number of local data, therefore updating V f; at
every iteration accounts for many computing resources.
The cost function (I3a) is highly nonconvex, resulting
in a great computational burden. Thus, let us approximate
(convexify) the cost function around the previous value ¢ f -1
at step k — 1t fi(¢i; €7 ™) = £i(¢F D+ VLT(CTNEC -
Cf71)+§||(ji — ¢ 12 where 7 > 0 denotes a regulation
parameter and V f; (¢ ffl) represent the gradient of f; at ¢ f -1

In the initial step, Cf_l is selected from the initial position

Algorithm 2 Distributed solving of optimization

Input: Number of robots n, set of neighbors M, 1, and
a small tolerate error €.
Output: ;; = [Dit+hlpey

. Initiate: CE?) =1y ® P, CZ(?) =15 ®pjo

: loop

. i sends )\1(;1) to neighbors and receives A"

: Compute Cénﬂ by (1 "

1

2

3 from them
4

5: ¢ sends ¢ (J to nelghbors and receives C ) from them
6

7

8

9

: Compute )\( nt+1) by @P
: lfmaxleyjeMkH P ¢y < € then

return ¢;; (n+1)
end if

end loop

._
@

of the robots, that is, C“ n = Pi,o and C in = Pjo for all
h eH,j€N;po To 31mphfy local constralnts let us define

k:{z [ Le/\/*‘ = [zjn € Qlj_y .
Akzz h+Bkuz Jhoy Huz h”oo < U ||Zz h_zj h||2 < R .7 € Sz k}

LH yZi h+1 =
as a set of local constraints including robot dynamics and
network connectivity. At the initial step, positions [1y &
Pjoljen+ € Bio for all i because we already assumed
i,1
that Gy is connected. Consequently, B; ¢ is a non-empty
set, and (I2a) is feasible at the initial time step, and then
1y ® pji) jen € B, 1. Sequentially with the next steps
k +1, B; p41 is also nonempty. It can be observed that B; j,
is a convex set The optimization (I3a) can be rewritten as

mmel a s.t. C eBika Cii:Cjia

forallv eV and j € N k. Next, the Lagrangian function
of @) is defined by £ = 2121 L;, where £; = f;(¢;)+
Y jen Ay (Cii—Cji) where Ai = [Aijljen; . is the dual
variable. Then, using the dual decomposition method [20],
the optimization (14) is handled by

(14)

M

e = argmin Y £, (15)
! N C EB'L k ; ’

AT = A0 — o, (¢ ). (16)

The optimization problem (I5) can be distributively solved.
Indeed, the Lagrangian is written as £ = >0, (fi(¢;) +
D jen, (Ciikij — A;ji€i;))- Accordingly, the optimization
(15) is equivalent to

¢ =argmin fi(¢) + > (CAAL —¢IAY)an
Ci€Bik JEN;
. _ n _ T
= argmin(V ;¢S +A" —r¢E ) TSI 3,
C,€EBik

where Agn) = |2 jeNin )\E;L)T,[ )\(" ]]EN k} . Note that
(I7) is formulated as a convex quadratlc programming
quadratic constraints (QCQP) that is solved effectively in
polynomial time by solvers such as OSQP [21] or SOCP
[22]. The distributed algorithm g is tailored to describe the
steps to solve the optimization problem (14).



V. SIMULATIONS AND DISCUSSIONS

To demonstrate the effectiveness of the proposed approach,
we implemented it in a synthetic environment by using
the real-world temperature dataset [23]. It is noted that the
temperature dataset was spatially and temporally collected by
12 fixed-location sensors during 24 hours in a crop area of 20
m X 100 m, which resulted in 756 measurements in total. To
verify our IPP algorithm, we first simulated a spatio-temporal
field of the real-world temperature dataset by building a model
from all 756 measurements. This model is called ground truth
(GT). Then whenever a robot moves to a particular location
in an unknown area and takes a virtual measurement at a
particular time, the GT model would estimate that virtual
measurement for the robot. In other words, the robots in our
simulation virtually took the “real” measurements when they
were exploring the field.

In the simulations, 6 robots with a communication range
of R = 20 [m] were chosen to conduct a task of mapping the
spatio-temporal temperature field in an unknown area with
the same dimensions of 20 m x 100 m. At the beginning,
none of the robots knew anything about the field. They could
only gather temperature information over their navigation.
In addition, let us take ||Av; x| < 1[m/s] and ||A; k| <
1[rad]. The covariance function was selected as a serial
combination between square exponential and Matérn (%)
functions as

K(p,p',t,t') = o exp (|[p — '[13/26 + [t = t'|/44) ,
where ¢; > 0 and ¢; > O are spatial and temporal length
scales, respectively; and o > 0 is a scalar scale. We also
considered wheeled mobile robots with the dynamics
sing,] " (18)
where v; is the longitude velocity and 6; is the heading angle
of robot 7. The dynamics of the robots are linearized by using
first-order approximation and discretizing (I8) by the Euler
method as

Pis+h = Piseth—1 + 7 [€080; p_1,8I00; k1] Vi i1
+ TV 1 [—sin i k1, cosbp_1] Ab; jin_1,
where AO; i, = 0; k+n—1 — 0; k—1. With respect to (1), we

coS8B; 1 —U;p—18n6; p_
have A, = and By =71 | ., k! k-1 bkl
sinf x—1 Vi k—1c080; k1

}T

Pi =v; [cos 0;

w = [vig, A

In the IPP context, a group of robots aims to map a
spatio-temporal field in an unknown environment. The robots
navigate the environment while taking measurements at their
moving steps. And our proposed distributed IPP algorithm
provides the robots with optimal navigation in terms of
gaining maximal information of the field in both space and
time. In other words, the measurements taken by the robots
run by our IPP approach carry most informative content of
the spatio-temporal temperature field. To validate this fact,
we exploited the measurements collected by the robots along
their navigation paths and learned a GP model. It is noticed
that this GP model was updated after every moving step of
the robots as the temperature field was varying over both
space and time. Since the robots could traverse to only a
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Fig. 2: Ground truth (GT) and prediction (P) of the spatio-
temporal temperature.
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Fig. 3: Box plots of prediction uncertainties at 21 test locations
over time steps. Outliers (dots) exist at some time steps.

limited number of locations in the environment, we utilized
the learned GP model to predict the temperature in the whole
space at any expected time. Mappings of the spatio-temporal
temperature field in the whole environment over moving steps
of the robots are illustrated in the right column of Fig. 2] For
the comparison purposes, we also generated the mappings
of the field by using the GT model, which are depicted in
the left column of Fig. 2. As can be seen from Fig. [2, our
method provides the comparative results that the robots could
build the spatio-temporal maps intensively comparable to the
ground truth. It is also demonstrated in the right column of
Fig. 2 that connectivity of the robots was well maintained
overtime. Code for the simulation is written in Julia and can
be found in github.com/AACLab/SpaTemIPP.git.



In practice, apart from mapping a spatio-temporal field in
a whole environment, one may be interested in values of the
field at some specific locations. Of course, these specific loca-
tions are not accessible by robots; hence no measurement can
be made. In that case, we can use the learned GP model to tem-
porally predict the field at those locations. To verify efficacy
of our algorithm in location level, we chose 21 testing points
on a grid with X = [207 30, 40, 50, 60, 70, 80]
and ¥ = [O, —5 —10]. We exploited our learned GP
model to predict the temperature at these 21 locations over
80 time steps. The prediction uncertainties at all 21 locations
were summarized in a box plot. All the box plots over 80
time steps are demonstrated in Fig. [3| Apparently, in the first
few steps when the robots did not have much information
about the field, the prediction uncertainties are high. However,
after about 16 time steps when the robots learned well about
the field in both space and time, the uncertainties significantly
reduce. Though the prediction uncertainties are considerably
small from 20 time steps onwards, there are still some minor
variations among them since the temperature kept changing.

VI. CONCLUDING REMARKS

This paper has addressed the problem of mapping spatio-
temporal environmental field using multiple robots based
on Gaussian process regression. The IPP problem has been
formulated in terms of multiple prediction steps with cross-
correlation cost functions that guarantee the connectivity of
the robot network during the exploration time. By using the
dual composition method, we have solved the IPP problem in
a distributed manner. The efficacy of the proposed approach
was verified in a synthetic experiment utilizing a real-life
dataset. In future work, we will consider the synchronous
update of measurements in the robot network.

VII. ACKNOWLEDGEMENT

This work was supported by the U.S. National Science
Foundation (NSF) under grants NSF-CAREER: 1846513,
NSF-CAREER: 2238296, NSF-EPCN: 2331710, and by
the NASA under grant: 8ONSSC24MO0141, and by the
Texas Comprehensive Research Fund program from the
Texas A&M University-Corpus Christi Division of Research
and Innovation. Research was sponsored by the Army
Research Office and was accomplished under Grant Number
WO11NF-23-1-0186. The views and conclusions contained
in this document are those of the authors and should not
be interpreted as representing the official policies, either
expressed or implied, of the Army Research Office or the
U.S. Government. The U.S. Government is authorized to
reproduce and distribute reprints for Government purposes
notwithstanding any copyright notation herein.

REFERENCES

[1] M. Dunbabin and L. Marques, “Robots for environmental monitor-
ing: Significant advancements and applications,” I[EEE Robotics &
Automation Magazine, vol. 19, no. 1, pp. 24-39, 2012.

[2] N. T. Binh, P. D. Dai, N. H. Quang, N. T. Ty, and N. M. Hung,
“Flocking control for two-dimensional multiple agents with limited
communication ranges,” International Journal of Control, vol. 94, no. 9,
pp. 2411-2418, 2021.

[3]

[4]

[5]

[7

—

[8

[t}

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21

[22]

[23]

B. Nguyen, T. Nghiem, L. Nguyen, T. Nguyen, H. La, M. Sookhak, and
T. Nguyen, “Distributed formation trajectory planning for multi-vehicle
systems,” in 2023 American Control Conference (ACC). 1EEE, 2023,
pp. 1325-1330.

L. Nguyen, S. Kodagoda, R. Ranasinghe, and G. Dissanayake, “Mobile
robotic sensors for environmental monitoring using gaussian markov
random field,” Robotica, vol. 39, no. 5, pp. 862-884, 2021.

T. X. Lin, S. Al-Abri, S. Coogan, and F. Zhang, “A distributed
scalar field mapping strategy for mobile robots,” in 2020 IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS).
IEEE, 2020, pp. 11581-11586.

R. Yan and J. J. Huang, “Confident learning-based gaussian mixture
model for leakage detection in water distribution networks,” Water
Research, vol. 247, p. 120773, 2023.

A. Singh, F. Ramos, H. D. Whyte, and W. J. Kaiser, “Modeling
and decision making in spatio-temporal processes for environmental
surveillance,” in 2010 IEEE International Conference on Robotics and
Automation. 1EEE, 2010, pp. 5490-5497.

K.-C. Ma, L. Liu, and G. S. Sukhatme, “Informative planning and online
learning with sparse gaussian processes,” in 2017 IEEE International
Conference on Robotics and Automation (ICRA). 1EEE, 2017, pp.
4292-4298.

T. M. Sears and J. A. Marshall, “Mapping of spatiotemporal scalar
fields by mobile robots using Gaussian process regression,” in 2022
IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS). 1EEE, 2022, pp. 6651-6656.

L. Schmid, M. Pantic, R. Khanna, L. Ott, R. Siegwart, and J. Nieto, “An
efficient sampling-based method for online informative path planning
in unknown environments,” IEEE Robotics and Automation Letters,
vol. 5, no. 2, pp. 1500-1507, 2020.

L. V. Nguyen, S. Kodagoda, R. Ranasinghe, and G. Dissanayake,
“Information-driven adaptive sampling strategy for mobile robotic
wireless sensor network,” IEEE Transactions on Control Systems
Technology, vol. 24, no. 1, pp. 372-379, 2015.

V.-A. Le, L. Nguyen, and T. X. Nghiem, “An efficient adaptive sampling
approach for mobile robotic sensor networks using proximal admm,”
in 2021 American Control Conference (ACC). 1EEE, 2021, pp. 1101—
1106.

T. Ding, R. Zheng, S. Zhang, and M. Liu, “Resource-efficient
cooperative online scalar field mapping via distributed sparse Gaussian
process regression,” IEEE Robotics and Automation Letters, 2024.

B. Nguyen, T. X. Nghiem, L. Nguyen, H. M. La, and T. Nguyen,
“Connectivity-preserving distributed informative path planning for
mobile robot networks,” IEEE Robotics and Automation Letters, vol. 9,
no. 3, pp. 2949-2956, 2024.

D. M. Rizzo and D. E. Dougherty, “Characterization of aquifer
properties using artificial neural networks: Neural kriging,” Water
Resources Research, vol. 30, no. 2, pp. 483-497, 1994.

N. T. Nguyen and J. C. Tique, “Physics-constrained taylor neural
networks for learning and control of dynamical systems,” arXiv preprint
arXiv:2410.02258, 2024.

C. K. Williams and C. E. Rasmussen, Gaussian processes for machine
learning. MIT press Cambridge, MA, 2006, vol. 2, no. 3.

T. M. Cover, Elements of information theory. John Wiley & Sons,
1999.

B. Nguyen, T. Nghiem, L. Nguyen, A. T. Nguyen, and T. Nguyen,
“Real-time distributed trajectory planning for mobile robots,” IFAC-
PapersOnlLine, vol. 56, no. 2, pp. 2152-2157, 2023.

A. M. Rush and M. Collins, “A tutorial on dual decomposition and
lagrangian relaxation for inference in natural language processing,”
Journal of Artificial Intelligence Research, vol. 45, pp. 305-362, 2012.
B. Stellato, G. Banjac, P. Goulart, A. Bemporad, and S. Boyd, “Osqp:
An operator splitting solver for quadratic programs,” Mathematical
Programming Computation, vol. 12, no. 4, pp. 637-672, 2020.

A. Domahidi, E. Chu, and S. Boyd, “Ecos: An socp solver for embedded
systems,” in 2013 European control conference (ECC). IEEE, 2013,
pp. 3071-3076.

Universidad-Loyola-ODS-Research-Group, Soil moisture and tem-
perature data in agricultural soil. Mendeley Data, V1, doi:
10.17632/fpbfmc9vnm. 1, 2022.



	Introduction
	Mobile Robots for Monitoring Spatio-Temporal Fields
	Informative Path Planning with network connectivity preservation
	Distributed IPP
	Simulations and Discussions
	Concluding Remarks
	Acknowledgement
	References

