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Figure 1: A schematic display of the envisioned bio-hybrid sensor network in Zagreb, Croatia (Ilija Ascic/Shutterstock.com)

ABSTRACT
In the WatchPlant project, we aim to develop a bio-hybrid wireless
sensor network (WSN) that uses natural plants as sensors for a
variety of environmental conditions. One of the major challenges
in such a system is managing connectivity while balancing higher
data throughput with energy conservation. In this work, connec-
tivity is controlled through the so-called Fiedler value, the second
smallest eigenvalue of the Laplacian of the communication graph.
We propose a distributed connectivity control method that relies
on consensus-based topology estimation, and in which links in the
graph are added or removed according to the values of the Fiedler
eigenvector obtained from the estimated adjacency matrix. The
proposed strategy for estimating and maintaining connectivity was
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1 INTRODUCTION
With the rapid development of wireless communication technolo-
gies, networked systems are becoming a part of every aspect of
our daily lives. We �nd applications in transportation, economy,
healthcare, manufacturing, and in social interactions. Each entity in
the system represents an autonomous intelligent agent contributing
their part to the collective, so we refer to them as multi-agent sys-
tems (MAS). By distributing the workload, complex tasks such as the
exploration [6], environmental monitoring [8], transportation [24],
construction [19], and interaction with animal societies [12] become
much simpler.

Typically, MAS have rather rich resources (e.g., computational
power, memory, communication bandwidth, etc.) due to neces-
sary complex interactions for given tasks. Wireless sensor network
(WSN) nodes, on the other hand, are smaller in size and more limited
in terms of resources due to their smaller scale. However, current
technological advancements allow equipping such sensor nodes
with more capable hardware that is still energy e�cient. This en-
ables the implementation of MAS architectures and algorithms [30]
that allow for several important features, such as self-organization
and self-repair. In our EU-funded project `WatchPlant' [9, 16], we
plan to utilize such technological advancements to harness MAS
features in the application of environmental monitoring via phy-
tosensing [31], that is, using natural plants as sensors. We envision
a dense wide-area mesh network of heterogeneous sensor nodes
providing relevant data, for example, to nearby citizens, as shown
in Fig. 1. Our key challenge is to design a reliable `living' sensor
network with high energy autonomy via high energy e�ciency.
To resolve this challenge, we use methods of self-organization,
machine learning, and evolutionary computation.

Currently, environmental monitoring is receiving increasing
attention [2]. Previously, environmental monitoring was performed
with a few expensive, high-precision sensors [25]. Using WSN
we can monitor larger areas at better spatial resolutions [4]. In
WatchPlant, we focus on urban air pollution monitoring. Due to
increasing urban population densities, hazards due to air pollution
are more likely and potentially threaten both human health and
the environment. Typical methods for air pollution monitoring in
cities are expensive and rather not scalable [29]. We believe that a
sustainable bio-hybrid approach, where natural plants are coupled
with minimalistic electronic components, forming a network of
living sensors�shapes the future of environmental monitoring.

As mentioned above, WSN consist of a collection of small and
low-power devices with limited computational capabilities [15].
They are used in various applications, such as environmental and
habitat monitoring, wild�re detection, natural disaster prediction
and detection, public health monitoring, etc. [7, 18]. Relevant chal-
lenges in the design of WSN include scalability, fault tolerance,
topology management, and energy consumption [15]. Despite the
recent achievements in improved hardware capabilities and energy
e�ciency, energy autonomy is still a major challenge. Primarily
communication but also computations consume most of a sensor
node's energy [22]. Therefore, e�cient algorithms are required that
keep communication and processing at a minimum while main-
taining reliable network connectivity. Energy harvesting (e.g., so-
lar energy) is a viable option for developing self-powered sensor

nodes [26]. In WatchPlant we also study the ambitious possibility
of harvesting energy from sugar in a plant's sap.

The algorithms used for connectivity control are mostly based
on variations of the consensus algorithm [14]. For example, LeBlanc
et al.[20] designed a consensus protocol based on the redundancy
of information exchanged within the local neighborhood. In the
case of robotic systems, dynamic topology adaptation was achieved
through robot motion control [28]. Other approaches usually in-
volve heuristics. In [10], a supergradient algorithm is used in con-
junction with a decentralized eigenvector computation, while in [21]
the authors propose a minimum degree and maximum distance
algorithm that does not require the computation of the exact con-
nectivity level. However, the above methods only consider that
the underlying communication graph remains connected or try to
maximize connectivity without considering energy e�ciency. This
problem is addressed, for example, in [3] for a static network with
uniform link weights.

In this work, we propose a distributed, consensus-based method
for estimating and managing connectivity that is applicable to both
MAS and WSN. Our main contribution is a method that works in
dynamic networks with realistic link weights, balances a trade-o�
between energy consumption and better connectivity, and responds
quickly to sensor node failures. Other contributions related to im-
proving our previous work [13] include: a) an analytical method
for adding/removing links in the graph; b) a simpler but equally
descriptive measure of link quality; c) a more precise de�nition of
the controller parameter; and d) implementation and experiments
on a mock WSN with two communication protocols.

2 PRELIMINARIES ON GRAPH THEORY
A MAS or WSN can be described by a communication graphG =
¹V ,Eº, whereV = f 1, 2, . . . ,ng is a set ofn vertices representing
the agents1, andE � V � V is a set of edges representing connec-
tions between them. The adjacency matrixA 2 Rn� n de�nes the
connections of the vertices in the graph. If the vertexi is adjacent
to the vertexj, then the element of the adjacency matrixai j is equal
to 1, otherwiseai j = 0. If the graphG is weighted,ai j � 0, 2 R if
ei j 2 E. In general, a graph can be directed or undirected. In the
case of an undirected graph, the adjacency matrix is symmetric,
ai j = aji . The vertices adjacent to vertexi are called its neighbors
and are denoted by a setNi = fvj 2 V : ei j 2 Eg. In this work, we
study graphs that are undirected, time-varying, without self-loops
(aii = 0, i = 1, 2, ...,n), and weighted, where the weights of the
edges represent the quality of the communication links between
agents.

The degree matrixD = diag¹d1, . . . ,dnº is a diagonal matrix,
wheredi denotes the degree of vertexi, and is computed asdi =∑n
j=1 ai j . The Laplacian matrix is then de�ned as

L = D � A, (1)

with lii = di and li j = lji = � ai j . Some of the properties of the
Laplacian matrix are particularly interesting from the perspective
of graph connectivity. For an undirected weighted graphG with
nonnegative weights: 1) all eigenvalues ofL have real nonnegative

1Throughout this paper, we refer to the individual entities in the network as agents.
They can be either simulated or real, representing, for example, a sensor node in a
WSN or a robot in a multi-robot system.
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values; 2)L is a positive semide�nite matrix; and 3) for the column
vector1, where all elements are equal to 1, and the zero vector0, it
holds thatL1 = 0. Consequently, one eigenvalue of the Laplacian
matrix is zero and can be denoted byλ1 = 0 and the others can be
arranged in a nondecreasing order:

λ1 � λ2 � . . . � λn . (2)

The second smallest eigenvalue of the Laplacian matrix,λ2, is
called the Fiedler value or algebraic connectivity and is a measure
of the connectivity of the associated graph. More precisely, the
graph is connected if and only ifλ2 > 0 [11]. For some well-known
graph families, such as star, cycle, or complete graphs, the algebraic
connectivity can be determined by exact expressions [1]. For others,
only the boundaries can be determined, and these depend on various
parameters, including the number of vertices and edges, and the
minimum and maximum degrees of the graph.

Relations involving the change ofλ2 for a given operation on
the graph are also known [1]. Most importantly, when a new graph
is formed by adding a connection, the new value of algebraic con-
nectivity is equal to or greater than theλ2 value for the original
graph. When a new graph is formed by removing a link, the new
algebraic connectivity value is equal to or less than the value for
the original graph.

3 PROBLEM DESCRIPTION
Algebraic connectivity is often used in research on networked sys-
tems because it is a fundamental measure of system performance
[23] and directly a�ects the speed of convergences in the consen-
sus protocol [5]. However, keeping the algebraic connectivity at
a maximum level does not necessarily contribute to the quality of
control due to delays, redundancy of messages, and possible colli-
sions. Another important requirement for the WatchPlant project
is the energy e�ciency of the WSN, since the sensor nodes are
not connected to a conventional power grid. The optimal network
topology should achieve the desired connectivity with the least
number of links so that energy is not wasted on unnecessary com-
munication between agents. Thus, the goal of connectivity control
is to keepλ2 at a certain level.

Determining the exact value ofλ2 to maximize network perfor-
mance while minimizing cost can be viewed as a convex optimiza-
tion problem [32]. In this paper, we do not attempt to �nd a solution
to this optimization problem. Instead, we assume that the desired
Fiedler value is determined by the user or some other mechanism,
depending on the current need for increased throughput or energy
savings. Our method then aims to realize a communication graph
con�guration with the desired connectivity.

In a fully decentralized system, this task is non-trivial since each
agent has only local knowledge about its neighborhood. Therefore,
information about the remaining communication links must some-
how be propagated through the network until all agents reach a
common adjacency matrix of the graph,

Al ¹kº = A ∀l ,k ! 1 . (3)

How to ensure the convergence of (3) is the �rst problem we address
in this paper.

OnceA is determined, each agent can computeλ2 and, depending
on the deviation from the reference value, modify the graph by

adding or removing links. This will in turn change the value ofλ2
accordingly. Which of these modi�cations should be made at what
time is the second problem we discuss here.

4 LOCAL ADJACENCY MATRIX ESTIMATION
The simplest discrete update law that could be used to satisfy (3) is
in the form

ali j ¹k + 1º = ali j ¹kº+ ∆ali j ¹kº, (4)

whereali j 2 »0, 1¼represents the weight of the communication link

between agenti and j perceived by agentl (i.e.,ali j is an element

of the adjacency matrixAl ). This discrete update law is executed
on each agent at regular time intervals of lengthTd > 0.

The main challenge in this update law is to determine∆ali j ¹kº
to ensure the convergence of the method. The approach proposed
here is based on our previous work on a trust-based consensus
algorithm presented in [17] and modi�ed for topology estimation
in [13]. The starting premise for the design of the optimal control
law is that agents should be able to estimate (and recon�gure)
the group topology in a decentralized manner, based solely on
their local views. Therefore, each agent should keep and update
its own matrix of communication weights for every other agent
in the group, including those that are not its neighbors. To enable
estimation of dynamic networks, the update law should also include
information about the observed quality of communication links
between neighbors, which may change over time.

A commonly used tool for reaching agreement without com-
plete knowledge is the consensus protocol. Generally, consensus is
written as

xi ¹k + 1º = xi ¹kº+ σ
∑
j 2Ni

ai j ¹kº»x j ¹kº � xi ¹kº¼, (5)

wherexi describes the state of agenti, x j is the state of agentj, ai j
represents level of relation between these two agents,Ni de�nes a
set of agents adjacent to agenti, andσ is the step size.

For example, the state could be the position of a robot or the am-
bient temperature measured by the agent, while the level of relation
could be the trust between the agents or the attraction between
them. In this work, we assign the quality of the communication
link to both the relationship property and the state, since it simulta-
neously represents our interest and a�ects consensus performance.
We therefore propose that the update equation of the control law
takes the form

∆ali j ¹kº =
∑
p2Nl

allp ¹kº
[
a
p
i j ¹kº � ali j ¹kº

]
+ ϵli j ¹kº, i , j, (6)

whereallp , api j , andali j are elements of the respective adjacency

matrices, andϵli j is the di�erence between the estimated and mea-
sured quality of link (ij), which will be described in the next section
as (9). Assuming that the initial underlying communication graph
contains a spanning tree, the update equation guarantees that (3)
holds. For a detailed derivation of the control law and proof of
convergence, we refer the reader to [13].
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4.1 Communication link quality
The main goal of the proposed method is to relate∆ali j ¹kº to the
quality of the communication link. However, the link quality mea-
surements may be erroneous and their transmission to the neigh-
bors is subjected to delays and packet losses. To obtain a more
accurate estimate of the local adjacency matrixAl , we de�ne it as
a function of both the neighboring environment perceived by the
agent and the "opinions" of other, non-neighboring agents in the
group.

At each discrete time stepk, corresponding to one iteration of
the consensus algorithm, agenti transmits its current estimate of
the adjacency matrix to a neighboring agentj. Agent j keeps track
of the number of messages received over a rolling window of size
N � as

τ li j ¹kº =
1
N �

k∑
q=k � N � +1

r li j ¹qº, (7)

wherer li j ¹qº 2 f0, 1gindicates whether agentj received the message
from agenti in stepq, as observed by agentl . In general, one can
allow agentl to have access to the measurements between agentsi
and j. However, we assume here that only the agents involved in
the data exchange can observe this exchange, so we typically have
l = i (or l = j) and

τ ii j = τ
i
ji , τ

j
i j = τ

j
ji . (8)

This model is simple to implement, yet representative of real-
world communications, combining the e�ects of severe channel
noise, dropouts, and delays longer than the expectedTd. The new
model also represents the �rst improvement on our earlier work
[13] � it is equally accurate, but much easier to explain and pa-
rameterize. By increasing the size of the windowN � , we reduce
the sensitivity to the number of dropped messages andvice versa.
If needed, the model can be easily extended to accept multiple
messages per communication period. The di�erence between the
current observation of the agentl and the current value of its local
adjacency matrix can be calculated as

ϵli j ¹kº = τ li j ¹kº � ali j ¹kº. (9)

Referring to (8) and (9), ifi and j do not communicate (l , i , j),
the measurements of the transmitted and received data packets
are not available and we setϵli j ¹kº = 0 ∀l . Note that (8) is relaxed
from our earlier work and we do not require that both connected
agents measure the same value. They assume this only to keep the
adjacency matrix symmetric, and all actual di�erences are averaged
within the consensus.

5 CONNECTIVITY MAINTENANCE
Once we have a reliable estimate of the current adjacency matrix
Al ¹kº, we can start the connectivity controller to reach and maintain
the desired value ofλ2. In the �rst step, each agent determines its
λl2¹kº and calculates the di�erence between the desired and the
current (estimated) value of algebraic connectivity

elλ2
¹kº = λ2,r ef � λl2¹kº. (10)

If we assume that we cannot directly control the weights of in-
dividual links, the set of possible values ofλ2 in a given graph is

discontinuous and di�cult to determine due to the complex rela-
tionship between the number of edges and algebraic connectivity.
Therefore, implementing linear controllers based on formal de-
sign methods is not feasible. Instead, we use a simple symmetric
three-level relay controller with parameterKλ2 . The parameterKλ2
should be determined such that we achieve satisfactory tracking
and avoid cyclic addition and removal of edges:

jelλ2
¹kºj < Kλ2 , k ! 1 . (11)

Determining the value ofKλ2 to ensure that all user-de�ned
reference values can be achieved is beyond the scope of this article.
However, we show that there is an analytical way to chooseKλ2
such that oscillations do not occur with minor variations in link
quality. Note that the following condition is more stringent than
the one in [13], since we consider the worst-case scenario rather
than the minimum satis�able condition.

Lemma 5.1 (Lower bound of Kλ2 ). For (11) to hold, the relay
parameter should satisfy

Kλ2 > δm � max
i, j

¹fi � fj º2, ei j 2 E¹kº (12)

whereδm 2 »0, 1¼is a user-de�ned maximum allowable variation
in link quality, and fi and fj are thei-th and j-th elements of the
normalized Fiedler vectorf corresponding toλ2 such thatLf = λ2f .

Proof. It was shown in [5] that from Lf = λ2f using perturba-
tion theory of symmetric matrices we obtain the �rst order approx-
imation of the change in algebraic connectivity due to a change in
the Laplacian matrix:

∂λ2
∂li j
= fT

∂L
∂li j

f = ¹fi � fj º2, (13)

For a small changeδ in li j (which actually corresponds to a change
in ai j � see (1)), the change inλ2 is proportional to the di�erence
in the corresponding Fiedler vector components,∆λ2 = δ ¹fi �
fj º2. Thus, by �nding the maximum di�erence between pairs of all
entries off , we determine the maximum (worst-case) change inλ2
caused by a sudden but small changeδm in the quality of the most
sensitive connection

∆λ2,max = δm � max
i, j

¹fi � fj º2, ei j 2 E¹kº. (14)

Thus, to avoid oscillations in the algebraic connectivity caused by
external disturbances of the connections, i.e., to guarantee that (11)
is satis�ed, theKλ2 parameter of the relay controller should be
larger than the expected∆λ2,max . The value ofδm depends on the
user de�ned tolerance for variations in the connectivity level. We
set it to 20% of the maximum connectivity quality,δm = 0.2. If the
quality change is greater than this value, new connections should
be added or removed. □

5.1 Adding and removing communication links
After deciding to add or remove a link, each agent should try to
select the optimal link to minimize the time required to adopt
the required topology and the energy spent on establishing new
connections. In contrast to our previous work, where we presented
the probabilistic Albert-Barabási preferential model, we propose an
improved analytic rule based on the elements of the Fiedler vector.
To allow the group to reach consensus after changing its topology,
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this control law runs in discrete time intervalsκ longer than the
communication intervalTd .

Corollary 5.2. (Analytic model for adding and removing links
). To maximize the likelihood of achieving the desired con�guration
in the shortest possible time with minimal oscillations and energy
expenditure, links should be added according to

¹ijº+¹κº = arg max
i, j : ei j<E¹κº

¹fi ¹κº � fj ¹κºº2, (15)

and removed according to

¹ijº� ¹κº = arg min
i, j : ei j 2E¹κº

¹fi ¹κº � fj ¹κºº2, ¹fi ¹κº � fj ¹κºº , 0. (16)

Proof. To minimize the number of links and the time required
to reach reference connectivity, each added link should cause the
largest possible increase inλ2. From Lemma 5.1 we know that
(13) approximates the change inλ2 caused by changes inli j (ai j ).
Thus, by choosing the link for which¹fi � fj º2 has the largest
value, we maximize the likelihood that connectivity increases as
much as possible. It should be noted that adding more terms of
the Taylor series expansion of (13) could sometimes improve the
approximation and lead to better connectivity, but it would also
signi�cantly increase the computational complexity.

When removing a link, we look for the minimum non-zero
change in¹fi � fj º2 to avoid the possibility of accidentally discon-
necting the graph and to minimize oscillations around the reference
value. □

This newly proposed method o�ers several advantages over
probabilistic approaches for maintaining connectivity. Since the
consensus protocol is set up so that the estimate converges faster
than the control period, all agents have matching adjacency ma-
trices and make the same decisions. This eliminates the need for
further agreement or the risk of adding/removing too many links in
one step. Maximizing the increase inλ2 also reduces the number of
connection events required to reach the reference value. Since estab-
lishing each new connection requires additional energy, minimizing
the number of steps required reduces the overall consumption.

5.2 Energy conservation
To further optimize resource utilization in our network, we ad-
ditionally apply a strategy to remove unnecessary connections.
As mentioned in Section 2, when a connection is removed, the al-
gebraic connectivity in the graph decreases or remains the same.
Consequently, some connections in the graph do not contribute to
the total connectivity, but still consume the limited energy supply.
Using the result from Lemma 5.1, we can determine which connec-
tion does not a�ect connectivity by �nding¹ijº 2 E¹κº for which
¹fi � fj º = 0. This strategy is activated when the estimated value
of λ2 reaches the commanded reference value, that is, when the
condition (11) is satis�ed.

For a better overview, the pseudocode of the whole proposed con-
nectivity estimation and control method can be found in Procedure
1.

Procedure 1: The pseudo-code of the proposed connectiv-
ity maintenance procedure running on agentl .

Initialize adjacency matrix estimateAl with known local
connections.

InitializeKλ2 according to Lemma 5.1.
while Truedo

Exchange communication link qualitiesali j with
neighbors.

Update the adjacency matrix estimateAl according to
(4) and (6).

Calculateλl2 from (1).
Calculateelλ2

using (10).

if elλ2
> Kλ2 then Add a link according to (15) ;

if elλ2
< � Kλ2 then Remove a link according to (16) ;

if jelλ2
¹kºj < Kλ2 then Remove unnecessary link for

energy conservation (see Section 5.2);
end

6 RESULTS
To demonstrate the e�ectiveness of the proposed consensus-based
method for estimating the adjacency matrix and connectivity of the
network, as well as the control law for maintaining connectivity, we
conducted several experiments in simulation and with the hardware
used in the WatchPlant project. The experimental system shown
in Fig. 2 consists of �ve Raspberry Pi 4 single-board computers
connected to a WiFi via a standard WLAN router. The algorithm
presented is written in Python and the agents communicate by
sending TCP packets via ROS [27] or ZeroMQ2. They are also
equipped with an RGB LED matrix module to facilitate visualization
of their state.

In the real experiments, we generated an initial topology of the
communication graph, as shown in Fig. 2. At the beginning of the
execution, each agent has only the knowledge of the local network
topology and the estimatedλ2 is therefore equal to 0. The sampling
time was set toTd = 0.3 »s¼, the period of connectivity control
to κ = 75 � k (adding/removing links is initiated once every 75
communication intervals), and the message bu�er size toN � = 20.

In the �rst experiment, shown in Fig. 3, we demonstrate the
ability of our algorithm to correctly estimate the algebraic connec-
tivity of the network. After some time for the �rst estimate, we set
λ2,r ef = 0.81 at t = 30 s. As expected, the condition (15) �nds the
link that maximizes the increase in connectivity, leading to an over-
shoot in the value, which is then normalized by removing a link in
the next control period. The reference value ofλ2 is later changed
two more times to show how the underlying communication graph
reorganizes to follow the desired reference. Towards the end of the
experiment, att = 180 s the communication channel brie�y became
congested, causing the quality of the links to degrade along with
the overall connectivity. After the disruption passed, the network
quickly recovered.

In Fig. 4, a similar experiment can be seen. Att = 95 s, we sim-
ulate a failure of agent 2 by forcibly shutting it down. As other

2ZeroMQ asynchronous messaging library: https://zeromq.org/
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Figure 2: The system of 5 Raspberry Pi agents used for ex-
periments and their initial communication topology.
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Figure 3: Time response of physical agents' algebraic connec-
tivity estimates for the system shown in Fig. 2.

agents stop receiving messages from their neighbor, the connec-
tivity of the graph drops rapidly. However, after about 10 seconds,
it is apparent from the estimated adjacency matrix that agent 2 is
no longer responsive, and the group makes a collective decision to
exclude him from future computations. Att = 120 s, another round
of the connectivity control protocol takes place, and connectivity
is quickly restored after adding a new link.

Figure 5 demonstrates the energy saving feature of the algorithm.
After reaching the reference value for connectivity, att = 75 s,
the agents jointly conclude that link (1-4) can be safely removed
without a�ecting connectivity, as shown in the lower part of the
�gure. When λ2,r ef is further increased, two new links were added
to achieve the desired connectivity.

Finally, to show the scalability of the method, we performed an
additional experiment in simulation with 15 agents connected in
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Figure 4: Time response of physical agents' algebraic connec-
tivity estimates for the system shown in Fig. 2 with a simu-
lated failure of agent 2 at t = 95 s.
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Figure 5: Top: Time response of physical agents' algebraic
connectivity for the system shown in Fig. 2. Bottom: Time
response of averaged link weights demonstrating the energy
saving feature.

the random initial communication graph, as shown in Fig. 6. As in
the previous experiments, we �rst let the group reach consensus on
their topology before commanding a new connectivity reference
λ2,r ef = 1.6 at t = 50 s. At t = 140 s, we turn o� agents 0, 5, and
10 to simulate their failure. Connectivity drops sharply again, but
unresponsive agents are quickly detected and the group regains
connectivity (see Fig. 7).

The videos of the experiments are available on YouTube: https:
//www.youtube.com/watch?v=SXHY0xBoq0I.
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Figure 6: Network of 15 agents used in simulation experi-
ments.
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Figure 7: Time response of simulated agents' algebraic con-
nectivity estimates for the system shown in Fig. 6 with a sim-
ulated failure of agents 0, 5, and 10 at t = 140 s.

7 CONCLUSION AND FUTURE WORK
In this work, we have presented a distributed consensus-based
method for estimating the communication graph in dynamic net-
works and an analytical method for adding and removing links to
maintain network connectivity at a desired level while limiting en-
ergy consumption. Experiments conducted in simulation and on a
real WSN demonstrate the e�ectiveness of connectivity estimation
and tracking in smaller and larger networks, as well as its ability to
recover quickly from agent failures.

In the near future, we plan to deploy the algorithm in a low-
power microcontroller-based sensor network currently under de-
velopment as part of the WatchPlant project. We would also like
to incorporate physical signal strength into our de�nition of link

quality and consider the higher-level optimization problem of de-
termining the optimal value ofλ2 for a given situation.
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