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METHOD AND SYSTEM FOR THE DEPLOYMENT OF NODES OF A WIRELESS
COMMUNICATIONS NETWORK

§§888

DESCRIPTION

Background of the invention

Field of the invention

The present invention generally relates to wireless communications networks, particularly,
although not limitatively, to Wireless Personal Area Networks (WPAN) or short-range WPAN, even
more particularly, but still not limitatively, to Wireless Sensor Networks (WSN) and Wireless Sensor
and Actuator Networks (WSAN). More specifically, the present invention relates to the deployment
of network nodes, particularly of those nodes (like relay nodes of wireless sensor networks), which
are deployed to guarantee connectivity between the network nodes and a base station, where for
example the data sensed by the sensor nodes are collected and processed.

Description of the related art

Wireless sensor networks are wireless networks made up of spatially distributed,
autonomous devices using sensors (sensor nodes) to cooperatively monitor physical or
environmental conditions, such as temperature, voltage, current, sound, vibration, pressure, motion
or pollutants, at different locations. Wireless sensor networks are nowadays used in many
application areas, including environment and habitat monitoring, monitoring of industrial
plants/telecommunication centrals, healthcare applications, home automation, traffic control, just to

mention some.

Each sensor node includes, in addition to one or more sensors adapted to sense one or

more physical quantities, a radio transceiver or other wireless communications device.

Wireless sensor networks typically include, in addition to sensor nodes, relay nodes which
act as routers to guarantee connectivity between the targets (i.e., the sensor nodes) and a base
station, where the sensed values of the physical quantities sensed by the various sensor nodes are
gathered and processed for, e.g. monitoring or control purposes.

Finding an effective deployment strategy of the network nodes, particularly of the relay

nodes is rather challenging. In order to find the best placement of the nodes, a good knowledge of
1
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the wireless communication channel is required; however, a strategy that requires to first learn the
characteristics of the wireless communication channel and then deploys the nodes is not always
desirable, because of cost and scalability issues.

The problem of nodes deployment in wireless sensor networks has been extensively
studied in the sensor network community. While deploying the nodes, the goal is to find the best
placement thereof, particularly of the nodes which have a routing function, while optimizing some
cost related to the specific application, such as the number of sensors, the communication cost,
and the coverage. Thus, a natural approach for the nodes deployment problem is to model it as a

constrained optimization problem.

In general terms, known solutions are based on one of two approaches: a first, classical
approach based on the assumption of a “communication range” model, and a more recent

approach that considers a “communication cost”.

The “communication range” assumption states that the network nodes can perfectly

communicate within a fixed range, and will not communicate outside that range.

Solutions based on this approach are for example discussed in K. Chakrabarty et al., "Grid
Coverage of Surveillance and Target location in Distributed Sensor Networks", [EEE Transactions
on Computers, Vol. 51, No. 12, December 2002, pages 1448-1453 (ref. 1), Chakrabarty; H. et al.,
"Coding theory framework for target location in distributed sensor networks”, International
Symposium on Information Technology: Coding and Computing, 2001 (ref. 2), Kenan Xu et al.,
"Optimal wireless sensor networks (WSNs) deployment: minimum cost with lifetime constraint"
WiMob 2005 (ref. 3), and Seapahn Meguerdichian et al., "Coverage Problems in Wireless Ad-hoc
Sensor Networks" IEEE Infocom 2001 (ref. 4). In ref. 1, the sensor nodes placement problem is
modeled as an Integer Linear Programming problem to minimize the cost of sensors for complete
coverage of the sensor field. Ref. 2 proposes a set covering approach to determine the minimum
number of sensors needed to cover a certain area. Set covering techniques are also used in ref. 3
to explore the problem of optimal deployment in a WSN where the goal is to minimize the network
cost under lifetime constraints. In ref. 4, computational geometric method and graph theory
techniques are used to solve the coverage problem.

The “communication cost” model considers the probabilistic nature of the wireless
communication channel, and introduces a communication cost that depends on the probability

distribution of the channel. Either the probability distribution is assumed to be known, or it is
2
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assumed that there exists a pilot nodes deployment from which the probability distribution can be
learned.

Examples of the "communication cost" approach can be found in S. Dhillon et al., "Sensor
Placement for Grid Coverage under Imprecise Detections”, Proceedings of the International
Conference on Information Fusion 2002 (ref. 5), and in A. Krause et al., "Near-optimal Sensor
Placements: Maximizing Information while Minimizing Communication Cost", IPSN'06, April 19-21,
2006, Nashville, Tennessee, USA (ref. 6).

Ref. 5 introduces a notion of sensing probability in which a sensor node senses its
surrounding environment with some probability p that decays exponentially with the distance.
Based on that notion, the authors propose a sensor placement (or coverage) algorithm that
maximizes the probability that any given point in the field is sensed. In ref. 6, the authors proposed
a novel approach where a sensing quality and a communication cost were introduced. The sensing
quality is defined as the amount of predictive information that a given sensor placement/positioning
provides about the region where no sensors are placed. The communication cost is defined as the
expected number of retransmissions between any two nodes. Gaussian Process (GP) techniques
are used to both model and learn the spatial phenomenon and the variability of the wireless link.
The authors use data from a pilot deployment to learn the GP model and propose a polynomial
algorithm to find the optimal sensor placement under communication cost and sensing quality

constraints.

U.S. patent No. 7,006,889 discloses a sensor placement algorithm based on the sensor
data such that the data for particular process disturbances are significantly different from the sensor
data for other disturbances. A set of one or more decision trees in a distributed parameter
manufacturing system is constructed. Each of the trees has inputs from multiple ones of the
sensors and has an output indicating one of the disturbances.

Summary of the invention

The Applicant has observed that known strategies for approaching the nodes placement
problem in wireless sensor networks are not completely satisfactory.

In particular, the Applicant observes that the "communication range" assumption is
unrealistic for wireless communications channels like those employed in wireless sensor networks.

For example, because of the presence of obstacles, sensor nodes might not be able to sense an
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area that is very close by; furthermore, the region of communication of a sensor node does not
have a hard frontier: the communication quality decreases with the distance while being closely
dependent on the environment around the communicating devices due to interference and

shadowing.

The “communication cost” model tries to be more realistic, however, assuming that the
(probability distribution of the) wireless channel is known, is unrealistic; on the other hand,
launching a pilot deployment can be undesirable, as it involves high cost and scales very poorly, or
it may also be impossible to be made.

In view of the state of the art, outlined above, the Applicant has tackled the problem of
finding a more effective approach to the deployment of nodes in a wireless communications
network, particularly, although not limitatively, useful in the context of WPAN, WSN, WSAN.

Essentially, the present invention proposes an iterative approach to the nodes deployment
problem. Starting from an initial placement of a limited number of nodes, the method of the present
invention makes an initial estimation of parameters indicative of a quality of the communications in
the network in respect of such an initial nodes placement. Additional nodes are incrementally
placed at each iteration, their positions being determined based on the estimation of the
parameters indicative of a quality of the communications in the network; the estimation of these
communication quality parameters is updated after each placement of additional nodes, based on a

monitoring of communication activities between the nodes in the network.

According to a first aspect of the present invention, a method is provided for the
deployment of nodes of a wireless communication network, the method comprising:

a) obtaining an initial estimation of parameters indicative of a quality of the communications

between the nodes in the network in respect of an initial deployment of nodes;

b) based on the parameters estimation, estimating a physical position of at least one
additional network node to be deployed;

c) after the at least one additional network node has been deployed in a physical position in

the network, monitoring and recording communication activities between the nodes in the network;

d) deriving an updated estimation of the parameters indicative of the quality of the
communications between the nodes in the network based on the recorded communication
activities, and
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e) either iterating said steps b), ¢) and d) or not depending on an assessment of the
updated parameters estimation.

Step a) may include modeling a probability of successful wireless communications between
the nodes in the network as a Gaussian process.

Step a) may also include estimating mean and covariance of probability distribution
functions of Gaussian random variables characterizing a wireless communications link between any

two nodes in the network.

Said estimating mean and covariance of the probability distribution functions may include

calculating a maximum likelihood estimation.

Said calculating the maximum likelihood estimation may include approximating the
maximum likelihood estimation by means of a gradient ascent algorithm, or by means of an

expectation maximization (EM) algorithm.
Step b) may include solving a minimum-cost Steiner tree problem.

Said solving the minimum-cost Steiner tree problem may be approximated by a vertex
algorithm.

Step ¢) may include monitoring and recording sequences of communications successes

and/or failures between any two nodes in the network.

Said monitoring and recording communications activities may include scheduling the

communications between the nodes in the network according to a TDMA schedule.

Said scheduling may include assigning to each node in the network a respective time slot

for transmission.

Step d) may include approximating a maximum likelihood estimation by means of either a

gradient ascent algorithm or a maximum expectation algorithm.
Step d) may include exploiting an online learning technique.

Said exploiting the online learning technique may comprise applying an expectation
propagation algorithm.

Step e) may include deciding to terminate said iterating the steps b), ¢) and d) when a
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predetermined low cost for the communications between the nodes of the network is attained.

According to another aspect of the present invention, a system is provided for determining
positions of deployment of nodes of a wireless communication network, the system being
configured for performing the steps of the method according to the first aspect of the invention.

Still another aspect of the present invention relates to a computer program loadable into a
memory of a computer, comprising computer program code modules adapted to implement the
method of the first aspect of the invention.

The present invention is useful in scenarios where a certain number of nodes, e.g., sensor
nodes of a WSN or WSAN, have already been deployed in fixed and known positions, and
additional nodes, like relay nodes, need to be deployed to guarantee connectivity while maintaining

a low communication cost between the sensor nodes and a base station.

An advantage of the present invention resides in that it is not based on unrealistic
assumptions like that of the “‘communication range” approach, but rather associates to the wireless
channel a communication cost that changes tracking the changes in the network configuration

during time.

Another advantage is that the method of the present invention does not assume the
existence of a pilot deployment. Instead, it proposes an iterative approach that incrementally
deploys the network nodes while learning the characteristics of the wireless communication

channel.

Mathematical models and algorithms are used to both learn the characteristics of the
wireless communication channel and find the best placement for the additional nodes to be
deployed.

Brief description of the drawings

These and other features and advantages of the present invention will be made clearer by
the following detailed description of some embodiments thereof, provided merely by of non-
limitative examples. The description that follows should be read in conjunction with the attached

drawings, wherein:

Figure 1 schematically shows a wireless communication network, particularly a wireless

sensor network in which the present invention can be advantageously exploited;

6
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Figure 2 is a schematic flowchart of a method according to an embodiment of the present

invention;

Figures 3A, 3B and 3C give a pictorial overview of the iterative method of Figure 2, in a

simple case;

Figure 4 is a schematic flowchart of a Gradient Ascent (GA) algorithm used in one

embodiment of the present invention;

Figure 5 is a schematic flowchart of an Expectation Maximization (EM) algorithm that is
used in another embodiment of the present invention, as an alternative to the GA algorithm;

Figure 6 depicts an exemplary result of an activity of monitoring and recording

transmissions between nodes in the network;

Figure 7 is a schematic flowchart of an expectation propagation algorithm used in an

embodiment of the present invention; and

Figure 8 schematically shows a gateway node of the network of Figure 1 configured for
implementing the method according to the present invention.

Detailed description of invention embodiments

Making reference to the drawings, in Figure 1 there is schematically shown a scenario
wherein the present invention is advantageously (albeit not limitatively) applicable. In greater detail,
the considered scenario is that of a wireless sensor network 100, including a plurality of sensor
nodes 105. Each sensor node 105 comprises one or more sensors of physical quantities, e.g.
temperature, voltage, current, sound, vibration, pressure, motion or pollutants. The sensor nodes
105 are placed at various, different locations of a selected environment, e.g. an industrial plant or a
telecommunication central, said locations being for example selected depending on the monitoring
requirements. Each sensor node 105 also includes a wireless transceiver, adapted to wirelessly
communicate with other nodes of the network based on a wireless communication protocol, for

example, and not limitatively, a ZigBee protocol, or other mesh networking protocols.

The wireless sensor network 100 further includes one or more relay nodes 110, which act
as wireless routers between the sensor nodes 105 (the “targets”) and a gateway 115; the relay
nodes 110 have the function of guaranteeing the connectivity between the sensor nodes 105 and

the gateway 115. It is pointed out that nothing prevents that one or more of the sensor nodes 105
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also perform the functions of relay nodes, i.e. of routers between other sensor nodes and the
gateway.

The gateway 115 interfaces the wireless sensor network 100 with an external network 120,
e.g. a Metropolitan Area Network (MAN), a Wide Area Network (WAN), the Internet, an intranet, to
which the gateway 115 is connected via a wired and/or wireless connection 125.

Within the external network 120, a base station 130 is provided (for example, implemented
by a server computer in the external network 120); the base station 130 is operable to collect the
data sensed by the sensor nodes 105, process them, and e.g. performing a monitoring/supervision
of the environment where the sensor nodes 105 are placed based on the processed data. It is
pointed out that nothing prevents that the functions of base station are performed by the gateway
115, or by an entity within the wireless network 110.

As discussed in the foregoing, the present invention deals with the problem of deploying
nodes in a wireless communication network, particularly a wireless sensor network, and in

particular relay nodes of the wireless network.

According to an embodiment of the present invention, a solution to the nodes deployment
problem is based on an iterative method that, starting from an initial placement of a limited number
of nodes, possibly including only one relay node 110, incrementally places additional (relay) nodes
S0 as to ensure a desired connectivity between the sensor nodes 105 and the gateway 115 / base
station 130.

In particular, the framework considered in the invention embodiment herein described is
one in which (at least some of) the targets 105 and of the relay nodes 110 have already been
deployed, and further relay nodes 110 (and/or sensor nodes having a routing capability) are to be
added to guarantee connectivity between the targets 105 and the gateway 115 / base station 130.

By way of overview, the present invention uses an iterative method to learn the unknown
characteristics of the wireless communication channel based on an estimation of the
communication cost throughout the network. The proposed iterative procedure alternates between
placing a fixed number of nodes, particularly nodes having a routing function (relay nodes), and
updating the knowledge about the quality of the communications in the network. At the beginning,
an initial nodes deployment is assumed to exist, and, based on measurements obtained from this

initial deployment, a first estimation of the wireless communication channel is computed, using a
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Maximum Likelihood (ML) criterion; to this purpose, a Gradient Ascent (GA) or an Expectation
Maximization (EM) algorithm may be advantageously exploited, for reducing the computational
burden. Once a first estimate is obtained, one or more additional relay nodes (for example, a
predetermined, fixed number of relay nodes) is deployed, by solving a Minimum Cost Steiner Tree
Problem; a heuristic algorithm (Vertex Algorithm) based on the minimum spanning tree algorithm
may be advantageously exploited for this purpose. After having deployed the new relay node(s),
another set of measurements is carried out, and the estimate of the communication channel
parameters is updated using Online Leamning techniques, particularly an Expectation Propagation
algorithm.

In greater detail, according to an embodiment of the present invention, to each wireless
communication link in the wireless sensor network 100 a communication cost is associated; in
particular, the communication cost that is associated to each wireless communication link
corresponds, e.g. it is equal to the expected number of retransmissions needed to send a data

packet over that communication link. It is assumed that the probability 6, of successfully

transmitting a data packet from the generic network node s (either a sensor node 105 or a relay
node 110) to the generic node ¢, is a function of an underlying Gaussian process of the wireless
communications field, W, with unknown parameters, i.e. unknown mean and covariance. In order to
compute the communication cost, ie. the expected number of needed retransmissions, the
parameters of the Gaussian process need to be known. The method according to an embodiment
of the present invention does not rely on the assumption that the Gaussian process parameters are
known a priori, nor that a pilot nodes deployment is available; the proposed solution provides for an
iterative deployment of additional (relay) nodes and exploits online algorithms to update the
estimate of the Gaussian process parameters as more data becomes available.

A schematic flowchart of a method according to an embodiment of the present invention is
depicted in Figure 2. Hereinafter, an overview of the main steps of the method will be presented.
The individual method steps will be described in detail later.

Since at the beginning there is no available estimate of the parameters of the field
corresponding to the initial nodes deployment, an indicator that can be used is the distance
between the nodes: the nodes, particularly the relay nodes 110, are initially placed at distance d
apart (in the directions sensor node - gateway), where the distance d is chosen small enough that
there is a non-zero probability of successful transmission from any sensor node 105 to the gateway

115/ base station 130, but large enough such that the number of deployed (relay) nodes is
9
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minimized.

Firstly (block 205 in the figure), an initial estimation is obtained of the parameters of the
Gaussian process corresponding to the initial deployment of sensor nodes 105 and relay nodes
110 in the network 100.

Then (block 210), at least one additional relay node 110, possibly a fixed, predetermined
number n of relay nodes 110 are deployed in the wireless sensor network 100, at optimal locations,
which are determined based on the results of the initial parameters estimation.

After the placement of the additional nodes, communication activities between the nodes in
the field are then monitored and recorded (block 215); in particular, the recorded communication
activities include sequences of transmissions successes and failures between the already placed
nodes and the gateway 115 / base station 130 (i.e., between the end points).

The estimate of the field parameters is then updated (block 220) using online algorithm
techniques based on the recorded communication activities.

The steps of blocks 210, 215 and 220 are iterated (block 225, exit branch N) until the
reaching of a predetermined stopping condition is assessed (block 225, exit branch Y). In other
words, if the stopping condition is not met, the deployment of another set of additional relay nodes
110 is performed based on the new field parameters estimates. The stopping condition may for
example correspond to the reaching of a predetermined maximum number of deployable relay
nodes 110, or to the attainment of a minimum cost for sending the packets from the sensor nodes
105 to the gateway 115 / base station 130.

Considering block 205 in Figure 2, an initial estimate of the wireless communications field
parameters can be obtained by computing a Maximum Likelihood (ML) estimate of the parameters
based on the data gathered from the initial deployment of the nodes 105 and 110. With the
underlying Gaussian process model, this can be done using Gaussian Process for Classification
(GPC) techniques. However, computing an exact ML estimate is computationally demanding. Thus,
according to a preferred embodiment of the present invention, approximated algorithms are used to
limit the computational burden. A possible approximated algorithm that can be advantageously
exploited is the Gradient Ascent (GA) algorithm. Another approximated algorithm that can be
advantageously exploited is the Expectation Maximization (EM). A detailed description of the two
approximated algorithms will be provided in the following.

10
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Considering block 210, an optimal placement of the next additional n relay nodes 110 is
computed, based on the estimated values of the Gaussian process parameters. The number n of
additional (relay) nodes to be deployed may for example be a design parameter (in principle, a
single additional relay node could be placed at each step of the iteration), and should be properly
chosen. For small values of n (e.g. n = 1), the amount of new information about the network that is
gained after each step of the iteration is limited: this may limit the performance of the leaming
process. On the other hand, if n is large (e.g., equal to the total number of relay nodes that the
network designer is allowed/ready to deploy), the placement algorithm cannot be optimal, because
the estimate of the field parameters is not good enough.

According to an embodiment of the present invention, finding the best placement of the
next, additional n relay nodes is modeled as a Steiner Tree problem. Since a Steiner Tree problem
is computationally intractable, according to an embodiment of the present invention a vertex
heuristic is proposed. The vertex algorithm, described in greater detail in the following, adds the n
nodes one-by-one.

Considering block 220, the parameters of the underlying Gaussian process model are
updated using Online Learning techniques. These techniques are based on combining the old
distribution of the Gaussian process parameters with the new available data for the update of the
distribution, without the need of keeping all the previous, old data. Since the posterior distributions
(which are conditional probability distributions) do not have a simple form, according to an
embodiment of the present invention such distributions are projected onto a Gaussian family to get
a good approximation of the parameters. According to an embodiment of the present invention, an
Expectation Propagation (EP) method is proposed to be used for this purpose.

Figures 3A, 3B and 3C give a pictorial overview of the iterative approach according to the
present invention. A simple case is considered in which the network 100 comprises four sensor
nodes 105a, 105b, 105¢ and 105d, placed in different locations, and, at the beginning, one relay
node 110a is present; it is assumed for simplicity that only relay nodes 110 are added to the
network 100, and that, at each iteration, one additional relay node 110 is deployed. These are
however not to be construed as limitations for the present invention, which from one hand can be
applied to the iterative deployment of any network node, be it a relay node or a sensor node or a
sensor node with routing capability, and, from the other hand, support the deployment of any
number of additional nodes at each iteration (either equal or different from iteration to iteration).

Initially (Figure 3A), the single relay node 110a allows the communication between the sensor
11
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nodes 105a and 105b and the gateway 115 / base station 130; as schematically depicted in the
figure, the connectivity between the two sensor nodes 105¢ and 105d and the gateway 115 / base
station 130 is not guaranteed by the single relay node 110a. At the first run of the iterative method,
the relay node 110b is thus added (Figure 3B). Recording the communications activities of the
nodes in the network 100 after the placement of the relay node 110b, it is ascertained that the
sensor node 105¢ can now communicate with the gateway 115 / base station 130, while the sensor
node 105d is still not reachable. At the second run of the iterative method, the relay node 110b is
thus added (Figure 3C). Recording again the communications activities of the nodes in the network
100 after the placement of the further relay node 110c, it is ascertained that also the sensor node
105d can now communicate with the gateway 115 / base station 130. This signals the attainment of
the stopping condition, and the procedure ends. As mentioned above, the method is not limited to
the deployment of additional relay nodes 110, but to the deployment of network nodes in general
irrespective of their nature, and this is schematized in Figure 3C, where reference numeral 305
denotes, by way of example, a sensor node with routing capability that may be added at the generic
iteration of the method.

The individual steps of the method described above will be now described in detail, making

reference to exemplary and non-limitative embodiments of the present invention.

First step (block 205): initial estimation

As mentioned in the foregoing, the general model on which the first step is based is the
Gaussian Process for Classification (GPC). In the GPC model, the probability of successfully
sending a data packet between any two points over a wireless communication link in the field is a

function of an underlying Gaussian process of the link:
PY,, =y W, =w)=g(y,w)

where Y, , is the indicator random variable that takes value 1 if a data packet is successfully sent

from the generic node s to the generic node ¢, and -1 otherwise (/.. in case of transmission failure),

and W,, is the underlying Gaussian random variable that characterizes the wireless

communication link (s, f). The function g(y,w) which lies in the interval [0,1] is called the

likelihood function, and it is assumed to be equal to the cumulative distribution of a standard normal
random variable: g(y,w) = ®(yw), where:

12
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d(x) = 24t

1 j
—_—— | €
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As was observed in ref. 6 mentioned in the foregoing, the communication cost C(s,i)

between the nodes s and {, which is defined as the expected number of retransmissions needed to
successfully send the data packet, can be computed as:

C(s,t)= J%(W)fW” (w)dw

where fWM (w) is the probability distribution function of the underlying random variable W

which in the exemplary embodiment of the invention here considered is assumed to be Gaussian,
and 0, (w)=P(Y,, =1|W, =w)=g(l,w) is the probability of successful transmission given
W,, =w. The parameters of the distribution f,, (w) are however not known, so they have to be

estimated by observing the communications between the nodes in the field.

It is assumed that a certain number of transmissions in the field have been observed and

recorded. For the observed communication links, the value Y =[Y®,..Y™] is recorded, where
YO =(y?,.,y"),i=1..N are independent, y\’e {-1+1} indicates whether the data
packet in the i-th transmission in communication link j was received or not, m is the number of
communication links involved. GivenY , it would desirable to compute the predictive
communication cost C (s, ), which requires computing the posterior distribution of W, for any link
(s, f). A Maximum Likelihood (ML) criterion can be used to estimate the parameters of the posterior

distribution of W = (w,,...,w_,w__,...w . ) given Y =(Y"',..,Y"). Observations are available

m+n

only from the first m links (7,...,m), links (m+1,...,m+n) being not observed.
0= arg rnax(EW [P(Y,W|®)))
Q
= arg max log((E, [P(Y, W| ©)])
Q
where ® = (u,X) are the parameters of the Gaussian process, mean and covariance functions,
W=, W)

where W@ =W, w@ w? w® yi=1..N are independent realizations of
13
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&.

W = (W) ooy Wy, Wi e Wi ), ¥ depends on the unobserved random variable w!”;

P(Y?, W | @) is the joint distribution characterizing the model and is given by:
PO, w0 =P | O] 20 w)
=l
for a network with m+n links of which only m are being used.

Considering that the observation data have been generated from independent and
identically distributed (“iid”) realizations of the underlying Gaussian process, it can be obtained:

N
P(Y,W |©)= HP(Y@,W@ )
i=1

Computing the exact ML estimate in the herein considered model may be a difficult task,
from the computational viewpoint. Thus, according to preferred embodiments of the invention, two
different approximate algorithms are proposed that are adapted to approximate the ML estimate:
the Gradient Ascent algorithm and the EM algorithm.

Gradient Ascent (GA) Algorithm

The GA algorithm is based on the observation that a differentiable function F'(x) in the
neighborhood of x, , increases fastest when going in the direction of the gradient VF'(x,). Thus,
by forming the sequence x,,x,...,x,,... wherex,, =x, +0VF(x;), it is obtained
F(x,,)=F(x;) forall i>0 and for a suitable scaling factord . If the scaling factor & is small

enough and there is a local maximum around x,,, then the sequence will converge to that local

maximum.
In the problem considered herein, the function to be maximized is:
F(©) =log(E, [P(Y,W|©)))
Starting from an initial guess ®,, the estimates of the parameters are obtained by
iteratively computing:

®t+l = ®t +8V®F(®z)

14
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where the gradient is taken with respect to ® = (u,X); ®,,, is composed of the “partial gradients”

\Y%
Ve = .
[Vz[i]]

In general, the gradient with respect to X is a matrix. In the formula above, the term V. [:]

with respectto w and X as given by:

5 isthe m” x1 matrix formed by the columns of the mx m matrix V.

The components of the gradient are given by the partial derivative with respect to the

mean | :
V@ =-2Y ool ronroy ) e e

and the partial derivative with respect to the covariance matrix X :

N _ _ _
VoF(@)= 2 (- (D) 2 x)

N - — e\ W2
+ 72 1+ 7O+ 7osFoY a0 @n 1 + 1)
i=1

10 N & _ oV
+ Z (I +Z)" pa® (@) (1 +7OR(FO) )‘ YOI +3)”
i=1
. _ RN o e V2
+ %Z 1+ 7O+ 7osFo)f | yo@) + ToxEe) 7o o+ 5y
i=1
where
JU exp{-U"U/2}dU JUUT exp{-U'U/2}dU
OT(;‘)(@) _u” Y(l')(@) _ oW
J exp{—~U"U | 23dU J exp{~UU I 2}dU
! v
The sets over which the integrals are taken are given by:
o) m ( Foy(7o Y )/ : o) ,
15 U9 =ue R [ [+792(FO) ) U | >—»Pu,; j=12K ,m
J
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where 7O = |diag(v®, y?,..., yf,?),om,n] is defined to be the matrix composed with the m-by-m

diagonal matrix having the measurement data yﬁf') € {—L+1} in its diagonal and the m-by-n null

matrices. The index j = 1,..., m designates the link number while the index / = 1,.., N denotes the

measurement instance.

A schematic flowchart of the GA algorithm is depicted in Figure 4. The GA algorithm
iteratively approaches the ML estimate by using a gradient method (block 405), until a convergence
condition is reached (block 410, exit branch Y).The convergence condition can be set in several
ways, for example depending on the network designer. For example, the convergence condition
can be set equal to a certain number iterations, or to cause the iterations to stop whenever the

change in the estimated parameters from one iteration to the other becomes small enough.

Expectation Maximization (EM) Algorithm

The EM algorithm is an approximate algorithm that iteratively maximizes a lower bound of
the log- likelihood obtained by using Jensen’s inequality.

E.Jlog{P{¥. W8]

As schematized in the flowchart depicted in Figure 5, the EM algorithm computes an
approximation of the solution of the maximization problem by alternating between an E-Step
(Expectation Step — block 505), where an expectation of the likelihood is computed based on the
current estimate of the parameters, and an M-Step (Maximization Step — block 510), where this
expectation is maximized to update the parameter estimation. The E-step and the M-step are
iterated until a convergence condition is reached (block 515, exit branch Y).

In the E-Step, assuming a current estimate ®, of the parameters at time £, an expectation

of the likelihood is computed as:

008,8,) = Eypia,n [log(P(Y. Wi0)IY.0,]

where the expectation is taken with respect to the posterior distribution of W given Y and the prior

distribution of W with parameters ®,. Once Q(0,0,) is computed, an update of the estimate is

obtained in the M-Step by maximizing it over all the values of ® .

16
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@,y = argmaxgP{8.8)

To compute Q(0,0,), the posterior probability distribution of W given Y and the prior

distribution of W at time t are needed; the latter has the form:

e FOV SR WYY e
PIW| Y, &0 = - - ~ = | B Y, B
5 If the terms P(W @ | Y®,0,) (which are posterior distributions of the different field

realizations given the observation data) can be written as Gaussian distributions with

parameters © = (1, £ then the updates ©,,, = (uL,,,,X,.,) are given by:

-rr\

1 &5 sLi¥ ; I 55 e S NG N LT NS
FE L. D= o Y T Yo, = =3 T AL G — B e
Hesy T 3 sy He o Dpy " Xizs S Gl Herq }1‘\:‘% Hreg )

To derive these formulas, it should be firstly noticed that since the different realizations

10 W of the Gaussian process are iid, the expected likelihood O(®,0,) is:

;.";'
(0.0, = Eyue,yo [log (B 16

i=1

Y e,

Each term of the summation above can be written as:

.| st g |l By e il T g o LR ) . P LT
E{f(é]i(_‘]{ i H = ——~¥|L | + = (,J,r s v P4 — u;l‘r‘L lt_;‘u — ;.11) + fodip LB

%

The last term of the summation does not depend on the parameter ® = (u,X). Taking the
15  partial derivatives with respect to u and X and setting them equal to zero yields the formulas

given above.

However, the posterior distributions P(W” | Y, @®,) are not in general Gaussian, but

they can be approximated by Gaussian distributions. These approximations can be obtained by
projecting each posterior onto the Gaussian family. Projecting onto the Gaussian family
20  corresponds to minimizing the KL (Kullback-Leibler) divergence. Thus the parameters of the

Gaussian distribution that best approximate P(W @ | Y?,®,) can be determined by solving the

following equation:
17
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8 = argming KL{P{W Ol o 1P (v ¥ 9))

where P(W'” | ©®) is a Gaussian density with parameter ® . This minimization can be solved by

exploiting the moment matching principle; this principle states that the mean and the covariance
matrix of the Gaussian projection are given by:

where the expectations above are taken with respect to the posterior distribution
PW?1Y?,0,).

In general, computing these values is not easy because it requires integrating over the
10  posterior distribution itself (which is known to have a complicated form). However, assuming to
adopt a probit model (as known, the probit function is the inverse cumulative distribution function, or
quantile function associated with the standard normal distribution), closed-form expressions can be

found for these moments. In fact, the probit function can be rewritten as:

_(u—x)2

D(x) = ﬁ TS @20 ? du

15 Using this formula for the probit, the mean and the covariance matrix of the Gaussian
projection are given by:

where Y = diag(y”,y{",..., y) is defined to be the diagonal matrix having the measurement

20 data yﬁf') € {~1,+1} in its diagonal. The index j = 1,..., m designates the communication link

number.

The matrix 4% is given by:
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where

JU exp{-U"U/2}dU JUUT exp{-U'U/2}dU

OT(i)(@)) _ oo Y(i)(@)) _ o
J exp{—~U"U | 23dU J exp{~UU I 2}dU

u® u®

The sets over which the integrals are taken are given by:

U(i)={UeRm|((1+7(D2(}7(D)T)/2U j > -y, J‘=L2’K’m}

J

where 7O = |diag(v®, y?,..., yf,?),om,n] is defined to be the matrix composed with the m-by-m

diagonal matrix having the measurement data yﬁf') € {—L+1} in its diagonal and the m-by-n null
matrixs. The index j = 1,..., m designates the link number while the index / = 1,.., N denotes the

measurement instance.

In general, the EM algorithm converges to a local maximum of the likelihood function.
However, if the function has nice properties, such as concavity, then EM algorithm will converge to
the optimal value.

Second step (block 210): Deployment of additional relay nodes

Once the parameters of the underlying Gaussian process have been learned and updated,
n additional relay nodes 110 are deployed to improve the communication cost between the sensor
nodes and the gateway 115 / base station 130. Choosing the new n nodes placement positions that
minimizes the communication cost is equivalent to solving a Minimum Cost Steiner Tree problem.
Such problems are known to be NP-hard from the computational viewpoint. According to an
embodiment of the present invention, a heuristic algorithm based on the minimum spanning tree

algorithm is proposed.

Several implementation of the spanning tree algorithm are possible. The Adjacency Matrix
implementation runs in O(|V|*2), Binary Head implementation runs in O(|E|log(|V])), while the
Fibonacci Heap method runs in  O(|E|+log(|V])), where |E| is the number of edges and |V| the
number of vertices.
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According to a preferred embodiment of the present invention, a vertex algorithm based the
minimum spanning tree algorithm is used. Using a spanning tree of complexity K(|V],|E|), the vertex
algorithm runs in O(nM K(|V|,|E|)) where M is the number of all possible locations.

An exemplary pseudocode of the heuristic algorithm is shown below. A penalty has been
introduced in the cost of the tree to force the algorithm to explore new positions. The penalty is
taken to be proportional to the 2-norm of the covariance matrix. In fact, when estimating the
parameters of the underline distribution, better estimates will be obtained in regions where the links
are observed, resulting to higher variances in regions where there was no observation. As a
consequence, the Steiner Tree algorithm will tend to choose Steiner points in regions where nodes
have been deployed (because the cost of the links in the other regions is high). To avoid this

phenomenon and force the algorithm to “explore new regions”, we introduce a penalty —AESH,
that favors “non-yet explored regions’. :

Given: Graph G = (V,E), set of terminal nodes X subset

of V, a Steiner Tree Tp:(X,Y) that spans all

terminals in X using nodes in Y as Steiner points

(or relays)

Find: n Steiner points pi,...p, in V, such that the
Steiner Tree Tps(X,Y U {pi,...,Pn}) 1s of minimum

cost.
R = empty set

For i from 1 to n

v Fomi 3 : o Iy BN N
P, = argming st O Tas X YURUF ] }:E — ARETR :}

v BV —{XEFE

b

[1e¥

R =RU{p {}
End (for)
Return R

Essentially, the new n relay nodes 110 are added one-at-a-time, and each time the best
position of the newly added relay node 110 is obtained by running the spanning tree algorithm for
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all possible positions and choosing the best position.

Third step (block 215): recording communications activities

In the third step of the method according to the present invention, after each deployment of
additional relay nodes the communication activity over each communication link is recorded, in
terms of a sequence of successes and failures of transmissions between the end points (sensor
nodes 105 and gateway 115 / base station 130) over such a link. The reason of a transmission
failure over a certain communication link may be either the poor quality of the link or collisions.
Since the goal of recording the communication activities at this step is to understand the
communication link quality, the collisions should be avoided. One way to do that is to use a TDMA
(Time Division Multiple Access) schedule.

The communication activities are recorded over a certain number of transmission frames.
Each frame consists of time slots such that the nodes transmitting in the same slot do not conflict
with each other and each node transmits one data packet in the assigned slot of the frame. One
way to do that is to assign a separate time slot to each node in the network, such that each frame

consists of m slots for m nodes.

Let N be the number of transmission frames. The output of this step is then the binary
vector of length N for each communication link (ij): vi=[sij1, sij2,...,sijN], where sijk=1 if the k-th

transmission in link (ij) is successful and sijk=0 otherwise.

Figure 6 shows an example for recording communication activities over a network of three
sensor nodes 105 for four transmission frames. “t”, “r” and “x” denote the transmission, successful
packet reception and no reception, respectively. The binary vectors Vis, ..., V3, for each link are as
shown in the figure.

Fourth step (block 220): updating the parameters estimates

As described in the foregoing, GA or EM algorithms are preferably used to compute an
initial estimation of the parameters of the underlying Gaussian process. Once the Gaussian
process parameters are estimated, another set of relay nodes is deployed based on the current
value of the estimate. Then new observations are made, and, based on these new observations,
the new value estimates of the Gaussian process parameters are computed.

To compute the new value of the Gaussian process parameters estimates, one of the

methods described in the foregoing for computing a Maximum Likelihood Estimator (MLE) may be
21
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used. However, to compute the best MLE, it would be necessary to consider the old and the new
observations. Doing this would require to store a large amount of data, which becomes an issue as
more data becomes available. Furthermore, such method ignores the old estimates and computes
completely new ones based on the entire data set.

According to a preferred embodiment of the present invention, online learning techniques
are exploited, whereby approximated update algorithms can be derived that use the old estimate
and do not need to store the old data. Online learning and the Expectation Propagation (EP)
algorithm for approximating a complex distribution by a Gaussian distribution are presented next; a
schematic flowchart of the EP algorithm is depicted in Figure 7.

Let D™ be the total amount of data observed up to time ¢ and let ®, be the estimate of

the parameters at time ¢, computed from the data D . The goal is to find a way to update the

arameters estimate ® _, after a new observation Y*V =¥V . YY) is made, where
+1 1 N

DY =(DY,Y"") and D is equal to the empty set (it is assumed that the observations

Y are iid given ©). A slight change of convention in the notation has been here adopted

I

compared to the foregoing: superscripts denote the iteration number in the nodes deployment
procedure and subscripts denote the instance number of observations within that iteration. ¥ is a
vector containing the information about whether there is a success or failure of transmission in each
communication link at the i-th instance of tth iteration. To find the update, the GP model can be

considered as a parameterized Bayesian model where the parameter (the Gaussian random

process) has infinite dimension.

Having an old posterior distribution of P(W | D), it is possible to compute the new
posterior distribution P(W | D“V) as a function of P(W | D) by applying the Bayes' rule.
Directly applying the Bayes’ rule requires the knowledge about the different field realizations
Wi LW that generate the observations ¥,V Y™ respectively. Trying to compute

these values may be very demanding. Thus, for deriving the posterior distribution it is assumed that
the prior distribution of W is known to be Gaussian with parameter ® at the beginning, P(W | ©®)
(block 705 — in this block of the flowchart, other initializations are shown, e.g. of the indexes used
for controlling the subsequent iterations), e.g computed from the initial deployment. The following

describes how the data Y® = (¥,",..., ¥") is used to obtain the posterior probability distribution
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at the end of the first iteration. The posterior distribution at the end of each iteration is then used as
a prior probability distribution for the following iterations.
1. Data Y® =¥ ®,...,¥{") are considered to arrive one at a time, ie. ¥,”, then

Y,V and so on (this assumption is reflected in the iteration loop controlled by block 725).

2. After ¥ is received, the posterior distribution P(W)=PW | DY) is
computed by using the “prior” distribution P(W | D)= P(W | ®), assuming that ¥, was

generated by sampling 1, from this “prior” distribution. Thus (block 710):

IRl [1'|(—}311|1}111|

rivite,

NS i
Pav) = )

The above probability density does not have in general a “nice” form. To be able to easily
manipulate it in subsequent operations, according to a preferred embodiment of the invention it is

approximated by a Gaussian distribution ¢/ () with parameter ©{!. Since the posterior

distribution is the product of a Gaussian distribution by a probit function, the mean and covariance
matrix of the Gaussian projection are calculated using the moment matching principle, as described
in the foregoing.

In the notation adopted here (e.g. G)ﬂf), the superscript (1) indicates the iteration number

where the data set is collected (here Y™ =(¥,...,Y)), the first index in the subscript
designates the instance number of the particular data within that iteration and the second index in

the subscript indicates that these data are being considered for the first time.

3. The parameters of this approximate Gaussian distribution are now considered to be the
new estimates of the parameters of the field distribution (i.e. the Gaussian distribution is considered
to be the prior probability distribution of the field).

4. Once the data Y;” becomes available, the new posterior distribution
PYWwy=PW | DY, ¥") can be computed and projected to the Gaussian family to get

g1 (W) . In general, after data Y, is received, the posterior distribution is updated as:

i+l
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,,;11"*11 PV

}w |1||i}|1a

1)
Ar“}'li H | _ I J

i+1.1"

where ¢;)(W) is the Gaussian approximation of the posterior distribution
PYwy=rw | DYV, ., Y") obtained after considering data Y  and
g (W)y=q;) (W) since the data is considered for the first time within the iteration. The

parameters of g (W) =q (W), ©F =0O, can be computed using the moment matching

principle.

The effect of considering each data Y, is captured in the following distribution:

£8 0wy = ¢ T (welS (v

5. After observing data Y., the posterior distribution can be similarly computed and a first
approximation q](\})l ) of the complete posterior distribution

POWY =P | DV, Y®,...,Y") is obtained.

The procedure then restarts from step 2 considering the data Y® = (¥,,..,Y") a
second time. However, the observation ¥, has already been used to estimate ¢, (). Thus,

before using it again in the approximation, its effect needs to be removed first. This can be done by
computing (block 710):

A Tyfy (13 L
12 W= fs'&;,i{w }';*1 y (W)

Considering g5 (W) to be the new “prior” distribution, the posterior distribution given ¥,
can now be computed as (block 715):

S P Y

J20 : ] ‘jlllll{ !1];I

Using the moment matching principle, this posterior distribution can be approximated by a

Gaussian distribution ¢ () having parameters @;). The effect of re-considering data ¥, is
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captured in the distribution (block 720):
(5 (W) = a3y (W& W)
Now the data ¥, can be reconsidered by first removing its effect as it was done for ¥,*".

6. By repeating this procedure a certain number M of times (block 730) for the data set

Y® =", ¥y, the complete posterior distribution P (W)= pPW | D, Y",..,Y")

can be closely approximated by a Gaussian density g3\, (%).

The same procedure is applied whenever a new data set Y = (¥,,..., ¥\") fort> 1is

available. The prior distribution at each iteration is the posterior distribution from the previous

(t+1)

iteration: ¢y (W) =q,, (W) . A “good” update of the estimate of the parameters of the field

distribution is computed without actually having to store all the data.

The procedure is iterated until a convergence condition is reached. The convergence
condition may correspond to the reaching of a predetermined maximum number of iterations, or
when the change in absolute value from the values calculated in the previous iteration and those
calculated in the current iteration is below a predetermined threshold.

The method according to the described embodiment of the invention can be implemented
by the base station 130, or directly by the gateway 115.

Figure 8 schematically shows the architecture with the main functional blocks of a gateway
115 according to an embodiment of the present invention, adapted to implement the above
described method.

The gateway 115 comprises a power unit 805 (POW) for supplying electric power to the
gateway circuitry, either through a battery or main power line.

A transceiver 810 (RTX), connected to an antenna 815, allows communication of the
gateway 115 with the other nodes in the network 100. This communication will transfer the
communication activities in the network, mainly a sequence of transmissions successes and

failures between the gateway 115 and the already placed nodes.

The iterative algorithm described above is implemented by a control and processing unit

820 (CPU) that is connected to the transceiver 810; the control and processing unit 820 is also
25
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connected to a storage unit 825 (e.g. a memory — MEM) for storing data and programs, in particular
a software/firmware that includes modules allowing the control and processing unit 820 implement
the iterative algorithm described above.

The storage unit 825 comprises in particular a table 830 (TAB) that stores information
about the recorded communication activities for each communication link in the network 100.

The gateway 115 also includes a timer 835 (TM) receiving a clock signal CLK, generated
for example by a quartz oscillator 840 (X), for timing its operation, such that the gateway 115 can
record the communication activities after the deployment of additional nodes for a certain time
duration, which can be notified by input from technicians deploying the additional nodes, by means
of a signal ST_i (start signal for deployment i). Once a certain time is passed, the gateway 115
implements the iterative algorithm and determines the next best n positions for the additional relay
nodes 110; the determined positions BEST _i (best n positions at deployment i) are provided to the
technicians that have to deploy the new nodes.

The present invention has been here described in detail making reference to exemplary
embodiments thereof. Those skilled in the art will recognize that several changes to the described
embodiments, as well as other embodiments of the invention are possible, without departing from
the protection scope defined in the appended claims.
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1. A method for the deployment of nodes (105,110,305) of a wireless communication
network (100), comprising:

a) obtaining (205) an initial estimation of parameters indicative of a quality of the
communications between the nodes in the network in respect of an initial deployment of nodes;

b) based on the parameters estimation, estimating (210) a physical position of at least one
additional network node to be deployed;

c) after the at least one additional network node has been deployed in a physical position in
the network, monitoring and recording communication activities (215) between the nodes in the

network;

d) deriving (220) an updated estimation of the parameters indicative of the quality of the
communications between the nodes in the network based on the recorded communication
activities, and

e) either iterating said steps b), ¢) and d) or not depending on an assessment of the
updated parameters estimation.

2. The method of claim 1, wherein step a) includes modeling a probability of successful
wireless communications between the nodes in the network as a Gaussian process.

3. The method of claim 2, wherein step a) includes estimating mean and covariance of
probability distribution functions of Gaussian random variables characterizing a wireless
communications link between any two nodes in the network.

4. The method of claim 3, wherein said estimating mean and covariance of the probability

distribution functions includes calculating a maximum likelihood estimation.
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5. The method of claim 4, wherein said calculating the maximum likelihood estimation
includes approximating the maximum likelihood estimation by means of a gradient ascent

algorithm.

6. The method of claim 4, wherein said calculating the maximum likelihood estimation
includes approximating the maximum likelihood estimation by means of an expectation

maximization (EM) algorithm.

7. The method of any one of the preceding claims, wherein step b) includes solving a

minimum-cost Steiner tree problem.

8. The method of claim 7, wherein said solving the minimum-cost Steiner tree problem is
approximated by a vertex algorithm.

9. The method of any one of the preceding claims, wherein step ¢) includes monitoring and
recording sequences of communications successes and/or failures between any two nodes in the

network.

10. The method of claim 9, wherein said monitoring and recording communications
activities includes scheduling the communications between the nodes in the network according to a
TDMA schedule.

11. The method of claim 10, wherein said scheduling includes assigning to each node in
the network a respective time slot for transmission.

12. The method of any one of the preceding claims, wherein step d) includes approximating
a maximum likelihood estimation by means of either a gradient ascent algorithm or a maximum
28
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expectation algorithm.

13. The method of any one of claims 1 to 11, wherein step d) includes exploiting an online

learning technique.

14. The method of claim 13, wherein said exploiting the online learning technique
comprises applying an expectation propagation algorithm.

15. The method of any one of the preceding claims, wherein step €) includes deciding to
10 terminate said iterating the steps b), ¢) and d) when a predetermined low cost for the
communications between the nodes of the network is attained.

16. A system for determining positions of deployment of nodes (105,110,305) of a wireless
communication network (100),the system being configured for performing the steps of the method
15  ofany one of the preceding claims.

17. A computer program loadable into a memory of a computer, comprising computer
program code modules adapted to implement the method of any one of claims 1 to 15 when

executed on the computer.

20
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