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Abstract—Development of performance principles of wireless sensor networks (WSN) and the meth-
ods of information routing in the networks, providing a capability of self-organized and automatic style
of the WSN network work, is currently of substantial interest. The attraction of associated model of
pulsed oscillator networks seems to be helpful for the design of adaptive synchronization-based infor-
mation routing in the WSN. An oscillatory network model with pulsed oscillator dynamics and pulsed
oscillator interaction is proposed. The initial version of information transfer in the WSN with the help
of synchronization of an associated oscillatory network is discussed.
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1. INTRODUCTION

The advances in the field of microelectronics opened the way for creating the new technology — wire-
less sensor networks (WSN). The WSN are massive heterogeneous spatially distributed densely intercon-
nected networks, containing sensor nodes, sinks and gateway nodes that are mutually coupled via radio
communication. Minor consumptive processors, transceivers and miniature sensor chips (MEMS,
RFID) are used in WSN as active processing units. The WSN nodes are capable to combine the functions
of remote detectors, microcomputers and communication devices. The number of WSN nodes can
achieve 10”. The WSN networks are used in various monitoring problems. They are capable to provide
information gathering, initial stage of data processing and information transmission over large spatial
regions during long time periods.

As a rule, the WSN networks are self-forming systems, capable to adapt to external environment and
to provide intellectual types of information possessing. Their adaptation is usually realized via self-orga-
nized modification of the network interconnectivity architecture. The internal network connectivity rules
comprised in the WSN networks are capable to provide a multi-hop type of information transmission
through the WSN. A dynamically adaptable network interconnectivity architecture also allows to solve
such problems as joining additional new nodes to the network, expansion of the spatial area, occupied by
the WSN, self-restoring problems (capability to proceed the previous work in case of death of some net-
work nodes) and so on [1, 2].

The WSN networks significantly differ from traditional artificial neural networks, and so the develop-
ment of special distributed adaptive algorithms of information processing is necessary for the networks. A
variety of algorithms of information transmission through WSN (routing protocols, RP) has already been
created, reflecting a great diversity of data exchange in WSN. The choice of concrete routing protocol is
naturally defined both by the tasks to perform, and by the network interconnectivity architecture type.
There exist routing protocols, providing energy efficient WSN work, position-based routing protocols
(using the features of spatial WSN location), routing protocols based on arrangement of preliminary net-
work clusterization, routing protocols based on the design of directed information diffusion through
WSN, and many others (see, for example, [3—6]). Synchronization-based routing protocols also play a
significant role.
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Fig. 1. The examples of WSN networks.

Time synchronization can be used as one of the possible tools of the WSN network self-organized per-
formance [7]. The attention to synchronization processes is caused by the need of frequent change of the

network interconnectivity structure. Various synchronization-based routing protocols have been already
developed:

e the clusterization-based synchronization protocol (2010);

e the decentralized routing protocol with the guaranteed synchronization level (2010);

e the synchronization protocol for multi-channel data transfer (2011);

e the protocol for WSN node synchronization at the conditions of gradual WSN degradation.

A synchronizable network of phase oscillators with pulsed oscillator interaction has been studied in [8]
from the viewpoint of WSN tasks. The synchronization conditions for multi-oscillatory system have been
elucidated, the confirming computer experiments being performed.

A model of oscillatory network with pulsed oscillator dynamics and pulsed oscillator interaction is pro-
posed in the present paper. The network oscillator has been designed based on the limit cycle oscillator
model developed previously by the authors for problems of image processing. An initial version of network
coupling rule, appropriate for designing synchronization-based self-organized data transmissions through
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WSN, is suggested. The discussed type of information routing could be viewed as an adaptive mesh-based
information transmission based on preliminary clusterization of WSN network.

2. A MODEL OF PULSED OSCILLATOR

The model of limit cycle oscillator, developed previously for image processing problems [9—11], can be
written in terms of complex-valued variable u = u, + iu, as:

u=ful), (1)

where

f@) =[p* +io—|u—p+i)’ = aT@E)](u—p+1), 2

p=p(): T(p) =7 [|tanh(o(p ~ ) ~ tanh (o(p — ) | 3)

The dynamical system (1—3) possesses the stable limit cycle in the form of the circle of radius p, the
circle center being located at the point u,, = u,, = p(l1 + i) of the phase plane (u,, u,). For adaptation of
the model to WSN problems we introduce the limit cycle radius (the amplitude of auto-oscillations) on
some external parameter /, where / is a continuous-valued magnitude, related to some external character-
istics, detected by the WSN. For example, it could be a concentration of some poisonous substance. It is
supposed, that the dependence of limit cycle radius p on / can be expressed by some monotone function
p = p(I). The other parameters, figuring in (1—3), are the following internal parameters of single oscilla-
tor dynamics: o is the frequency of free oscillations of the network oscillator; 4, is the value of the thresh-

old for /, such that at I/ < A, the stable limit cycle bifurcates into stable focus; o is a parameter, defining
the speed of oscillation damping in the stable focus; G is a constant, ¢ > 1.

The pulsed oscillator model is constructed via time-modulation of limit cycle radius p of the dynamic
system (1—3). The following periodic function P(#; A, 7;,) has been used as the modulating function:

P(t;AT,) =

N [—

K
Y [tanh (o(t — kT,)) - tanh (o(t — kT, — A))], (4)
k=0

where Tj is the parameter, defining the pulse periodicity, and A is the parameter, defining the pulse time
duration. The dynamical system, governing the dynamics of free pulsed oscillator, can be written in vari-
ables (x,y,z), u = x + iy, z being the oscillation amplitude. The system can be written in the form:

i=[d (-9~ (-9’ [x -9 -y -9 - aT@(x -2,
VE=ox-0+ [ - (-2’ - (-2’ |- -aT@W -2, 5)
2 =poP(0),

where

T(z) = %Htanh (0(z - 1)) - tanh (o(z - ) ]

Pt;A) = Py(t;A) + Py(t — T,;A), Py(t;A) = %[tanh(ct) — tanh(o(z — A))], (6)

P(t;A) = g[tanhz (ot - A)) — tanh*(07) + tanh’ (o(t = A — Ty)) — tanh’ (o(¢ = Ty)) |

(For simplicity we considered here the case of a pair of pulses only).

The oscillator with the dynamics, defined by the system (5)—(6), generates a sequence of two pulses of
almost sinusoidal oscillations of the frequency ® through the time interval 7}, the pulse duration being
equal to A (see Fig. 2). When the sum in the formula (4), defining the function P(f), contains K terms,
K identical pulses will be generated with the time period 75,
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Fig. 2. The dynamics of free pulsed oscillator.
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3. TWO COUPLED PULSED OSCILLATORS

If one constructs oscillator interaction that is dependent on oscillator states of each network oscillator
pair in a bilinear manner (as it was previously done for oscillatory networks designed for image processing
tasks), the oscillator interaction will be pulsed as well. To study the capabilities of the network of the pulsed
oscillators with the pulsed interaction, it is useful to consider first the system of two coupled pulsed oscil-
lators. The full network of oscillators, that we intend to use further, is located at the nodes of some two-
dimensional spatial grid. The system of ODE, governing the oscillatory network dynamics, can be written
in the form

u; = f(u;)+ KZW//" (uy =), (7)

where u is a three-component oscillator state vector (see eq. (5)). Let the vectors u, ,, defining the states
of an oscillator pair, be specified by u, = (x;,¥,,2;), U, = (x,,¥,,2,), and each of the oscillators generates

two successive pulses, which we denote as P"?(r) = P0(1’2)(t;A1’2) + P0(1’2)(t —T5;A,,), where Py(t;A) is
defined in (6). Then the dynamical system (7) for the case of interacting oscillator pair can be written as

X = [112 —(x —2) = - 51)2](X1 —2) =0 = 2) =~ oT(Z) (X = 2) + KW - (x; = x1),
y=0x —z)+ [112 —(x—2) = - Zl)z](h —z) =0T @) —z2)+ kW -(y, — ),
2 =P [Po(f;Al)"'Po(f _TI;AI)]’

X = [222 —(x; - 22)2 - - 32)2]()‘2_12) —0,(y; —22) —0T(27)(x; — 25) = KW - (x; — xy),
V= 000~ )+ - 00— 2) (= 27 [0 — )~ aT@) 0 — ) = KW - (9, = ),
2 =P [Po(tQAz) + Po(t - Tz;Az)]-

®)

For the system (8) the parameters ,, specify the frequencies of free oscillations in the pulses, the
parameters p, , define the maximal values of oscillation amplitudes, A, , define the pulse durations, T, is
the pulse periodicities, K (coupling strength) and W are free constant parameters. The functions Py(#; A)
and Py(t;A) in (8) are calculated accordingly to formulas (6).

For an oscillatory network, the parameter W becomes a function, capable to provide cluster network
synchronization. It could be chosen dependent on amplitudes z,, in the form

W =W(z,z,) = g(z1z, — hy), &(x)= )

l+e™
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Fig. 3. The dynamics of two coupled pulsed oscillators: (a) the absence of synchronization at Kk = 0; (b) the onset of syn-
chronization at x = 1.

The characteristics of dynamics of two coupled pulsed oscillators with @, # ®,, p; # p,, A, # A, and
T, # T, are presented in Fig. 3. Here the behavior of the projections of the dynamical system trajectory
onto the planes (x,,y,), (x5, ¥,), (X1, X3), (1, ) is depicted. The time-behaviors of variables x, and x, are

shown as well. If the coupling strength « is sufficiently large, and the pulse durations A, , of both oscilla-
tors are overlapped (so that the number of oscillations during the overlapped time is sufficiently great), the
synchronization usually occurs. The synchronization onset can be indicated via the behavior of trajectory

projections on the (x,, x,) and (y,, y,) planes. If the oscillator pair possesses slightly different parameters
of internal dynamics (slightly different ,,, A,, and T',,), it is nevertheless possible to achieve the syn-
chronization of the pair by increasing of the interaction strength «.

4. ON THE POSSIBILITIES OF UTILIZATION
OF PULSED OSCILLATOR NETWORKS IN WSN PROBLEMS

In the monitoring tasks where the spatially distributed WSN networks are exploited, huge volumes of
sensor information to be processed usually arise. In these situations adaptive, self-organized and auto-
matic style of network performance is necessary. In addition, it is necessary to provide the reliability and
energy effectiveness of network functioning. By the reason the simplest types of time synchronization were
proposed long ago for providing of WSN work effectiveness. The further development of flexible types of
self-organized controllable synchronization for realization of self-organized automatic performance of
massive distributed WSN performance seems to be suitable.

The oscillatory network approach based on controllable clusterized synchronization in two-dimen-
sional spatially distributed oscillatory networks has been previously developed for problems of image pro-
cessing. The approach demonstrated good performance due to the following features of the oscillatory
network model: (a) the amplitude of oscillations of single network oscillator was dependent on the bright-
ness of image pixel which the network oscillator corresponds to; (b) the constructed network coupling rule
was dependent (via threshold-wise manner) on the oscillation amplitude product of the interacting oscil-
lator pair. These model features provided self-organized oscillatory network decomposition into a collec-
tion of internally synchronized, but mutually desynchronized clusters, corresponding to the collection of
image brightness fragments [10, 11]. Additionally, the algorithm provided the extraction of all the compo-
nents of topologically non-connected image brightness fragment corresponding to the same brightness
value [11]. The latter algorithm could be useful for those monitoring tasks, implemented by WSN net-
works, where massive volumes of information have to be processed and where a preliminary clusterization
of WSN network would be helpful. One of the ways could be based on the design of oscillatory network
model, associated with spatially distributed WSN, and on the development of an algorithm of self-orga-
nized oscillatory network synchronization. First of all, the construction of the 2D plane region being in
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Fig. 4. A simple preliminary version of sensor information transfer through the sinks of WSN network fragment via cluster
synchronization in associated oscillator network.

one-to-one correspondence with the area to be monitored by the WSN is required. (For example, the
2D plane region could be constructed as the projection of the monitored area onto a proper 2D plane.)
The second step would consist in the specification of a spatial grid in the 2D spatial region and in obtaining
of the WSN sensor and sink node projections in the 2D plane domain. The oscillators of the 2D oscillatory
network should be located at the cell centers of the 2D plane domain. At last, the proper external charac-
teristics /, related to the data monitored by the WSN network, should be specified (for the design of a
parametrical dependence of single oscillator dynamics on /). The initial oscillatory network coupling rule
could include the dependence of oscillator interaction on the product of oscillator activities of any inter-
acting oscillator pair.

5. SOME PRELIMINARY SPECULATIONS ON THE DESIGN
OF SYNCHRONIZATION-BASED DATA TRANSMISSION THROUGH WSN

So, for construction of oscillatory network, associated with WSN, it is necessary:

(1) To specify the 2D domain for localization of associated oscillatory network (for instance, via using
a proper projection of the area to be monitored by the WSN); to specify a 2D grid in the 2D domain; where
oscillators of the oscillatory network, associated with the WSN, should be located.

(2) To identify the coordinates of locations of both the WSN sensor nodes and the WSN sinks in the
2D domain.

(3) To specify the parameter /, associated with the data, monitored by the WSN sensors; to choose the

(1),. e 1% for the parameter /.

scale 1

(4) To design the proper /-parameterization of single oscillator dynamics; to provide synchronization
of the oscillatory network for each / @ , k =1,...,K; to find the coordinates of the centers of all synchro-
nized fragments of the oscillatory network, corresponding to each / ®

(5) To transmit the information received by each synchronized oscillatory network fragment into the
closest WSN sink.
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(6) To mark all the sinks, containing non-zero information for all %, (Only these marked sinks should
belong to the ensemble of paths realizing the information transmission by the WSN network).

The sketch of this simplest version of sensor information transmission through the sinks of WSN frag-
ment is schematically depicted in Fig. 4.

6. CONCLUDING REMARKS

The following results are presented in the paper:

e a model of pulsed oscillator has been designed based on the previously developed model of limit cycle
oscillator via limit cycle radius time modulation (the dynamical system (5—6));

e an initial version of network connectivity rule for pulsed oscillator networks with pulsed oscillator
coupling has been suggested (the expression (8));

e computer experiments, providing the elucidation of the synchronization onset for a pair of coupled
pulsed oscillators, have been performed.

The advantage of the designed pulsed oscillator dynamics consists in the possibility of easy parametri-
cal control of the main characteristics of internal dynamics (such as oscillation frequency in the pulse,
oscillation amplitude, the pulse duration, the pulse periodicity). As it was verified, the synchronization of
interacting oscillator pair is achievable under admissible deviations of internal parameters of dynamics for
both oscillators.

The results can be viewed as an initial step in development of synchronization based information rout-
ing protocols for 2D spatially distributed WSN networks.

The associated oscillator network model might be also useful for studying the WSN networks as mas-
sive complex heterogeneous densely interconnected networks with strongly dynamically variable inter-
connection architecture. It is worth to be noted that the onset of phase transition (of technogeneous
catastrophe type) can be a highly probable event for such kind of complex networks under some “dan-
gerous” switching off a group of network connections.
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