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Abstract

Objectives. The study sets out to develop and analyze a mathematical model for information transmission
in multimode fiber-optic ring networks using a token-based access method to ensure efficient interaction between
Internet of Things (I0oT) devices. The work aims to evaluate the probabilistic and time-related characteristics, as well
as the reliability and performance of the network infrastructure to optimize data transmission parameters, taking into
account the specifics of loT and the peculiarities of the fiber-optic medium.

Methods. Reliability theory methods are used to assess the network’s resilience to failures and increase its operational
efficiency, along with techniques from the theory of stochastic processes to model the dynamics of data transmission
undervarying loads and approaches from queueing theory to analyze traffic distribution and packet queue management.
The Laplace-Stieltjes transform is applied to derive functional equations that describe the probabilistic and time-related
data transmission characteristics, enabling precise mathematical modeling of network processes.

Results. The information transmission processes occurring in multimode fiber-optic networks with token access
in the context of loT systems were studied. The temporal characteristics of packet transmission for different classes,
including critical loT device data, were analyzed.

Conclusions. Theresults confirmthat multimode fiber-optic media provide an efficientfoundationforloTinfrastructure
that offers both high throughput and fault tolerance. By incorporating reliability characteristics into the model, it was
possible to account for the impact of fiber-optic medium and network node failures on performance. Optimizing the
parameters of the token-based access method, including time intervals and token transmission policies, significantly
improves overall network performance by reducing collision probability and increasing throughput. The developed
mathematical model provides an effective tool for analyzing and designing local networks based on multimode fiber-
optic technologies. This fact is especially important for networks serving critical infrastructure.
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e Moctynuna: 10.02.2025 ¢ flopa6oTaHa: 17.03.2025 ¢ MpuHaATa k ony6nukoBaHuio: 22.07.2025

Pesiome

Llenu. Llenbio paboThl siBASOTCA pa3pabdoTka 1 aHann3 matemMaTu4yeckoi Moaenm nepegadm nHidopmaumm B MHO-
rOMOJ0BbIX ONMTOBONIOKOHHBIX KOMbLIEBLIX CETSIX C MapPKEPHLIM METOA0M A0CTyNa Ans obecneyeHns ap@PekTUBHOro
B3aMMOAelCTBUS YCTPOMCTB UHTepHeTa Bellei (Internet of Things, l1oT). PaboTa HanpaBfieHa Ha OLLEHKY BEPOSAT-
HOCTHO-BPEMEHHbIX XapakTePUCTUK, HAOEXHOCTU N MPON3BOANTENBHOCTM CETEBON MHMPACTPYKTYPLI, @ TakXe Orl-
TUMM3aUMIO NapaMeTPOoB Nepenayn gaHHbIX ¢ ydeTom cneundurkm loT n ocobeHHOCTelr ONTOBOJIOKOHHOW cpeapl.
MeTopabl. B xoae nccnenoBaHns NnpyMeHeHbl METOAbI TEOPUM HAAEXHOCTU A5 OLEHKM YCTONYMBOCTM CETU K OT-
Ka3am 1 yBeNIM4eHust ee akcnayaTaumoHHOM apPEeKTUBHOCTUN, METObLI TEOPUN CllyYaliHbIX MPOLLECCOB AJ19 MOAENM-
pOBaHUS AMHAMUKN NePeaayn JaHHbIX B YCI0BUSX NM3MEHSIIOLLENCS HAarpy3Kku, a Takxke MeToasl TEOPUN MacCoBOro
obcnyXuBaHus Ans aHanmsa pacnpegeneHns Tpaduka u ynpasneHns oyepeasmMm naketos. JOnonHUTENbHO UC-
nosib3oBaHoO nNpeobpasoBaHue Jlannaca — CTunTbeca, NO3BONSIOLLEE BbIBECTU GYHKUMOHANBHBIE YPABHEHUS, OMK-
CblBalOLLME BEPOATHOCTHO-BPEMEHHbBIE XapPakTEPUCTUKM Nepeaadn AaHHbIX 1 o6ecneymBatoLLe ToOHHoe MaTemMaTu-
4yeckoe MOJENMPOBaHME CETEBBIX NMPOLECCOB.

PesynbTatbl. ViccnenoBaHbl npoLeccsl nepefaydn MHGopmMaLmm B MHOrOMOAOBbLIX OMNTOBOJIOKOHHbIX CETSX C Map-
KepHbIM JOCTYNOM B KOHTekcTe loT-cucTtem. MNpoBeaeH aHann3 BpeMEHHbIX XapakTePUCTUK Nepeaaym NakeToB pas-
JINYHBIX KNACCOB, BKOYAS KPUTUYECKN BaXKHbIE AaHHbIE |0T-yCTPONCTB.

BeiBoAbl. Pe3ynbTaThl MCCNEA0BaHMS NOATBEPXAAIOT, YTO MHOrOMO/0Basi ONTOBOJIOKOHHAs cpefa ABnsieTcs ad-
dekTnBHOM ocHoBOW aNs loT-uHdpacTpykTypbl, 06ecneymBast BbICOKYO NPOMYCKHY CNOCOOHOCTb 1 YCTONYMBOCTb
K OTkazam. BkroyeHne xapakTepucTuk HaJeXHOCTU B MOLESb NMO3BOSIUMAO YYECTb BIMSSHUE OTKA30B OMTOBOJIO-
KOHHOW cpefpl 1 y3/10B CETU Ha NMPON3BOAMTENBHOCTb. ONTUMM3aUMa NnapamMeTpoB MapkepHOro MeToga AOCTyna,
BKJI04As BDEMEHHbIE MHTEPBANbI Y NONUTKKY Nepefayy Mapkepos, CyLLECTBEHHO MOBbLILLAET 00LLYI0 NPOM3BOAM-
TENbHOCTb CETU, CHMXas BEPOSITHOCTb KOMUN3WUIA, U YBENNYMBAET NPOMYCKHYIO CNOCOOHOCTL. PaspaboTaHHas ma-
TemMaTuyeckas Mofenb npenocTaBnseT addEKTVBHbBIA MHCTPYMEHT OJ1S aHann3a 1 NpoekTUPOBaHUS JIOKabHbIX
ceTei Ha OCHOBE MHOMOMO/OBbIX ONTOBOJIOKOHHbIX TEXHOIOrNIA. 3TO 0COBEHHO BaXXHO A/151 CETE, 00CNYXMBAIOLLMX
KPUTUYECKN BaXHble NHDPACTPYKTYPbI.

Kniouesble cnoBa: FDDI-ceTn, mapkepHbIh MeTon, A0CTyNna, MOAENU, BDEMEHHbIE XapakTePUCTUKN, OTKa3bl, MPO-

Mn3BOAUNTENIbHOCTb

Ana uutmnpoBaHusa: XwmatoB [.B., JleoHTbeB A.C. AHanm3 npoueccoB nepegadn nHpopmaumm B MHOrOMOAO0-
BbIX OMTOBOJIOKOHHbLIX CETAX C MapKepHbIM MeTodoM pocTyna. Russian Technological Journal. 2025;13(5):41-50.
https://doi.org/10.32362/2500-316X-2025-13-5-41-50, https://www.elibrary.ru/KVUAJF

Mpo3payHocTb hpMHAHCOBON AEeATEeJSIbHOCTU: ABTOPbI HE UMEIOT GUHAHCOBOM 3aUHTEPECOBAHHOCTM B NPEACTaB/IEH-
HbIX MaTepuanax uam metTogax.

ABTOpr 3asBng10T 00 OTCYTCTBUA KOHCbJ'II/IKTa NHTEepPEeCOB.
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INTRODUCTION

Multimode access methods are a type of data
transmission technique in fiber optic systems that are
widely used to increase the capacity and efficiency of
information transmission. The basic principle consists in
the simultaneous transmission of light signals through
several independent modes representing different
trajectories of light propagation inside the fiber core.
Since each mode acts as an independent communication
channel, this enables parallel data transmission.

Especially in high-bandwidth systems, multimode
access methods enable efficient scaling of transmitted
data volumes. With an increase in the number of modes
or the bandwidth of each mode, such systems find
application in high-speed optical networks, including
backbone communication channels and local networks.

The characteristics of data processing and
transmission systems in network structures are largely
determined by the reliability of the transmission
medium, taking into account possible failures and
malfunctions [1-3]. However, in many studies, the
temporal parameters of transmission are considered in
isolation, without taking into account reliability factors,
while fault tolerance analysis often does not include the
influence of information processing and transmission
technologies. Therefore, when studying multimode fiber
optic transmission systems, mathematical methods that
consider possible failures of the transmission medium
are used to evaluate the temporal characteristics.
In [1, 2], the authors developed mathematical methods
for analyzing the probabilistic-temporal characteristics
of data transmission in networks with a token access
method, taking into account the impact of failures, as
well as methods for assessing the resource loading and
performance of such network structures. Due to their
versatility and potential, multimode access methods
are becoming an important tool for building high-speed
optical networks, including backbone communication
channels, data centers and local area networks [4-6].
These technologies provide flexibility of scaling by
increasing the number of modes, improving transmission
quality, and increasing the throughput of each modulation
trajectory.

1. MULTIMODE FIBER STRUCTURE

In a multimode fiber optic cable, the core diameter is
larger compared to single-mode fibers. This fact enables
light to propagate through different modes. Each mode
represents a specific path of light propagation within the
fiber, determined by physical laws (light entry angle,
core and cladding properties).

In multimode method, data is distributed among
the available modes. Each mode acts as a separate

communication channel, providing independent data
transmission [7, 8]. Such transmission methods utilize
channel sharing features including:
e wavelength-division multiplexing (WDM), where
each mode is allocated a specific wavelength;
e time division multiplexing (TDM), where each
mode transmits data in the allotted time slot;
e increase in throughput capacity without significant
increase in equipment cost;
e scalability of the system by increasing the number
of modes;
e parallel data processing, which is especially

important for highly loaded networks [9-11].

Since different modes pass through the fiber at
different speeds, temporal blurring of the signal can
occur. Multimode fibers are typically used over short
distances (e.g., in local area networks) due to high signal
loss and dispersion.

Increasing the complexity of signal processing
implies the need for specialized equipment for separating
modes, eliminating mutual interference between them,
and ensuring the stability of data transmission, which
requires additional tuning and calibration of the system
to achieve optimal signal quality.

In the context of the industrial internet, multimode
fiber optic systems are used to provide high-speed data
exchange in the presence of a large number of connected
devices! [12-17].

Multimode systems can be easily integrated with
a variety of transmission protocols including Ethernet
and Fiber Channel?. Increasing the number of modes or
upgrading the system can increase network performance
at no significant cost.

2. LIMITATIONS OF THE MULTIMODE METHOD

Data transmission in the network is carried out
considering packet length requirements, data flow
intensity from each node, and time constraints specified
by the customer.

To investigate the process of data transmission in the
network, the token access method was used. Modeled
network parameters were: number of nodes N

nodes’
intensity of packets arrival in the network nodes for each

mode A, k= N; bandwidth of the transmitting
medium C; failure rate of the transmitting medium A ;;
length of the transmitted packet Liaers limitation on the

I Kleinrock L. To Mario Gerla, the Maestro of Networks.
Ad Hoc Networks. 2019;88:178—179. https://www.lk.cs.ucla.
edu/data/files/Mario%20Gerla%20tribute%20by%20Len.pdf.
Accessed June 24, 2025.

2 Fiber Channel is a family of protocols for high-speed data
transmission. The protocols are standardized by the T11 Technical
Committee, part of the International Committee for Information
Technology Standards.
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time of packet transmission of each mode in the network

T d(l) (directive time). The following parameters were
determined for each mode: node polling cycle Z(; node

utilizationp,, k=1, N andtransmission mediumR g5

packet delivery time 7, (1); probability of timely packet
delivery taking into account the reliability of the
transmission k=1,N;  network
performance A, .

The total intensity of timely served flow for each

mode is chosen as an estimate of network performance:

medium O,

N
Mot = Zkak'
k=1

Let the bandwidth C, the network architecture
with N, nodes, N packet flows for each mode with

nodes _
intensities A, k=1LN,
constraints be given.

The packet flows A, for each mode and the
transmission medium failures A, are Poissonian in
nature; the buffer devices of the nodes have unlimited
capacity. The number of nodes in the network and
the number of packet flows are the same for each
mode.

and data transmission time

3. THEOREM ON THE EVALUATION
OF THE POLLING CYCLE
IN TOKEN NETWORKS

The polling cycle of network nodes for each mode is
directly proportional to the number of nodes, length of
a marker, and inversely proportional to the throughput
capacity of the transmitting medium and the probability
that the medium is free from packet transmission of this
mode.

If these conditions of the theorem are fulfilled, the
cycle of node polling in the reliable operation mode is
described by the following relation:

L

N node ?m

N L i
1— A pack
zh e

zM = (1)

where L is the length of the marker, and taking into
account failures of the transmitting medium—by the
formula:

zM

S0 _
1
1- A‘fallFfEn{

fail —

2

where ngu)l is the average time of medium performance
recovery after failure.

L
k
Proof. Let T Pee

transmission from one node to another. Obviously, the
polling cycle of the network nodes (the average interval
between two consecutive polls of a node) is equal to:

N L L L
70 — pack \ Tm |y (1—p,)m i
];{Pk[ C C ( Pk) C
=Z pack L
=

pack = is the time of the packet

3)

In the stationary mode, 1, Z() = p,. Multiplying

Eq. (3) by A,, n=1 N, we obtain a system of N linear
inhomogeneous equations relative to p,:

2 Z{ ["gkj Lg‘}=pn- )

Let us choose any two equations for p; and Py

pack

L
X Z{ = }=pi, (5)

pack

L
A Z{ én}zpj. (6)

Multiplying Eq. (5) by 7»} and Eq. (6) by A; and
subtracting one equation from the other, we obtain

P =P

A therefore: p; =

p j_i-
A ] o
Similarly, we can express all p;, k=1L N via
Ay
PP =P T N . Substituting these relations into the first

1
equation of the system of Eqgs. (4), we obtain:

N A, L L
k “pack 'm
k1§ {Plk_l C +_C}:P1,

k=1
(7
N L N,
pack m
Py {xk } A =Pps
k=1 C
N_ .. L
) Nnode 'm }“1’ ®)
pack
k=1
N, L
70 _ﬂ_ node™m ©)
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The loading of the transmission medium is equal to:
N Lpack
Riedium = 2 M :
k=1 c
In steady-state mode, the load of the medium is
equal to the probability that packets are transmitted in

N L
the medium. Accordingly, the value 1- ZK k péCk is
the probability that the medium is fre]é 1from packet
transmission.

As can be seen, Eq. (9) coincides completely
with Eq. (1), which proves the first part of the token
network polling cycle theorem.

Functional equations for determining the cycle
of local computing systems with token access method

taking into account emerging failures have the form [1]:

* * *
{Zfail(s )=Z" Mgy +5 = Mgt Uiy (5)),
* * *
Uit (8) = Fayit (hgig +5 = Mgt it (),

o0
Zg(s)= I e~ dZg; (1),
0

" (10)
IOE j e dl gy (0),
0

o0
Z" (hgyyy + 5 = Ay T (5)) = I e Chait ™=l it ) g7 (1),
0

0
Frait Orgyi 5 = hpn T () = _[ o G5l it S g (1),
0

where Z ., (¢) is the distribution function (DF) of the
local area network cycle taking into account failures;
Z(t) is the DF of the local area network cycle under
conditions of reliable operation; F;(¢) is the DF of
the transmission medium recovery time after failures;
['¢,i1(0) is the DF of the transmission medium occupancy
period after failures; s is the complex parameter of the
Laplace transform.

Let us differentiate the first functional Eq. (10) by s:

" A ~(Mfail +5— Mail Gpail (S
(Zfaﬂ(s)){je e dZ(r)}=

0

0
_ _J' o~ Mail 5= Mgyt Gait ()1 (1 ~Aguil (G;faﬂ(s)) de @),
0
0 (Zpi () |g=—2ZD
ats — ( fail (S)) |s:0 fail >

* * [ 1
Mgait +5 = Mgt Ui (8) 59 = 0, (D (5)) ()

s=0" " fail

0 *
(5 A T ()1 '
_I te{ (5+ M fait =M fait U it (5)) }(1 — kfail (Ffail (S) )dZ(t) |S:0:
0

|
=-zZW(1+ kfailrg‘azl )-

Therefore,

Zigh = ZO U+ Ay THL). (11)

Differentiating the second functional Eq. (10) by s
and finding the limit at s — 0, we obtain the following
relation for determining the average value of the
occupancy period of the transmission medium after
failure:

FO
1 _ fail
Tl RETCR (12)
fail” fail
Substituting Eq. (12) into Eq. (11), we obtain:
| z®
fon = (13)

B (ON
1= it Pl
Eq. (13) completely coincides with Eq. (2), which
proves the second part of the theorem on the cycle of
polling of marker networks with regard to failures.

4. PACKET SERVICE CYCLE DEPENDENCE
ON THE NUMBER OF NODES FOR DIFFERENT
TYPES OF TRANSMITTED PACKETS

The present work investigates information
transmission processes in multimode fiber optic
transmission media using mathematical methods for
calculating network structures with token access method
developed earlier by the authors [1]. In the calculations,
a four-mode fiber optic transmission medium with
a bandwidth of 280 Mbps for each mode was analyzed.
The length of the fiber channel can reach 100 km as well
as in Fiber Distributed Data Interface (FDDI) networks
with tokenized access. The modes were parameterized
as follows:

o Length of packets transmitted using the first mode

Lp ack 1 — 1024 bit; packet transmission time constraint

T4, 1 = 0.00025 s; intensity of packets arriving in the

network from each node A,;; = 2000 pack/s.

e Length of packets transmitted using the second mode

Loacka= 2048 bit; packet transmission time constraint

T4 » = 0.0005 s; intensity of packets arriving in the

network from each node },; = 1100 pack/s.

e Length of packets transmitted using the third mode

Lpa k3 = 4096 bit; packet transmission time constraint

T4, 5= 0.00075 s; intensity of packets arriving in the

network from each node A,; = 590 pack/s.

o Length of packets transmitted using the fourth mode

L ek a=8192 bit; packet transmission time constraint

T4, 4 = 0.001 s; intensity of packets arriving in the

network from each node ,; = 300 pack/s.
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Table. Dependence of packet service time in multimode ring network on failure rate

Mg 1074 1075 1076 107 Without failure
T (L, = 1024 bit), s 0.003408 0.0004444 0.0001485 0.0001189 0.0001156
T (L g, = 2048 bit), s 0.003765 0.000552 0.0002312 0.0001991 0.0001955
T (L g, = 4096 bit), s 0.004485 0.0008598 0.0004978 0.0004617 0.0004576
T (L ey, = 8192 bit), s 0.004669 0.001029 0.0006856 0.0006513 0.0006475

A token-based access method was used to control
the transmission of different classes of packets by
means of a four-mode fiber ring. The length of the token
L, = 96 bit; the bandwidth of each mode is 280 Mbit/s.
In the calculations, it was assumed that the MTBF of
the transmission medium can take values of 10* s, 10° s,
10%s, 107 s and oo; the failure recovery time is 7, = 60's.

In the calculations, the dependence of the packet
service cycle, node and transmission medium load, packet
service time, the probability of timely service of packets
transmitted using different modes, and the performance of
a multimode fiber optic network on the number of nodes
connected to the transmission medium was investigated.
The corresponding graphs are shown in Figs. 1-6.

The dependence of packet service time in
a multimode ring network in the critical area of
operation (at N, ;. = 110) on the intensity of failures is
presented in Table.

As can be seen from the graphs (Figs. 1-6), as
the number of nodes increases (with network scaling)
in a multimode fiber optic network using the token
access method, the load of the transmission medium
and network nodes, the node polling cycle, and the
transmission time of packets transmitted by different
modes also increase; after reaching its maximum value,
the network performance begins to drop sharply.

With increasing failure rates in the critical region
of operation, with high transmission medium and node
loads, all network characteristics change dramatically, in
particular, packet service time.

Note that the maximum performance for all four
types of transmitted packet is achieved when the number
of nodes N, 4. = 100. The amount of timely transmitted
information Voack is maximized when the packet
length Lopek = 8192:

Vpack - }‘totLpack'

The packet service time, which increases with
packet size, is the longest at a high failure rate of 1074,
For a packet of 1024 bits, the average service time is
0.003408 s, while for a packet of 8192 bits, it is already
0.004669 s.

When the failure rate is reduced to 107> the packet
service time is significantly reduced. For a 1024-bit
packet it decreases by almost 8 times (to 0.0004444 s),
while for an 8192-bit packet, it decreases more than
4 times (to 0.001029 s).

0.0012
—€— L1 = 1024 bit
—#— L.y o = 2048 bit
0.0010 [ |l L0, 5 = 4096 bit
—0— L0 = 8192 bit
0.0008 |
w
=" 0.0006 |
N
0.0004
0.0002 +
0 i i )
0 20 40 60 80 100 120
Nnode
Fig. 1. Dependence of the service cycle Z(")
on the number of network nodes N, .
1.0
| [=—e—L =1024 bit
0.9 | a—LPok,=2048 bit
|| el = 4096 bit
08[ | Zg—Lrrs=8192bit
0.7
£ 0.6
8 05
Q?
0.4
0.3
0.2
0.1
0 é L L L L L )
0 20 40 60 80 100 120
N

node

Fig. 2. Dependence of the transmission medium
load R, for each mode on the number
of nodes N,

medium
node
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—he— L.y 5 = 4096 bit
—0— Loney 4 = 8192 it
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N
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node
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Fig. 4. Dependence of average service time of packets
of 4 types T in multimode fiber optic network with token

access method on the number of nodes N

=1024 bit
=2048 bit
" | =l Ly = 4096 biit

—0—Lpoe 4 = 8192 bit

= Lpack 2
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60

N
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80 100
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Fig. 5. Dependence of the probability of timely packet
transmission Q in a multimode ring network

on the number of nodes N

node

150000

—e—1L ., - 1024 bit
—— Loooy o = 2048 bit
—A— Lo 3 = 4096 bit
—0— Loncicq = 8192 bit

100000

Aiorr PACK/s

50000 [

100 120

80
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Nnode
Fig. 6. Dependence of the performance A,
for each mode on the number of network nodes N, .

At failure rates of 107 and 1077, the processing time
continues to decrease, but not as dramatically as when
going from 107 to 1073. For example, for a 1024-bit
packet, the time drops from 0.0001485 s to 0.0001189 s.
This is already a less pronounced decrease.

In the case of no failures, the service time is stable and
significantly lower than in the presence of failures. For
example, for all packets from 1024 to 8192 bits, service
time varies in the range of 0.0001156—0.0006475 s.

Failure intensity, which significantly affects the
packet processing time in a multimode ring network,
increases significantly at high intensities, especially for
large packets. However, when the failure rate decreases
to 107¢ and below, the processing time approaches the
values characteristic of a network without failures.

CONCLUSIONS

This study highlights the key role of development
and analysis of a mathematical model for optimization
of data transmission processes in ring networks based on
multimode fiber optic technology using the token access
method.

The use of reliability-theory-, random-process- and
mass-service methods, as well as the Laplace—Stieltjes
transform, provided a basis for accurate mathematical
equations that provide a deep analysis of the network
characteristics to identify the key regularities of its
operation.

The developed mathematical model takes into
account critical parameters of multimode fiber optic
medium including bandwidth, time delays, and data loss
rate.

In the study, a comprehensive analysis of the
operation of a multimode fiber optic network with token
access method was carried out, in which the probabilistic
and temporal characteristics of information transmission
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for different classes of packets were studied. In particular,
the dependencies of packet service time on the number
of nodes connected to the transmission medium, as
well as the influence of the bandwidth of each mode
and the intensity of packet arrival in the network were
considered. The analysis showed that as the number of
nodes in the network increases, the utilization of the
transmission medium and nodes increases, which, in turn,
increases the service cycle and packet transmission time,
and decreases the network performance. In addition,
increasing the intensity of failures in the critical area of
operation dramatically deteriorates the performance of
the network — in particular, in terms of increased service
time of packets and consequently reduced probability of
their timely transmission.

We pay special attention to the issues of network
reliability, namely the impact of failures of individual
elements on its performance. This aspect is of particular
importance for critical applications, where the reliability
of data transmission determines the success of the entire
system. By introducing reliability characteristics into
the model, we were able to develop mechanisms to
account for failures and propose ways to minimize them,
which increases the resilience of the network to external
influences and potential failures.

The results show that by properly tuning the
parameters it is possible to significantly improve the

overall network performance, reduce the probability
of collisions, and increase the throughput. These
conclusions confirm the high efficiency of the proposed
solutions and their importance for improving network
operation quality.

Based on the calculations and simulations,
multimode fiber optic medium is confirmed as
a promising solution for organizing high-performance
local area networks, especially under conditions of
increased reliability and information-loss minimization
requirements. The developed mathematical model can
serve as a universal tool for the analysis, construction
and optimization of networks, as well as providing
science-based recommendations for their effective use.
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framework for the study by proving a key theorem on polling
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efficiency.
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