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Abstract:

The aim of the paper is to present selected examples of queueing theory
applications to problems in the military and defence domain, to mark the
110" anniversary of queueing theory. The intention was to find and
present more works from domestic authors published in a longer period in
order to promote the theory in the domestic military and defence circles
thus motivating future research related to waiting lines phenomena. In
dealing with military queueing phenomena, researchers are usually faced
with some specific requirements which involve a multidisciplinary
approach. In the queueing theory community, it is recognized that
solutions to queueing problems could be reached in three ways: by
analytical, numerical and simulation methods. Not all queueing problems
are solvable by analytics or by numerical mathematics and, for such
problems in particular, simulation methodology is a resolving tool.

Key words: military application, queueing theory, simulation, modeling,
logistics, combat, command & control, transient regime, overloading.

Introduction

The 110" anniversary of queueing theory (Erlang, 1909) is a good
opportunity to make an overview of its application in various fields.
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The historical development of queueing theory has been presented
in short by Nikoli¢ (2008). This paper presents some applications of
queueing theory for various issues in the military and defence as well
as some actual trends and prospects for future research. Queueing
theory has been recognized for a long time as an appropriate scientific
discipline for analyzing various problems in the military domain - let us
mention works of a few domestic authors (Cubra, 1977), (Renduli¢,
1981), (Vojnoizdavacki zavod, 1970), (Serbian Armed Forces, 1996).

Military queueing systems

Queueing theory deals with models of queueing systems (or waiting
lines). Capability of queueing theory to be used for considering various
problems in the military domain comes form a simple definition of a
queueing system: “Any system in which arrivals place demands upon a
finite-capacity resources may be termed a queueing system” (Kleinrock,
1975). Following this definition and applying it in the military domain, one
can find that there are many military situations, processes and systems
which could be described, presented, modeled and analyzed as
queueing systems. In order to be denoted in a short and general term, all
real systems, processes and situations from the military and defence
domain which can be described as queueing systems are here named
"military queueing systems".

There are many kinds of military queueing systems. Classified by
their physical nature and characteristics, military queueing systems could
be from various military sub-fields, and related to them, as follows:

— Battle situations ("serving" of arriving enemy tanks, rockets,

airplanes).

— Command and control processes.

— Decision making (at individual and organizational levels).

— Weapon’s systems.

Technical items.

Logistics functions (maintenance, transportation, supplies).
Medical evacuation.

Facility operations (runway that make "services" to airplane take-
offs and landings; emergency medical department operations;
etc).

Peace missions of the United Nations.

Administrative processes, etc.
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Queueing system modeling consists of a few steps. The first step in
studying any real system intended to be described as a queueing system
is abstraction: the components of the considered real system should be
recognized as clients or servers; types and intensities of input and output
clients flows should be determined, as well as queueing discipline,
reliability of servers, patience of clients, etc. In particular cases, a high
level of abstraction is needed, for example: arriving airplanes or missiles
should not be in a viewable, static “queue”, etc.

Successful abstraction leads to a conceptual model. A conceptual
model should be understandable to both sides: to experts for a real
system, process or situation which is the subject of the study, and to
simulation experts who will provide future development and
transformation of a conceptual model towards a clearly structured
problem from the point of view of a methodological tool or a theory which
will provide its resolution.

On the basis of common sense and supported by various military
sub-fields subject matter experts, a minimal set of axioms for military
queueing models can be established: (1) Engagement of military
queueing systems, particularly in war missions, is finite by time; and, (2)
Traffic intensity can be of any value, so there is no logical reason to place
any limits on it. These axioms are particularly valid in modern warfare
characterized by fast-moving combat situations, fierce by intensity, short
by time, and planned with limited resources. Implementing these axioms
into the study of queueing systems leads to a question of fidelity in
simulation modeling of military queueing systems, as well as in cases
when classical queueing theory is used. These axioms contribute to the
intensified development of analytical mathematical methods as a basic
approach in studying queueing models, but also to the development and
application of the other two methodological approaches, i.e. numerical
methods and simulation methods (which are, in fact, statistical methods).
These three approaches are recognized in the referential literature
(Nikoli¢, 2008), (Worthington, 2009).

In the following section, we offer a number of examples from the
military and defence domain where queueing theory was engaged, or at
least where the basic concept of queueing modeling is used.

Examples of military applications of queueing theory

Ballistic missile defence modeling. Li et al (2016), from the
Chinese Air Force Engineering University, presented the simulation
modeling and performance analysis of a layered ballistic missile defence
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system as a tandem queueing model of type M/M/n/n. They analyzed
different variants of tandem queueing systems: with two and three
service phases (two and three layers of missile defence systems), and
with identical and different defence weapons (variants of identical and
different service channels). Also, they considered a few different
scenarios with varying input values for the number of total missiles and
missile detection probabilities. The overall goal of their work was to
model and analyze variants of a ballistic missile defence system in order
to find the best option regarding defence effectiveness. They pointed out
to the limitations on the exponential nature of the stochastic dynamics of
input (arrivals) and output (services) client’s streams, and marked a need
for future research in regard to other types of arrival and service
processes.

Air Defence modeling. Yao and Ma (2017), two researchers from
the Chinese Naval Academy at Dalian, modeled an air defence missile
weapon system as a queueing system which consists of two phases of
servicing by multichannel service facility. They tried to evaluate and
compare different options of mixed deployment of anti-aircraft artillery
and air defence missile weapons. They described the referent (a real
system or process) as a conceptual queueing model and then simplified
further analyses by adopting a hypothesis for stationary behavior of the
queueing model. The use of queuing theory in air defence modeling has
been a subject of research for a long time in many armies including small
ones like Serbia’s.

Aircraft Sortie Generation Rate. Mao et al (2013), used a multi-
class closed queueing network as a model for an analysis of aircraft
combat sortie generation rate (“sortie” is a specific military term used to
denote a combat mission of a single aircraft, one combat flight). This is a
case of modeling the engagement of carrier-based aircraft in combat
missions. Due to limited space, short runways and mobility of the main
platform, there are many specifics in the operational procedures for sortie
generation and a number of consecutive steps for aircraft preparation
and launching from the carrier to execute a delivered combat task. In its
essence, this process of combat sortie generation could be modeled as a
multiphase queueing system (network). Due to different types of aircraft
and missions, it is a multiclass service model. In addition, due to a finite
number of aircraft on a carrier, it is a closed queueing model. Naturally,
these kinds of weapon systems are of primary interest for armies which
already have or tend to obtain aircraft carriers. However, it is of interest
for all other armies which could be faced with adversary’s aircraft
carriers.
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Aircraft squadron servicing. Panti¢ (2002) considered possibilities
to apply the queueing theory models in presenting and analyzing
servicing activities for a supersonic aircraft squadron in a dispersed
formation. The challenge was to investigate the implications of replacing
the original fuelers with other types of special vehicles designed for
aircraft refueling . The queueing model used was a multichannel service
facility with a limited number of waiting rooms and with a simplified
assumption that the system operates in a steady state.

Indirect fire weapons systems conceptual modeling. Wheeler
(2005), applied the queueing models to study offensive support indirect
fire weapons systems. Some others analyzed methodological procedures
for analyzing modes of combat use of artillery weapons and consequent
impacts on weapons maintenance systems.

Military Command and Control, decision making and staff work.
Jovanovi¢ (1984), mentioned queueing theory and a simulation of
queuing systems as appropriate tools for research of staff works,
operations and management. Markovi¢ (2000), recognized the values of
queueing models for military operations planning and staff functioning.
Maksi¢ and Miskovi¢ (1997), confirm the value of queueing theory in a list
of other methods and tools used for decision making support and for
research in the military domain. Leonhard et al (2010), point out the
capabilities of queueing theory in the development and analysis concepts
of command and control. Also, Athans (1987), one of the most prominent
authors in the field of military command and control theory, clearly
pointed out the relevancies and appropriateness of the concepts of
gueueing models and queueing theory to the issues related to perceiving,
modeling and analyzing problems from the military command and control
domain. Nikoli¢ (2016), presented the reneging queues model as the
starting point for developing the general model for command and control
processes known as Lawson’s Model of C2.

Undersea warfare. Sullivan and Grivell (2003), used queueing
models with a set of various probability distributions for investigation in
the field of undersea warfare. However, their model and research have
potential to be used in other (non-navy) warfare tasks and situations
which involve attackers and defenders in a finite time frame and with
different types of probability functions.

NBC (nuclear, biological, chemical) decontamination. Forca
(1992), presented an organizational process of NBC decontamination as
a queueing model (servicing a number of clients with limited resources),
and used a simulation methodology to conduct practical calculations in
regard to system performances.
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Medical evacuation (MEDEVAC). Micovi¢ (1998) presented a
queueing simulation model of military medical evacuation in a combat
mission. The queueing model was characterized by multiphase servicing,
multiclass clients (clients with different priorities for medical evacuation)
and triage rules for a preliminary classification of casualties and
assigning appropriate priority levels for evacuation. Jenkins (2017),
studied MEDEWAC dispatching policies for casualties evacuation and
modeled it as a heterogene multiphase queueing system with three
classes of priority clients: priority 1 —Urgent; priority 2 -Priority; priority 3 -
Routine.

Military hospital pharmacy delivery process performance
evaluation. Bahadori et al (2014), conducted a descriptive and analytical
study with the use of queueing theory to describe and analyze outpatient
pharmacy in a military hospital, with the aim of achieving better
performance with some changes in organization and resources. They
identified servicing points with low server’s utilization (and proposed
reduction of service personnel at these points), as well as some
bottlenecks where they proposed rational enlargement of service
capacity (they proposed multitasking personnel for a few different but
very simple operations).

Cadet’s mess congestions and food delivery process modeling.
Kama and Mankilik (2015), presented an application of queueing theory
in a cadet mess of the Nigerian Defence Academy in Kaduna. The initial
problems identified were long queues in a cadet mess, particularly during
lunch, and consequently poor satisfaction of cadets with mess service.
They modeled the mess process, conducted investigation with queueing
theory application for more variants, and produced a concrete proposal
for appropriate enlargement of specific mess resources.

Military entry control facilities operations. Dwyer (2016) modeled
military entry control facilities as a queueing system and investigated how
it operates, with the aim of resolving congestion problems concurrently
sustaining a high level of service quality regarding security standards in
particular.

Maintenance process for military technical items. Military
maintenance processes have been extensively studied with many
examples related to different contexts, ranging from depot maintenance
in peace time conditions to field maintenance in combat missions.
Petrovi¢ et al (2013), analyzed a maintenance process in a military
depot, and used some empirical data for the intensity of service
requirements as well as for the service process itself in order to find out
weak points in the maintenance process organization. Petkovi¢ et al
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(1988) point out queueing theory as a methodological tool in considering
organizational issues related to the maintenance of technical items.
RadoSevi¢ (1980) used queueing models for maintenance workshops
capacity planning connected with reliability levels of technical items.
Cirovi¢ (1992) considered maintenance treatment in the early phases of
development of military telecommunication equipment.

Technical support of joint tactical units. Military logistics
functions of maintenance and supply used to be known in the past as
technical support (or technical sustainment). Under this term, many
research studies were realized in the last decades of 20" century. Nikolié
(1989) offered an extensive study on the efficiency of performing
technical support at the level of joint tactical units (brigade) in battle
conditions. Brankovi¢ (1986) used the simulation methods to study a
maintenance process modeled as a queueing system in order to get an
insight into the performances of maintenance units in battle conditions.

Timely logistics support to military units in operations.
McConnel (2018) conducted an extensive study on the problem of
dropping equipment readiness due to distribution problems during
military  operations. The stochastic nature of the requirements for
logistics support and varying service response led him to the use of
queueing theory.

Some additional examples of various military queueing systems and
modeling processes can be found in the literature (e.g. in Shephard et al
(1988)), where other methods of operations research were used as well.
One good example where a specific military problem was studied by a
combined use of queueing theory and other methods of operational
research is given by Kang et al (1998), from the Department for Systems
Management at the Naval Postgraduate School, Monterey. They
considered the naval aircraft maintenance process and presented the
relations among the following disciplines: military operations planning,
logistic (maintenance and supply), cost analysis, queueing theory, and
simulation. Military operations planning assumes taking into account air
power which is a dynamic category measured by the level of combat
readiness (percentage of "ready-for—use" weapon systems in the unit).
Reduction of the maintenance cycle time produces a higher level of
operational availability and, consequently, higher combat readiness.
Inventory levels of spare parts have a direct influence on the reduction of
the maintenance cycle time: if a needed spare part is at hand, it can be
used immediately; if not, the item being repaired has to wait for that
spare part. On the other hand, a huge amount of spare parts across the
inventory system is not a good solution because it costs too much and
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produces other problems such as physical limitations at lower
maintenance levels. Modeling of the entire maintenance process leads to
a complex queueing model which requires a more appropriate method:
simulation modeling (Kang et al, 1998).

Some actual trends and prospects for future research

What are the prospects of queueing theory application and its
development in the future? The best answer to the question could be
found in referential sources of scientific information and from recognized
experts in the field. Some of such sources, with clear observations about
the actual state of the art and good visioning of future development, are
referred to in Worthington (2009), and Kingman (2009). Worthington’s
(2009) findings about the future development could be summarized as
follows:

- more dedication to queueing models with non-exponential
distributions for demands (arrivals) and servicing;

- more respect for time-dependent behavior of queueing systems;

- more care to more complex queueing models (networks);

- more fidelity in implementing complex relationships among
elements inside complex queuing models;

- improving robustness and sensitivity of queueing models;

- more care to the modeling process for queueing models (thinking
about “queue modeling as a discipline”, (Worthington, 2009).

Kingman (2009) offered an interesting review of the development of
queueing theory and indicated the connections of the queueing theory
development with problems from the military and defence domains which
were describable as queueing models and related to Thomas Saaty, a
well-known operations researcher. He also confirms that future
development of the theory will be oriented towards problems in complex
queueing models (queueing networks), congestion problems, as well as
models with non-exponential distributions which are problematic even in
simple structure models like the model type: M/G/k (Kingman, 2009).

In order to clarify the connections among the mentioned challenges
in queueing theory and corresponding queueing problems in the field of
the military and defence issues, we point out the following. Military units
in war are not continually engaged. Enemy tanks, rockets and airplanes
are not continually in sight during wartime. One attack or defense
operation is usually planned and executed for a limited period of time.
The observation about the finiteness of reality in the military context is
one of the keystone facts which have to be taken into account in military
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modeling. Cases of heavy-traffic, saturation and overloading of service
capacity (traffic intensity close to 1, equal to 1, and greater than 1), are
rarely studied in the literature, but could be of interest for studies of
military queueing systems. In the military domain, overloading is often a
desired state: overloading enemy’s capacity is a traditional condition of
victory. Otherwise, one can get a wrong model. However, heavy traffic
conditions and overloading can be of interest in civilian matters as well.
For an owner of a queueing system, it is very desirable to sustain high
utilization of service resources. On the other hand, critical traffic
conditions (heavy-traffic, saturation, overloading) sometimes may appear
at some points inside a complex queueing system (queueing network),
and almost certainly in various kinds of emergency situations when a lot
of service requirements can suddenly appear in a relatively short time.

The impact of the transient regime of the military queueing system
operation is of particular importance in cases of some real queueing
systems, processes and situations. Regarding military queuing systems
in combat conditions, the impact of the transient regime was discussed
by Nikoli¢ (2008), while more information about the transient
phenomenon in queueing behavior could be found in Nikoli¢ (2008) and
Kaczynski et al (2012). The importance of the queuing transient
phenomenon for other-than-military-systems is confirmed in some novel
papers as well (Gindin et al, 2014), (Tsai et al, 2017).

Conclusion

This paper presents a few examples of the applications of queueing
theory in the defence and military domain. The goal is to refresh
knowledge and awareness about wide possibilities of military applications
of queueing theory at this special moment of the queueing theory
anniversary.

Trends and prospects for the future development of queueing theory
are in favor on solving challenges which we face when studying military
gueueing systems.
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MPUMEHEHWE TEOPVN MACCOBOI'O OBCITY>KUBAHKA B
BOEHHOW OBJIACTW B CBETE 110-I'O FOBUINEA

Hebotiwa B. Hukonny

YHuBepcuTeT 060poHbI B . Benrpaa, MHCTUTYT cTpaTernyeckux
uccneposanui, r. benrpag, Pecnybnuka Cepbus

PYBEPUKA TPHTW: 81.88.00 MaTepuanbHO-TeXHMYeCckoe cHabXeHue.
Jloructuka

B CTATbW: npodeccrnoHanbHas ctaTbs

A3bIK CTATbW: aHrnuickmin

Peswome:

Llenbio 0aHHOU cmambu senisiemcs npedcmasneHue 8bI00pKU npuMepos
MPUMEHEeHUsT Mmeopuu Maccosozo 0bCyxueaHusi 8 B0eHHOU obrnacmu, 8
ceeme 110-20 r0buriesi cosdaHus meopuu mMaccoeozo obcryxusaHus. B
pabome npusedeHoO b60osbWIoe Korudecmso pabom 0mevyecmeeHHbIX
asmopos, orybriuKo8aHHbIX 8 rPOJOIMKUMETIbHOM repuode 8peMEHU, C
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uernbto pacuiupeHus npedcmaessieHuss 06 amou meopuu U npode8uXXeHUsI
ee [PUMEHEHUST 8 OMEYeCcmeEeHHbIX Kpya2ax 80eHHo20 Oena. [lpu
uccnedosaHuu rpobsiem cucmeMbl Maccogozo 0bCryKugaHUsI 8 80eHHOU
obnacmu Heobxodumo rnpeodonesamb creyugudeckue mpebosaHus,
8bi3blgaloujie HeobxoOuMOCmb MEXOUCUUNIIUHapHo20 rodxoda. B
MpoghbecCuoHarbHbIX Kpya2ax Macco8oe0o 0bCyxueaHus 6bifio 8bIsIeNeHo,
4Ymo peweHusi 3ada4y O cucmemax Maccog8oe0 OBCIyKUBaHUST MOXKHO
Halmu ¢ rnomMowblo credyruwux mpex mMemodos: aHannumu4vyeckud,
YUCIeHHbIU Memo0Obl U MeMOA UMUMAaUUOHHO20 MOOESTUPO8aHUSI.
OdHako crnedyem y4umbi8amb, 4mo He 8ce meopemudeckue modesnu
maccoeoeo  obcrnyxueaHuUsi Mo0daromcsi  PEWeHUr0 € MOMOWbIO
aHanumu4yecko20 Uru YUC/IeHHO020 Memodos8, UMEHHO Mpu peweHuu
makux 3ada4y HeobxodumMo MPUMEHSMb Memod UMUMAaUUOHHO20
MOoOeiupo8aHuUs.

Knrouesbie crioga: B0€HHOE MPUMEHEHUE, meopusi Macco8020
obcnyxueaHusi, uMumMayuoHHoe  ModesiuposaHue,  J102UCMUKa,
bopbba, KomMaHOOBaHUE U KOHMPOSb, MNEPEXOOHbIU  PEXUM,
nepeHarnpspKkeHue.

NMPUMEHA TEOPUJE MACOBHOI" OMNCNYXWUBAHA Y BOJHOJ
OBJIACTU HA 110. rognibnLy

Heb6ojwa B. Hukonuh

YHuBepauteT oabpaHe y beorpagy, MHCTUTYT 3a cTpaTernjcka uctpaxvsatrsa,
Beorpan, Penybnuka Cpbuja

OBNACT: noructuka
BPCTA YJTAHKA: cTpy4Hu paa
JE3UK YNNTAHKA: eHrnecku

Caxemak:

Y pady cy npukazaHu odabpaHu rnpuMepu fpuMeHe meopuje Maco8Ho2
oricryxuearba y 80jHoj obriacmu, Ha 110. 2oduwrbuyy pohera meopuje
MacosHoz oricrnyxuearba. Hamepa je buna da ce npoHahe u npukaxe
suwe padosa Oomahux aymopa y Oyxem nepuody Kako 6u ce
rnobosbwarna npomouyuja bydyhe npumeHe ose meopuje, rpe ceeza y
Oomahum 80jHOCMPYy4YHUM Kpyeosuma. Y 6aerbewy npobrnemuma
cucmemMa MacosHoO2 OriCITy)ueaHa y 80jHOj obriacmu, ucmpaxuead ce
cyoyasa ca crieyuuyHuM  3axmesuma Koju y3pokyjy nompeby 3a
MynamuduCYUNAUHapHUM ripucmyrnom. Y cmpyqyHUM Kpyeoguma meopuje
MacosHo2 orcryxuearba rperno3Hamo je 0a ce 0o pewera y 3adayuma
0 cucmemuma MacoeHoz oricryueara Moxe O0hu Ha mpu HavuHa:
aHanumuyku, HyMepuy4ku U MpuMeHoM cumyrnauyuje. He moay ce csu
meopujcku Molerniu MacoeHo2 OriCiyXXueara peliasamu aHaaumuyku
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umu rpuMeHoOM HyMepudkux memoda, na ce 3a makee rpobreme
npumerbyjy memode cumMyrnayuoHo2 Moderiogar-a.

KrbyyHe peyu: eojHa npumeHa, meopuja MacosHoe OfiC/yXuearsa,
cumynauuja, Modesiogarbe, Jsio2ucmuka, 6opba, komaHdo8am-€ U
KOHMpo-a, fpesasHu pexxum, npeonmepeherse.
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