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ABSTRACT

This paper describes the development of a generalized-lagged simulation tool for studying manpower and personnel
management behaviors. The subject matter of the dioulare complex organizational behaviors found withinté&éhi
States Navy Manpower and Personnel processes. Belofsgioch a complex system is typically associated witierarchi-

cal structure in which the lowest level agents areatharized by continuous and discrete event-variable dysaamd the
highest level agents by heuristically based decision-rgakiechanisms. The system dynamics approach is useddioplev
model that describes the dynamics of a sailor’'s behahde he or she is a member of the US Navy. Thésesy dynamics
based model constitutes a basic “microscopic” elemiean @gent-based model of the US Navy's Manpower and Pefsonne
(M&P) systems. Agent-based techniques are used to hagtdiopeneity in behaviors and domain descriptions ededc
with shipboard processes. The results of our work prastideng support for the importance of agent-based modafing
proach as a key tool for analyzing M&P systems and pdisygn.

Keywords:
Complex Adaptive Systems, Agent-Based Modeling and Simulationlinear Behavioral System Dynamics, Fuzzy Logic
Decision-Making.

1 INTRODUCTION

This paper describes the development of a generalized lagged- simulation tool called the Integrated Manpowereg& P
sonnel Agent-based Computer Tool (IMPACT). By ManpowdPedsonnel we mean the collection of processes designed to
manage personnel in the Navy. On a large scale, thelsddnthe determination of manpower requirements, the buliget a
cation for fulfilling these requirements (manpower prograng); the provision of people to fulfill the requirementerson-
nel planning), and the distribution of the available pamst The M&P process is typically perceived at an aggedgsel,
representing the aggregate flow of people within the peedquianning stage. During personnel planning people are re-
cruited, trained, and ‘managed’ in communities. These camities serve as a pool of servicemen for fulfilling
actual billets in the process of personnel distribufitifonov et al., 2005).

Traditional modeling and simulation methods of suchesgstoffer views of macro level behaviors (e.g. modelin
that involves general aspects of a system like theagedoehaviors), which results in losing some detailed aspfetis sys-
tem (Wild et al., 2003). Even if the effect of single pielcon an individual was understood, being able to uradetsheir
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compounding affect on the crew, battle group, or Navybleas left to qualitative measures that leave no riaomuantita-
tive prediction much less the ability to react to n@acesses, technology or changes in personnel assignmegthilitygo
examine the changes in ships’ personnel over time is ttoaigesigning new ships with new capabilities. Furtrmenun-
derstanding the effects of planned military operations orsdiilers’ community as a whole is crucial to performafigp-
board manpower and personnel planning optimally in the lamg ru

Behavior of such a complex system is typically assediavith a hierarchical structure in which the lowlesel agents
are characterized by continuous and discrete eventl@riynamics and the highest level agents by a logieeision-
making mechanisms. The interaction of these diffeimmls, with their different types of informationalés to the represen-
tation of system behavioral dynamics by combined disf@entinuous modeling and simulation methodology that support
multi-formalismmodeling approach on one hand and its dynamic simulatiohgbyt-Based techniques on the other hand
(Axelrod, 1997), (Bonabeau, 2002), (Epstein & Axtell, 1996).

In addition, the proposed agent-based simulation enabléslananodel construction giving us the capability to easily
extend the model under study. For example, IMPACT idyeadapted for a stochastic simulation optimizationcpdure
which can be thought of as finding a combination of irgarameters (e.g. components of different MPT&E poljdieat
gives the optimal expected response of some objective fartbtd is evaluated by simulation of the Manpower & Persbnn
agent-based model. The multi-agent based model allowsstigdyp dynamic effects of different detailing policies arféech
ent crew assignment strategies, and many other oegamial strategies and their positive/negative consequencas
individual sailor’s performance, decision-making, motieatetc.. For example, IMPACT allows us to study howropti
crew assignment (i.e., the one that tries to optimidksst match between sailors and billet requiremjemizy decrease the
negative consequence of boredom and lead to the improverhargailor's performance. Integration of a modek the
scribes a sailor’s desire to reenlist or separata fice NAVY using a multi-attributes fuzzy logic modelingheique is an-
other example of IMPACT’s modularity.

The paper is organized as follows. Section 2, followingititieduction, describes the basic properties and streicf
MPT&E processes. An agent-based model dynamics and siamufedimework for such a system is presented in Se8tion
while Section 4 illustrates the results of simulatig@anclusions close the paper.

2 IMPACT: AGENT-BASED MODEL
2.1 Methodology Overview

The purpose of IMPACT is to help with the analysis of éffects of high-level policies on individual sailonsdatheir
decision making when it comes to reenlistment. This reguhe modeling of macro level processes like recruitntremn-
ing, and community management as well as the micrd proeess of sailors’ decision making. Even though sugfstem
can be modeled to a certain extent by following the systgmamics (SD) method alone, it becomes increastiffigult to
solve the problem of heterogeneity when multiple deseeigttributes of sailors influence the dynamics ef sgstem.

The real obstacle to using only system dynamics ®ptirposes of this model is the existence of implicitiiaeks be-
tween the heterogeneous types of sailors in the sy&tsimg SD to model the dynamics of one type of saiho extrapolat-
ing that for other parameterized types is reasonablewmencounter direct dependencies between them. 8e2t8o7 on
the Activity Agent is a good description of how that ocdarseur specific case, while (Trifonov et al., 2003) pded a de-
tailed discussion of this issue in a more general setting.

On the other hand, the SD approach has significardrdalges when it comes to modeling processes thdv@soft
variables like stress, motivation, and fatigue, whichaacentral part to the sailor agent representationlol/sius to natu-
rally model the qualitative patterns of dependency betwleese variables and conveniently link them to exogegoantita-
tive signals from the external MPT&E process like ¢herent level of workload, time available for sleep, etc

These two main considerations lead us to use a hybridagpwhere the overall simulation is driven by an abaséed
model, while each individual sailor contains a SD madlslome of its states. This allows us to representéerogeneity of
sailors and the interactions between different typesralét, while at the same time provides for a goodes@ntation of in-
trinsic dynamic states of separate agents. Lateossatiiscuss the details of how the hybrid model operates

2.2 Model Overview
The IMPACT simulation tool is intended to provide insightoithe effects of high-level MPT&E policies on the
NAVY’s ability to procure “the right kind of sailor tthe right place, at the right time”. It not only focusesthe population

dynamics of sailors as whole, but also on the impathtese policies on the daily life of individual sad and how these ef-
fects in turn feed back to the dynamics of the sysiemmachieve that, IMPACT includes representations afroyéevel ac-
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tors in the MPT&E system as well as an explicit reprgation for multiple individual sailors. The modetludes agents that
represent every major branch of the Navy manpoweparsbnnel system, it takes sailor agents through all plasee life
cycle of enlisted sailors, and allows for natural iatgions and information flow to take place between thegure 1 illus-
trates the main components of the MPT&E systematetncluded in our model.
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Figure 1: MPT&E components in IMPACT

Rectangles represent different types of duty that a sadgrfind themselves on. They describe the statesatisailor
may be in relative to the MPT&E ecosystem. The owatsthe other hand illustrate the different processesginarn the
flow of sailors between different duty types.

Sailors enter the system via the recruiting procesporion of new recruits go through the Delayed Entry Rnogr
(DEP) prior to active duty, while the remainder eratetive duty and go directly to boot camp. All sailors aremian in-
tended future rating based on a demand signal that is regeitleel form of an accession plan from the differesrhmuni-
ties. This mechanism represents the way communities rekative pressures to the recruitment command orditheir re-
spective needs. Sailors who finish boot camp enter aldetyween three different duty types as shown on the figinon
that moment on until they leave the system sailoese#ther on shore duty, on sea duty, or in training. Ddipgnon A-
school seat availability sailors who complete boohjganay go straight to A-school before they go on tooseshore duty.
Sailors who do not enter additional training immediaggter boot camp enter the sea-shore rotation as dethetels
(GENDET) until they get a chance to go to A-schoojéb their designation. Within the simulation, A and Cesttclass
schedules are generated by a training agent, which cagtargaihing process.

The training agent periodically schedules classes wititelihavailability for both A and C school. Once sailenter the
rotation loop, a detailing process is responsible fmosing the next duty station a sailor will go to. &ailcontact the de-
tailer agent when they enter a detailing window relativiheir projected rotation date.

The detailer agent in turn looks at all available reitjons in the system and chooses the most appropmatdor the
sailor based on skill match, NEC reutilization, take up mdrdrrival gap, and activity manning levels. All recuasis in
IMPACT are based on the number of total billets attled. Sea requisitions are based on the vacant bibletbe different
ships at the time of the detailing request. Each shiprg&ss new requisitions periodically by comparing timeent sailors
on board, the expected gains over the next period, the egdfdesses over the next period, and the total numbefleistau-
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thorized. IMPACT assumes that shore requisitions afienited and there is always a shore billet that fosaan be as-
signed to. Sea billets on the other hand are per shipa@ndefined in the ship manning document (SMD) for eaigh sh
Every billet is described by the required rating, pay gradd,NECs. Billets are organized in departments andioingsin
addition to billets, the SMD specifies all operatiowakch stations and the departmental workload broken dowdiyision
and skill set. Throughout the entire lifecycle of designatabbrs they are subject to community management palicies
IMPACT's representation of the community management gsoteludes advancement, reenlistment, retirement, ard-acc
sion planning. Advancements are performed periodically Bgirfigp examinations and looking at all components that the
Navy uses. The reenlistment process occurs at the emkof enlistment period for each sailor. Communitiesage that
process by setting SRB (selective reenlistment bdeus)s, HYT (high year tenure) ceilings, CREO (comityureenlist-
ment objectives) levels, utilizing a PTS (Perform tov8g program, and considering recommendations for ister@nt.
IMPACT represents all of these details. From a sailperspective the decision of whether to reenligtairis subject to a
probability to quit, which is affected by six differentfars. Sailors take into account the stress and ntiativéevels that
they experience during sea and shore rotations; thetinpitg to retirement; their proximity to the HYT caeilj; the SRB
level; and the advancement opportunity. All of theseofadnteract to formulate a final likelihood that teglor will choose

to reenlist for one more term. Even then, they algest to the community management policies, which mapay not al-
low the reenlistment to occur. Finally, sailors evaiiyueave the system through the separation proéeseparation event
may occur for several different reasons. A sailor maply choose not to reenlist, in which case they ldleesystem at
EAOS (end of active obligated service). In anotheasian, a sailor who otherwise desires to reenlist o be eligible for
retention due to low recommendation marks, or due toddgacancies in their community and in the commasith which
they have applied for conversion to. Finally, sailory mentually reach retirement age and leave the sybigmvay.

2.3 The Generic Model Agents

Generalizing from the process description above, ehtie components specifying the MPT&E system will bautiht
as a single agent dynamically interacting with the otmas following prescribed relationships (e.g Sailor Agéntisted
Master File Agent, Recruitment Command Agent, Training @amd Agent, Community Management Agent, Manning
Control Agent, Ship Agent, Assignment Control Agent,)efEhe system agents are represented as hybrid sydtaimis-
volve both continuous valued and discrete variables. Inrgeramalyzing such complex dynamics is difficult from aa-a
Iytical point of view as solutions might not exist irogtd form. Because of these features, we investigathitamics by
means of an agent-based approach. That is, within andodivagent, behavioral decisions may be done by evaluaition
their dynamics described by general hybrid dynamic m@@DS). However, the system level behavior is theerdahed
by running dynamics describing the interactions among agEmesintegration of GHDS approaches to describe the dynam-
ics of individual agents together with agent-based simonlafives us a mean to study dynamics evolution of lacgée in-
terconnected systems in a natural way. We now takesarclook at the structure of agents and agent-based sonuddt
MPT&E processes.

2.3.1 The Sailor Agent as a General Hybrid Dynamic System Automanh Model

The sailor agent captures the properties and theaftileshavior of a Navy sailor. Sailor agents can be edhehe ship
at sea, or on shore. They are brought in the sydtesngh the recruitment strategy of the on-shore pooiteayed can leave
the system either by retiring or by declining to reénlitie defining characteristics of the sailor agentitareating and pay
grade. Higher pay grades mean higher experience for g, sdtilite the rating refers to the particular profeadiskill set) for
which the sailor specializes. Ratings determine thetbito which sailors can be assigned while at sehtlaerefore deter-
mine the watch stations and divisions they work ime Tating and the pay grade can be adjusted through trawinch is
determined by the training command agent.

The key component of the sailor agent is a new dynamdehof an individual sailor’s behavior during his enlistine
with the Navy. The model illustrates how psychologfeators such as stress and motivation, which are ddwsa combi-
nation of influences of different US Navy's Manpower,g@enel and Training (MPT) policies (and different levaflse-
quired readiness), impact a sailor’'s performance and kisiole to continue to enlist or to leave the Navy. &ese of our
interest in the dynamics of a sailor's behavior, wangineperformanceas a function of time on task. While on the ship,
each sailor agent is assigned to a particular billet angks on a set of watch stations. This determinesrtigint of de-
partmental work (number of tasks) that that sailoble & perform, apart from the required watch standig argue
here that the task’s execution depends on the sailor’deslell, cognitive and emotional factors (e.g. stressivamiin
and vigilance) and that our model captures this dynamics.
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The individual sailor behavioral model is formulatechd@Seneralized Hybrid Dynamical System — the systemdbsm
for combined discrete/continuous modeling (Brocket, 1993). fbhmsalism is a combination of two analytical apprassh
1) the discrete event automaton describing discreteoptema corresponding to discrete states and dynamics suoh as th
dynamics associated with a sailor’s rating and pay gradsitions; and, 2) the differential equations systerardesg the
individual sailor behavioral model which is formulatesia set of first order coupled differential equationsrevcausal rela-
tionships between behavioral and cognitive variablesadeted in a form of simple linear and nonlinear dependentie
simulation, the two parts alternate in model execution. &\thi¢ discrete part executes the state transition avtrg times,
the continuous part computes the state trajectoriestinelen. The events define discrete changes of thenoons input
values. We transform the event segments to piecewisgtant segments to accomplishes this. For exampl#dasailor
agent dynamics the most frequent event transitionsyerddload change) occur every seven days while the continuous pa
describing a sailor behavioral response to such an évent piecewise constant segment) computes stagettnags for
each day during a week of deployment.

The GHDS framework provides a means to specify thiesyagent, using mathematical formalism defined fortaitly
automaton model (Brocket, 1993). A hybrid automaton st (Brocket, 1993)

H=(@QA",SP,EF,Q (1)

Qis the finite set of discrete states (e.g. rating hwitan associated pay grade and NECs:

Q ={dsx: Asn» sy » Asnem» Asnems Asnem: dewt -+ with time based switching points
ot S et e e tEe tEo ... indicating the time at which a particular paygarde or ratagsition occurs

assuming that all necessary requirements for such atiarere met (e.g. years of service and/or requirgditrg) ), A" is
the set of continuous states, anB is the finite set of discrete events. The finite sdt emges,

El Q" 2" P {A"® A"}’ Q, models the discrete event dynamics of the systemed§eE ' e=(q,, X,,V,.r..q,) is
enabled when the discrete state isjji{e.g. a new sailor recruit has a paygrade E1 and ratinga%\eSNth) and continu-

ous state is inX, (e.g. current level of stress, motivation, and fatigi#jen the transition is taken, the evdhi P is ac-
cepted, the continuous state is reset according to maghis mapping can simply restart the continuous state & oraw

set of initial conditions (e.g. the last values of sstdtes at the final time while ig, stat). Then the system enters discrete

stateq, (e.g. q;f ). In this representation of discrete event automat® account not only for the order in which everts o

cur but also for event occurrence times which leade agitmed discrete event system model. In additioanwgigiven time
stateq, the occurrence of an event at a given state eghtteseveral possible next states. In our model weeataat ®ne of
these next states according to some perspective saesf(e.g. checking and planning available spaces in diffeianing
schools, requirements for a specific rating skill seise shaping requirements, and many other functionadtidsrule sets
associated with detailing and force shaping policies eWe)also employ a discrete event controller to modduation in
which sailors can be abruptly “redirected” in theiogess of skill set — rating build up due to new NAVY straiagiatives
(e.g. force shaping). A discrete event controllef&sS is an external discrete event control that disaddese events and
enables the others.

By modeling a sailor’s paygrade and rating/NEC transitigmachics as a discrete event system, an optimattoaje
(e.g. optimal career path that leads to highest paygande satisfying sailor’s skill set preferences in sbst time) can be
derived. The optimal trajectory (or an optimal policythe ‘best’ trajectory (policy) to be followed indaer to direct the
sailor to go to the final statey, , that is the state representing the highest paygradskihdet of choice in during his/her

enlistment period.
Finally, = {Sq}qiQ is the collection of constituent dynamical systerhemn eacts, = [Xq,Gq,Uq,F qJ is a dynamical

system with inputs describing a sailor's behavioresponding to a particular discrete stateHere, theX| I A"are the
continuous state spaces aRd are called the continuous dynamic transition system. Continuous- and discrete-time

transition system denote the cases whgre A (orA,) and G =2Z(or ) respectively. U, I A™ is the set of piecewise

! The symbolRR, R+, Z, andZ+ denote the reals, nonnegative reals, integers, and noivedgtgers, respectively.
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constant inputs{ U, (e.g. workload assignment per week, motivation stimulies)ahle sleep time — these inputs will be
described in detail shortly) The continuous state evolves according to the differentiatlusion
X1 Fy(a(t), X,(1),U,(t) , defined shortly in Equations (2)-(5).

In simulation, the two parts alternate in model exeautighile the discrete part executes the state transititme event
times, the continuous part computes the state trajestoribetween. The events define discrete changes cbiiti@uous
input values. We transform the event segments to piseeganstant segments to accomplishes this. For exafopie,
sailor agent dynamics the most frequent event transi{iery. workload change) occur every seven days whileotiteno-
ous part describing a sailor behavioral response to sueleamt (i.e. a piecewise constant segment) compuatieststjecto-
ries for each day during a week of deployment.

The equations governing the time rate change of these detsirminants of the behavior 8fsailor with a specific
paygrade and rating defined by discrete event gtalt@s the general form of first order nonlinear tinaeying differential
equations:

Xis (t) = - gis (t)xis (t) + ais (t)xim (t) - bis (t)xis (t)xim (t) + Cis (t)xif (t) + (2)
Ngi N
s, w s
+diui + Tijg(xj)

g
it

x™(t) = g (DX (1) - a (t)xF (D)X (1) + d2U P (t) + mu™ ©
Xif (t) = - gif (t)xif (t) + dif uiSf

4)
Uiperf = (Xis)p(xim)q(xia)r (5)
X (1) = g (OUP (1) - x°(1)) (6)

where continuous states of the sailor behavioralehare: x°is the I" sailor stress level (a cognitive state)".describes the
i sailor state of being motivated anxg is the 1" sailor “fatigue” state which is caused by job denigmand the attention to

goals. x is the Commanding Officer’'s (CO) estimate of tthesailor performance during his enlistment whistused by

the CO to produce recommendations for the ittoispilomotion/demotion.
The inputs to the continuous dynamic model desdriby Equations (2) to (6), are defined as folloWse I" sailor

workload factoru™ describes the expected workload per unit of tiene per week). This determines the amount of depar
mental work that a sailor is able to perform, afiamin the required watch standing while servingtum ship. The'l sailor
motivation factoru™ represents the effect the current state of arsadareer has on his/her motivation. The motivetic-
tor is a function of the difference of a sailortsual paygrade and their expected paygrade. Thectegh paygrade of a sailor
is determined by the minimum time-in-rate requiratador advancement. The ith sailor fatigue faaifr describes the ith
sailor available time for sleep per week durindedént mission types. That is, as less time islab for sleep due to in-
crease workload the sleep factor is closer to &gimum value of 1 which adversely affects a sasléatigue level.

It is important to note that these inputs are rdeitged based on the definition of a ship and atinpool of available
sailors, as well as a list of sailor types thatld@xist, which in turn are a direct consequenctnefapplied MPT&E polices
(e.g. recruitment, training and retention, assignnaad distribution of personnel). It is througiese inputs that our sailor
model directly interacts with the other agentshia $ystem. During the simulation we account faragions when not all bil-
lets are necessarily filled by sailors. This insemathe expected work per manned billets, bechesdivision is still respon-
sible for the same amount of work. When a saitm¥sdnot have enough available time to completthallexpected work,
he/she has less time for sleep which increasebitdatigue over time. Increase in the level ofki@ad and correspond-
ingly in a sailor’s fatigue level causes stresbudd up, in turn stress and performance influemeivation, Equations (2)
and (3) .

Stress(x’) can be defined as a state of tension that isedteshen a person responds to the demands andigess
that come from work, family and other external sesr as well as those that are internally genefeted self imposed de-
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mands, obligations and self-criticism. The statealde describing the stress level for an individudbsas designated ag,

whose time rate of change is given by Equation §jt) is the time-varying coefficient that describes thedilor ability to

cope with stress generated during his or her enlistpenidd. In addition to effects on the individual, stieas also been
shown to negatively impact group functioning. When stésan individual’s communication effectiveness may likedy
reduced (Driskell, Carson, and Moskal, 1988). To capt@eutbup affect on individual sailor stress we includefoew-

Nkl N
ing term T; 9(x7) which represents the impact on thesailor stress level “received ” from sailors witlaineam of sail-

jit
ors (N, i n) with whom the ! sailor’s interacts, which is described by the nonlirfeaction g(x7) which depends on a
state of stress of the jth sailaf, We also assume that an individual’s stress is pdsitafeected by an individual's motiva-
tion, for example, a sailor who is achieving his or ¢emeer goals of progressing through the enlisted ranks.exXpess this
phenomena by adding the negative feedback t&r()x" (t)x’ (t) in Equation (1). Stress builds up in response to work en-
vironment pressure (e.g. increase in fatigue level anll@an ) which is described by addition of the positivelleek ele-
mentc®(t)x' (t) and d°u™ , respectively Equation (1) and is relieved in the abseftteavork environment pressure.

Motivation: Motivation is an internal state or condition thatvesrto activate or energize goal-oriented behavior and
give it direction (Revelle,1993). The state variable deisg the motivation level for an individual sail® designated as

x" x°, whose time rate of change is given by Equation {)(t) is the time-varying coefficient that describes the i
sailor’'s self motivation to reach predetermined staujdsis or her career goals before his Projected Rotddate (PRD).
Equation (2) also indicates that motivation is affédbg high level of job demands;'x’x™. Motivation builds up in re-

sponse to increase in the level of individual perforrraneasured®U **" and is affected by the current state of a sailor's ca-

reer described by addition of the positive feedback elem®Bnf" , Equation (2).

Fatigue: Human fatigue generation depends upon the complex interplagvefad distinct factors. These factors in-
clude sleep quality and quantity, circadian, environmentasstrs (these include: thermal environment, mechagsa:
ronment, auditory environment, visual environment, t@agironment, combat environment), health, etc. ThH&cts on
fatigue are often interacting and complex. In this refeare model individual sailor fatigue dynamics very sintigldly.

The " sailor’s fatigue dynamics is described as a first odiféerential equation with the input, Equation (5), wherk(t) is

the time varying coefficient that describes tHesailor's ability to cope with different levels oftigue during his or her
enlistment period (e.g. cumulative measure of sleep tgumtid quantity, circadian and environmental stre$soFatigue
builds up in response to work environment pressure (e.ceetem available time for sleep) which is describedduiiten

of the terma/' u®" through which the piecewise continuous input — sleep facfor affects the'f sailor’s fatigue state.

When fatigue builds up as the sailor works for long periodier extreme stress— during which time, sleep deprivation
is an absolute given—fatigue adversely affect a sailorigribution to his/her mission performance.

Performance Performance ifocused behavioor purposeful workRudman, 1998, p. 205). In our modd,”*" de-

notes the individual sailor performance which is depenolerihe work context (Mitchell, 1997; Siders, 1997). This ingplie
that the model must therefore include a simulated workir@mment of the United States Navy Manpower & Personnel
(M&P) systems. For our purposes it is sufficient todelca Navy battlegroup that consists of a number ofrbgéaeous
NAVY platforms and their interaction with the availalslepply of sailors through the MPT process as outlined ilslén
Section 2. Following the performance formulation présgnn (Revelle, 1993) we define the explicit form of thieect
measure of individual performance, Equation (4), to [meddent on cognitive and emotional factors (e.g. stnestyation
and fatigue). Also, an individual's performance influendgsamics of the individual sailor’s cognitive and ero#l fac-
tors. The model captures therkes-Dodson la@yerkes & Dodson, 1980) which predicts an inverted U-shépettion be-
tween stress and performance. Either, too littlesstoe too much stress has a negative affect on thor §adethout et al.,
2006).

2.3.1.1Analysis of the Model: Stability Analysis
The model, given by Equations (2)-(5), postulate certairc igtiavioral actions on the part of the actors, nantieé
individual sailors and the MPT authority. What is impattin this description is that a particular sailor’s allgperform-

ance during his time on the sea may become significattdyed if the strength of any one of these factoroines great
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enough (exceeds the critical threshold). In this casesyhtem may become unstable to the “stimulus” beimppsed, for
example, the critically undermanned ship increases the texpaork per manned billets causing the stress to build up and
leading to extended exposure to stress which eventually sasutterformance degradation. It is therefore, important
know the range of values for which the sailor dynamiabighmal model is stable, and from the point of viewthsd decision
maker, it is important to know the range of values ofgli@meters at which the system is most sensitighdnge, so that a
timely policy initiative may be made to effect a dediohange and also to be aware when an unwanted change tieshb

to occur. In other words, for which values of the paterseof the system should the decision maker be alastadikely
significant change of system performance and in whattdireis this change going to occur? Also, what “pertimh&
must be imposed upon the system to affect its perforenama desired way? The proposed mathematical formédts
modeling MPT&E system allows us to address the above medtissues by applying mathematical stability analysis fo
such a hybrid interconnected time-varying dynamics sy¢@aragic et al., 2006).

2.3.1.2 Modeling A Sailor’'s Separation decision process usinguzzy Logic

The model outlined in the preceding sections captueedythamics of sailor recruitment, training and retentsnyell
as their performance during missions as influenced byittogand emotional factors. From a sailor’s perdpedhe deci-
sion of whether to reenlist or not is subject to ephility to quit, which depends upon the complex interplagevkral dis-
tinct factors. These factors include a sailor'ssdrand motivation levels that he experiences duringrskahore rotations;
his proximity to retirement; his proximity to the HYT keg; the SRB level; and the advancement opportunity. Onetava
capture uncertainties of this decision process, whiehassociated with complex interactions between libeeamentioned
factors, is to employ Fuzzy Logic Control methodologad&h, 1965) to formulate a final likelihood that the saildt
choose to reenlist for one more term. Then, thisyflzgic based decision module is integrated within the telgased simu-
lation formalism and is dynamically invoked during thedetion each time a sailor is at the end of his amésit period
(Garagic, et al. 2006). Analogously to the design of fumntrollers (Passion and Yurkovich, 1998), we divide thisgse
into three processes: fuzzification, inference, and défoation. Before we proceed further in defining thezzlecision
controller in terms of the above-mentioned processedntroduce first the necessary notations. Ketbe a set of the uni-

verse of discourses associated with the six factordrtfiaence the ith sailor decision space. Zetbe the universe of dis-

course associated with the ith sailor decision spage. (th sailor preference to reenlist ). For congane of notation we
omit the use of index i indicating th sailor and we make a note that the fuzzy decision aitertis imbedded in the model
of every individual sailor. In a fuzzy system, any inpull autput variable with rangéandZ is represented by a set of lin-
guistic termd_(X) andL(2) (e.g. large, medium, and small). Leaird G be fuzzy convex mappings representing a process
of fuzzification and inference, while 8enotes a continuous mapping (defuzzification) that producespantimerical value
from a fuzzy set, a cardinal measure of the ith saémision to reenlist, Equation (6). First, we define mappings F,G,
and D. The fuzzification process is used to charaeténiz imprecision or uncertainty in which capacitgheaf the six fac-
tors affect the sailor’s decision to reenlist. tdey to characterize any measurement d/gymbolically, letl (X) be a set of
linguistic terms. For example, the ¢st(X)={small, medium, large} could be used to represent yhebslic values of the ith
sailor stress level. The meaning oXeof a symbolL (X) is characterized, for all factors that belong tet¥sby its mem-
bership function, denotedz , |, (X1 X),s=1.6 , where the mappin§(X, L) associates any value of the universe of dis-

course of X 1 X,s=1.. 6with its symbolic value L (X, )The fuzzy meanings of small, medium, large, etc. eypeer
sented by the membership functioAlé,I =12,...M for each of the six factorX 1 X,s=1.6 and B'k k=12,..K .The

subscriptd andk represent the numbers of membership functions used to t@vaniverse of discourse of tHfactor that
influence the decision to reenlist of tHesiailor and the universe of discourse associated witH'tsailor decision space, re-
spectively. For example, the set of symbols for tingt fs=1) factor (e.g. ¥ sailor stress level) of thd"isailor is

1 . _ L . . .
A’ ={smallmediuml|argg, | =123. A fuzzy controller scheme is given by the commuting rdiagof Equation (6),

x1 X 38R zl Z
_ 7
D

Fuzzy inference map depends on the representation afethef rules, called rule base. It is a finite selirgjuistic
statements that allows us to incorporate heuristic ledye of a possible intent of a sailor. Here, theyfummntroller has

M rules of the form
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RULE, : IFx'is A AND ......ANDx’ is A° THEN zis B, , jT {1....,MkI {1..K} ~ ®
For example, if a sailor has a “medium” level of strasd is close to his retirement then likelihood that Haibor will re-

enlist is “large”. The inference rule" is a cross product of the space of fuzzy setZ onThe most widely used inference
rule  computes m.(2) =min{m, (X),m, (2}, for all z1 Z, and defuzzifies using the centroid:

2= " 7m. () / "'m.(Z') , wherez' equals the centroid of7. (2): Z' = zm.(z)dz/ m.(2dz . The
i=1 B; i=1 B Bj z B z B

defuzzification process produces a crisp numerical vatme & fuzzy subset of the universe of discourse of'tsailor de-
cision space. The crisp numerical value is a cardinalsare of the'l sailor likelihood to reenlist (e.g. it can be a vahee
tween [0,1], where 1 means 100% likelihood to reenlist)

As a simple example to illustrate this idea, considerfdhiowing situation in the context of an individual saitlecision
process of selecting to reenlist or separate fronN#Y. For the sake of illustration, we assume that bbsaidecision to
reenlist or separate is a function of only two factbis stress level and motivation at the time the datigrocess is invoked
(Note that the IMPACT tool utilizes six factors to @hine each individual sailor, within the pool of avaiesailors, deci-
sion whether to reenlist or separate from the NAYY We define first a rule base which contains ayuegic quantifica-
tion of the factors (stress and motivation) that affiee decision process as well as fuzzy logic quantificeof the decision
space variable. For the sake of simplicity we hagtgaed to each of the factors and the output deocisicable three lin-

guistic termd_(X)={small, medium, large}, that isL, (x°) ={smallmedium]argd ={ Al A, Al} where x* is the I" sailor
stress state which dynamics is given by Equationl(1(x™) ={smallmediumlarge ={ A2, A?, A’} wherex® is the "

sailor stress state which dynamics is given by EquationHagh of these linguistic terms is specified with anbership
function of trapezoidal or triangular shape (symmetriadiyributed on the universe of discourse of the fact@sinfluence

the ith sailor decision procesg)x®) :{mAll(xS), my (x®), mA%(xS)} andm(x™) :{mA12 (x™), m, (xM), M (x™)}, respectively.
The shape and distribution of the membership functonthe universe of discourse of the player strategy earséd to re-
flect certain constraints and rules imposed upon that stradegthe other hand, we have assigned three lingusstitstfor
the ith sailor decision variable, L(z) ={smallmediumlargé ={B,,B,,B,} where each of these linguistic terms is speci-
fied with a membership function of triangular shape (sytnically distributed), Figure 2.

)Sg (l) X siress

s I I 7 - livelihood to reenlis!

X_motivation
Xt -

Figure #.

We assume that th& Bailor stress level is’(t =ty) (e,9. 70% of its max. level) and th® gailor motivation level is

x"(t=t,) atthe timet =t, when the ' sailor is asked to make a decision regarding his reewligt We compute th& i
sailor likelihood of reenlistment/separation by executhmng three processes of fuzzification, inference, and détation.
The fuzzification process amounts to finding the valdes® input membership functions for inputS(t =t,),x"(t =t,) .

Using Figure 1, we see thatnA%(xS(t)) = 06, mA%(xS(t)) = 04and mplz(xm(t)) =03 mAzz(xm(t)) =0.7. Inference Mecha-
nism: Determining Which Rules to Use. We define the fuzigs which describe heuristic knowledge of how the faam
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tors affect the sailor’'s decision to reenlist. Thetre inference mechanism is used to determine whick taleise and to
guantify each of these rules with fuzzy logic; we findtttine rules, Equation (7), that are on are the fatigwi

(1) IF x*(t =t,) is “medium” (A}), AND x"(t =t,) is “medium” (A?), THEN likelihood of reenlistment, (t =t, %
“medium” (B,)

(2) IF x*(t =t,) is “medium” (A}), AND x"(t =t,) is “small” (A?), THEN likelihood of reenlistment, (t =t, i¥ “me-
dium” (B,)

(3) IF x°(t =t,) is “large” (A), AND x™(t =t,) is “small” (A?), THEN likelihood of reenlistmen, (t =t, i “small”
(B,)

(4) IF x*(t =t,) is “large” (A1), AND x"(t =t,) is “medium” (AZ), THEN likelihood of reenlistmen, (t =t, i “me-
dium” (B,)

Note that we have at most two membership functiondagyging in this example. We will never have more than four
rules at one time. For example, the conclusion reaopedle (1); using the minimum to represent the premmsktlae prod-
uct operation to represent the implication of the fuzig,we have

m(z(ty)) = min{mA% (xs),mA22 (x™)} m. (2 = O.GmB.Z(z). Defuzzification operates on the implied fuzzy setslpced by
the inference mechanism and combines their effectgdvide the most likely outcome of a sailor’'s decisife use the
center of average defuzzification method to computetthsailor fuzzy likelihood of reenlistment e.g. defuzzifioa of the

. . . . . M s s M o .
active rules (1)-(4) results in likelihood of reenlistmehtz = _ 1z' m,(z') / m (z') =044, Fig. 3.
1= i 1=] i
1 ‘ i 1 rﬂ\ 1 tﬂé‘
X0 X0 ’
‘ A A B,
1 1 1 ;
X0) X0 B b
A A B,
1 1 1 ;
X0 X B o
A A B,
1 1 1
7 L
X0 X' K b
N B,

Figure #.

Note that the proposed fuzzy decision controller modalg an individual sailor desire to reenlist or separatenfthe
NAVY. However, sailors are subject to the communignagement policies outlined in Section 2.2.5, which may ahew
reenlistment to occur, or not. Our Agent-Based modeLcapthis behavior as well.
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2.3.2 Enlisted Master File Agent

The Enlisted Master File Agent (EMFA) serves a rel@figample but nevertheless important role. It is theosgtory for all

sailor agents during the course of a simulation. Its respiity is to provide a centralized location for adller agents and
take care of the book-keeping that is necessary in a dgmpapulation of agents. Every new sailor agent thatremie sys-
tem via the recruitment process is registered wittEfM&A and is removed from the population when that sigmomes a
subject to the attrition processes that are patteofmodel.

2.3.3 Recruitment Command Agent

The Recruitment Command Agent (RCA) encapsulates the thég represent the recruitment process in the Nawoper-
ates against a fixed goal for the total population sizeeNavy and activates itself when the current poprdgvel is be-
low the prescribed goal. The RCA assumes an infinite gugpkcruits and generates new sailor agents on demand.

In the process of creating a new sailor agent the R€t&rmines whether the sailor will begin their Navieea as a
general detail (GENDET) or will attend A-school befergering the sea-shore rotation. The RCA determirssslar’s fu-
ture designated rating by analyzing a demand signal tieht aammunity produces. Depending on the relative demand for
sailors between the different communities, the RCAoskes probabilistically in which direction to chantied new sailor
agent.

Once these two choices are made, the RCA compigemitial list of duty stations that the sailor wilkit. If the sailor
is classified as a GENDET then they are immediatedgatched to boot-camp. On the other hand, when a sailstr go to
A-school, the RCA contacts the Training Command AgentHercurrent availability of classes in the sail@t®sen area.
Once an available class is identified, the sailorders are designed so that they visit boot-camp immediptiy to the
start of the class. Any time that remains betweenbisginning of boot-camp and the day the sailor is recruhedsailor
spends in the Delayed Entry Program (DEP).

Finally, the RCA serves as the DEP duty station. Ttgama that it contains the logic for accounting fosaillor agents
that are currently in DEP. Whenever DEP duties feaitor expire, they move on to the next duty stationoraieg to their
list of orders.

2.3.4 Training Command Agent

The Training Command Agent (TCA) is responsible for naamnimg boot-camp, A-school, and C-school classes and the
schedules. The TCA periodically schedules classes andsitiedm available to the RCA and the Assignment CbAgent

for sending sailors to training. A and C-school clagsesscheduled based on user-defined frequencies, whiledmgt
classes are assumed to be available at all timesuddrealso specifies the duration and the capacity tr iedividual A/C
school class that the TCA controls.

The TCA serves as the sailor duty location for ba@otys, A-school, and C-school classes. It managessheflall sailors
that are in training at all times during the simuati

2.3.5 Community Management Agent

The community management process is represented by aGésachunity Management Agent (HCMA) and multiple in-
stances of the Community Management Agent (CMA). TEB&HA is responsible for the advancement, reenlistmetiter
ment, and accession planning in the system.

The advancement process follows current Navy procedurgeeat detail. Different pay grade levels have thdir a
vancement examinations performed at user-defined periods, thh process itself accounts for time-in-rateR)Ttequire-
ments, vacancies, sailor performance evaluations, bhmdraponents of the final multiple score (FMS) formulur ap-
proach allows us to keep track of the standard score {@Sperformance mark average (PMA), the passed-nohegva
(PNA) points, the service in pay grade (SIPG) timel te total length of service (LOS). These elemergsadded up in a
user defined weighted sum for every different pay-grade.leve

In managing the reenlistment process, the HCMA entates logic for high year tenure (HYT) ceilings, d falbwn
perform-to-serve (PTS) application process, and sefecBenlistment bonus (SRB) incentives. To accomphsh the
HCMA uses the help of one CMA for every rating that existthe system. Every CMA is capable of computingcilmeent
reenlistment objectives (CREO) as well as SRB le\&dsed on these indicators, the HCMA drives the PT8gss and
provides reenlistment incentives to sailors.

11
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The retirement process is fairly simple. When #osaeaches retirement age they make a probabilistisida as to
whether they desire to serve beyond retirement or wikyseparate. Finally, the HCMA handles the accesgitamning
process by compiling the demand signals from each CMA and pngdacplan that the RCA can use in the recruitment
process.

2.3.6  Manning Control Agent

The role of Manning Control Agents (MCA) is to accountdtrships and shore bases that are available in ttensynd to
manage deployment cycles for sea activities. Our modahass that there is an unlimited supply of shore billetdevgea
billets are strictly defined for each ship. Ships aredegul based on a user-defined deployment cycle, whereg¢hbassthe
ability to choose the length of deployments and the bietereen deployments.

2.3.7 Activity Agent

Activity agents represent sailor duty stations, whielre billets on them. A billet is a definition famposition that needs
to be filled on board a ship. Billets are described bygapay grade, and a list of NECs (special skills) theaibor must
have in order to be eligible for the position. Billets arganized in divisions, which in turn are organized in depatsn\We
call this the departmental structure of the activityaéidition to billets, this structure also accounts e workload that
needs to be accomplished by sailors that are on boankla&d is organized per division and is split into workloambres.
Each workload record is described by rating, pay gradeN&t| which specify the minimum qualifications of a eaihat
can work on it and the size of the workload in hours perkw

Although sailor agents perform departmental work on edety station, the sea activity agent (ship agent) ioithe
duty station that engages sailors in non-nominal worklodégrpa as well as watch-standing activities. The bgtreous
nature of the sailor agent is key here because it aflomtbe rich dynamics that take place on board ships.aBing multi-
ple attributes like rating, pay grade, and NECs, sailontagsn be matched against specific positions on éfghSince the
work is organized by division, sailors that happen to baérsame division are responsible for the same sebidiead re-
cords, constrained by their individual qualifications. Whigere are shortages of sailors on the ship due to tredgs of
the MPT&E process, a reduced amount of sailors havendidnan increased amount of workload. This effect isexated
for senior sailors since they have higher qualifareg and can work on most workload records in theisaiui. When billets
for junior sailors are empty, senior sailors have tokvextra hours, which in turn influences their strasd motivation dy-
namics, leading to changes in their reenlistment decisiomignaki

Apart from departmental workload, ships also include operatiworkload. This is time spent by sailors on manning
watch stations and is independent from departmental Warknermore, operational workload takes priority as itgies to
the actual mission and operation of the vessel.

A watch station is described by a skill set (rating, graade, NEC) but is often more general in its qualifaratiequire-
ments than billets. Together with the fact that openali workload takes priority, this allows for sailorerh different divi-
sions, with different skill sets to be assigned toshme watch station when shortages occur. This trasdiatto another
mechanism by which shortages of one kind of sailor nffagtathe life of sailors that are with a completelffatient profes-
sion. Ships allow for sailors of one heterogeneous b affect the dynamics of the sailor populationniater commu-
nity. A shortage of one kind of sailors translatesxacerbated workload patterns for sailors of other kindg;hwin turn af-
fects decision making and eventually reenlistment patterns.

Finally, activity agents are responsible for posting rétipns for their billets based on their expected neBdsiodi-
cally each activity agent will analyze its currentver@nd will balance it against its expected gains and ésgdoasses using
a simplified mechanism similar to the Navy’s enlistestribution and verification report (EDVR) system. Basa the re-
sults, the activity will post the necessary requisgiaith the Assignment Control Agent.

2.3.8 Assignment Control Agent

The Assignment Control Agent (ACA) is responsible for die&ailing process in the simulation. It manages afistquisi-
tions at all times and responds to sailor agent reqtarstsders.
Whenever a sailor’s current duty approaches its eedsatior agent will contact the ACA with a requestrfew orders. The
ACA manages the sailor’'s sea-shore rotation cyclehlmpsing from sea billets, shore duty, and training foh aailor.

When GENDET sailors have completed several rotatadtes boot camp they are typically considered for A-etho
classes. If no class is available at the time,stiibor is sent over for another sea-shore rotafb@signated sailors on the
other hand, are considered for C-school classeseafey sea-shore rotation, depending on class and sekbditgi The
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ACA matches sea requisitions to sailors based on desréegia. First, the match between the sailoKsl set and the billet
requirements is determined. This is done based on ratingjradg, and NEC requirements. Next, the matching requisitio
are sorted by current activity manning, take-up-arrival gad NEC reutilization.

3 SIMULATION RESULTS

In this section, we discuss potential use of agent-bsismdation for the analysis of Shipboard Manning and Pesonn
Behavior and policy design for Manpower & Personnel (M&p3tems of the United States Navy. The simulationg hav
been conducted using the IMPACT simulation tool built udisnea programming language, which object-oriented architec-
ture is particularly suited to run agent-based simulation

In addition to building a realistic model of the MPT&Epesses and dynamics, as described in details in presgous
tions, the current version of the tool integrated atilizes the actual ship billets for the fully mannedWAships, described
in the Ship Manning Documents (SMDs) for DDG51- guided nass$éstroyer; FFG7- guided missile frigate, and CG47 -
guided missile cruisers NAVY ships. The IMPCAT tool lelea the user to configure and simulate large variegcenar-
ios involving different levels of complexity.

In this section we will present simulation results $oenarios that involved a small NAVY battlergroup cosgubof
multiple DDG51, CG47 and FFGO7 ships (3 ships total). Trnelation implements more than 270 billets on each ship for
missions with different ship readiness levels. We usalistic Billets, Watch stations and workload assignraenbrding to
SMDs and corresponding to DDG51, CG47 and FFGO07 SMDs. Thoe pail size was approximately 1100 strong and in-
cluded all paygrades, ratings and NECs. We also includethetABM simulation a realistic cost model which aots for
Basic Pay per pay grade; Costs of A-school, C-SchooBaot Camp. Note, that during the simulations we allosteds to
be deployed if undermanned. This option can be easilpldidan the tool and the user can specify the minimewellof
manning required for the ship deployment. The length of stinnlzan be adjusted to be between one to ten yearsawith
time step of one week for MPT&E process dynamicsemtik time step for an individual sailor behavioralatgics is one
day. The tool implements detailed MPT processes, destim Section 2. It is also important to point out thmaall simula-
tions we have utilized the same initial conditionsdach of the agents in order to make the various nuah@mestigations
completely comparable. The full sweep of relevant contiging of parameters will be conducted in our ongoingaesh
and presented in upcoming publications.

Two case studies were evaluated in simulatioftse first case studynvolved four sample scenarios which were simu-
lated based on manipulation of two key parameters,Henfgtileployment cycle and percentage of crew “refreshmeng.
were interested in analyzing the impact of decreasiageriods between deployments. For example, compareltlagior
of the model when the 6 month deployment window is usediseasleployment plan that the ship would be ready to sail
immediately following a brief maintenance period (i.e. dnth). Also, within these scenarios we tested the iinplakeep-
ing about half of the crew onboard but completely changinghe other half after redeployment. That is, ther@ t®re
ship's crew that runs the ship but about half the selependent on the particular mission, air crew for &sions, etc.

In Figure 2, we show aggregated simulation results &weaario involving three ships and a pool-size of 1100rsail
while at sea with 6 month deployment cycle and 50 % créwstement. The decreasing level of manning, Figure 2.a.,
causes increase in the workload that sailors are rabpfer which eventually shortens the time avdaafior sleep, Figure
2.b., which in turn adversely affects the stress angluRtof sailors, Figure 2.c. As the sailors are mtessed out and ex-
posed to persistent fatigue while at sea, the signifidagtadation in their motivation and performance is evjdeigures
2.c. and 3.a. The 6 months deployment cycle helps rededevi#l of stress as the sailors are allocated tsttbee duties,
Figure 1.c. During these simulation runs we assumed thag shih be deployed even if undermanned. The significant drop
in manning occurs sometime during tieygar of deployment, Figure 2.a., which causes degradatiserformance due to
increasing level of stress and fatigue, which stabilies new equilibrium state for stress, fatigue and rabtm. That is,
the sailors adapt to operate under increased levalesssand fatigue caused by shortage of manning. Our modalesapt
sailor’s behavior in which too little stress has meri effect on the sailor, while too much has a hsfbect, Figure 4. Figure
4, shows the relationship between the performanceteess devel of a sailor ID 491 with ET (Electronic Teichan) rating
and E5 paygrade while at sea. The model capturegdates-Dodson lawhich predicts an inverted U-shaped function be-
tween stress and performance. Figure 3.b. shows thbarwf sailors which were allowed to quit the NAVYdaih was
computed using the fuzzy logic based decision tool fromi@es.1.2.

We were also interested in showing the impact ofedeing the periods between deployments and how theyfaced
by the crew “refreshment” strategy. Figure 5. shthvesaggregated level of stress in the case of a deployteenthat the
ship would be ready to sail immediately following a bri@intenance period (i.e. 1 month) with and without cresfrésh-
ment”. In general, the sailors experience higher lefsstress and fatigue compared to the 6 month deploymemt &ygure
6., and do not recover very well after they are seshtwe duties. That is, they do not significantly redineir stress lebel
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before they are send back to the sea duty, which ealgnteads to performance degradation. The impact epikg about
half of the crew onboard but completely changing out therdhalf after redeployment shows that this strapegjtively af-
fected overall system behavior for both cases of deplotaneThe stress level was significantly decreaseth®orcase of the
frequent deployment plan, Figure 5. This strategy had desraffect on overall sailors behavior when the éth deploy-
ment cycle plan is used since the time buffer of 6 mohtmshore duties provides sailors with sufficient timeelease sig-
nificantly reduce their stress levels and fatigue bejoirg on the next sea duty, Figure 6.

The capability of our model to simulate situations likesthis very important from the point of view of a dexi
maker so that a timely policy initiative may be inggtlito effect a desired change and also to inform thewsam an un-
wanted change may be likely to occur. In other wordsu#iee is able to test which system parameter valuedikely
cause the significant change in system performance anbahdirection is this change going to occur. The IMFAGDI is,
also capable of retaining all information associateith @pgents so that analyst can easily extract any shahvistates and
data belonging to individual agents.

The second case studiyvolved analyzing an optimal billet configuration sat the crew remains within a desired per-
formance range after a specified manning reduction. Thgivien a fixed manning level, determine the best bitletman
so as to minimize the crew cost and manning level, maximperformance while satisfying constraints imposeNAYyY
an hierchical structure with respect to crew's paygeaderating across a given time period. This optimizgtiablem was
formulated as a constraint multiobjective integer pnogning problem and solved using Genetic Algorithm Optinorat
The details of the Genetic Algorithm based solver f@s tfpe of optimization problem will be disclosed in apcoming
publications. Five optimization scenarios were simulatgidg a single ship, Figures 7. and 8. : i) optimizatiased on
minimization of cost and manning; ii) optimization basedminimization of cost and manning while satisfying reegir
NAVY hierarchy with respect to sailor's rating andygeade; iii) optimization based on minimization of castd manning,
maximization of performance, and finally iv) optimizat which accounted for all above mentioned objectives (einimiz-
ing cost and manning, maximization of performance whilglling NAVY hierarchy constraints). The output of each
these optimization processes produced a reduced optimalv@MDespect to defined objectives, which was then tised
produce simulation results shown in Figures 7. and 8. alssimportant to note, that in the case of optiminasicenarios
iii) and iv) we employed a simulation optimization prdgee that gives the optimal expected response of the olaidatie-
tion defined in terms of the performance measures geteas the outputs of the simulation. Figure 7. compiaeesgygre-
gated level of stress for a fully manned ship (nhomingbease — red line) with level of stress of the undermannpdesiy.
with a minimum of 80% manning ), in which SMDs were ofitied based on four different objectives. If we optinsAdD
with respect to case i) the optimizer will generate [#ast expensive crew which is also the least expedeane. This in
turn, will increase an overall level of stress by @m61%, than in the case of the fully manned ship since irierped
sailors will be spending more work hours learning howddasks which are out of the scope of their qualificatid-igure
7.. On the other hand if we optimize the undermannedcsifiguration with respect to objectives defined for daseve
can achieve a very small degradation in the ovetiadbs level (e.g. only about 7.14% increase in the $éneslscompared to
the fully manned ship —blue line with stars, Figure 7ad a relatively small increase in fatigue of the undemed ship
crew, Figure 8., (e.g. 34.6% increase in the fatiguel lsempared to the fully manned ship — blue line with ktartus, op-
timizing undermanned ship crew configuration which explicilgcounts for performance of individual sailors has a great
potential to reduce cost and manning with minimal impacheroterall effectiveness of the crew.
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fecting sailors behavior; (d) Aggregated Stress, FatapaeMotivation.



Garagic, Trifonov, Gaudiano , Dickason

Performance
HE 8 =5 o = =5 B

(=1
=

o
[=1

=1

i

1532 Apr Jul Oct 1933 Apr Jul Oct 15934 Apr Jul Oct 1335 Apr Jul Oct 1338 Apr Jul Oct 1597 Apr Jul Oct 1398 Apr Jul Oct1333 Apr Jul Oct2000 Apr Jul Oct2001 Apr Jul Oct ..,
Time

@)

1,000

o0

800

-

600

500

QulT

400

-

200

100

i / | / /
1992 Apr Jul Oct 1993 Apr Jul Oct 1994 Apr Jul Oct 1395 Apr Jul Oct 1556 Apr Jul Oct 1337 Apr Jul Oct1358 Apr Jul Oct 1338 Apr Jul Oct 2000 Apr Jul Oct2001 Apr Jul Oct ..

Time
_ —_ ®) " .
Figure 3: Aggregated simulation results for Pool-Size of 1100 sailbikevat sea with 6 month deployment
cycle and 50% crew refreshment. (a) Total performafidef otal number of sailors who quit the NAVY dur-
ing the simulation period.
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Figure 4: Performance versus Stress level of a sailor ID 491 Bilti{electronic Technician) rating and E5
paygrade while at sea. Performance and Stress aralimathto be on an interval between [0,1].
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Figure 5: The impact of crew refreshment policy on aggregates lef stress with the 1 month deployment
window.
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Figure 6: The impact of crew refreshment policy on aggeegkevel of stress with the 6 month deployment
window.

Figure 7: Aggregated Stress Level for 4 cases of Billet configan Optimization.
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Figure 8: Aggregated Fatigue Level for 4 cases of Billet configora@ptimization.
4 CONCLUSIONS AND FUTURE WORK

In this work, we described the development of a genedabzrent-based simulation for analyzing complex organizational
behaviors and interactions of NAVY Shipboard ManpowdP&isonnel (M&P) Behaviors (Integrated Manpower & Rerso
nel Agent-based Computer Tool - IMPACT). The system &gemrre represented as hybrid systems that involvedooth
tinuous-valued and discrete variables. We investigatednuiggaof M&P behaviors by means of an agent-based agproac
That is, within individual agent, behavioral decisiorsyrbe done by evaluation of their dynamics described byraleime

brid dynamic models (GHDS). However, the system levehiieh is then determined by running dynamics describing the
interactions among agents.

The results of our work provide strong support for the ingpae of our quantitative modeling approach as a key tool fo
analyzing M&P systems and policy design. The model captuirprising degree of complexity, and exhibiteergenbe-
haviors not unlike those seen in the real Navy. Ageset models are ideally suited to investigate the dysashicomplex
systems of this type. The considerable advantage ofjiré-based representation is its capacity to retainfalimation as-
sociated with the variability and interdependency betwéeibwtes of those units which might otherwise becoose if ag-
gregate quantities were formed directly from individuahda®ne additional advantage of ABMs is that they tenstéde
favorably. The model we have described here is a sound filemder a more detailed model that captures many mere a
pects of the real Navy M&P system.

In our ongoing research we are extending this modediicate an entire fleet. Through these enhancementsijleew
able to test the impact of various M&P policies. We expeir tool to offer several benefits to the NavyJuding the ability
to design new policies for existing ships or new shipsathility to understand the impact of shipboard technologies-t
crease automation; and the ability to study the imphearious interventions on sailor retention. Thedel@lso promises to
be useful for personnel management in the commercialrsecto
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