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1. Introduction

Human errotlis ageneric term that englobesituationsin which theobjectives ofmental or physical
activitiesare not metand thesource of thepreviouscannot be attributed to chancéReason, 1990:
9). The problenof human errorcan be viewed in two ways: the person approach related to faults
and violations@ LINE OSRdzNS& LINPRdzOSR o6& GKS SYLX 2&SSQa
forgetfulness, etc. and the system approach which focuses on the work conditions as the factor
leading to error§Reason, 2000The ELOSHA Multannual strategic Programme 202920 states
that characteristicof job settingsthat producenegative consequencdsr the employee or the
organization such as weekehor nightshiftsare decliningHowever, other negative patterns still
exist such as jobs with poor learning opportunities or poairting, shift work or notfixed working
scheduleshigherwork intensity ad healthrelated absenteeism. Sinckd human operator is the
center of manufacturing process@sayer, Karwowski, & Furr, 2008proving these processes
necessarily calls for attention to humarcfars.

According taZaeh, Wiesbeck, Stork, and Schub6 (2@0@)yder to predict workestask

performance it is essential to understand theognitive processeseeded for performing such
activities.Manual processing activitiege those in which no machines are usedl the operator
interacts directly with the materialsThese activities demamdental processingapacitiessuch as
perception, responseelectionand action executionJnderstanding cognitive processesecessary
sinceA Y R A @heRtdzreodar€es are limiteandan adequate distribution of therto relevant task
aspectds necessaryHowever undersanding cognitive processes is not sufficient, factors associated
with the work envionment also play an important role. The interaction of environmental and
cognitivefactorscan affect human abilitieand concentrationnfluencing thequality of the work
performedé | I YNRf X Y246l A1 Z 9 YdzZ2lI 6AZalZ HAMMO

Local, regional and global safety and health frameweogksgnize both theotential negative effect

that work has on workers and how this can affect the enterpfidarton, 2A0; EC, 2014; MSAE,

2013) In the Europeatynion, 27% of the workers (56 million workers) are exposed to factors that
disturb mental weltbeing in the workplace causing production impairments and costs to enterprises
(EUOSHA, 2013Nevertheless, the great majority of enterprises only address health and safety
protection to fulfill legal obligationgGazalez, Cockburn, & Irastorza, 2018)ghlighting the
performancerelated benefits of improving health and safety systems in enterprises can act as a
motivator for raising awareness and increasing commitment from managers regarding tHesing|

of workers.

Humanmade systems are difficult to study, analyze and predict becaudefcomplexity and
dynamic and stochastic behavi@mulation appears to be the appropriate technique foodeling
and analyzing advanced manufacturing systems (BanKs 4986; Hlupic and Paul, 1999; Reeb and
Leavengood, 2003; Robinson, 200Md&verthelessgHow to make such models quantifiable and
computable is an open research probtefiorries, Ross, & Ulieru, 20LR\ccording tdaines (2007)
the interaction and mediating effects ofganizational variableseeds to be captureth human
performance modeling. Some modeling efforts have already been done mgtigpdologies such as
Discrete EvenModeling(DESPr Dynamic Bayesian NetworléeverthelessHuman Performance
modeling usingystem Dynamid$§D) can benefit frorthe fact thatin thesemodels,feedback plays
a significant rolén the calculatiorof the parameter® @ lovedtifié&Urbanic & Bacioiu, 2013)
second advantage the transparencyprovided by the use of thisiodelingtechnique The use of
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System Dynamics would them facilitate the identificatadrihe relationships between variabs and
key levers of the system, which is Key determining actions to take.

Somework has already been done 8ystem Dynamiaggarding human factorg¢Qian, Labka,

Lango, & Gonzalez, 200Bpdeled cognitive load in an emergency room focusing on cognitive load
as a function of the amount of worBlock and Pickl (201#)cused on the AMO theory
(Performance of an individual determined by its ability, motivation and opportun{§wicka,

2008 modeled cognitive load in a learning environmeXinyuan (2006jnodeled human

performance in a power plamhergingworkload, physicdbadand cognitive loadogetherin a

variable callesstress. Nevertheless, as mentioned already in a manufacturing task séttimgn
performance impairments can be caused by an excessive amount of work but also by rieletieics

to the task itself osuch as complexityime-on-task attention required, etcThese factors were not
found in any of the previously mentioned models.

This work intendso confirm whether a generi€ystem Dynamiawodel incorporating human

cognitive factorsn a manufacturinggrocesscanbe used for prediction in order thelp managers

with the optimizationof their task desigato ensure workemwell-being and the productivity of the
organization.The first issue addressed was how cdulmnan cognitive facts be repreented in a
System Dynamianodel and which already quantified models could be used for this representation.
The second issue was whetheegenerianodel couldoe useful topredict performancean any setting.

The results showed that a generic de cannot be created for prediction using only theoretical
research, empirical research is necessary, as the topic is complex, including many uncertainties and
conflicting theories. Nevertheless, the use of the model for creating awareness of the ungerlyi
processes of the relationships between cognitive human factors and performance is highlighted and
a contribution is made by the translation of already quantified mathematical modelsSiygtem
Dynamicsandby a proposal for the operationalization oftiaeoretical model for representing

sector of the modelThe nature of the jokas its name indicates varies with activity to activity,
humancognitive factorare affecteddifferently indiversesettings.

In the following paragraphsthe construction of theSystem Dynamiawnodel of Cognitive Human
Factors is described. First, a literature review is performed in ordpraeide a general
understanding of the topic and existing theories. Second, an already quantified empirically tested
modelwill be selectedthis model will be used as the basis for 8ystem Dynamidglodel. Third,

both the processindertakenfor the model construction anthe dynamics of the firanodel are
explained Fourth, model validation is performed arfihally, policy recommendations are suggested.

1.1 Research Objective

The objective of this study is toontribute to the existing work on human cognitive factors by

increasing the pool dinowledgeand understandingf their interaction and their effect on

AYRAGARIZ £ 4Q LISNF 2 NY I y O Shedpreviodsimll be-dondith thelzFeationi dzNA& y 3
of a System Dynamiesodel and its prediction capabilities will be assesselis model is also

expected to be used asboundary objecin orderto increaseawarenes®f managers on the topic in

order to encourage the use of better policies for creating healthier and more productive

organizations and employees withtine organization

First,modelcharacteristics of occupational health and safety framekgavill be identified Second
this identification will be used as an input for selecting an existing quantified nirod#i/ing

2
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cognitive factorsThird,the selectednodelwill be translated into system dynamics and combined

with a model ofan integratedworkflow procesdo represent theeffects that cognitive factors can

KFE@3S 2y 62N] SNEQ LISNF 2 NY)Y I y QShird,a/dRshdoardrsBo@iiig efiekt§ 2 SN
of changes to the system on important policy variablésbe generatedor the purpose of

generating awareness ananagers of how cognitiiactorscan affecta manufacturing system and

how to overcome/avoid negative effects produced by them.

1.2 Research Questions

The research evidence to date suggests that human factors are importamt ivb@mes to
performance in manufacturing processes. Bearing this in mind, this thetepted research will
investigate how to represent in a quantifi&ystem Dynamiasodel the effects thatognitive
factors haven the performanceof a manufacturing taskand whether this representation could be
used for predictionThis work intends to provide an answer to the following questions.

1. What are that task characteristics/design elements in a manufacturing tasthaird
relationship with huma cognitive factors?

2. Which evidencéased human performance/safety and health models are relevant to

characterize the effects of task characteristics/ design on cognitive factors?

Whatis theeffect thathuman cognitive factors can haea performance?

4. What policieswould ensure that productivity is maximized?

w

2. Theoretical Background

GwSYFNJFoftes IAGBSY GKIG FLiaa3adsS Kra o0S8Sy &id
iKSNB Aa adAtt y2 a0ASYGAFTAONEt® Y GdNB (KS:
2011).

I ISYSNIf RSTFAYAGAZY tRefprotessHimAkdag watkes oizkdngad byLINE OS a a
machineryespecially when carried on systematically vdivisionof laboi (Merriam-Webster, 2015)

Where the termwaresis used todenoteproducts ¢ 8 2 YSG KAy 3 YIRS FTNRBY NI g Yl
08 YLl OMeyidnNietEster, 2015)Even from thessimple definitiors, the complexity of a
manufacturing process can be infed by the ineractionof three differentkinds of resources:
materials,machinery and human laborAllwood, Childs, Clare, De Silva, Dhokia, Hutchings et al.
(2016)analyzed factors that can act as bottlenecks in a manufacturiogegs and categorized them

in three classesProcess limit{materials) system limits(people with constrained capacities) aod

ordination limits (management of process and system). The authors indicated that a relationship

exists between the three bottlenecks and improvement in oreaamay only reval a bottleneck in

another one. Mrmally attention igaid to materials and machinery but the human factor is

commonly ignoredLayer et al. (2009Iso highligheéd this point,putting special emphasin the

limits introduced by the cognitive capacities of the operator. They dttitat manufacturing systems

have demands for more flexiblegaptable, efficient systems and improving them necessarily

requiresa focus on operators.

A simple representation of the interrelationships between the worker and the organization was given
byD Sy | Aw&RcOnapatibility model. This model focusesonin@rby 3 (1 KS édanghn8 NDa ¢S
as a consequence improving the we#ling of the whole organization. It aims at measuring the
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compatibility between the workforce and the work environmefgenaidy, Karwowskgalem,
Jarrell, Paez, & Tuncel, 200The individual welbeing in the model is relevant, as it not only leads
to health outcomes for the individual but it also imprevéne organizational welbeing Enterprises
must account for human factors in order to ensure the viging of the organization.

2.1 Performance Shaping Factors

Focusing on the operator necessarily implies an analysis of the factors within a working environment
GKFEG Ol y | TR GIKKSS 26N2ENJ ySANIEdstngrgntedorks Badiffaradly | y O S ©
representations of these factors. Thegulatory framework foworkplacehealth and safety in Great
Britain Health and Safety Executiyereated an integrated model of human factors facilitating

the explanation and communication of the nefmt optimization of the relationship between

demands and capacity for humarsystem performancéBellamy & Geyer, 2007; Genaidy et al.,

2007) Several literature sources were used related to error, performance shaping factors,
physiology, anthropometry, individual and organizatiosiaéss, ergonomics, information processing
models, human performance andeltontent of academic prograsro arrive to the following
taxonomy:(1) performance shaping fetors (PSFs) affecting demand®ncerning both thenature of

the job(Degree of monotony, Variety, et@hdtask desigri(displays and controls, operator

information, workplace layoytworkload, written procedures); (Bnvironmental PSEsconcerning
elements from the environmestich as heat, lighting, noise asttessorsuch adalse alarms or

process upsets; (apacily PSFselating to individualge.g.experience, competence, attitudesgsk
perception, psychological capaciti€e.g.attention, alertness, vigilance, areal; perception and
adaptation; cognition andinderstanding; memoryandanatomical and physiological capacities

(work rate, biomechanidaand anthropometric capacitig¢s(4)human behavior outcomesyhichare
sympboms of demand capacity mismatch (eatpsenteeism, fatigue, illnesses, injury, hunarors

(slips and mistakes) and violatigné/ork demands, elements from the environm&nt A Y RA @A Rdzl f Q2
capacity and human behavior outcomes act simultaneously to shape the results of the organization
(performance).

Categories Examples Categories Examples
Displays and controls Experience
Information provided Relatedto |Competence
Task design Workplace layout Individuals |Attitudes
Workload Risk Perception
Written procedures Attention, alertness, vigilance
Degree of monotony Psychological |Perception and adaptation
Variety capacities |Cognition and understanding
Nature of job (Task  |Complexity Memory
Characteristics) Isalation Anatomical/ |Body Measurements
Repetitivity physiological |Biomechanical capacities
Risk capacities |Antropometric capacities
[ umanBenaviorowcomes T  EnvironmentalpsFandstressors |
Examples (no categories) Examples (no categories)
Absenteeism Injury Heath False alarms
Fatigue Human Errors Lighting Process upsets
linesses Violations Moise

Tablel. HSEPerformance Shaping Factors



2.2 Cognitive Factors

Neumann ad Dul (2010performed a systematic review of studies regarding human and operation
system efects in manufacturing settings.n® of their conclusions was that most of the studies focus
on physical workload and more research must be done on psychosspietts. This is reinforced by

the fact that modern technology in many working environments imposes greater cognitive demands
upon operators in comparison with physical demands (Singleton, 1989). In line witHiticiags

the focus of this work will&on cognitive human factors. Understanding the cognitive processes
Ay@2ft SR Ay Ylydzaf lFaaSyvyoteée Aa SaaSydaalt F2N LINB
resources of humans are limited and have to be distributed and allocated to relevant tasitsaspe
Zaeh et al. (2009)efinedCognitive Factorasfeaturesfrom work-related activities that required the

use of cognitionattention (alertness, selective and sustained attentionprking memoryand

executive function(initiative, decisionmaking problem-solving. The ISO 1007@8entified mental

fatigue, monotony, reduced vigilance, and mental satiatias terms related tanental workload

(ISO, 1991 Nevertheless, a precise definition of cognitive fastar psychological capacities

(attention, alertness, vigilance, fatigue, working memory, atcélusivgMélan & Cascino, 2014)

Not only definitions are elusive but also how the effects of psychological capacities manifest
themselvesAccording to(Cummings, Gao, & Thornburg, 20&6ynitive atigueinfluences

performance by creating slow responsiveness aatliced task performance, whilégdance would

lead to a delayed response, missed signals and increased false dibavestheless, a differentiation

from these efécts could pose difficulties, the previous paragraph serves as an example af this,
G5St+eSR wSailideyrat&last@Ramb 48 {d 2 9 NBaALRyaArdSySaac o

2.3 Theoriesof Cognitive Factors and Performance

In the followingparagraphsan overview of the principal theories involving human cognitive factors
and their effect on performance will be presented. The theories ctweperformance shaping
factors affecting demands, capacity performamst®ping factors (except for anatomical and
physiological capacities as they concern human physical factors) &bbel. HSHEPerformance
Shaping Factofi@blel.). As its name indicatePerformance Shaping Factase the determinants of
performanceof individuals. Br modelingpurposesit is necessary to identify how demands on the
operators (PSF affecting demands) and their capacity (Capacitgdgenerateperformance
impairments. The theories give different explanatidosthe previous At the end of theeview, two
modelswill be described which mergareviously exing theories.

Cognitive load theorystates that working memory divided irto three load categories: intrinsic
load, germandoadand extraneous loadThis theorydescribes the interaction betven these loads
Intrinsic cognitive load ithe amount of working memory required to assimilate simultaneously the
number ofelementsimposed by the taskExtraneous loat the amount of working memory needed
to assmilate information due tofactors of theexternalenvironment (displays, time pressure, noise,
etc.). The ggrmaneload is theamount of working memory required toonsciouslyprocess, construct
and automate schemasn a manufacturingrocessit would be the load generated by reescturing
problem representations to solve taskasier(Galy, Cariou, & Mélan, 2012jélan and Cascino
(2014)applied cognitive load theory taealjob situationsby associating intrinsic load with higask
difficulty and extraneous load with high time pressure. These loads have an effect on working
memory and on mental efficiencyh& authors suggest that germane cognitive load is determined
by both the remaining resources after covering intrinsid axtraneous load needs and the

5



AYRAGARdIZ £ Qa4 ¥ dzy Géarmang lbal allews indivisluals to elébotdie/eBidieaty ®
strategies. mdividuals engaged in a task witharacteristics such as higlfficulty and time pressure
will showperformance detrimentsue to a low availability of resources for creatiffjcient

strategies These performanceletrimentswill vary during the day as alertness and task performance
do not havea linear relatiorand the impact depends on factors such as tioh¢éhe day Thisview
corresponds to the cognitive psychology viéagcontrast an occupational psychology perspective

g2dAf R RSIf ¢gAGK GKS AYRAQGARdZ t Qa LISNOSLIWIA2Yy 27F

work environment. This view is represei SR 6 & (62 YRRé&dcankol suppdid 4 S| Q&

2}

Model, whichstates hat performance depends onthgiRA @A Rdz £ Qa LISNOSLIiA2zYy 2F

environment(task demands, contrglossibilitiesand social support); and theffort-Reward
Imbalance modelwhic specifieghat safety and performance depend on joblated psychological
effort, reward and the level of commitment of employees.

TheYerkesDodson principleK & 6 SSy OFff SR a4 GKS afl g 2F LISNF2

relationship exists @veen arousal and performancehib relationship is characterized as an

inverted U. This characterization comes from the notion that moderate levels of arousal lead to
optimal performance, while low/high levels of arousal would lead to decreased perfomiSieal &
Server, 2013)This principle also states that the optimal performance point varies according to task
difficulty and will be different for each person. The major criticism towards this principle has been in
regards to the omission it makes @ddressing psychological factors (individuals react differently to
the demands imposedn them) (Pomeroy, 2013)TheYerkesDodson principlenas been commonly

used andextended Cox and McKay (1976) presented a human performance curve that differs from
the YerkesDodsonprinciplein the fact that in their model it is not arousal what determines
performance but rathethe perceptionsthat individuals havef the demandsmposed on them. The
model linked stress tperformanceby categorizin Y RA @A Rdz f & @mad8sNaddailJi A 2 v &
different states: boredom, eustress, distress and exhausdiwh portraying them in an inverted U
shape as thé&'erkesDobsonprinciple. Borecbm would happen whehow demandsare percieved

andit would result inlow performance, eustress would lead to optimum performance as the
individual presents moderate arousaith moderate demandsdistress leads to low performance as
the individual would b in a high arousal statnd under high demand&xhaustion would be the
oppositestate in comparison with boredom as it would arise when the demands are the highest and
performance is the lowest.

Limited-resources theoriestate that hgh cognitive worload implieshigh-performance

impairments as individuals have limited information processing ressurtivo different views

account for the origin of these impairmentsahneman (1978)&ork introduced theCentrat

Capacity Model of Attentiorwhich supposes the existence of a singlsource pool, with a

maximum capacity, from where atténnal resources are taken and allocated according to task
demand.Whenevera high demandor resources exists the pool gets depleted and performance gets
impaired. Wickens (2008)vork provides aMultiple Resource Viewased orKahnemanswork but
instead of assuminthe existence of a central pool, it considers a pdigided irto four categories:
stage of processing (perception cognitionresponse), sensory modality (visual, auditory, etc.), code
processing (spatial or symbolic) and vision (Feeedusambient). Performancenpairmentshappen
when more thartwo or more tasks arentended to be performedt the same time with demanding
resaurces of the same pool
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Underload theoriesand overload theoriesaccount for theeffects of sustained attentiorpérforming
tasks that requiresustainingocus of attention over longme durations)on performanceUnderload
theories (also callednindlessness hypothesis) state that time causes attention to &bift the
external environment poto taskunrelated thought (mind waglering) on monotonous andnder-
stimulatingtasks, causing a decreased ability for detecting critical ev@wsrload theoriesfollow

the resourcedepletion hypothesisstating thathumars possesimited informationprocessing
resources, a vigilance decrement comes from the depletion of information processing resources
(Thomson, Besner, & Smilek, 2015)

Some theories also associate performance impairments chogsustained attention tasks with a
lack d stimulation and &tigue.Arousal theoryindicates thatack of stimulatiorgenerates

decremens of performane in taskgequiring sustained attention. The previous happens because
due-to-stimulatiostimulationallowsalertnesscarto be maintained at a required leveéllevertheless,
Smit, Eling, and Coenen (2003)icate that a limitation ofirousal theoryis the lack of recognition of
the fact that tasks can also lmeentally demanding. The authors tested the resource theory of
vigilance and concluded that performance impairment arises because mentally demanding tasks
need a great deal of resourcesathcan cause alertness to drop, so they consider resource demands
rather thantask durationas the determinants ofigilance performancedabituation theoryis similar

to arousal heory. It states that monotonous, repetitive stimulations create a decrease of arousal
whichleadsto an impaired ability to detect critical sigrand a vigilance decremetitarue,
Rakotonirainy, & Pettitt, 2010Nevertheless, they also highlight that this process differs from
fatigue, die to the fact that change in stimulation can improve the impaired performance but in the
presence of fatigud SSNF 2 N | yOS ¢2dzZ RYyQid 6S AYLINRBOGSR I a
results.This differentiation iselevant because addressing the lack of stimulation in tasks would not
completely avoid performance impairmerdascognitive fatiguevould still be in play.

2.3.1 Merged Theories
Thomson et al. (201%roposed theResourceControl Theory of Mind Wanderingccountingfor
elements of both overload theories anshderloadtheories.The central pints of this theory are(1)

theamountoft GG Sy dA2y It NB &2 dahdgedver tihai(2) Mindivanderingyweuld O | y Q (i

consume part of the resources available for the tg8kThe default state of individuals is mind
wandering, executive contrdé needed to prevent attention switching from the task to this sté4e;
The more time a worker spends on a task, the less executive control he can édiseally,mind
wanderingis not always detrimentab performance as many tasks require lessrthiae overall
resources available.

Langner and Eickhoff (2013)ovide a similaframeworkregarding attention angberformance They

suggest that performance impairments happen due to an unbalance between benefits (rewards from

activities) and costs (attention demands), which shifts individuals foatise goal (comfeting the
task). Maintaining attention in norrewarding activities for the individual with high attention
demands requires gwstant selfregulation. As timeon-task increases, setégulationcapabilities
referredto executive control in th&esourceContol Theory of Mind Wanderingdecrease. The
consequences of the previous dfe following First, mental fatigue or resource depletion happens,
meaning that the individual will havewer resources to process tagsklevant information; Second,
selfregulaion would diminish (less goal maintenance) guiding the iddii to a minéwandering
state. Incomparisorwith the ResourceControl Theory of MindVandering the authors also
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consider motivational elements. Ambalancebetween perceived costs and bersfof maintaning

performance over timeesultsin a reduction of efforexertedin the task.The amount of effort

SESNISR 62dx R RSLISYR 2 The @ukhbrs dreyrivre tlexibkedzh defibidag the2 G A B
cause for this behavioand state that it could be either in line with the resowdepletion view or

with underloadtheories They also consider performance impairments to be due to the combination

of elements in both theories (resource depletion or lack of-sedfulation) Firally, arousal is

consideedto decrease with the predictability of the task at hand and extra effort is needed for
compensationd { A YL S NBLISGAGAGS (Gl aia NBIdANARY3I O2y Ay
associated with increased stress responsestagtier subjective effort expenditure, compared with

more complex,

G NRFGES GFalaé 6[FyIySNI s 9A01K2FFZ HAMOO

Working memonydivided irto three loads:

1 Cognitive Load Theory intrinsic, extraneous, germane. Task
difficulty, time pressure, alertness

5 Demandcontrol-support Theory Task demands, Executive control, social
support

3 Effort-RewardimbalanceTheory Task variety, psychological effort, reward

YerkesDobson principle Arousal

5 Cox and McKay (1976) Task demands, boredom, stress, distres
exhaustion

6 Limited-Resources Theories Attentional resources, task demands
Commitment, alertness, lack of

7 Arousal Theory ) . . .
stimulation, sustained attention

8 Habituation Theory R_esour(_:e depletion, fatigue, vigilance,
stimulation

9 Underload Theory Sustained _attentl_on, tasknrelated
thought, stimulation

10 Overload Theories Resource depletion, vigilance

ResourceControl Theory of L|m|ted_ processing resources, attention,
11 Mind Wanderin executive control, subjective effortask
g unrelated thought (nnd wandering)

Attention demands, selfegulation, time

12 Langner and Eickhoff (2013) on-task, mental fatigue, motivation,
resource depletion, goal maintenance

Table2. Overview of theories reviewed

2.4 Mathematical modelkelection

An extensive literature review was performéar the selection of the mathematical modelr the

construction of theSystem Dynamiasiodel. A challenge was encountdt when performing this

aSI NOK & Yiryeé 2F (GKS SEAalGAYy3I Y2RSt SysBe@y Qi Ay Of
Dynamicdormulations. Theydcus on learning rather than in an occupational settingre designed

to predict performance in a response tagkresponse task is a task in which people must respond to

stimuli presented in an infrequent and unpredictable fgfeebles & Bothell, 2004)s previously

mentioned, cognitive factors will be representby cognitive/mentalworkload. D increase the
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search gttention, vigilancecognitive fatigueand boredom).

The search lead to nimaodels which were rated according to the input variables, output variables,
Systén Dynamicgompatibility,relationship with humarcognitivefactorsand modelingtime
requirementsvs. time availableThefatigue indexwas the model with the highest score, as the input
requirements consisted of information easy to access for managerdesidesonsidering
homeostatic and circadian elements, task related characteristics were also included. Many of the
models included individual factors, which make the results more accurate but also increase the
complexity and data requirements for itseL

Reference Description

Real-time performance modelling of & (Larue, Rakotonirain Model and detection of vigilance decline in real time
1 Attention Sustained Attention to Response Tas| _ .. . % GKNRdzaK LI NIGAOALI ydaQ NB 2
Pettitt, 2010)
GLMMs monotonous task
Real-time performance modelling of 2 (Larue, Rakotonirain Model and detection of vigilance decline in real time
2 Attention Sustained Attention to Response Tas| ’ Y GKNBdZAK L} NIAOALI yGaQ NB 2

Dynamic Bayessian Networks and Net Petlitt, 2010) monotonous task

Includes two components: a perception/ attention
Model of attention and situation  (Wickens, McCarley et al. module and a cognitive Situation awareness module.

¥ (SRR awareness (A-SA). 2003) Situation awareness affects performance as it 2
determines the likelihood of correct behavior.

"I Attention/Fatigue SAFTE-FAST (Hursh & Eddy, 2005) (1) circadian rhythm; (2) cognitive performance reco\ -,
and decay rates (sleep/awake) ; and (3) sleep inertia

5 B, Modelling human boredom at work (Azizi, Zolfaghari et al. Bayesian Networks. mathematical formulations and 267

2010) probabilistic framework

Fatigue is modeled as a simple input-output model of
6 Fatigue FAID (Roach, Fletcher et al. 2004)purs-of-work that are affected by cicardian, recovery 1,75
and recency-of-work-factors.
Predicts alertness/performance. Contains a circadiai
(Akerstedt and Folkard and a homeostatic component. Identifies levels for ris
1997) of performance/alertness impairment starts and
predicts sleep latency.

The three-process model of alertness a
7 Fatigue its extension to performance, sleep
latency, and sleep length

(Moore-Ede, Heitmann et a Designed for fatigue risk assessment in transportatio
8 Fatigue Circadian Alertness Simulator (CAS), ’ 9&aGAYl GS&a FIFGAIdzS NR&]l 2 15

2004 . - R, e .
) pattern in combination with individual-specific setting

Designed for comparisson of work schedules, exami
the potential impact of changes to features of work 2,75
schedules.

(Spencer, Robertson et al.

9 Fatigue Fatigue Risk Index (FRI) 2006)

Figurel. Model selection

2.4  Conclusion

Many theories account for cognitive factors atheir influence on performance but there is still no
agreement on how this influence occurs. A common element considered in hemti¢sisresource
depletion. Neverthelessyhether this depletion is caused byind-wandering, executive control, task
demands, lak of stimulationtime-on-task effort or a combination of the previou& I ay Qi 06 SSy
exactly agreedipon. Many of the factorsncluded n the theories are interrelated angould require

the use ofsoft variables (attributes of human behavior for which numerical data is often unavailable

or nonexistent)for modelingpurposes and includeon-linear characteristics. Th&ystem Dyamics

model will serve as a synthesis of some of the previous views/models and will allow a further
understanding ohow cognitive factors affect performance.



3. Methodology and Research Strategy
The aim of this section is to give a description of the mdtiogy and research strategy followed for
the creation of this work. This researabed a qualitative approach to explore the effect that
cognitive human factors have in the productivitiia manufacturing process. The research wasedo
in close collaborabn with the Netherlands Organization for Applied Research (TNO). Existing
quantified empirical models of cognitive human factors were merged into a System Dynamics model.

The information was obtained from various sources: First, in the conceptualizttiga (Problem

definition and system conceptualizatioa)iterature review was used for analysis of quantified

empirical models, they were compared with the aim of selecting the models todheded inthe SD

model. Second, the initial structure of thgssem Dynamics model representing a generic

manufacturing process was created. The selected models were integrated into the manufacturing

process structure, using the information gathered from existing quantified models and information

from theoreticalmo® t &8 6+ a dzASR K& W2RBY FNEYjasdydt e Ay Of d:
GKAOK YIF& 0SS RAFFAOdzZ G G2 SYLANROIFIft@ ljdzZ yiATe o
some components of the model rely on anecdotal data and the best estiraaseibject matter

experts O0{ 6SSGASNE wmdpppo® ¢KANRXE FFGSNI G6KS Y2RSt Kl
comprises structure verification of the model which accordinguaaReyes and Anasen (2003)

may involve comparing model assumptions to relevant literature, first conducted on the basis of the
Y2RSt o0dzAf RSNDa LISNER2YyIFf (y26fSR3IS YR AlG OFy (K
experience from the real system. All variabdesl relations were derived from and checked against

literature. Information from an existing industrial case provided by TNO concerning order picking in

the Vanderlande Industries was used for both calibrating the model and for verification. According to
Andersen, Lund&eyes, Dike Black, Rich, and Andersen (20d2)confirmatory interviews can be

used to increase user confidence in structure and behavior of the model because they pinpoint

biases introducedh the codingprocess, they support efforts to improve the structure of the model

and can help the customer focus on what should be done and implementation steps. For this

purpose, a Group Model Building (GMB) session was conducted in which the model was presented to
experts.

After performing structure and behavior tests for validation of the selected model, it was concluded
that it could not replicate the behavior showed by the case study. However, a model extension was
then performed and two sectors were addesffort sectorandlearning curve sectgr The models

used for the extension were selected with the purpose of correcting the trend showed in the results
of the model. This selection was made based on the literature review already performed and using
input fromthe first Group Model Building session. The information, for both building the structure
and for the parameters was obtained from thterature.

As previously mentioned, two sessions of Group Model Building were included for the development
of this workwith the objective of eliciting model structure, performing validation and engaging the
final user of the model (TNO) in the process of model construcBooup model building is a form of
participatory modeling that aims to deeply involve stakeholdeligifts) in the process of model
construction(Vennix, 1999)The purpose of Group Model Building is to elicit model structure and to
engage stakeholders (client teams) in the process of model construction, analysis and decision
making(Andersen, Vennix, Richardson, & Rouwette, 200 purpose of the sessions was t

review the structure and for the partner organization (TNO) toagefuaintedwith the System
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Dynamics methodology and with the model. The participants in both sessions were experts in human
factors from TNO. The first Group Model Building session was donsidering only theognitive

fatigue sector The second Group Model Building session concerned the whole system and was
performed using the management flight simulator developed in this work. These sessions were
useful in order to verify the structerof the system, obtain input for the extension of the model and

the dynamics involved and for familiarization of the partner organization with the model.

The final stage dbystem Dynamics model constructiis the implementation stagehik stage

normaly comprises policy analysis and usethis casethe objective is not to solve a specific

problem but to create a tool to show different scenarios of how human factorstdfe

manufacturing process.dNimplementation of the scenarios need to be assddset rather the

transference of knowledge of the metito TNO needs to be ensurearkhispurpose a

LI NI AOALI G2NEB Y2RStAy3 aSaairzy oAttt 06S AyOf dzRSRO®
about the meaning of both the results of the poleyperiments and the stories generated by the

Y 2 RS f é-Regels &znkersen, 2003).

System Dynamiawodeling is thanethodologyusedin this workto represent how cognitive human
factorsinteract andaffect performanceawithin a manufacturing systengystemDynamicsstands out

by its ability to represent both social and physical gyss, astican easily portray the nonlinearities,

feedback loop structure and complexity embedded in th@rarrester, 1994)System Dynamiosas
RSPSt2LISR RdAdzZNAYy3d (KS mMdbdpnQa o8& travengineeridy (f€elbadk’ & (i S NJ
and system selfegulation), cybernetics (role of information in control systems) and princidles
humandecisionmaking from thefield of organizational theory. This method deals with the dynamics

of complex systems, that isg¢tbhehavioral patterns generated by the system over t{iMeadows,

1980)

According taVieadows(1980) the basicassumptionsof this methodologycome down to a causa
structure, feedback loopslelaysand nonlinearities. Aausal structuremplies thatexplanations of
problems within itdnternal structure.System Dyamicsmodels are made up of several feedback
loopsintegrated together. Mosvariablesare determined endogenously and few external influences
are included, thesexternal influences refer tgariableshat would modify the system bubhey
would not be influenced back by the systerA reinforcingloop (positive)tends to amplify
disturbancesand create growth while halanchg loop (regative)has the opposite effect and guides
the system towards a specific goal or equilibrium pdinaterial and informaibn delays are
considered, thewffect the behavior of the system and che the source on oscillatory behavior.
Nonlinearities causdoops to \ary in strength depending ctme particular state of the systerkinally,
it is important to highlight thatlie model behavior is created by the combination of the previous
elements In order to representhem, levels and rateare used A level is amaccumulation of
material or informationand a raterepresents decisions, actions of changes to or from the level

According td_unaReyes and Andersen (2003ystenDynamicsnodels are normally built for
supporting decisiormaking by providing a general understanding of the systdma.authors

highlight thatthesemodels are small, aggregated and simple. They are usually derived from mental
models making then intuitive and understandable aralrequirement for these models that they
should represent a reatorld structure.Parameter estimation is not highlglevant as these models
are oriented to providea generalunderstanding of the system by its behavioral characteristics and
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nonlinearities makes the system less sensible to exact parameter valwegrocess for constructing
a System Dynamiasodel is iteative as the modeler intends to test a dynamic hypothesis of the
causal structure thiagenerates the behavior of gpecific system over time. The software that will be
used to model the system is Vensiar creating the model, and it will be used in camjtion with

Forio for creating the flight simulator.

System Dynamics was the methodolaippsento represent human cognitive factoesit allowsthe
inclusion of noAinear relationships and causalitiddumanmade systems are difficult to study,
analyzeand predict because of complexity and dynamic and stochastic behavior they present,
simulation appears to be the appropriate technique meodelingand analyzing advanced
manufacturing systems (Banks et al., 1996; Hlupic and Paul, 1999; Reeb and Leav2d@®od
Robinson, 2004). According Baines, 2007nteraction and mediating effects @irganizational
variables is a key characteristic needed in human performance modelimgan grformance
modeling usingystem Dynamid$€D) can benefftom the fact that feedback plays a significant role
in values of the model's parameters over time dhdse models are easier to follofrbanic &
Bacioiu, 2013)Themajor advantageof the previoudsthe factthat using System Dynamiosodeling
the relationships between variablemd key levers of the system can be easily identifidds
identification facilitates theletermination of plausibleactions to take.

12



4. Model Construction

The purpose of this section is to describe the process followed in order to achieve the constaictio

the System Dynamics model. A brief overview ofghablemwill be given, followed by the dynamic

hypothesis The dynamic hypothesis was definedAlgin, Forrester, and Breierova (20@&E)

cdiagrams illustratingthé®  a A O YSOKIF yAayYa RNAJAY HAcodbhgoia e adSYQa
the authors, its purpose is tdentify and test the consequences of the feedback logjusally at the

end of this sectionthe sctorsthat composehe model will bedescribed

It is important to highlight that the termsognitive workloadaind mental workloadare used
interchangeably. The termgnitive fatigueand mental fatigueare also used interchangeably. The
reason for the previous is that both terms are used in theories and models listed in the literature
review. The terms used by the authors were camed. Finally, to refer to workers the terms
individuals or operators were used. The words workers and individuals were used when talking in
general terms and operators was used to refer to the people involved in the case Studyghout

the text, seveml words will be presented in italics. The previous was done to facilitate the
understanding of the text. These words represent variables included in the model.

4.1  Problem Definition

Human cognitive factorsanaffect the productivity of individualithin amanufacturing setting
Manual processing activitiege those in which no machines are used and the operator interacts
directly with the materials. These activities demandntal processingapacitiessuch as perception,
responseselectionand action exedipn. Understanding cognitive processesiecessary since

A Y R A OeRtdrretodr€es are limiteandan adequate distribution of therto relevant task
aspectds necessaryCognitive fatiguén individualsnfluences poductivity by creating slow
respmsiveness andeduced task performancgCummings et al., 2016)

4.1.2 General overview of the system

Thecharacteristics of taskdefinethe productivityof individuals involved in the production within a
manufacturing system. The managerial focus is always to incpFagectivityin orderto obtain

more revenues. Theyerformthe task desigraccording to the goals of the aagization.
Nevertheless, thisask designcan have a counterintuitive behavior and instead of increasing
productivity, it could cause decrements. As certé@isk characteristics anaisk desigralso affect
human cognitive factorand productivitycan be inpacted.

Manufacturing Task CharacteristicsCharacteristics of manufacturing tasks that cannot be
manipulated by managers such as complexity, variability, attention required.

Manufacturing Task DesignCharacteristics of manufacturing tasks that can be manipulated by
managers such dane-on-task breaks, work schedules, deadlines, production goals.

Cognitive Human Factorsfactors invdved in activities that requiréhe use of cognition: attention
(alertness, selective and sustained attention), working memory and executive function (initiative,
decision makingproblem solvingy (Valdez, Reilly, & Waterhouse, 200B)e term human cognitive
capacitiedsalso used to refer to cognitive human factors in order to facilitate understanding.
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Performance measurefHuman Behavior Outcoas) means of quantifying the efficiency and
effectiveness of manufacturing tasks (e.g. error rate, absenteeism rate, accident rate, production
rate).

Productivity- items processed bthe worker by period of time.

A manufacturing task has features that damcontrolledby managerstésk designand
characteristicof the task itsel{task characteristicskand cannobe modified. Both of theséactors
define the productivity of workers imanufacturing settingsThe task desigrefers tothose factors
that managersan control and modif. 0 O2 NRA Yy 3 (2 §,k&nagerd tddelbefisionss 32 f &
that determine thetask designFor example, productivity might depend on a) task complexity (task
characteristic) and b) the amount of time assignedhnetask(task design). Aess complex task will
generatebetter results higher productivity in the same amount of time, as compartxda more
complex taskManagers cadecide how manyours,workers would be assigned to those tasks
However, human cognitive &ors also play an importamble, both taskcharacteristicand task

design can caugeuman behavior outcomes (fatigue, erromhich would affect the overall
performance productivity). For example, if a worker is performing a comptagk during a prologed
time his level of attention might diminish causing more errors and in turn diminishing productivity.
Managers take decisions comparing the actual state of the company with the desired cosditi
aiming to achieve productivitgoals, afecting the tasldesign An improper task desig(not

considering human cognitive factorsan lead to performance impairment rather than getting the
company clser to the desired conditions.

4.1.3Reference Mode

The referencanodeusedat the beginning for theonstruction of the modeik represented byigure
2. It is based on descriptions found in literatuyasno information from the case study was available
at the timewhen the construction of the model was startdtifollows the assumption thaiver time
cognitive fatiguereduces performancé.angner, Steinborn, Chatfee, Sturm, & Willmes, 2010)

100

95

=y -
X increasing cognitive
§ 20 fatigue
[}
E
S 8
@
a

80

75

t1 t2 t3 t4
Time

Figure2. Reference mode

Source: Adapted frorfBorragan, Slama, Destrebecqz, & Peigneux, 2016)
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4.2 Dynamic Hypothesis

As previously mentioned the dynamic hypothesis aims to identify the underlying mechanisms that
leadto the behavior observedn this caseit aims to explain the fact that productivity decreases
over time ascognitive fatigudancreases

4.2.1 Initial hypothesis

Company’s . .
Productivitp——s g‘-;i"""&

Task

Characteristice -roductivity

b
'
Human cognitive
capacities

Figure3. Initial Dynamic Hypothesis

The initial hypothesisonsists of the followingask design(e.g. long working hours, time constraints)

Ada YIRS o6& YIYylFr3ISNBR Ay 2NRSNJ G2 NBIFIOK GKS O02YLNI y
(productivittd A GK GKS RSaANBR 2y 3, synbaizéd Byhg ialenginglldbi® R dzO G A ¢
Bl. task designThese decisionsimii 2 & Of 24S (GKS 31 LX¥ o6SG6SSy A2t a4
creating aalancing loopHowever managers should be aware thiatsk desigrcanalso hae a

negativeeffect onhuman cognitive capacities. An incorrect task de€igny Y I 1S G KS g2 NJ SN
attentional resourcegshuman cognitive capacitype below average. Causimpgoductivityto be lower

between these two states. This behavistrepresented byoop R1 Human factorsTask

characteristicsare included in the diagram to symboliRPerformanceShapingrFactors(PFSsproper

of the taskthat definethe maximum productivityandhavean influence orhuman canitive

capacities

The terms task design, task characteristics, human cognitive capacities are used as categories and do
not represent variables in the model. Increasing task design is considered as increasing workload,
workinghours, diminishing breaks, etc. A decrement of human cognitive capacities is considered as
workers having lower resources to devote to the task. Task characteristics are considered as factors
proper of the task such abe degreeof monotony or degree ofamplexity that affecproductivity

as workers need to puiighereffort in them. They are considered to also affect human cognitive
capacities as workers require extra resources to perform these tasks.

4.3 Formulation of a Simulation Model

Thissubsection ains to describe the System Dynamics model that was created. As previously

mentioned, the construction of this model is basedona¥ib G KSYI GAOFf Y2RSt O f f
LYRSE¢ ®
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The System Dynamics model contained in this work (including the model extensmprises four
sectors, illustrated ifrigure 4. Acognitive fatiguesectoris included, which includes treognitive
fatigue calculation as described in tHatigue index. This sector has an influence on #sfort sector
and themanufacturing sector In theeffort sector, cognitive fatiguedefines theinitial effort incurred
andmaximum incurred efforand in themanufacturing sector @gnitive fatigueaffectsproductivity,
making itbeing below its normal values as highfatigue is presented. Theffort sectorinfluences
the cognitive fatiguesectorby increasing the normal value fatigue incrementger unit of time
when in thepresenceof effort incurred Theeffort sector affects themanufacturing sectoby
increasingproductivity aseffort incurredincreases. Finally, thrmanufacturing sectohasfeedback
on thecognitive fatiguesectorvia decisions taken by managers and bywwek pressureemployees
have.Thelearning curve sectorepresents theknowledgegained by employees as more production
is undergone and this higher levellafowledgeresults in lesséime to produce a uniand a higher
productivityper unit of time in themanufacturing sectomwhich orce again increases the level
knowledge

A detailed description of the model will be given in the following paragraphs. First, a brief overview
of this model will be given. Second, the translation of this model into System Dynamics will be
described. Thirdan explanation of the manufacturing sector included in the model to show the
effects ofcognitive fatigueon productivity will follow. Finally, the two extra sectors that were added
to the model to obtain a more accurate result will be described.

Effort Sector

Cognitive | Manufacturing
Fatigue Sector I F System

IR

Learning Curve
Sector

Figure 4. Model sectors and relationships between them.

4.3.1The Fatigue Index

GCLFGiA3TdzS Aa (GKS RSOfAYS Ay YSyidlft FyRk2N LK
prolonged exertion, lack of quality sleep or disruption of the internal body clock.
The degree to which a worker is prone to fatigue is also related to workload. For
example, work that requires constardttention, is machinepaced complex or
Y2y2G2y2dza oAt AyQHes|2608) 6 KS Nxal 2F FI

TheFatigue Risk Indedocumentation(Spencer, Robertson, & Folkard, 200@)s analyzed with the
objective of constructing System Dynamics version of this mod&dvertheless, during the
construction of the model, thenformation provided in the documeation proved to be not
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sufficient asspecificdetail for the computation of most of the factos values vasomitted. The
authors were contacted in order to cover these informatiorpgdut no response was provideds A
consequencethe documentation of a previous version of the Fatigue Risk |rttieXatigue Index
was used as a basis for constructing the model.

TheFatigue Indexvas originally created with the aim to assist corporations in the labor of risk
assessmeinof safetycritical work. It wasleterminedby assessing the impact on fatigue of changes
in workingtime patterns of the workers. increase in the level of fatigue would indicate the need
for more detailed assessments of risks. Five factors are imgudithe calculation of the fatigue
level time of day, shift duration, rest periods, breaks anunulative fatiguethe four first factors are
considered as shoiterm fatigue (fatigue generated during a shift) and the fithroulative fatigug
aimsto represent fatigue generated over more than one s{ift. the effect offive-night shifts in a
row). The creation of the index was commissioned by the Health and Safety Executive (HSE) of the
UK Theresearch was undergone by the Defense EvaluationRewkarch Agency (DERA) and the
Center for Human Sciences (CHS)tmBexpertopinions from shiftwork research and the experience
of working practices inhe British Industry were usedh@ fatigue scoreprovided by theFatigue
Indexwere comparedby the aithorswith the output from the CHS alertness modRlogers,

Spencer, & Stone, 2008)r validation purposesThe previous comparison was successful, with no
major discrepancies.

TheFatigue hdexis considered within the category of bhinathematical modelsBiomathematical
models are used to obtaiquantitative estimate2 ¥ G KS 2@SNI ff adladS 2F AYyRA
(Gunzelmann, Gross, Gluck, & Dinges, 2009y are based on empirical studies that investigate
sleeprelatedfactors andime-relatedfactors. hese two categories constitute the basic elements
included in biemathematical models, nevertheless more complex models exist within this category.
Williamson, Lombardi, Folkard, Stutts, Courtney, and Connor (2@t bnlyconsidered homeostatic
factors §leeprelatedfactors) anccircadian influencedifme-relatedfactors)as major sources of
fatigueleading to accidents and performance decremerikbey includedhe nature of the task (e.g.,
duration, workload and monotonygs a relevant factor to study review of Fatigue review of lio-
mathematical modelsvas committed byr'he Civil Aviatin Safety Authoritfrom Australiaand
highlighted that a limitation and expected additional ingat themis related to task/contextactors

and individual factors. Tast@ntext factors refer to workload or level of attention required,

frequency and durton of breaks. Bctors related to individualare phenotype (morning / evening
person), sleep length, commuting time, e{€ASA, 2014The Fatigue Risk Indexas considered as
relevant as it covers: homeostatic factors, circadian influences, the nature of the task and
task/context factors.

4.3.1.1. Representation of time events in the model

As pointed out before a fatigue model includes not only factors reladgte task butalso
homeostatic factors and circadian influences play an important role Fatigue Indexelies on
time-relatedfactors suctshift start and end time, time of theagt, break length

Discrete events are events that hagn at specific points in timdor exampleoperators take breaks,
shifts change, and so for{fsweetser, 1999For modelingime-relatedfactors faytime
weelkday'weekends, breaks/on task status) the procedure describe@dbyle (1985about modeling
discrete events in a manufacturing settisgyved as a basid. 2 & f S Qi#@volyed &dBaduction

17



setting in which discrete events such as two production shifts and machine breakdowns toak place
This approachvas adapted to théatigue Indexeeds, a more detailed dedgtion is given in the
sectio/ Arinex 2Time structures of this document

4.3.1 Fatigue Indexz Cognitive FatigueSector

As mentioned before theognitive fatigue sectoof the model was constructedsing the fatigue

index as a source. The five factors included in the index make up the entire sector as portrayed in
Figureb. These five factors interact together to give a valuedognitive fatigueThe detailed

structure for the calculation of each factor will be explained separately.

F2 Shift Start
Duration o

FJ3 Rest
Period

Cogaitive ‘_‘V* n Task State>

Fatieue ST[™ Ar -
Fatigue Mecovery

Cﬁ}é%utéve

l

BSMI-——Cognitive Fatigne-at—

Effect of Cognitive
Fatigue on Fatigue

Effort Impact inerement
- Lamin
Effort Switch T K co;mivn Fatigue
Breaks = e

Figureb. Cognitive Fatigue and BSkélcuation Structure

Cognitive Fatigue

The main variable in this sectordsgnitive fatigueits value is obtained by theddition offactor5
cumulative fatigueand cognitive fatigue S{short term) Cognitive fatiguesT(short term fatigue)
andfactor 5were treated as segrate stocks as therecovery rate is due to different factorshort
term fatiguegets replenishedafter a normal rest periodwhilecumulative fatiguedepends on
continuous full days without being involved in work activitids® scale used in the case studyed
to verify the modeisthe Perceived Mental Exertigtale(BSMI) Inorder to compare the results of
the model with the case study, a conversion was necesdagywadlueof cognitive fatiguegiven by
the model is mulplied by 1.5 as the scale &SMigoes from 0 to 150 and theognitive fatiguescale
of the modelfrom 0 to 100.

Cognitive Fatigue (Cognitive FatiguST+F&umulative Fatigue
BSMI = Cognitive Fatigue*1.5

Cognitive Fatigue ST (short term)
Theshort termfatigue score § calculated by adding factors one to faagether and multiplying this
value times theeffect of effort on cognitive fatiguerhe accumulation of the factors was set thoe
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entire shift, even during breaks, as factors F1, F2, F3 angatad for the entire shift as are
independent of the amount of breaks and its length. F4 creates a hfghigue increment per period
whenever a break is not taken after a long thme-task on activities that require sustained attention
according to the period of the day and whenever a break happens this accumulation stops. Finally,
the effect ofcognitive fatigueon fatigue incremenéims to protect the level and keep the values in

the adequate range.

Fatigue Increment = (((F2 Shift Duration+F1 Shift Start+F3 Rest Period+F4 Breaks)*Effect of Effort on
Cognitive Fatigug(1-(1-Face State))*Effect @ognitive Fatiguen Fatigue incremeh

TheFatigue IndexR 2 Say Qi LINR OA RS SELX A OA (sharyemefangae, G A2y | 62
nevertheless for a continuous/dynanfiehavior afatigue recoveryate needed to be included. the

only information provided by the documentation is tHatigue recovenhappensduring the rest

period. A value of 24 hours wassed to account for this. Bhobjective of this outflow is to set back

the value forcognitive atigue STto zero whenever the shift isver, so that the next shift the stock

starts inzero. Nevertheless, if the model was adapted to be used for prediction, this value would

need to be revised.

The objective of theffect of effort on cognitive fatiguparameter is to increase thfatigue
incrementaccording to theeffort incurred No exat values were found ithe literature for

representing this effect. For now, effort incurred (0 to 1) would make the fatigue increment higher
according to the number set ogffort impact If effort impactis set at twg fatigue incremenfor that
period will be increased by the number given by the multiplicatioaffufrt impactand effort

incurred In such a way that when thmaximum effort incurreds presented (1), théatigue
incrementwill be multiplied by the number set faffort impact Whenevereffort incurredis lower

than 1, only a fraction of the value set feifort impactwill be considered for the increment.

F1- Time of the day

This factor yes an initial fatigue value accondg to the shift start timeThe valueontributed by the
start timeis higher for shifts starting at early hours in theydaefore 9 hrg.and for shifts starting in
the afternoon (after 14rs). The evel ofcognitiveworkload has an effect on this fatigue value, with
high levels of workload (cormgt work, with time constraints) the value is increased by four units
during the entire shif(this value is divided by the shift length in order to get fatigue units per hour)
Thevalues provided by the fatigue index for different times of the mejudes circadian rhythm
influences on alertnessThe previous is represented in the model by using aliv@ar function in

the model.
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Figure6. Effect of Start Time on contribution to Fatigue

Left: Model Structure for representing Factor 1. Right: Representation of circdugiinm according
to the time of the day.Source (Right Imagdjyatigue Indexdocumentation.(Rogers et al., 2009)

The F1 score for each shift, according to the time of day at which it starts, is given in the table
below.

Start time 00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00

score

Start time 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00

score

Start time 16:00 17:00 18:00 19:00 | 20:00 | 21:00 22:00 23:00

score

Table3. Contributon to Fatigueper shiftat different shiftstart times
Sourcefatigue Indexdocumentation.(Rogers et al., 2009)

A nonlinear function was used to assign the fatigue value according to the starttheeduration of
the shift al® has an effect on this valueoishits shorter than ajht hours,a proportion of the score
has to be subtracted. The values given in the documentation oF#tigue indexcorrespord to the
total value for a dayto obtain the value for fatigue per houhe values were dividedy thenumber
of hours of anormal shift(normal shift lengtheighthours).
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Graph Logkup - Effect of Start Time on Fatigue
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Figure7. Non-Linearfunction Valuesused to represent theffect of shift start time ondtigue increments per hour

ThS @I Ndorimal shBtlengthdis used to calculate th&1fatigue value increment per howvhen
the shift is shorter than eightours with the purpose talecreasean appropriate proportion of the
score depending oghift length The actualshiftlengthvalueavoidsthe representation of the
decrement in the F1 faor for shifts smaller than 8 hours:

Assuming high workload (fofatigue units), ahift starting at 15:00 hours (fodiatigueunits), a
normal shift lengttof eighthours and an actuahift lengthof sixhours.

F1 = 6*Mental Workload value + F1INMormal shift length (8) = (4+4)/8 fdtigue units/hour
Value accumulated after 6 hours: 6 fatigue units
F1 = 6*Mental Workload value + F1)/ SHiéngth (6) = (4+4)/6 = 1.3fatigue units/hour
Value accumulated after 6 hours: 8 fatigue units

6 hourscorresponds td75% of the normal shift length and the value for fatigue for 6 hours
thenshould be (8 fatigue units *.75 = 6 fatigue units)

Tofinal formula that gives th€ognitive Fatigugalue per hour considering the level of workload and
the Effectof Sart Time On Fatiguss:

F1 50.5*Mental Workload value Effect of start time on FatigluShift Length

The effectproduced byMental workloadn the modelcan beactivatedasan endogenousy or
manipulated exogenously. It is activated endogenouslgdigparing in thananufacturing sector

the actualproductivity aginst the desired productivityNevertheless, it can also be treatasl an
exogenous factor for those cases in which the information about desired productivity is not available
or the level é cognitive workload varies within the shift as in the case study usedefification of

the model. The previouis enablel with aswitchthat when having the value of zedisconnects this
variable fom the manufacturing sector. don-linear function igncludedto represent variations of
workload within a shift. A value of zero would represent low workload and a value of one would
representhigh workload.Avalue of one can be specifiéolr specific times within a shift withigh
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workload If a situaton in which low workload existthe value of the variable is zesn noextra
fatigue units are added. Whenever the value of the variable issoda&ily incremat of four units is
added tofactor F1 (5 fatigue units per hour). The lowest possibléueaper day for this factor is one
(shifts starting between 10 hrs. and 12 hrs.) and the highest value is foudeshifts starting
between 22hrs.and 24hrs. If a high level of workload existhe lowest value for the factor would
then be five(1+4) and he highest valueighteen(14+4) br shifts of eighhours of more.

Graph Lockup - Mental Workload
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Figure8. Example of nofinear function for settingnental workloadas an exogenous variable

In Figure8 it can be noted that fronour 8.43to 8.68 mental workload is activatedhd time

notation useds hours. Mnutesare expresseth a decimal hounotation. Sixtyminutes are

equivalent to or hour. Whenever an event happens at a specific minute within an hobe t

equivalent of that minute in decimal hour notation has to be used. For example, for representing an
event at 8:15 hrs., the fifteen minutes after eight need to be divided by diith this, the value will

already be shifted to a decimal hour notation. This vahen just needto be added to theotal
hours.

Conversion of 8:15 hrs. to decimal hour notation
Fifteen minutes in decimal hour notation = 15/60 = .71
Result =8.71

F2 - Shift duration

To calculate the contribution of shift duration to fatigue, bathift lengthandthe start timeare
considered e.g. a shift starting at sevdms.with a duration ofeighthours will not contribute to
fatigue whereas a shift starting atdtsane time but with a duration of ninbours contributes with
one fatigue unit during the entire daywhenmentalworkloadequals one (high levethe
contribution of this factorto cognitive fatigueincreases.tlproducesa 30% incremensf the original
value The calculation of this factor accounts for homeostatic factors and eattithe task
(complexity, timeconstraints)oy the effect of mental workloadhe values were obtained directly

22



from the documentation of théatigue IndexA normalshift of eight hoursR2 Say Qi O2 y (i NR& 6 dzi
fatigue scoreThe contribution of shifts longr than eight hourssrepresented by a nonlinear
function.

Graph Lookup - Fatigue Value according to TimeShift Duration
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Figure9. Non-Linearfunction used to determine theontributionto fatigue per shiffor diverse shiftengths

The fatigue score for F2 is given for the entire shift, this value is divided by the actual shift duration to
get the fatigue score per houin the notes provided by the index it was stated that if overtime
happenedn a shift,this would be reflected in the index by extending the shift duration. The model
accounts for it, as the start time and end time for each shift have to be provided, so shift duration
considers not the normal shift duration but tleetualy worked time.

High workload F2 = (Fatigue Value accordingTtime ShifDuration*1.3)/Shift Length

Low workloadF2= Fatigue Value accordingTome ShifDuration/Shift Length
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4.1.2  F2 — Shift duration

The F2 score, relating to the time the shift starts, is given fn the table below.

Shift duration (hours)
12

9 10 11 13 14

Start time
0:00
1:00
2:00
3:00
4:00
5:00
6:00
7:00
B:00
9:00
10:00
11:00
12:00
13:00
14:00
15:00
16:00
17:00
18:00
15:00
20:00
21:00
22:00
23:00

Table4. Fatigue Score according to Sisifart time and Shift duration

SourceFatigue Indexdocumentation.(Rogers et al., 2009)

Shift Lenght < End Time

<Fatigne Value i
according to shit <Workload>
duration=

Start Time
Effect of Mental Mental
Worlkdoad on F2 Worldoad

<Time>

F2 Shift
Duration

Worldoad Switch

FigurelO. Factor 2Shift Duration

The lowest possible value firis factor is zerdor shifts of eightiours and the highest possible value
istwenty two for shifts oftwelve hours starting between 22:00 and 01:00 hours.

F3- Rest period
A rest period should have the necessary length for a worker to recover andrstarext shift

without fatigue. The worker must have enough time for a hormal sleep pefied considering the
time required for coveringts familyresponsibilities and commuting time. The data used for the
calculation of this factor in thBatigue In@x comes from studies in aircrew operations, where it was
observed that the amount of sleep depended not only on the length of the rest period but also on
the duty start time. The study covered times between 04:00 and 22:00atiguge contributions
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during thesetimes were calculated based on the information available and for periods between
22:00hrs.a linear interpolation was made and the degradation associated with time since sleep in
the model was used to calculate the effect over different shift thagRogers et al., 2009)

The contribution to fatigue given kyrest period is defined by the time at which the rest perafd
the workerends (Start of shift time minus commuting time), theun® needed for a full resind the
exceedingshift time of the day it is calculated he time at which the rest period endsassigned to a
category that will indicate: Ihours needed for a full re®) contribution to fatigue of the lacking
hours for ful restd wS & i t SNRA 2SReTdbleBg NE o w{ t 0

End of rest period
04:00 —08:00
09:00 = 12:00
13:00 — 18:00

19:00

20:00

21:00
22:00 —03:00

Table5. End of rest period times, rest period requikenigthand Rest Period Score
Sourcefatigue Indexdocumentation.(Rogers et al., 2009)
Note: when the actual rest period is longer than the required length for full recovery the RSP score is zero.

The end time considered to calculate the end period should be the one from the previous period. A
pipeline delay of 24 hours was used to account for this eff€be rest period accounts for Personal
time plus commuting time, this values will be exogenous values in the mode

The formula used for calculating factor F3 was obtained directly from the Fatigue Indéxeavalue
obtained wadistributed throughout a shift. \&ery hour by which the rest period is shorter than
required will contribute to the F3 fatigue scobpg the rumber given by th&est period scoreThis
number is then multiplied by #h number ofexceeding hoursf the actual shift multiplied by ten
(value indicated by the fatigue index documentationhe result of thisperation is then divided by
twenty (valueindicated by the fatigue index documentatiyrand this will give the total fatigue s
according to the rest period.

For obtaining the fatigue contribution of this factor per hour the shift length is usetér the
assumption that this value accumulates throughout the entire shift (actual working times, not normal
shift length)

The final formula used to compute this value is:

F3 =([ (Rest period score * Rest period Lacking hours) * ( 10 + numbeeefleag hours )20 )/
Shift Length

1 As previously mentioned, Rogers (2009) based #ieutation of the values for factor 3 on an aircrew study.
The multiplication by ten and division by twenty were used to correct the value computed and make it
applicable to any start time. The results of the study only covered times between 22:00 afch@el:0
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Exceeding Shift
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Time

<
Shift Lenght End Time
<Time>
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Commuting Time
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Score

Howrs needed for Rest period

o full rest lacking hours
<Shift Lenght>

/
F3 Rest

Period __
Figurell. Factor 3 Rest Period model structure

The minimunvalue that this &ctor can have is zelibthe rest period was longer than thequired
hours for full rest and the maximum valé®r a day is 18.4The value ofhis factor is calculated in
the followingway:

F3 = [ (Rest period score * Rest period Lacking hours) * ( 10 + number of exceeding Ha20s])/
Shift Length

F3=[{3.5*7)*(108)}/20] /13 = 22fatigue units per day
F3 =18.4 /13 =@9fatigue units per hour

Highest Rest period score = 3.5 each hour in which the rest period is shorter than 18ikenrsy
the original data for the index construction

Rest period lacking hourgRest period required hours (E3Minimum sleep time per night for
maintaining performance (4) + commuting time (1) + time for personal activities (1) )

Rest period lacking hours13¢ 6 = 7hours

The minimum sleeime per night for maintaining perforence was obtained from the results
showed byBelenky, Wesensten, Thorne, Thomas, Sing, Redmond et al. (#G08)eep restritton

and recovery study, the minimum sleep time per night at which alertness and performance can be
maintained at a stable but reduced level is four hours.

Number of exceeding hours of the shiftlaximum shift lengthg Normal shift = 8

16¢ 8 = 8 hours
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Maximum shift length = 13 hours is the maximum allowed hours at work in The NethdMBAE,
2010)but the index includes values up to sixteen hours so sixteen hoursigeste

F4- Breaks Factor

This section of the model aims to represent the fatigue produced by periods of wordehznd
continuous attention (e.g. driving task®onitoring).The data for the development of this

component in theFatigue Indexcomes from an experimental study regarding performance
decrements associated with continuous periods of attentiodifferent times during the day. This
factor is intendedo account for work in which momentary lapses of attention could increase the risk
of an accident.

<On Task State>

ttentional
ESOUpes
use

i Attentional
Effect of Attetluqnal " ention
Resources on Fatigue Resources

Utilizatipn Rate

Average residence

time
Attention Use 4——\

Rate Effect of
period of
work on
attention

<Period of work>

Figurel2. F4 Breaks structure

F4 = Effect ofteentional Resources on Fatigy@he detail of this effect will be describedhie t
following paragraphs as it is not straightforward calculation)

The factors considered for the calculation of this vaduesub-period of the day andime-on-
taskibreaks represented by two stocks labelatientional resources. The day dvided irto four
sub-periods:morning, afternoon, evening and nightcording to the time of the dafgee Table
and each sulperiod is assigned a number from one to folihis number will then serve to
determine the attention utilization rate.

Shift sub Shift sub Time Effect of period of day or Attention Utilization
period Value period Attention Utilization Rate Rate
1 Morning 06:0014:00 1 0.125
2 Afternoon 14:0017:00 2 0.25

Table6. Shift subperiodsclassificatiorand Values used for computing the accumulation of fatigue

During morning/evening shifts a worker can maintain sustained attention for a longer period
compared to the level he could do in the aft@on. In turn, this level of sustained attention
(afternoon) can be longer in comparison to that of the night period. In other words, if a worker needs
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to keep sustained attention for a period longer thamundred and twentyninutes in the
morning/eveninghis will lead to the accumulatioof cognitive fatigue In the afternoon the effect
on fatigue will happen after sixty minutes and at night after thirtyputes. If a break of at least
fifteen minutes is taken before these times, the capacity of the worker to sustain attention is
restored and no contribution to fatigue occurs.

k Fatigue contribution/ hour Attentional Resources Leve

Mins since Morning/ Morning/

Afternoon Night Afternoon Night

last break Evening Evening
30-60 0 0 0.5 1 1 <, 75
60-120 0 0.5 1 1 <,75 <5
120-180 0.5 1 1 <, 75 <5 <,25
180-240 0.5 1 15 <,5 <,25 |<0,0671
240-300 1 1 1.5 <,25 <,25 <0,0671
300-360 1 1 15 <,25 <,25 |<0,0671

Table7. Fatigue Contribution per hour accordingperiod of the day antime-on-taskand AttentionalResources level on a
0 to 1 scale

Formodelingpurposesad (i 2 O  &itendidBdl rEsBurcéé ¢+ & dzaSR (2 NBLINBaSy i

the elapsed time working on a task since last braaké-on-task) on activities thatequire sustained
attention. Attention unitsare consumed whenever the variabfe 2 tgske state equals onémeaning
that thereisa shift and no break is happenin@his cosumption happenst a rate of .125
attentional resources per houor morning and evening superiods, it willdouble for the afternoon
sub-period (rate of 250) andriple for the night time Kate of.5). The previous is illustrated Figure
15, where a graphical representation of the effect on the level of two different depletion rates is
given. Attentional resourcesire considered to be limited followingmited resources theories
(Langner & Eickhoff, 2013) is representedvith aminimum value okeroanda maximum value of
one. The depletion rate was selected in such a way ihahe morning and eveningfter 120
minutes on the task a consumption of 25% of the resources has happkzaating to a value of .75
of attentional resourceand @usinga fatigue incremenbf 05 per hour After fourhours working
with sustainedattention, 50% of the resources have been used with this eatd theeffect of

Attentional .
Fatigue Incremer

Resources er hour

Level P

<,75 0.05 Morning/Evenin

<5 1 Afternoon
<,25 1 Night
<0,0671 1.5

Table8 Fatigue Increment per hour at different Attentional Resources level:

attentional resources on fatigugould thenbe 1 (See table 5J.he same procedure applies for
afternoon and night times

Note thatthe depletionrate for attention resourcewvalueswaschosen withthe only purposeof the
representation of the effect oftime-on-taskbreakg 2 y  fil-adtikit@ste§uiringsustained
attention as indicated by th&aigue Index Thelevel Attentional Resourcesas also scaled to
producethe necessaryatigue incremenper hour but this might not have the same scaseagtual
attentional resourceg a human being. A state of zeastientional resources will only mean that the
highest fatiguencrementrate will happen but it is not intended to portrag hypovigilantstate (a
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statewith no longer acceptable level of performanc@jhen a brealof fifteen minutesis takenthe
attentional resourcetevels will becompletelyreplenished according to data provided by the original
index documentationlt is important to highlight that this does not mean that the worker would have
recovered completely his mental processing capacities. Themaulated fatigue during the shift will
continue to reduce productivity. The replenishment of attentional resources is only temporary and
only represents no further additions to fatigue by this factor. Nevertheless, when the break finishes
the depletion d this level will start once again and contribute to fatigue increments whenever the
maximum number of minutes without a break is surpassed.

The rate for the recovery @ttentional resourcesvas designed in such a way that after a 15 minutes
breakthe stockwas replenishedAfter fiveadjustment times 99.3% of the gap (value between
attentional resources used and z¢mwill be coveredSterman, 2000: 279)As mentioned before

this stock has a maximum value of cared should not have negative valu&shen theAttentional
Resourcetevelislower than the requiredhttention utilization rate the minimum of both values will

be the one used for the attention utilization ratEor an example of how this component works
please refer toAnnex 3

Attention Resources 0 0 Attention Resources 0 0

1 1

.75 .75
c c
2 =

S 5 S 5
Q Q
g g

.25 .25

0 0

0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Time (Hour) Time (Hour)
Attention Resources 0 0 : Current Attention Resources 0 0 : Current

Figurel3. Attention Resources depletion for a shift starting at 8 am with a di2Betion rate (left) and a .250 depletion rate
(right)
Work Break The model includethe possibility of indicatingixbreaks(this
structurecan be extended)the breakstart time and thebreak
lengthof each break can bgpecified work break indicator is a
variable with possible valued one or zeraepresentingf the
work status of the operators. Wkingd G | G dza =loy G &1 €
if a breakexists the value would beeroThis structure was
created using the method described Bpyle (1985)or the
timing of main events.

The minimum value fofactor 4- Breaksis zero This situation
can happen imorning afternoon and eveninghifts,
whenevera breakis takenbefore the period of sustained
Break!S Length  gttention exceed the limit. The maximum valueould be 18
fatigue units per day, on average 1.39 per hour. It was
Break 6 Start Break 6 Length  calculated forthe period of work in anight shift with a shift
Time length corresponding tthe longestperiod of work previously

Figureld. Work Break Indicator Structure
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stipulated for the calclation of Factor 3 (13 hours) and no breaks in between.

F5- Cumulative component

This factor represents the effect of consecutive shifts during the same period of the dayuntber
of nights, early, late, day and day off shifts in a row will contritbaténhe Cumulative Fatigueating
(SeeFigurelb). Each consecutive period of 24 hours is assigned to the following categories:

Night¢ part of the shift coveranytimebetween 02:30 and 04:30
Earlyc shift starts between 04:30 and 07:00

Lae ¢ the shift ends between 00:00 and 02:30

Dayc any other shift

Day off¢ no shift during that period

= =4 —a —a -9

Each 24-hour period is then scored as follows:

Night: no. of nights in | 1
|_sequence
Secore

Early: no. of earlies in
sequence
Score

The score is reduced by 1 for any shift starting between 06:00 and 07:00

Late: no. of lates in |1 2 3 4 5 %6
sequence
Score

The score is reduc

Day: no. of days in
sequence
Score
Day off: no, of days off | 1 2 3 4 5 %6
in sequence
Score

A score of (f is given to a day off that is contained within a r;:st ﬁe‘i‘od
of less than 30 hours

Figurel5. Factor lCumulative Fatigu8cores per days eéqential shifts withduring same period of the day

To obtain the finaCumulative Fatigukevel (F5)the values of eachffect(early starts, late starts,
night shifts and days dffare added together:

IF THEN ELSE (Rimulative Fatigue=0,

MAX(((Effect of day's off on fatigue+Effect of early and lagsbn Fatigue+Effect of night shifts on
fatigue)/Hours per day),0),

((Effect of day's off on fatigue+Effect of early and late starts on Fatigue+Effect of night shifts on
fatigue)/Hours per day))

For the detail of how theffect of cumulative (earlstarts, late starts, night shifts and days dff)
calculated please refer to th#\nnex 2Time structures & SOGA 2y 2F (KA A& R20dzYSy
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After the addition of the effed iscalculatedthe total cumulativefatigue scorgfatigue urnts) for that
shift is obtained. In ordeto obtain the inflow for the stock (fatigue units plbour), this value is
divided by the number of hours per day. This formulation is built under seraption that
cunulativefatigueaccumusitesR dzNA y3 (G KS Sy GANB RF& a | An
IF THEN ELSE function arMAX function araised¥ 2 NJ Sy adzNAy 3 GKIF G GK
zero.

No

S

<Effect of early and late

<Effect of night shifts
starts on Fatigue>

on fatigne=

<Effect of day's off
on fatigue=>

Hours per day

H
C%mFuIaﬁve
Change in F5 afigue

Figurel6. Model structure for FEumulative Fatigue

Note: Cumulative Fatiguenly works for shifts with a start arehd on the same daybetween 0 and
24 hrs. Mvdificationswould needto be made to the model in order for theumulative Fatigugme
structures and bkeaks tme structures function for shiftstartingone day and finishing the next

4.3.2 Manufacturing Sector

To represent the effect afognitive fators on productivitya manufacturing sectowas included. This
sectorfollows the normal structure of a manuflaeing systemand its structure is based on the
structures given b¥berlein and Hines (199@)his sector as a levehccumulating the work to do
(work in process inventoyyhatis reducedvhenwork getscompleted €completion ratg. The
completion ratethat workers can achieve is defined by g@ductivityof the workers, which is
calculated after the effects déarning,fatigue and effortare consideredNevertheless, ot all the
work will be done correctlycprrect worl. As worker&cognitive fatiguencreasesnore errors are
producedand the pieces hav® go through the production process once again. To represent the
previous, these incorrect pieces are accumulated in a level cafidiscovered reworlAfter a
certain time has passed they will return backatork in process inventotyp be processed an. In
the followingparagraphsa more detailed explanation of the previous will be provided.
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Complation Rate

<Workers>»

Average complation
rate

Work te do

it ! omple tcmﬂ
> =
<(On Tazk Stats> Accomplishing | Work

Correctly

<Minutes per hour>

Io a, ',
Normal »Droductivity: wEroductivity per

Productivity / minute
Learning Switch / \ / k
<Effort Switch>
e
<Effort Incurred>

Figurel7. Manufacturing Sector Stock and Flow Diagram

Cognitive fatigugluring ashiftaf SOG a G KS ¢ 2 NJ IBsNBsQepleemMat by | vy OS @
manufacturingsubsystenby an effect that alters both the value pfoductivityand theerror rate As
cognitive fatigue increases, this effect becomes strongigst, a higher level afognitive fatigue

results in a higheeffect of fatigue on productivitywhich would cause a lower level of productivity;
second, a high level abgnitive fatiguenvould produce a highegffect of fatigue on error rate

resulting a higher error rate, causing manadiscovered reworand lesscorrect work. The structure

was based on the generic structures for construcsggtem dynamicsodels proposed biberlein

and Hines (1996)which served as a source as well for the shapes of thdinear functions used to
represent both theeffect of fatigue on productivitgnd theeffect of fatigue orerrorrate. The values

were scaled to fit the 0 to 100 scadécognitive fatigue

Graph Lookup - Effect of Fatigue on Productivity Graph Lookup - Effect of Fatigue on Error Rate
| Export Evport
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Input Output Y-mas: Input Oluatput *Y-max:
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1057 |0.985 ! H 1283|1028
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Figurel8. Nonlinear Functions representing the effect@dgnitive Fatiguen Productivity and Error Rate

Theproductivityof the systemis calculated per person per hour and is multiplied byribenber of
workersoperating to get the total number of items produced per hour. When the number of items to
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produce (ork in process inventoyys lower thamproductivity*workersthe number of items
produced for the period will be limited by the available iteffise maximum productivity per hous
derivedfrom thelearning curve sectoand multiplied by the effect of effort and fatigue.
Neverthelessthis will only happen when thlearning switchis on(value ofl) when this switch is off
(value of Oxhen the value ohormal productivityis used.

Productivity = IF THEN ELSE ( Learning Switch=1,
(Max Productivity per hour * Effect of Fatigue on Productivity) *(Effect of effgut@dtuctivity)
, Normal Productivity*Effect of Fatigue on Productivity*(Effect of effort odymctvity))

Completionratésonly &G A S 6 KSy (K3 agZNJaSiNKI SIENBSa W yiB G KIF G
undergoing abreak

Completion Rate = Min(ProductiwitWorkers,Work in process imntory/TIME STEP)*On Task State

Not onlycognitive fatiguehas an effect oproductivitybut alsoeffort incurred(the calculation of this
FI OG2NJ Aa RSaOANA3REmRrt Secfot (He Siédal Speratasatya 9@psoductivity
rate wheneffort is equal to zerand at ahundred percenproductivity ratewhen effort equals 1An
assumption was made to determine this valugere information was available the data available
from the case study data and no reliable value was found in the literature research.flrtubhe this
value would need to be calculated using historical data from the case at hand.

Astock labeledindiscovered reworkvas included taccount for the pieces or mistakes performed

by operators.Time to discovereworkrepresents the time it takes since a mistake is performed by an
operator and how fast those items would take to take part in the productigsiem again so that the
error can be fixed, in the curresystem this time,is set to 2 hours.The error rate is calculated by
simply multiplying thenormal error rateby theeffect of fatigue on error ratdescribed before

Error Rate = Normal Err®ate*(Effect of Fatigue on Error Rate)

Finally, to determine the amount of workload, theerage completion ratper worker per hour is

compared to thedesired completionratt al yF 3SNBR R2y Qi RSGSOG AYYSRAI
between this values, this is represented by a delay and can be specified Biyrbdo detect lag

variable. When thelesired completion ratis higher tharaverage completion ratthe worker will be

working under pressure to achieve the objectives and high mental workload will be incurred.
Average Completion Rate = Accomplishing Correctly/Workers
Workload = (Average completion rate/Time to detect lag) /Desired Completion Rate

4.3.3 Extra sectors

Two exta sectors were includeith the model to make up for the errors due to covariation for
productivity. The assumption thabgnitive fatigudeads to a lower productivitwas proved to not
be sufficient to explain the behavior of productivity after the modedults were compared to the
data from the case studylo explain wheven if ognitive fatigueincreasedProductivityincreased
as well, theLearning Curve Sectand Effort Sectoiwhere included in th&System Dynamiasodel.
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The detail of why these séars were included wilbe explainedin the Validity Tests section, this
section will only focus on idescription

4.3.3.1Learning Curve Sector

The Structureof the Learning Curve Sectas based on the work d@bivi, Jaber, and Neumann
(2015a) The fatigue calculation panivas omittedas this is already represented by tRatigue Index
This sectoaims torepresent theknowledgegained after workers become more experiencedch
item produced by workerwill contribute tothis. The time to pick an ordeliminishes as the
employee accumulatesnowledge following the shapef a learning curve ashown inFigurel9. The
production time per unitlecreases at a fast rate when initladowledgeis obtained. However, the
impact onproduction time per unitlecreases as the employee becomes more experienced.

4

Thetime to forgetandeffect of knowledge on time to produgel f dzS& $SNB (I 1Sy FNRY
work. The value fothe effectof knowledge on time to produseas set to ten percerf the original
value as in the case study workers were supposed to already have had some training and practice.

Time to pick orders due to learniigycalculated by elevatinghowledgeto the number given by the
effect of knowledge on time to produocealy whenthe workerhas gained some experiencéhe
formulation is simpler than the one describedthe work of the authordecauseSystem Dynamics
modelingallows to include an outflow foknowledgeto represent the loss dfnowledgewhen the
worker is not on task and the mdel already accounts for units not produced during breaks.

IF THEN EL8fnhowledge<=0, Time to pick first ordBime to pick first order*

((Knowledge/Unit consistency Ordets)Effect of Knowledge on time to produce))

Max Productivity <Minutes per
-

per hour hour>
Minute
/ A
Time to pick orders Time to pick first <Normal
due to learning order Productivity>
cQRRgsLey

Average time per unit

<Accomplishing
Correctly>

Time to forget >

Cumulative quantity

Figurel9. Left: Learning Curve SectStock and Flow DiagrarRight:Learning Curve Behavior

4.4.3.2Effort Sector

The second sector added to the model has effects on Botiductivityand Cognitive FatigueThe
structureof this sector is based on the work @tewart, Wright, Azor Hui, & Simmons, 2009;
Stewart, Wright, & Griffith2006) The general structure of this stdystem is showed iRigure20.

This sector aims to describe how basedask characteristicsuch agask difficultyandtask

relevance workers will determine the amount of effort they will exert in performing the task at hand
(effort incurred) Motivation also plgs a role to determine the amount effort incurred
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The work of thepreviously mentionecwuthors is extensive and only the following three assumptions
were adopted for constructing this sector:

9 Initial Effortfor the same task is perceived to bigherfor a Fatigued Worker in comparison
to the perception of ERestedWorker.

9 Task Importancésuccess importance) determines the upper limits Edfort

1 Taskdifficulty definesa point at which peoplsuppressffort even if they are not fatiguedit
is alsathe point at whichsuccess is seen as not further possible or excessively difficult.

Effort Recovery

b} . _:’;}f wa——Task Relevancs
Task Difficult— e L1me to adjust B subjective Eitort
Task Lhthiculty Effort ———Net effort

Effert Depletion
Time

Fatigue
Normalization

e Normalized
Fatigue Level

Initial Effort

Effect of motivation on
effort depletion

Percentage of original
Eap TEmaining

<Initial Efforts————m=Original Gap-l—____

Figure20. Effort SectoStock and Flow Diagram

=— Possible For Fatigued ~ q To translate the previous, intosystem dynamics

- Possible For flested = model, proxy values had to be used because of the
GazFdée OKledtanddifdina G A O 2 F
variables Effortuses as a proxgognitive fatigue
as itsinitial level (initial effort) depends on this
variable.Task difficultyusesnormal shift length(8
hours)under the assumption that in the best case
scenario workers will maintaieffort without
suppression during the entire shift length. The
minimum andmaximum level for both was set in a
range from 0 to 1, and the value ofgnitive
fatiguewas normalized dividing by 100 as it covers
Figure21. Challenge Difficulty and Effort for Fatigue ai - a range of 0 to 10(Effort depletiorstopseffort
rested hdividuals as shown in Stewart et al. 2009. incurredfrom being sustained. First, thaximum
possible efforis dS (1 S NI A vy Stesk @lévaniék SO na G 2 M 0O diitid] Sfdtlgpehds oh a (G K S
the cognitive fatigudevel of the worker, thenormalized fatigue levejivesthe value forinitial effort.

Fatigued T
Rested A

+c

EFFORT

DIFFICULTY

Section A Section B | Section C
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Third,maximum possible efforninusinitial effort determinesthe number of effort units that the

worker is still able to incur, this value is divided by the number of hours the worker would sustain

effort and this is how thaet effort per period (value on which level of effort incurred depends) is

calculated. Fouh,ace¥f 2 g Ol f £t SR aY2iA QI difdtgpletionbrilydvhedzheS R G 2 |
distance betweemmaximum possible effoeind effort incurredhas been covered or when no shift is

being undergone by the worker. Fiftbffort recoverywill happen whenger a worker is not on a shift

or is under a break.

Maximum Level of Effort = Task Relevance
Net Effort = (Maximum Possible EffeEffort Incurred) / Time to adjust Effort
Time to adjust Effort = IF THEN ELSE (Task Difficulty=0, TIME STEP/5.3,
(Task Difficulty*Normal Shiktength/5.3)?

As highlighted before, motivation is also represented by a proxy. Its initial level is equal to the value
between the maximum subjective effort and init@gnitive fatigugeffort worker is still able to

incur), which is the same value used to determine the changes per periedféorincurred The
objective is motivation to reach zero when effort incurred reachesniaimum possible effort level
and this activates theftort depletion. As the gap betweegiffort incurredand maximum possible

effort follows an exponential decay behavior, it will never be fully corre¢Bdrman, 2000: 279)
meaning that motivation as well will never reach exactlyoz&or the previous reason, the depletion
starts when 99.5% of the gap has been covered.

Original Gap =Task Relevargddormalized Fatigue
Percentage of the gap remaining = E>33) *Original Gap

4.4  Model Analysisand Base Runs

The objective of the modés to create a tool thatan explairthe effed of human cognitive factors

and its suitability for prediction will be assessdthe model intends to be a generic model and the
extent ofit is limited by the availability of quantitative data for the repeesation of the factors
affectingcognitive fatigue anghberformanceand by the fact that the information required for
enterprises to include must likely be already possessed by them. The more variables included in the
model, the mare difficult itwould be forenterprises to obtain this datd he @mplexityof the model

and detailwould make the model less operational. For this reason, individpatific factors, such as
extroversion/introversion, caffeine consumption, alcohol consumption, useapshours, have been
omitted. In the followingparagraphsthe causal loop diagram of the model will be describelrief

2 Net efort is equal to the effort adjustment per hotinat acts as an inflow for effort incurred, makes effort
incurred increase

3 This formulation ensures an immediate suppression of effort based on task difficulty. Task difficulty
defines howmanyhours,effort will be sustained (e.g. 100% = 8 hours, 50% = 4 hours), the division by 5.3 to
ensures that 99.5% of the gap will be coveredinlg the time specified. When taskffitulty is 0, the task is
perceived as impossible to achieve and no &xeiffort is justified, 99.5% of the effort gap should be covered
immediately, the formulation TIME STEP/5.3 allows this to happen.
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overview of the case studysed to validate the results will be given. Followed by a descriptien
results ofvalidity testsperformed. Fnally, policyrecommendationwill be provided

4.4.1 Causal Loop Diagram

A Caual Loop Diagram of the system was constructed, showingyinamics otognitivefatigue

and performanceAfter the model was tested, it was concluded that it could regilicatethe

behavior for productivity accurately and two sectors were added to account for this limitation. In the
following paragraphsthe description of each loop within each sector will be specified.

4411 Cognitive FatigueSector

For theCognitive Fatigu&ector, loops are descrigd byfactor (five factors are used to get the
cognitive fatiguescorebased on thd-atigue Inde¥ The description of the loops that form the model
includes specific terms described in more detail in seddormulation of a Simulation ModeR.

R7. roductivity® o
- Ga
gumulative /" pegireq P
9 Productivity
[ o Ilt' B2. Break Break Time
umulative Time

Days off Fatigue
in a row

Night Shifts Rate R1b.
in arow = + Start Time

RE. Effect of

F5
i + +_ Cogntive
Barly Shifts, =, oymmulativ - Fa% e Time on
inarow Fatique 9 Task on CF
Late Shifts
inarow

\;4 Effect of Sustained
Breaks Attention Schedule
Pressure

F3 Rest F1 Effect of ,_ Start

period start Time ™ Time R1.
CWL Effect of

Start Time

F2 Effect of
Shift Lenght

rsonal time

Hours

ogritive
Workload

Effect Bf Rest
Period on CF

Figure22. CLD Cognitive Worklodehtigueand Productivity

4Qrange Lines represent how the state of the system affects decisions taken by the managerial team of the
organization buthat have to be specified for each shift in the model because these represent discrete events
for shift schedules (shift start time, shift end time, break start time, break length and cumulative days in a row
with the same schedule).
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F1 Start Time

Loop R1b. Start Time

The time of the day in which a shift starts has an effecth@cognitive fatiguethat individuals will
develop over the day. this variation is given by circadian rhytlwvhigh reflect the alertness levels
individualshave at different times of the day and follow an oscillatory pattexiower score for
shifts starting in the morning assigne@ndthis score increases for later shifiatil a peak is
reached in the eveninapproximately at 18 hourgnd thenthe smre starts decreasing agaiti a
shift starts early in the morning or late in tlaéternoon the fatigue score witle higher,in
comparisorto a shift starting at different times. Megerial taskdesignwould decide theshift start
time according to the mount of work to be don@r the gap between the current state and the
02 Y LJ y &.@dighamratigiieaScore will lead to lowproductivity, increasing the number of
early/late starts and increasirgpgnitive fatigue

Loop R1. Cognitive Workload. Effeaif Start Time onCognitive Fatigue

Although the process provoked by circadian rhythmppens natwally, the amount of workload,
individuak areengaged irvaries. High levels of workload increase toatribution of shiftstart time

to cognitive fatigug(F1.Efect of start timg. In a situation in which productivity is below the
objective individuals would be required to work a strongerpace for reaching their objectives,
generating schedule pressure on them and leading to highgnitive workloadwhich increases the
value of theeffect of start timeon cognitive fatiguan comparison to normal workload conditions. as
cognitive fatiguencreasesproductivity decreases and generates higbenedule pressure

F2 Shift Length

Loop B1 Effect ofShift Length on Productivity.

The distance from objectives affects thlift length In a situation in which productivity is below the
desired level (goalmanagers may force workers to work longer hours with the objective of
increasing productivity andetreasing the gapetween the desired and the actual stai&hen
productivity is closer to the desired level (goal) the shift length wbeldiecreasd to reach the
normal amount of work hoursprmal shift length.

Loop R3 Effect of Shift Length o@ogntive Fatigue.

TheShift Lengtralsoimpactscognitive fatigueratings In a situation in which productivity is lmsv

the objective/desired leveinanagers may ask the personnel to work longer hours with the objective
of increasingproductivity Thisactionwill generate a higher level abgnitive fatiguecompared to
normal conditions (eighthours shifts). A higher level obgnitive fatiguewill causeproductivityto

decline, increasing thproductivity gaponce more.

Loop R4 Cognitive Workload. Effect dshift length.

The amount otognitive workloadilsoaffectscognitive fatigueratings. In a situation in which
productivity is below the objective/desired level, individuadsuld be required to work at &aster
work pacefor reaching their objectiveshis will generatschedule pressumn them and leado
highercognitive workloadThis increase30% thefatigue contributionger unit of timein
comparison to normalvorkloadconditions. Ahigher level otognitive fatiguegenerates lower
productivityincreasing thgroductivity gapandgeneratinghigherschedule pressure hE lower the
productivityof an individual is ikomparison to theproductivity goathe higher the gap between
these two values.
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The bad implementation of a policy focusing on éxtension of theshift lengthwith the objective of
increasingproductivitycan ead to a situation in the short terproductivityis increasedut as well
an increment ircognitive fatiguds triggered. Leading in the long termadower level oproducivity
due to a higher level afognitive fatigue. Especialynenthe worker is operating in a condition of
highcognitive workloaddue to highschedule pressure).

F3 Rest period

Loop R5 Effect of Rest Period oBognitive Fatigue

A longer shift maffect the hours left for the worker to recover after a shiegt period, increasing
cognitive fatigueratings.In a situation in whiclproductivityis below the desired leveinanagers may
ask the personnel to work longer hours with the objective af@asingoroductivity. This action will
generate a shorterest periodthat will lead to a higher level @ognitive fatiguan the next shift. This
would dependon the final amount of hours of rest in comparison with the required hours according
to the time of the day the rest period ends. A higher levaetagnitive fatiguewill causeproductivity

to decline, increasing thproductivity gaponce more. It is important talsoconsidercommuting and
personal timaequirements when planning shifts femployees As hese factors alsoatrease the
total rest period. Aack of consideration of them can lead to an oversight of unfavorable conditions
for the workers leading to higer cognitive fatigueeffects.Extending the shift length can have a third
negativeeffect on fatigue, as the rest period of workers albo be affected.

F4 Effect of Breaks/Time-on-task

Loop B2 Effect ofTime-on-task on Cognitive Fatigue

In a situation in whiclproductivityis below thegoal managers might intend to reduce tlaenourt or
length of breaksvith the objective of increasing thime-on-task A highetime-on-taskwill cause a
higherproductivitylevel.

Loop R6 Effect ofTime-on-task on Cognitive Fatigue

In a situation in whiclproductivityis below thegoal managers migt intend to reduce theamount or
length of breaksvith the objective of increasing thime-on-task This action will also generate a
higher level otognitive fatiguan conditions when the task requires sustained attention. A higher
level ofcognitivefatigue will causeproductivityto decline, increasing thproductivity gaponce

more. The detrimental effeatanbe even highedepending on the time of the dayn the afternoon
and nighttimes, lesstime-on-taskand nore breaks are necessaryid impatant to consider the

breaks duration. A minimum duration of fifteeW A y dzi S& A& Y SSRSR G2 NBaid2NB
levels.

F5 Cumulative Fatigue

Loop R7Cumulative Fatigue

In a situation in whiclproductivityis belowgoals managers might intend tmcrease the number of
night, early or late shiftthe workers are engaged in during a continuous period of work. This action
will also generate a higher level @imulativecognitive fatigue Qumulativecognitive fatiguecannot

be restored even if the has between shifts are sufficient. A higher levetomulativecognitive

fatigue will cause. lghercognitive fatigueat the beginning of a shift, causing a lower level of
productivity. this effect will be further augmented during the shiftthe other factors causashort

term cognitive fatigueaccumulation
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Loop B3Cumulative Fatigue

The way in whiclsumulative fatigueDl y 6S RS ONXB I & SR ivé offRcities cand&J SN &a C
restored & by assignindaysofA Yy (G KS g2 NJ SN & & OK SpRodecti8itgis delgw | & A Gd
the objective/desired level, managers might intend to decrease the number of contirdayssoff

This will in turn cause a highkavel ofcognitive fatigueat the beginning of thehsft and alower
productivityincreasing the gap to reach productivity goals

Loop R9 Days off

It is important to note that the more days off a worker needs also affpaiguctivityas the worker

is not involved in its regular activitie&.higher numbeof days off would also decrease productivity
increasing the gap to reach productivity godiore night, early otate shifts in a rovcausea higher
need for days off to restore cognitive capacities.

4412 Manufacturing sector

Loop R8 Error Rate

Anincrementon cognitive fatiguecaused by any of the previous factors mentioned causes a higher

error rateas the worker is not able to perfortiswork with full cognitive resources. iigher error

rate would cause loweproductivity, producinga pressure to incresetime-on-task, shift length,

(night, earlyand late) sh§A Y | NR 6> FyRk2NJ 62 RSONBIFasS (Kz2asS 7FI
capacities such agst periodandbreaks

4413 Model extension

The extension to the modebntributed with twoextra major loopsA reinforcing loop P making
productivityincrease ana balancing loop B1 makingcognitive fatigudower by increasing
productivitydue toeffort incurredby the workers on the task. A detailed explanation is included
below for each bthe extra loopsFigure23 shows the main loops of the cognitive fatigue sector and
its interaction with the extra sectors. The loops added to this diagram arBRH,R12, B11, B12.

Workioac
R1&4,
CWL effecton

Start Time
/Nn Lenght
12. Effect of
Breaks on ' on Task
Learning -

Learnin 1 b reaks 82
2 Break
R9. Time
earing '\

R6. Time

N on Task
ProcuCtivty

R10. Effort

Incurred
B11. Effect of . 8‘:;"- Z
Effort on \ ";" ’:1.
Productivity Eflo il Incurred o 5
/ Wj Effort Tme

Task Relevance Task Oncunty

Figure23. Extended ModeTausal Loop Diagram

Learning Curve Sector

R9 Learning

9 OK LINBRdzOUG Kk 2 NRSNJ YI ydzF I idowdedge(Raring) Regultidgyh@NB I 4 S G K
lower production time per uniand increasingroductivity. With a higher level oproductivity
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compared to what it would have otherwise been, a higher levéinoiwledge (learningyill be
achieved.

R12 Effect ofTime-on-task on Learning

As previously described, the levelgbductivty would be compared against the desired levels by
managers in order to decide the amount and lengttbiaks. A lowproductivitywould then be
translated infewer breaks which would increase thiene-on-taskand increase théearningachieved
as moreunits are produced. Athe workers become more experienced this incregsmductivity,
Nevertheless, it is also worth considering tivatreasinghe time-on-taskcan havenon-desired
consequences, as highlighted by tbep r6. Timeon-task increasing theamount ofcognitive
fatigue and diminishingroductivity.

Effort Sector

R10. Effort Incurred

The level otognitive fatiguedetermines the level oéffort incurredby the worker. A higher level of
cognitive fatiguewill result in a need for highesffort incurred as higher energetic demandsistfor
a fatigued worker in comparison withase of a rested employe@&his in turn, will be translatednto
higherlevels ofcognitive fatigue as the moreeffort the worker puts in the task the morfatiguedhe
gets.Task relevancacts as a moderator defining the maximum possible leveffoft in a scale from
zero to one.

B12 Sustained Effort

High levels otognitive fatigueaffect negatively the amount of time in which effort increments will
be sustainedsustained effort timg translating ito a lower overalkffort incurredand lower
cognitive fatigue

B11. Effect of Effort on productivity

The moreeffort incurred the moreproductivitya worker will have, the morproductivity, the more
breaks thelesstime-on-taskand thelesscognitive fatigue causinghe possibility of a longer time of
sustained effort increments during the next shifteverthelessloops r9 and bzlso intervene,
increasingeven more the productivity due to the learning effechd due toan increment on time
on-task.

4.4.2 Case study

The case study used to verify the results of the model was provided by the Nethe@agalsization

for applied scientific research TNO. It was performed at Vanderlande Industries and aimed to study
sustained performance in order pickiafier the introduction of a newvorkstationto diminish

health riskgBosch, De Looze, & Ten Hoor, 2008 authors highlight thatrder picking refers to

the process of retrieving products from storage locations according to orders issued by customers.
Large volumes of items have to be picked pet ohtime, caugg highcognitiveworkloadto

operators and possibly leading to performanaogairmentsor health risks. To measuoegnitive
workload the Perceived Mental Exertion (BSMI) scale was used in the case study and both orders
and products pickeé were recorded peminute and averaged each 15 minutes (The results of the
model follow the same pattern)

The participants of the case study were required to apply their maximal acceptable work pace during
the first 15 minutes (considered agghmentalworkload for the model runs), operators were then
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required to contirue working for 105 more minutefpllowed by a 15 minutes breand a second
105Y A y datiofk peiod. When this was doneperatorswere asked to continue working for 10
more minutes at a pace that could be suatd for 8 hours. Bverthelessthe results obtained from

this part was not used for the model validation.

T=0 T=15

T=120 T=135

T=240 T=250

A

order picking

order picking

A

searching for maximal
acceptable work pace

pause

Gearchintor maximal
acceptable work pace for 8 hrs

Figure24. Task design for castudy

Source(Bosch et al., 2008)

4.4.3 Model Validation

To increase confidence in System Dynamics models several tests can be done for model validation.

Senge and Forrester (198dgntified 17 tests that can be used for performing the previous. These

tests focus on validation of the model structure, model behaviat the policy implicationsThe
previously mentioned authors also recognized that the number of available tests is high and not all of
them are relevant for alinodelingapplications. Due to this fact, they identified some of them as

G 02 NB (S aslparformednKh& warkQairé selected using the previous classification. All the

tests ofthe modelstructure were performed anthree tests of model behavior were included
(behavior reproduction, behavi@nomalyand behavior sensitivity). The tests aligy implications
GgSNE 2YAGGSR a LRtAOe

Tests of model structure
1. Structure Verification and Parameter Verification.

The structure and parameters contained in the model for calculatoumitive fatiguewere obtained
from a bieomathematical modeFatigue hdex This index was developed using data from both

AYLIE SYSyillGdAz2y 61 ayQi

theoretical and empirical sources (laboratory experiments, field trials, a shift work study, objective

data collection, literature review, agstionnaire study). It was tested against an existing alertness
model and a symposium was createddbtainexpertopinion. Only threeadditions were made to

0KS Y2RSt

attentional resourceswvith the only purpose to represent thiame-on-taskand increment on fatigue
if a break is not taken when necessary. In other words, the sole objective was to create the adequate
effect oftime-on-taskon fatigue, which was alsmmpaed against literature (refer teection 4.3.1

g A

GKI G 6 SNBYy GridexOe first AnR Bay BdRing@ 8tocki l&b8led2 NA I A y |

for a more detailed description)

Fatigue Recovenyas added to the original modelh& Fatigue Indexgives datiguescorefor
operatorsat the end of the day but it does not follow the development of fatighroughout the
NEfIGSR FFGA3dzsS¢

RIFes Ay (G(KS AYyRSE
end of the shift. Nevertheless, to fitalworld behavior (case study data and literature) a depletion

of fatigue whenever an operator was not working had to be included, fibigever, posed the

GakKATF

Aa

beginning of a new uncertainty, requiring further revision on the parameter value. There was no

agreement béween datacoming from different sourcesoFthe purpose of this workhe
adjustment time used for depletion was calculated using data fronctdse study. A group model
building session was heldrfexpert judgnent of the model in which botbhausal loogliagrans and
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the Stock and Flow Model were presented to verify structure and parameters. The feedback was
LR2aAdAdS YR GKS 2yfte O2NNBOGAZ2Y g1 a Ay NBtlIlGAzZ2Y
wSa2dz2NDS&a¢ |a GKS G S Nings Orldiffereatdaiidrdesi RAFTFSNByYyd YSt
The two extra sectors added to tiatigue Indexvere based entirely on literature and adapted to fit

a System Dynamideglodel structure. Structure and parameters from the manufacturing sector were

based on the generic struatess proposed b¥berlein and Hines (19983 no relevant data was

found during the literature review and reufficient information could be obtained from the case

study. Structure and parameters for tiidfort Sectorwere defined according to literature, based

entirely on the work ofStewart et al., 2009; Stewart et al., 2006jructure and parameters for the

Learning Curve Sectavere defined accordig to literature, using the part of the model proposed

from (Givi et al., 2015a)

2. Extreme Conditions Test

For performing an extreme conditions test, each rate equationtrbaedraced back to the level they
are dependent upotfForrester & Senge, 198@nce these levels are idéfied, their valuesnust be
altered using extreme valu€minus infinity, zero, plus infinity). The authors mention that these tests
are effective to identify flaws in the model structure and to identify whether the system performs
well even under extraordinary circumstanc&®sur of the ¢vels in the model arprotected bya
maximum and minimum value h& extreme condition tesfor these levelsvasmadeby altering

their ratesand inserting instead extreme values to test that minimum or maxinimits g S NB y Q
surpassedThe levels on which rates are dependent upon are listethinle9 per sector, in the
following paragraphs brief overviewof the tests done will be given, for furth detail please refer to
Annex 4 Validity Tests

Inflow Levels/Sublevels Outflow Biflow Sector Dependent RatefLevel Max Min
. Effort;
R . R Fatigue Recovery . . B R
Fatigue Increment Cognitive fatigue (ST) (ND) Cognitive fatigue Effort,Cognlitive Fatigue ST, Knowledge --> 100 0
Productivity--> Workload --> Cognitive Fatigue
Attention . Attention Utilization . . Completition Rate* via Schedule Pressure-->
L Attentional Resources x Cognitive fatigue il 0
Utilization Rate —  Rate(ND) Breaks--=> Attentional Resources
Effort Adjustment Effort Incurred Effort Depletion (ND) Effort Cognitive Fatigue 1 0
Consumption Motivation Consumption (ND) X Effort Effort Adjustment --> Cognitive Fatigue 1 0
Learning Knowledge Forgetting (ND) Learning Curve Accomplishing Correctly --> Cognitive Fatigue Infinity 0
: . . Effort, Cognitive Fatigue, Knowledge --> .
Start Rate (ND) Work in Process Inventory Completion Rate Manufacturing " Infinity 0
Productivity
Cognitive Fatigue;
Accomplishing ) e i _g - o
c il Correct Work Manufacturing  Effort, Cognitive Fatigue, Knowledge > Infinity 0
orre
Y Productivity
_— . . Cognitive Fatigue;
Accomplishing . Discovering Rework . o . .
Undiscovered Rework Manufacturing  Effort, Cognitiveve Fatigue, Knowledge > Infinity 0
Incorrectly (ND) -
Productivity

Table9. Levels, Rate Equations and dependeficies

b5 YSIya y2 RSLISYRSyOed C2NJ a2YS aid201azx SAGKSNI GKS AyTfz2s
hyS SEFYLXS 2F (GKA&a Aad aF2NASGGAY3IE | FAESR F2NASGGAY3I NI G
Schedule pressure 85 LINS A Sy 1SR Ay (GKS ae2adSy la avySyidlt ¢g2N)Jf21Ré | yR
NI G§S¢ Aa KAIKSNI GKIYy GKS alF @SNIF IS O2YLX SGA2y NI GSe | OGAGI G
contained in the model, neverthelegtss not activated as no information was provided for this for the case study.

The managerial decision of changing the shift length, length of breaks is not represented in the system as for it te calculat

the cognitive fatigue levels requires tletailed time for the start of shift, end of shift, exact break times and break length

FYR GKA& RSOA&A2ya OFyQi 6S.NBLNBayiSR Ay | {eadSy 5&yl YAO:
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For thecognitive fatigue sectordetaikd tests were performed on thievelcognitive fatigue (SBs

it has an influence on theffort sectorand themanufacturing sector The effect of the changes

made on these level on both sectomasalso assessed. For the level attentional resourcesag w

only assessed whether the stock stayed within the maximum and minimum values when altering the
rate equations.The behavior of the system when altering the values of both lewewing no
abnormalitiesunder extreme valueand the maximum and minimufimits were respected.

For theeffort sector, detailed tests were performed on tHeveleffort incurredas it has an influence
on the cognitive fatiguesectorand themanufacturing sector The effect of the changes made on
these level on both sectomsasalso assessed. For the lewabtivation, it was only assessed whether
the stock stayed within the maximum and minimum values when altering the rate equatioms. T
behavior of the system when altering the values of both lewgls as expected, showing no
abnormalitiesunder extreme valueand the maximum and minimum limits were respected.

For thelearningsector, detailed tests were performed on thHevelknowledge, as it is theonly level
of the sector This level has an influence the manufacturing setor. The effect on the
manufacturing sectoof the changes madaere also assessedhd behavior of the system when
altering the values of the levelgas as expected, showing no abnormalitiesler extreme values
and theminimum limitwasrespected.

Thefinal sector tested was thmanufacturingsector, the extreme conditiortests were performed

on thelevelwork in process inventorgprrectwork and undiscoveretework As the three previous
sectors had effects on this last one, the tests hadadybeen partially completed. Due to this fact

the testsperformed,were not as detailed as for the previous sectors. After the tests were concluded
it was noted that he behavior of the system when altering the values of the leinetlse
manufacturingsystemwas as expected, showing no abnormalitiesler extreme valueand the
minimum limitwasrespected.

3. Boundary Adequacy

¢KS 02dzy RF NBE | RSljdzr 08 gAUGKAY (GKS Y2RSt 41 & R2yS
calculated by the modetere placeliy G KS a9y R23ISy2dzaé aSOUGA2yI (K234
AYRAOIGSR FNB tA480SR Ay (KS a9E23Sy2dzaé asSoOilrazy
section. The aim of the model guided the boundary selection, as the purpose was to generate a

geneml structure that could describe a how cognitive factors affeoductivitywithin a

manufacturing setting. The more general a model is, the less detail it will include, as its structure

must be designed to fit multiple situations; on the other hand,ghbir amount of detail would be

translatedinto higher data requirements, putting at risk the usability of the model. More emphasis

must be put on the operational representation of the systéterman, 2000: 81)

¢tKS Y2RSf KFR | aAy3atsS Gral F20dzAaT LG R2SayQi Oz
cognitive ability, age, work ethic; Physical elements of the work environment such as noise level, air
temperature, are not included; Organizational @ownment factors such as task switching,

distractions, communication, training are not includéBaines, Asch, Hadfield, Mason, Fletcher, &

Kay, 2005)
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For factors 1 and 2 the fatigue rating is higldren mentalworkload is presentedlhe structure of
the model allowdreatingthis variable as either exogenous (as a switch for wheneverrhagital
workloadexists) or as endogenouslfen information about the dsired production rate exists).
Neverthelessno distinction is made for actiwes requiring (high, medium or low) mental workload,
this addition to the model could result in a higher detail.

EXCLUDED

EXOGENOUS
Mental

Workload

ENDOGENOUS

Cognitive
Fatigue

Productivity

Rest period
Motivation Lacking hours | Time

Maximum
productivity
per hour Percentage of original
gap remaining (Effort)

Mental  F1 shift start
Workload F2 shift Duration

F3 Rest Period
F4 Breaks
F3 Cumulative

Individual

Items per
Relevance  prjge per order

Distractions

environment,

Task
Complexity

Figure25. Bull's Eye Diagram. Boundary Adequacy Test

4. Dimensional Consistency

The dimensional consistency was cked during the model creation and after the finalization of it
using the tool included in Vensim. The only errors that remain are caused by using dimensioned

variables asnput for nonlinear functions. Mverthelessthe rest of the auxiliaries, levels,tes and
constants show dimensional consistency.

Tests of moddbehavior

Behavior tests before model expansion

The behaviogenerated by the model is represented by the varialoiegnitive fatigueand
productivity per minute Thefit of the model results ofhese variablesvastested against data from a
case study provided by TNDhe case study iglated to sustained performance and workload in
order picking(Bosch et al., 2008T he fatigue scaléor both sets of dataliffered, the Fatigue Index
provides a score betweendahd100. Whereas the case study used the BSMI scale (Rating Scale
Mental Effort),providinga score between @nd 150. To make both scales comparable the results
given by the B nmodel were multiplied by 1.9ven before performingtatistical tests to the model.
After testing the model (cognitive fatigue sector and manufacturing sectarpuitd be observed that
the fit between the two sets of data was not optim&igure26 andFigure27). The model reached
for cognitive fatiguea maximunfigure of 8.5BSMI, while the case study reached a maximum of

25.63 BSMI. In thease othe variableproductivity, it was evident that not only the numbers differed
but also the trend.
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Cognitive Fatigue BSMI
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Behavior tests after model expansion

With the purpose of explaining the behavior showed for performance in the case study two sectors
were added to the model. The model was built under the statentibat the highercognitive fatigue

is, the lowermproductivityper unit of time will be. Nevertheless, the data from the case study showed
differently, even ifcognitive fatiguencreased over tir, productivitydecreased. Thaclusion of a

loop that would increas@roductivitywas needed. Based on data from the literature review and a
Group Model Building Session foondel structure verificationt was concluded that two

explanations for the inement of productivity could be given (1) by learning, the more a worker
learns, the higher productivity he will have and (2) by effort, the more effort a worker puts on the
task the higher the productivity will be. Learning by itself could not explaitvé&havior, as

LISNF 2 NI y OS deitiRuguSlyiEffokt wad hldSderasSt isan elementincluded in several
frameworks(e.g.EffortRewardsimbalance models and Resout€entrol Theoryand canproduce

both increments and decremenis productivityduring a shiftLikewiseYeh and Wickens (1984)
studied the dissociation between subjective measuned abjective workload measures.df their
work it canbe inferred that subjective workload measuregnnot accurately be used to predict
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