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Abstract: In this paper, we investigate the e�ects of di�erent characteristics of apprenticeship programmes
both in historical and contemporary societies. Apprenticeship is one of the major means to transfer skills in a
society. Weconsider five societies: theoldBritain system (AD1300s−1600s), theBritishEast IndiaCompany (AD
1600s− 1800s), Armenianmerchants of New-Julfa (AD 1600s− 1700s), contemporary German apprenticeship
(1990s), and the “Modern Apprenticeship” in Britain (2001). In comparing these systems, using an agent-based
simulationmodel,we identified six characteristicswhich impact the successof anapprenticeshipprogramme in
a society, whichwemeasured by considering three parameters, namely the number of skilled agents produced
by the apprenticeships, programme completion, and the contribution of programmes to the Gross Domestic
Income (GDI) of the society. We investigate di�erent definitions for success of an apprenticeship and some hy-
pothetical societies to test somecommonbeliefs about apprenticeships’ performance. The simulations suggest
that a) it is better to invest in a public educational system rather than subsidising private contractors to train
apprentices, b) having a higher completion ratio for apprenticeship programme does not necessarily result in
a higher contribution in the GDI, and c) governors (e.g. mayors or government) that face significant emigration
should also consider employing policies that persuade apprentices to complete their programme and stay in
the society a�er completion to improve apprenticeship e�icacy.

Keywords: Apprenticeship, Agent-Based Modelling, Social Simulations, Comparative Systems, Institutions,
Historical Systems

Introduction

1.1 This paper studies apprenticeship as an important tool of skill transfer throughout human history. In this study,
we start with two successful contemporaneous historical long-distance trading societies, namely Armenian
merchants of New-Julfa (Julfa, AD 1600s−1700s) and the English East India Company (EIC, AD 1600s−1800s).
Also, we extend our study by analysing an additional historical case, i.e. old Britain (AD 1300s−1600s). A key to
this study is the employment of an agent-based simulationmodel that is used to explore various factors impact-
ing these societies. To make such an exploration possible, we chose the aforementioned historical societies,
because we had access to more studies on their characteristics. The availability of such resources facilitates
creating a bigger picture. Also, we contrast two contemporary schemes of apprenticeship (i.e. those of modern
Britain (2001) and Germany (1990s)), to learn the reasons for better performance of some societies than others.
This study identifies important characteristics for apprenticeship programmes based on the patterns of the in-
vestigated societies. This way, we understandmechanisms by “learning from history”, along with investigating
two well studied contemporary apprenticeship models.
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1.2 To clarify the subject, we wish to briefly define apprenticeship. Apprenticeship refers to a set of activities and
technical training provided by a skilled practitioner in which inexperienced participants learn a profession or
art (Hamilton & Hamilton 1993). Also, as suggested by Purvis et al. (2014) inmeta-rolemodelling of artificial so-
cieties, a society needs such institutions to turn agents with theWorkermeta-role (ordinary agents) into agents
with the Skill meta-role. Skill transfer is a time-consuming task in which an unskilled individual develops skills
under the supervisionof professionals. The incentives for apprenticeship arediverse: sustainable development
(UNESCO-UNEVOC 2006, p.9), fighting youth unemployment (Plug & Groot 1998), and increasing productivity
(King 2009), to name a few. Also, the importance of apprenticeship is identified by historians. For instance,
Riello (2009) suggests that the Indian subcontinent lost its cotton market share in 50 years (i.e. from the 1760s
to 1810s) to Europeans, because the latter had the opportunity to gradually attain relevant trading skills by
accumulating experience and information. He attributes this as an important reason for British economic ad-
vancement in addition to the industrial revolution.

1.3 Nowadays the importance of apprenticeship programmes is emphasised in many countries. However, there
are di�erent frameworks for apprenticeship programmes, such as work-based training and dual systems (i.e.,
a combination of schools and work-based training; see Davy & Frankenberg 2018). Despite the relative suc-
cess of programmes in terms of the number of skilled agents and increasing profitability, some apprenticeship
programmes are accepted as more e�icient than the others. Also, there are several studies on formalising ap-
prenticeship programmes (Palmer 2009; Allais 2012).

1.4 The identification and systematic modelling of the impact of characteristics and institutions (i.e. “the rules
of the game,” such as restrictions imposed by guilds; North 1990) on the performance of apprenticeship pro-
grammes, has not yet been addressed. Therefore the key questions are (a)which oneof them ismore important
and (b) why di�erent societies do not follow the same approach. The main purpose of this study is to address
these concerns, and we employ agent-based simulation to improve our understanding of the mechanics that
made some apprenticeship programmes in completely di�erent times and locations, such as the Julfan and
the German, more e�icient in terms of improving societal skill level and the GDI. To achieve this general objec-
tive, we employ intuitive numbers in our models based on available shreds of evidence (e.g. discussions and
economic studies). There are also other questions posed by earlier studies or policymakerswhich this study in-
vestigates. These questions are: a) why large companies in Britain asked for an apprenticeship programme but
would not participate in it (Ryan &Unwin 2001), and b) is it helpful to ask employers for some costs to subsidise
the apprenticeship programme (see Allais’ (2012) discussions on South Africa’s levy-grant system).

1.5 Other studies conducted in Britain and Switzerland emphasise the importance of apprenticeship programmes
in the modern context (Fuller & Unwin 2003; Müehlemann et al. 2009). It has been noted that Germany has a
successful apprenticeship programme where companies invest in training apprentices (Franz & Soskice 1994;
Büchel 2002). This programme hasworkedwell enough so that it has limited the unemployment rate for under
25-year olds to around 6.7 per cent, versus 17.3 per cent across the EU (Jacobs 2017).

1.6 In the agent-based modelling literature, studies that simulated apprenticeship institutions are limited. A prior
study identified the importance of apprenticeship as a means of removing untrustworthy agents (Frantz et al.
2015), and a recent study emphasised the importance of apprenticeship in Julfa as a substantial institution to
improve skills, but the work did not systematically identify factors involved in apprenticeship (Sedigh et al.
2019).

1.7 Note that the present paper addresses apprenticeship for two distinct types of trades with di�erent incentives
for training (i.e. artisans andmanufactures/traders) and it addresses concerns related to the Overview, Design
Concepts and Details protocol that includes human decision-making (ODD + D) (see Appendix D; Müller et al.
2013). In the context of historical cases, although Julfans were known for their long-distance trading societies,
they had artisans or worked with artisans who produced items traded. In this study, we concentrate on manu-
facturers (not traders) and artisans because of more contemporary studies on them.

1.8 The rest of this paper is organised as follows. First we concisely review these societies and identify their dif-
ferences. Then we discuss the modelling approach used to simulate these systems. In the next two sections,
we present the results of the simulations for manufacturers and artisans, respectively. Finally, we discuss the
findings of this paper and provide future directions.

A Review of Five Systems

2.1 In this section, weproceed towardsmodelling apprenticeship programmes. What follows provides an overview
of societies’ backgroundandapprenticeship programmes in five di�erent societies, namely Julfa, Germany, old
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Britain, the EIC, andmodern Britain. We chose these societies, because a) we have access to more information
about them, andb) these societies enable us to compare apprenticeship programmecharacteristics to improve
our knowledge about alternatives and develop a more universal apprenticeship approach. First we state soci-
eties’ background to get familiar with the chosen systems. Then we compare these systems with respect to six
characteristics (elaborated in paragraphs starting from 2.9). These are identified by the similarity of patterns in
historical and contemporary apprenticeship programmes and verified by related studies, and they are a) trade
types (artisans and manufacturers),1 b) access hurdles, c) guilds and unions, d) trainer type (companies and
contractors), e) schools, and f) openness (i.e. opportunities to join the programme from other societies).

Societies’ background

2.2 In what follows, we describe the characteristics of the five societies, and how these societies possess the char-
acteristics mentioned above.

2.3 Old Britain: In the old British apprenticeship system (AD 1300s-1600s) guilds were in e�ect that limited skilled
agents from joining the workforce society and made apprentices pay premium costs for training (Wallis 2008).
Also, bigger cities (e.g. London) hosted recruits from smaller towns who frequently le� the system once they
had adequate skills to work in their own town.

2.4 Armenianmerchants ofNew-Julfa (Julfa): Armenianmerchants of New-Julfawere originally fromold Julfa in
Armenia. They re-established a trader society in New-Julfa (near Isfahan, Iran) a�er their forced displacement
in the early 17th century. Due to their complicated inheritance rules that created tight bonds within extended
families (Herzig 1991), they formed a closed society that was run by strong social norms instead of formal rules.
Based on the historical data, these traders are known to have had a “merchant school” (Aslanian 2007, p.171)
around the 1680s. A more general apprenticeship system was active in Julfa and Persia (old Iran) to transfer
skills in society, wherein skilled agents employed the labour of apprentices and trained them as a substitute of
paying higher wages. In Julfa, apprenticeship programmes took place informally by familymembers, relatives,
and friends who hired or recommended trained apprentices.

2.5 The EIC: During roughly the same period (AD 1600s-1800s), a parallel system was active in Britain. The British
contemporary counterpart of Julfa (i.e. theBritishEast IndiaCompany (EIC, AD 1600s-1800s)) hada totally di�er-
ent perspective about managing the society. The EIC hired inexperienced apprentices, asked them to provide
signed bonds, and sent them for trading to India to be trained by fellowmerchants on a voluntary basis. How-
ever, EIC bonds could have been signed by totally unknown people (see Hejeebu 2005, footnote 43). Because
of these considerations we do not address it in ourmodel. In addition, we note that the EIC trainers have lower
incentives to provide good training. In other words their incentives is questionable for reasons such as the time
spent on training a task without any provisioned profit (i.e. they trained for immediate income).

2.6 Modern Britain: In the contemporary era, Britain has used a di�erent scheme for apprenticeship programmes.
A survey of this system around 2001 referred to themethod as a “Training Market” (Ryan & Unwin 2001). During
this time the government employed contractors to train apprentices and a subsidy-based system to compen-
sate the training costs incurred. For paying contractors, the government used a weighting system to rank and
pay contractors based on: (a) the skill requirement of the society, (b) the trainer’s performance (i.e. howmany
apprentices were trained and how successful theywere in finding a job), and (c) the di�iculty-level of the target
skill.

2.7 Germany: The other contemporary apprenticeship system which is studied extensively is the German dual
apprenticeship system (Franz & Soskice 1994). These programmes combine teaching technical knowledge in
public schools, coupled with work-based training provided by certified trainers (i.e. companies). In these pro-
grammes, the government invests in providing public schools, and work-based training is provided by compa-
nies or individuals.

2.8 Next, we discuss the characteristics of these systems in detail. In the following sections, we discuss the charac-
teristics of the systemmentioned at the beginning of the section.

Characteristics and institutions

2.9 This section provides an overview of the aforementioned societies with respect to the characteristics stated
earlier, namely trade type, access hurdles, workforce restriction (i.e. guilds and unions), trainer type, schools,
and the openness of society. These characteristics are institutional (i.e. they are "humanly devised constraints",
North 1991), the only exception is trade type.
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Trade type

2.10 First we divide systems into two sub-systems based on the trade which is inspired by the German apprentice-
ship programme (Franz & Soskice 1994), namely ‘artisans’ and ‘manufacturers’. These trades have di�erent
requirements for skills, and trainers have distinct incentives for training.

2.11 Artisan: An artisan, such as a wood-carver or a hairdresser, trains a potential competitor but can employ the
trainee’s services during the apprenticeship. For these reasons, in some societies, artisans consider those ser-
vices insu�icient for compensating for the costs, and ask for some payments from apprentices. In addition,
some artisans use guilds as a means of restricting trained agents from getting into the system to guarantee
the stability of wages in the future. These trades do not require complicated analytical skills or computations,
etc. that are provided by school-based training, and the artisans are the only ones who are eligible to train
others (i.e. contractors cannot replace the artisans).

2.12 Manufacturer: Alternatively, a trader’sormanufacturer’s traineedoesnot competewithapprenticeshipproviders,
unlike a trainedartisan. For instance, settingupa factoryor starting long-distance trades require a largeamount
of capital when compared to a salon or to buying tools and working at home. Therefore a trained apprentice is
a potential employee (not a competitor as in the case of an artisan).

2.13 Manufacturers have future benefits in training apprentices. Therefore companies train agents without asking
agents for prepayment. These benefits include negotiating for paying slightly lower wages than community
norms, hiring the best-trained agents, and providing training in some specific skills required for that particular
manufacturing company. Note that these trades require complex knowledge and analytical skills that may re-
quire school-based training. Furthermore, these skills can also be transferred by employing third-party trainers
(i.e. contractors).

2.14 Based on the aforementioned arguments, we assume that it is in the vested interest of manufacturers to put in
their best e�orts to train apprentices that may potentially work for them. This logic shows itself in e�orts put
forward to transfer all skills to the apprentices. On the other hand, in the artisan training domain, the disincli-
nation to train artisans well has been observed by Chardin in Persia.2

2.15 In the followingparagraphs,wechoose themost influential characteristics for each society, basedon theabove-
mentioned discussion. These characteristics are shown in Tables 1 and 2 for each trade type and the details of
the characteristics would be discussed in the following.

Table 1: System specification based on di�erent societies formanufacturers

Characteristics Julfa Old Britain The EIC Germany Modern Britain
Trainer type Companies Companies Contractor∗ Companies Contractors
School Yes No No Yes No
Openness of society No Yes Yes No No
∗In the EIC, employees trained other agents as a responsibility, so they did not have any expected profits in
good training and only faced costs of spending more time.

Table 2: System specification based on di�erent societies for artisans

Characteristics Julfa Old Britain Germany Modern Britain
Access hurdles No Yes No Yes
Workforce restrictions No Yes No Yes
Openness of society No In big cities No No

Access hurdles (for artisans only)

2.16 As discussed earlier, some societies had entry conditions for apprentices by asking them for premiums to com-
pensate for training costs and as a bond to guarantee reliable behaviour on the part of apprentices. However,
Chardin’s (1720)’s travelogue shows no evidence of such requirements in Julfa and more generally, in Persia
(i.e. old Iran). Instead, trainers paid wages to the apprentices based on their age and skill, and both parties
could freely terminate the programme.3 In contrast, in old Britain, some rules prohibited masters from paying
apprentices during some periods, and it was a norm to ask apprentices to compensate training costs by paying
a premium upfront (Wallis 2008). The significant result of asking for a premium was on limiting participants’
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access to apprenticeshipprogrammes from less-prosperous individuals, because theymaynot beable to a�ord
to pay training costs.

2.17 In more recent instances (i.e. German and modern British apprenticeship programmes), sometimes there is a
payment for eligible apprentices, and there is no evidence of asking for payments from young apprentices4
(Franz & Soskice 1994; Ryan & Unwin 2001). In this paper, the e�ect of asking for a premium is abstractly con-
sidered by limiting the number of participants and imposing costs to the trainees.

Workforce restrictions (for artisans only)

2.18 Oneof the prominent e�ects of guilds is restricting skilled people frompractising their skills by having exclusive
legal privileges for performing that task (Ogilvie 2014). In old Britain, skilled people were restricted from being
“freemen,”(i.e. they were not granted the “freedom of the company)” and this had adverse e�ects on trainees
finishing apprenticeships (Wallis 2008). However, based on Chardin’s observations, no evidence of guilds is
available for most skills in Iran (including Julfa).5

2.19 Due to the liberalisation of the workforce market in Germany, guilds no longer exist. However, in Britain, the
e�ect of guilds is still present in forms of either guilds themselves or livery companies (London companies com-
prising trade associations and guilds).6 Unions are a means of introducing another kind of restriction in work-
force societies. Unions attempt to regulatewages in a competitive labourmarketwherein agents are employees
of other companies (e.g. in a manufacturer’s society).7 Therefore guilds are established in favour of trade prof-
itability, while unions defend the profits of employees at some costs for trades.8

Trainer Type (for manufacturers only)

2.20 Manufacturing systems had certain types of trainers in apprenticeship programmes (contractors or potential
employers). In Julfa, masters (the primary owners of the trade) trained and monitored the performance of ap-
prentices (Aslanian 2007). Their simultaneous training and evaluation helped them to identify talented and
trustworthy apprentices. On the other hand, in old Britain, once apprenticeship programmes began, the train-
ing could be terminated if apprentices were deemed untrustworthy (i.e. the training contract would have per-
sisted if apprentice is evaluated to have just low attainability).

2.21 InGermany, thenature of apprenticeshipprogrammes ismore complicated. Apprentices learn technical knowl-
edge (henceforth academic skills) in public schools, and they are assessed there. At the same time, there is also
work-based training that takes place by certified companies or cra�smen. A�er finishing the process, appren-
tices gain a qualification (Franz & Soskice 1994). The qualification strongly controls whether an agent is eligible
to practise a profession.9 Finally, in the modern British programmes, a cost-e�icient scheme was designed
for training. They subsidised technical trainers, who mostly employed contractors, in addition to some public
trainers, based on a scoring scheme (Ryan & Unwin 2001).10

2.22 Forwork-based skills, contractors collaboratedwith companieswilling to provide awork environment for train-
ers (mostly small companies). This method created tendencies to sacrifice quality of teaching for quantity and
to train simpler skills. In this work, we distinguish between training provided by contractors (the ones involved
in themodernBritishprogramme) andnon-contractors (i.e. companiesas futurepotential employers). It should
be noted that the contemporary British apprenticeship system o�icially uses contractors for training appren-
tices. Furthermore, in the EIC the training was provided by more experienced agents at the destination. The
method employed in the EIC worked like that in modern Britain — there was nomotivation for trainers to train
their apprentices well.

Schools (for manufacturers only)

2.23 An important attribute of these systems is associated with their emphasis on the use of schools (vocational
schools) for academic skills and training purposes. Schools’ impact on system performance is twofold. On the
one hand, they are a source of declarative knowledge (i.e. facts, information, and descriptive knowledge) trans-
fer. This knowledge can be obtained by studying in schools muchmore easily than in work-based situations.11

2.24 The impact of declarative knowledge on the improvement of learning skills was shown by several scholars
(Ahlum-Heath & Di Vesta 1986; Williams & Davids 1995; Anderson 1982).12 In addition, a school attendee obtains
some skills through education (academic skills) that are important for companies with frequent revisions in
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their production processes (Stasz & Brewer 1999).13 This point was neglected in old Britain, the EIC, and the ap-
prenticeship system employed in Britain in 2001, i.e. the schools were not a compulsory part of programmes.14

Openness versus closedness (for artisans andmanufacturers)

2.25 Another important attribute of apprenticeship systems concerns the proportion of apprentices that leave the
system to work in other communities for reasons such as finding a job with better payments in other places.15
Henceforth, we call such societies as open for training. Some cities in old Britain were open for training (e.g.
LondonWallis 2008), but Julfa was a totally closed system, where apprentices were only employedwithin their
society (Aslanian 2007). Due to the availability of apprenticeship programmes in Germany and Britain (in most
cities) and its availability to their own residents, they are considered to be closed (i.e. the trained apprentices
stay in the same community for some years).

2.26 However, another definition of openness is the availability of agents fromother communities (e.g. countries) to
work for lower wages than the norm in the community under study (i.e. openness for working). Openness for
working is consideredas a scenario in ourmodelling. To summarise,whena society trains apprenticeswhomay
leave, it is open for training. Furthermore, when companies of a society have the opportunity to find trained
agents from other communities, it is open for work. Henceforth, by openness wemean that the system is open
for training (unless stated otherwise).

2.27 Tables 1 and 2 show selected characteristics based on the trade type and specifications of various societies
considered in this work. Note that the availability of these characteristics is considered to be neither good nor
bad, but we consider themwith respect to their impact on the decisions made by trainers and apprentices.

2.28 Summarising thecharacteristicsassociatedwith thesystems, first,wehavedividedapprenticeshipprogrammes
based on the trade type (i.e. artisans versus manufacturers) for a better understanding of the societies’ charac-
teristics. Then the openness of the society has been considered for both trade types. For complicated industries
such asmanufacturers, we have addressed the impact of two other characteristics: (a) the use of schools in im-
parting knowledge and academic skills and (b) trainer typewhich can be a trainer contractor or a company that
trains potential employees. For apprenticeship programmes in an artisan trade, we have investigated the im-
pact of access hurdles (i.e. asking for prepayment such as a premium) and the restrictive influence of guilds by
limiting the number of authorised skilled agents.

Simulation Model of Two Types of Traders

3.1 The integrated simulation presented here is a general representation of an apprenticeship system that is built
based on numbers inspired by available evidence, discussions, or empirical notions (e.g. the Pareto Principle,
Backhaus 1980). In this simulation,weconsider two typesof agents (i.e. trainers andapprentices) and two types
of trades (i.e. manufacturers and artisans). Apprentices are agents who participate in the programme to attain
skills, while trainers are agents who provide training and they have diverse motivations.

3.2 Themotivations of trainers to participate in the programme are based on the trade and their type; however, all
of themoptimise their utility functions in termsof expectedprofits. In amanufacturing tradewhere apprentices
are potential employees, the company (i.e. potential employer) trains for future profits that are earned by the
skills of trained agents. However, in the same trade, the contractors train an apprentice for income from the
training. Therefore if a company decides to train, it has a motivation for good training. However, a contractor
wants to reduce the costs of training by modifying the quality of training (i.e. they choose between good and
bad training based on the expected profits). On the other hand, artisans train the agents for their incomeduring
the programme and sometimes based on community pressure. Before continuing with themodel discussions,
we discuss some assumptions made for representatives of the di�erent apprenticeship systems.

Model assumptions

3.3 There are some assumptions in this model that should be clarified before further discussions of simulation.
These assumptions include system characteristics that impact the expected profits of trainers and apprentices.
Therefore we cover the following:

• Parameters and utility functions that are considered in connection with the calculation of expected prof-
its;
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• The importance of schools and their impact on di�erentmanufacturing companies;

• The attainability of work-based and school-based skills that represent separate aptitudes which are in-
dependent of each other;

• Reasons for changes in wages.

3.4 In this model, both apprentices and trainers calculate their expected profits over a finite horizon by taking into
account a discount factor (α) for anticipated income. A finite horizon reflects the myopic decision-making of
agents caused byworkforce turnover observed in countries such as Germany (Franz & Soskice 1994). Formanu-
facturers, as formerly discussed, we consider two skills to be obtained (i.e. school-based andwork-based skills)
that are essential for a good performance for employees in companies. Tomodel the e�ects of skills on the out-
come of companies, we use the idea of Franz & Soskice (1994) in a way that would be applicable for a discrete
scenario. The output of a skilled worker (y) is given by:

y = f(ed, swb), (1)

wherein ed and swb are skills obtained in school-based and work-based training, respectively.

3.5 In our work, we also use Gardner’s (2011)Multiple Intelligence (MI) theory as a framework for the two skills dis-
cussed above.16 We use this idea by assuming that attainability for work-based skills and school-based skills
is di�erent for di�erent individuals. Some studies suggest that motivation (henceforth, passion) and achieve-
ments are positively correlated (Subotnik et al. 2011; Kusurkar et al. 2013).17 In ourmodel, the e�ect is twofold:18

• More passionate agents have a higher chance of enrolling in an apprenticeship (i.e. they are persistent in
finding a trainer);

• Passion causes the apprentice to practise more, and hence, gain skills faster than non-persistent ones.

3.6 In our model, the degree of acquired work-based skills falls into three categories that are denoted by discrete
numbers (these parameters represent weights forSwb in Equation 1). These discrete numbers reflect classifica-
tions of skilled agents, based on the predefined thresholds (e.g. shopfitter and cabinet maker) as follows:

• Excellent (E), the skills acquired fall in the upper range of the requirement (i.e. from 0.75 to 1) and has a
value of 2,

• Adequate (AD), these agents’ skills fall in the upper-middle range of the skill requirement (i.e. from 0.5 to
0.75) and has a value of 1,

• Inadequatewhich is denoted by a value of 0, wherein the acquired work-based skill is less than 0.5.

3.7 For academic skills, we use two categories by employing Boolean numbers (e.g. having or not having a high-
school diploma) as follows:

• Academic (A) which is denoted by a value of 1, wherein the apprentice’s acquired academic skill is more
than or equal to 0.5.

• non-academic (N) which is denoted by a value of 0, wherein the apprentice’s acquired academic skill is
less than 0.5.

3.8 Note that a detailed discussion about utility functions used is presented in Appendix A. Another assumption of
this model is related to wages and factors that influence them. One of the main assumptions discussed in the
field of labour economics concerns the correlations between demand and supply in the market (Borjas 1999).
Thesediscussions suggest that there is a correlationbetween the labour supply, the labourdemand, andwages,
such that an excessive supply of the labour force initiates adrop inwages and vice versa, and there is a tendency
for the labour market to reach an equilibrium in the long run (see Mankiw 2017, Part II, for explanations about
market equilibrium). On the other hand, there is some empirical evidence for stickiness of wages that suggests
that wages are not adjusted quickly based on labour market behaviour for various reasons (see Blinder & Choi
1990; Kahn 1997). This issue (i.e. stickiness of wages) and its influence is addressed in ourmodel by considering
a threshold (stickiness threshold) for excess supply and demand below which there is no e�ect on the wages.
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Algorithms

3.9 The simulationmodel is split into three executive procedures. The first procedure is executed with the societal
level set-up, including the creation of an appropriate society as artisans or amanufacturing society. The second
procedure covers the decision-making of trainer agents. The third algorithm describes the procedure of indi-
vidual apprentices. In each run, these procedures are executed in sequence. Note that all loops run once per
iteration. Figure 1 illustrates how two agent types interact with each other and the decision variables external
to them. The trainers compare the profit of training with other alternatives (i.e. they take account of already
trained agents and hiring from other communities or graduates). In parallel, agents decide whether or not to
participate in the apprenticeships by taking account of demand for the skill, the cost of lost fortune over the
training period, and their ability to pay fees. If two agent types decide to participate, based on the rules (e.g. re-
strictions on the number of trainers) and capacity of trainers, the apprenticeship begins. In each iteration the
system parameters are updated, trainees may revise their decision, and new potential trainers are introduced
into the system. The following paragraphs present a detail of these decision procedures.

Figure 1: Interaction of di�erent agent types (trainers and trainees) with each other andwith the external deci-
sion variables.

3.10 Algorithm 1 presents the steps of the societal level of the simulation. We assume that in each iteration of the
simulation (which is one year), 1000 new agents are introduced into the apprentice system with random char-
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acteristics, and the ones who do not find a trainer leave the society at once (line 1).

Algorithm 1: Societal level set-up
/* Aprenticeship Period (AP) and Waited will be used in the Apprentice’s algorithm. */

1 Create 1000 new agents with randommotivation, attainability of work-based skill and academic skill per run (AP and
Waited← 0)

/* R indicates the demand for new artisans by community members; */
/* P-, is a general indicator of probability. For instance, P-Excess-Supply indicates

probability of excess supply; */
/* Wi stands for wage associated with skill i; */
/* Stickiness threshold indicates the impact of stickiness of wages; */

2 if Artisan then
3 Demandi← R% of number of artisans possessing skill i
4 if Guild then
5 P-Excess-Supply← 0
6 else

/* Wages are between their minimum and maximum levels. Also, they are more than wages
for lower skill levels. */

7 Update P-Excess-Supply
8 if SupplyExcellent ≥ DemandExcellent + StickinessTreshold then

WExcellent ← max{WExcellent − 1,Wmax
Adequate + 1}

9 if SupplyAdequate ≥ DemandAdequate + StickinessTreshold then
WAdequate ← max{WAdequate − 1,Wmax

Adequate}
10 end
11 if DemandExcellent ≥ SupplyExcellent + StickinessTreshold then

WExcellent ← min{WExcellent + 1,Wmax
Excellent}

12 if DemandAdequate ≥ SupplyAdequate + StickinessTreshold then
WAdequate ← min{WAdequate + 1,Wmax

Adequate}
13 Update probability of finding job for each skill

/* The probability is 1, if there is a deficiency in the labour market for a skill. If
there is a surplus supply of skills, the probability is calculated by dividing supply
by demand of the company for that skill. Also, agents use a weighting factor for
combining historical data with current information. */

14 else
/* The manufacturers are addressed here. */

15 Demand for skilled agents← number of companies that did not participate in training apprentices and find it
profitable to search from the workforce market.

16 Update probability of staying, finding job for each skill, and the number of agents hired based on training
17 if Demandi ≥ Supplyi + StickinessTreshold thenWi ← min{Wi + 1,Wmax

i }, ∀skill
18 if Supplyi ≥ Demandi + StickinessTreshold thenWi ← max{Wi − 1,Wmax

i−1 + 1}
19 end

/* Nij and V alueij indicate the number and value of items produced by companies with size i
(i.e. large or small) that possess agents with skill j (we use associated cell number,
e.g. the excellent and academic skill cell number is 5), respectively. */

20 Update overall profit (GDI) of the society based on demand, supply, and value of products that are manufactured, as
shown in Table 3, usingGDI =

∑
∀i
∑
∀j Nij × V alueij

3.11 Then we divide the system based on the trade type. If the trade deals with artisans, a trainer can accept a new
apprentice once the recruited agent’s training has been completed (i.e. once every three years). The number of
years reflects apprenticeshipprogrammes’ duration inmodernandsomehistorical contexts.19 In each iteration,
a fraction (R%) of skilled agents are required to replace deceased or retired individuals (lines 2-3).

3.12 Furthermore, as mentioned before, the guild prevents an excess supply of skilled agents (lines 4-5). If there is
no guild and the surplus supply of skilled agents exceeds its demand in addition to the stickiness threshold, the
wages for that particular skill decreases by 1 (lines 6-10). In contrast, if the demand for a skill exceeds its supply
and the stickiness threshold, the wages increase by 1 (lines 11-12). Finally, the probability of finding a job will
be updated in the society, based on the number of unemployed agents, demand for each skill, and weighting
information (line 13).

3.13 On the other hand, when the system deals with manufacturers (i.e. an apprentice is trained to be potentially
hired by the company), the demand and procedures for skilled agents are relatively di�erent (line 15). In a soci-
ety where contractors train agents, demand represents the number of companies that find itmore profitable to
wait and hire employees from the existing apprenticeship society where the employees have already acquired
skills, rather than hiring just academically educated agents and training them during work (line 16).
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3.14 A�erwards, wages associated with skill i (wi) are updated, based on the excess supply or demand, and we as-
sume only large numbers of supply or demand can increase or decrease the wages in society (i.e. deviations of
around 30%of potential demand) (lines 17-18). Finally, the outcome of thewhole apprenticeship programme is
decided, based on the degree of skill possessed by hired apprentices (i.e. supply) and the size of the company
that hired them (i.e. demand by small or large companies) and their impact on the value of produced items.
These two parameters (i.e. skill of apprentices and type of companies) are utilised to calculate the value of pro-
duced items by these skilled agents in the form of the Gross Domestic Income— i.e. the GDI (line 20).

3.15 Algorithm 2 represents the trainers’ decision-making. Note that as mentioned before, artisans and manufac-
turers societies have di�erent incentives for training; hence, they are addressed separately in this algorithm. If
some premium is paid by apprentices, it will be taken into account (line 1). Then the trainers are divided, based
on the nature of the skill — i.e. artisans (lines 2-7) or manufacturers (lines 8-16). For artisans, the decision to
participate in an apprenticeship is based on factors, such as income from trainees’ labours, paid premium, and
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the trainees’ impact on the workforce market.

Algorithm 2: Trainer’s algorithm
/* Maximise your profit based on your attribute */

1 if Apprentice pays Premium thenPremium = paid premium elsePremium = 0
/* α is a discount factor. y indicates years; for employers/trainees it is 6 and for

artisans/contractors it is 3 (i.e. their training horizon). */
/* g and b indicate good and bad quality of training, respectively. */
/* l̀abour’ is the value of simple tasks performed by apprentices. */

2 if Artisan then
3 ExpectedProfitOfGoodTraining =

∑3
y=1(labour×αy)−(P-Excess-Supplyg×(lost-profit(Excess-Supply)))

4 ExpectedProfitOfBadTraining =
∑3

y=1(labour× αy)− (P-Excess-Supplyb × (lost-profit(Excess-Supply)))

5 ExpectedProfitOfTraining = premium + max{ProfitOfBadTraining,ProfitOfGoodTraining}
6 ExpectedProfitOfNotTraining = 0

7 else
/* The manufacturers are addressed here. */

8 if Apprentice is a Potential Employee then
/* PStay indicates probability of staying at the company and f(ed, swb) indicates

functions associated with academic and school-based skills (ed) and work-based
(Swb), e.g. Probability (Finding(s1, s2)) is the probability of finding an educated
agent with excellent work-based skills. */

/* wi indicates wages for skill i, wherein i indicates different skills (e.g. excellent
work-based and academic skills) */

9 Profit of Training← PStay ×
∑6

y←1(profit(f(ed, swb))(y)× αy − costs of training

10 profit of Not Training← max {}
11 else

/* Contractor */
/* psi and Costi (i ∈ {g, b}) indicate probability of finding a job and the costs of g ood

or b ad quality of training, respectively. */
12 ExpectedProfitOfGoodTraining← psg × Subsidy +

∑6
y←1(Subsidy × αy)− Costg

13 ExpectedprofitOfBadTraining← psb × Subsidy +
∑6

y←1(Subsidy × αy)− Costb

14 ExpectedProfitOfTraining← max{ProfitOfBadTraining,ProfitOfGoodTraining}
15 ExpectedProfitOfNotTraining← 0

16 end
17 end
18 if (ExpectedProfitOfTraining)> (ExpectedProfitOfNotTraining) then
19 if (ExpectedProfitOfGoodTraining)≥ (ExpectedProfitOfBadTraining) then train good else Train bad
20 else
21 Do not train
22 end

/* Find best apprentices */
23 if Trainer = company then
24 if the trainer trained an apprentice and at least one apprentice remains then
25 Hire the best apprentice
26 else
27 if already hired an Educated Agent then do not hire, or else hire one agent fromwaiting pool of apprentices

that optimises trainer utility
28 end
29 end

3.16 Basedon these factors, an artisan calculates the expected incomeof good training, bad training, and abstaining
from training (lines 3-6). On the other hand, manufacturers have a di�erent kind of motivation for training
apprentices. They first decide what actions to take (i.e. do not train or provide good or bad training). We divide
trainers into two subsets, namelypotential employers and contractors. Quality of training has a direct impact on
potential employers’ future income, so theymake decisions based on factors, such as the probability of finding
a skilled person, the costs of hiring and training educated agents, and the profits of providing good training.

3.17 The profit of good training is decided, based on the probability of an apprentice staying until the end of an
apprenticeship programme (lines 8-10). Furthermore, contractors only consider incomes from subsidies in two
ways: a) a subsidy paid, based on the number of apprentices trained and b) a subsidy paid based on the trained
agents who found a job. Contractors can decrease costs by slightly reducing the quality of training (e.g. hiring
low-quality tutors) (lines 12-15). Then based on their calculated profits, trainers decide how to train (lines 18-
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21). Finally, companies who trained agents will hire the best one (if anyone is le�) or they hire academically-
educated agents to train them during work (lines 23-29).

3.18 Algorithm 3 provides an overview of how agents decide about their attendance in an apprentice programme.
First, agents who can a�ord the programme will update their costs; if there is no premium, then everyone can
a�ord to participate (lines 1-4). Then agents check to see if it is profitable to attend an apprenticeship pro-
gramme or if it is better to start working in the labour market directly as unskilled labourers (line 5). The rest
of the algorithm is about apprentices who attend the programme. Note that if the number of apprentices who
find attending the programme profitable exceeds the maximum capacity, the apprenticeship system chooses
the ones who are more passionate (i.e. motivated) with a higher chance (line 6).

Algorithm 3: Apprentice’s algorithm
/* Note that based on the societal level set-up AP and Waited have an initial value of 0

for new agents. */
1 if did not attend apprenticeship then

/* check affordability, no premium means no hurdle */
2 if Premium should be paid then if family class= High then a�ordable?← yes & prem← PaidPremium
3 else a�ordable?← yes & prem← 0

4 end
/* Agents search for a place and decide whether to attend or not. */
/* WSkill and WEstimatedSkill denotes wage for acquired and estimated work-based and school-based

skills. */
5 if Not attending & ((

∑6
y←4(αy × ((pFindingJob ×WSkill) + (1− pFindingJob)))− prem) ≥ (

∑6
y←1 α

y)) then
Profitable← yes

6 if Number of agents with (Profitable = yes)> capacity then Choose appropriate number of agents with higher scores.
/* The system associates scores to each agent. These scores are generated based on their

passion. Then it chooses agents with higher scores. */
/* Henceforth, only apprenticeship attendees are considered. */

7 if “Apprenticeship period" (AP)≤ 3 & not an ‘unsuccessful apprentice" then
8 AP ← AP + 1

/* Training speed (s) may decrease (e.g. for trainer’s policy). */
/* ‘work-based’ and ‘academic’ skills increase based on attainability and trainer’s skill

and policy. */
9 s← 1
10 if Trainer 6= LargeCompany then s← s× 0.85
11 if Trainer’sPolicy 6= GoodTraining then s← s× 0.9
12 if Passion≤ 0.5 then s← s× 0.9
13 if School then
14 Work-BasedSkill← ((Work-BasedAttainability/3)× s)+Work-BasedSkill
15 AcademicSkill← ((AcademicAttainability/3)× s)+ AcademicSkill
16 else

/* #random 1 means generating random float in (0, 1) interval. */
17 Work-BasedSkill← ((Work-BasedAttainability/3)× 0.9× s)+Work-BasedSkill
18 if#random 1≤ 0.5 then AcademicSkill← ((AcademicAttainability/3)× s)+ AcademicSkill
19 end
20 ifOpen& #random 1≤ 0.1 then leave
21 if (

∑6
y←3+AP (pFindingJob ×WEstimatedSkill)× αy) <

∑6
y←1×α

y then unsuccessful apprentice (leave)
/* c is defined as percentage who check profitability of leaving the programme (20%, 50%,

or 80%) */
22 if#random 1< C & (

∑6
y←1(pFindingJob ×WSkill)× αy) <

∑6
y←3+AP (pFindingJob ×WEstimatedSkill)× αy)

then Search for job
23 else
24 if (Do not have a job & successful apprentice) or search for job then
25 Compete to find a job to fulfill demands based on skill (i.e. join the waiting pool)
26 if #random 1< 0.5×Waited then Leave elseWaited←Waited + 1
27 end
28 end

3.19 Then the system checks to find eligible agents (i.e. agents who decided to continue with the programme and
who have not completed their apprenticeship period (AP)), and then updates their APs (lines 7-8). The eligi-
ble agents first increase their apprenticeship experience and set their speed of learning(s) to 1 (line 9). Then
the speed of transferring skills to an agent is updated based on the company’s size, its training policy, and the
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apprentice’s passion, and whether or not attending school is compulsory (lines 10-12). An example of such a
procedure for a contractor who has a policy of ‘good’ training in a society without compulsory schools for a
passionate apprentice (who did not attend school this year) with a work-based attainability of x can be calcu-
lated as (for employed factors see Table 3):

s = (ssmall×sNoKnowledge×spassion×work-BasedAttainability)/3 = (0.85×0.9×1×x)/3 = 0.255×x. (2)

3.20 Furthermore, the availability of schools introduces the possibility of having more educated agents — unavail-
ability of school reduces this opportunity to agents who pursued the education voluntarily (with a totally ran-
dom chance — 50%— per run) (lines 13-19). When the society is open, each agent may leave the system with a
probability of 10% (line 20).20 Moreover, an apprentice may find it more profitable to leave the apprenticeship
due to the reductions in demand for skilled labour (lines 21), andwith a probability of 20%, 50%, or 80% (which
is varied in the experiments) the agent checks to see if it ismore profitable to leave sooner and use their current
skill in their employment (lines 22).

3.21 It is essential to emphasise that agents estimate their provisioned skills optimistically and assume they can
attain skills faster than before (10% faster).21 Finally, at the end of their training, apprentices search for a job
and atmost wait for two years22 (i.e. atmost while 0.5×waited < 1), andwhen they cannot find any jobs, they
leave the waiting list to pursue other labourer jobs a�erwards (lines 24-28).
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Table 3: The simulation parameters

No. Name Comment Distribution\ Values
parameter values

1 Number of potential apprentices Per run Constant 1000

2 Attainability For work-based skill Uniform (0.5, 1)
For academic (0, 1)

3 Passion To learn the skill Uniform (0, 1)
4 Number of companies Large : Small Pareto principle 20 : 80

5 Utility function (artisans)∗
Large:Small

E aAL = 10∗∗

aAS = 1.5∗∗, bAS = 10∗∗
20 : 13

AD 10 : 11.5

5 Utility function (manufacturers)∗
Large : Small

A E
aML = 5∗∗, bML = 10∗∗

aMS = 2∗∗, bMS = 2∗∗

cML = 8∗∗

30 : 14
A AD 15:12
N E 10:12
N AD 5:10

6 Speed of training
Large : Small companies

Constant
1 : 0.85

Good : Bad training 1 : 0.9
School : No school 1 : 0.9

7 Speed of learning Passionate (≥ 0.5) Constant 1
Not passionate (< 0.5) 0.9

8 Academic skills School Constant 1
No school Probability per run 0.5

9 Initial wages (artisans)∗ E Adapted, based 11
AD on situation 7

10 Initial wages (manufacturers)∗
A E 10
A AD Adapted, based 8
N E on situation 4
N AD 3

11 Stickiness threshold

Indicates

Constant 30∗∗∗changes in labour
supply/demand that do
not impact the wages

12 Discount factor (α) All agents Normal (µ, σ) (0.9, 0.033)

13 Years
(considered for calculating profit) Constant - 6

14 Maximumwaiting time (years) To search for jobs Constant 2

15 Weight of the past information Apprentices Constant 0.3
Companies 0.5

∗ Note that A and N indicate having and not having academic skills, respectively. Also, E and AD indicate
possessing excellent and adequate work-based skills, respectively (see Appendix B for more explanations).
∗∗These parameters corresponds to utility functions of manufacturers and artisans and are constant coe�-
icients indicating the importance of work-based skills and educations for large and small manufacturers/
artisans (see Appendix A for utility function).
∗∗∗We check the impact of this parameter on simulation (see Appendix C).

3.22 In the simulation, we used parameter values shown in Table 3 (see Appendices B and C for an explanation of
chosen values and a sensitivity analysis, respectively). In the following sections, we provide results of this sim-
ulation for manufacturers and artisans, respectively. The simulation was initialised with random values for
probabilities to be learnt by the agents. Also, row numbers 9 and 10 of Table 3 shows the initial wages that the
simulation was started with. Some of the simulation constants (e.g. Pareto principle) are chosen based on em-
pirical studies (see Appendix B for a description of chosen values). Other simulation constants are chosen such
that they reflect our information about those societies (e.g. sustainability of apprenticeship programmes). We
have performed a sensitivity analysis to test the impact of these values (Appendix C).

3.23 We used 30 di�erent runs for each system and then averaged their results. We evaluated the simulation results
by averaging di�erent runs to obtain an acceptable statistical inference about the system’s behaviour. Note
that the law of large numbers states that the average of performing the same experiment converges to the
distribution mean (von Luxburg & Schölkopf 2011). Di�erent scholars have mathematically proved this theory
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(e.g. see Etemadi 1981). It is suggested that 30 experiments are su�icient (Sedlmeier & Gigerenzer 1997). We
assume that each iteration reflects a year. For all these societies we simulated the system for 300 iterations
(corresponding to the longest sustained apprenticeship programme).

Results of Apprenticeship for Manufacturers

4.1 In this section, we discuss the results of the simulation formanufacturers, considering eight di�erent combina-
tions of three characteristics (indicated in Table 1).

4.2 Table 4 indicates characteristics for the eight simulated societies and societies they represent. The set-ups
(i.e. societies) are identified by a prefix (M.) that represents the trade type ofmanufacturing. Additionally, each
society can be identified by the first letter of the characteristics, namely S, O, C that are representatives of com-
pulsory school, openness of the system, and company trader, respectively. We used a Boolean index to indicate
whether such an attribute is included (i.e. 1) or not (i.e. 0). Likewise, in this table a tick indicates that the society
includes that attribute, and a cross indicates the society does not include that attribute.

4.3 Moreover, we assumed 20% of agents might check for job opportunities during their apprenticeship, and may
leave the programme if they find leaving the apprenticeship more profitable (see Appendix C for a sensitivity
analysis). Note that the threshold used for the stickiness of wages is considered to be 30 (other thresholds did
not impact the system significantly; See Appendix C). Furthermore, for simplicity, we use academic and non-
academic as shorthand for having and not having the school-based skill, respectively. For excellent and ade-
quate skills acquired in awork-based training, we use excellent and adequate, and will not explicitly mention
work-based skills any more.

Table 4: Set-ups for apprenticeship in manufacturers

Characteristics

M
.S

0
O

0
C

0

(M
od
er
n
Br
ita
in
)

M
.S

0
O

0
C

1

M
.S

0
O

1
C

0

(E
IC
/o
ld
Br
ita
in
)

M
.S

0
O

1
C

1

M
.S

1
O

0
C

0

M
.S

1
O

0
C

1

(J
ul
fa
/G
er
m
an
y)

M
.S

1
O

1
C

0

M
.S

1
O

1
C

1

School 7 7 7 7 3 3 3 3

Open 7 7 3 3 7 7 3 3

Company 7 3 7 3 7 3 7 3

4.4 What follows discusses three scenarios (A, B, and C) studied for manufacturers. The assessed three scenarios
for apprenticeship systems are as follows:

• Training to satisfy the labour market demand;

• Training more than expected labour market demand by relaxing restrictions due to unions’ considera-
tions;

• Openness for skilled agents from other countries to join and work in the society.

4.5 The first scenario, Scenario A, is inspired from the German apprenticeship programmes, where some certified
companies were allowed to train apprentices (Franz & Soskice 1994). Overall, the unions are the means to try
to defend workers’ interests such as guilds in an artisan’s society with di�erent means. This scheme aims to
reduce the risks by stabilising the apprenticeship programme (i.e. reducing unemployment risks for trainers)
and control the costs of contractors imposed on the governor.

4.6 The di�erence between Scenario B and Scenario A is about relaxing regulations, considering the restrictions
on the number of trainers that controls the number of apprentices attending the programme (i.e. unions). In
this scheme of the apprenticeship programme, societies invest in training to address two issues raised by the
skills shortage in a society, namely: a) high wages and b) costs incurred to the system due to the lack of skilled
agents needed by companies. Using a higher number of trainers (i.e. 180 and 200, see Table 5) in Scenario B
represents when there is no union to control the companies’ training capacity (to reduce unemployment risks)
or the contractors’ appetite to increase their capacity to make the most profits.
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Table 5: Additional simulation parameters for Scenarios A–C

Scenario Name Comment Distribution Values
A–C Number of contractors Constant 10
A–C Number of companies Large:Small Constant 20:80
A–C

Capacity for training
Large companies 5

A–C Small companies Constant 1
A&C:B∗ Contractors 12:20
A&C:B∗ Maximum number Companies Capacity× (the maximum 106:180
A&C:B∗ of apprentices Contractors number of participants) 120:200
A&B Probability of leaving∗∗ Open communities (per run) Constant 0.1
∗A&C:B, means A and C have the same parameters versus B with a di�erent parameter.
∗∗Discussed in endnote 20.

4.7 In scenario C, we explore the impact of the influx of workers from other communities. This mirrors the situa-
tion of Britain during its modern apprenticeship programme (McCollum & Findlay 2015). This interpretation of
openness for Scenario C considers systems that copewith immigration rather than emigration, i.e. some skilled
agentsmove into the community to work instead of leaving apprenticeship programmes to work in other com-
munities. Therefore in these systems, immigrants are not aware of a wage norm (e.g. they moved due to un-
fortunate situations in their home country). Some studies indicate that the presence of both legal and illegal
immigrants in a society triggers tendencies in companies tohire themandpay them lowerwages (seeMcCollum
&Findlay2015; Ruhs&Anderson2010). Weaddress the impactof this tendencybyconsidering somenegotiation
advantages for companies that can hire from other communities (see Appendix B for explanation).

4.8 Theaimof this systematic exploration is to identify theextent towhichworkforce liberalisation impacts themar-
ket in terms of apprenticeship programmes. The common values employed for these scenarios are presented
in Table 3 (see Appendix B for a justification for chosen values).

Impact on programme completion

4.9 Before discussing our results, note that results for Scenario C only concern closed societies (i.e. O0). Now we
discuss the results of programme completion for each of the eight simulated societies considering Scenarios A
to C. As can be seen in Figure 2, the systems producing the highest completion ratio for Scenarios A –C are so-
cietiesM.S0O0C1 andM.S1O0C1 where the systems are closed (i.e.O0) and companies train the apprentices
(i.e.C1). Moreover, Scenario A,M.S0O1C0 andM.S1O1C0 are systems with the least programme completion
(see Figure 2). This emphasises the adverse e�ect of the combination of openness (i.e.O1) and contractor train-
ers (i.e.C0) on the decisions made by trainers about finishing the programme.23
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Figure2: Programmecompletion ratio fordi�erent set-upsanddi�erent scenarios; ScenarioC isonlypresented
for closed societies (O0)

4.10 For Scenario B, the same as Scenario A, closed systems had a better programme completion ratio. However, in
closed societies those companies that train apprentices (O0C1) had a significant reduction in the programme
completion. AlsoM.S1O1C1) had a slight decrease in completion ratio in comparison with Scenario A. The
programme completion for systems run by contractors perform almost the same as Scenarios A and C. Also, as
can be seen in Figure 2, for societiesM.S0O0C1 andM.S1O0C1 in Scenario B, there is a significant variation in
terms of the programme completion at first. However, these changes decrease over time.

4.11 Now let us focus on the systems similar to the German apprenticeship programme and Julfa which is system
M.S1O0C1. It can be observed that this system is working well as anticipated, with 77.5% completing the ap-
prenticeship (this is consistent with the German system).24 This consistency stems from factors, such as the
requirement to complete the programme to earn a qualification (i.e. low probability of checking for jobs).

4.12 We know that in countries such as Britain, such a rule was not in e�ect, and one can even assume that contrac-
tors may encourage trainees to search for a job during the programme to earn their subsidies faster. Therefore
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such societies are highly likely to behave worse (see Appendix C for a sensitivity analysis).

Impact on the GDI

4.13 Another method to measure the success of an apprenticeship programme is assessing its contribution to the
Gross Domestic Income (GDI) of the society, based on itemsmanufactured by hired apprentices (see Figure 3).

Figure 3: Boxplot of the GDI acquired by apprenticeship programmes under di�erent set-ups; the black dots
presentoutliers andScenarioC is onlypresented for closed societies (O0). WeusedNAwhen results for Scenario
C are not available.

4.14 As can be seen, in Scenario A, societiesM.S1O0C0 andM.S1O0C1 have a higher GDI (see Figure 3) than other
systemswherein compulsory schools (S1) are coupledwith closedness (O0). Furthermore, societiesM.S0O1C1

andM.S0O1C0 (the simulated EIC) have the lowest GDI, and the rest of systems perform similarly. To have a
better analysis, we also conducted a Wilcoxon test that indicates that: a) the closedness of society (O0), b)
compulsory schools (S1), and c) being trained by companies (C1) improves apprenticeship performance (p <
0.01).

4.15 As, can be seen, Scenario B changes the patterns of contribution to the GDI. Non-parametric tests25 confirm
that the changes in the GDIs for all societies are significant (p < 0.01). However, Scenario B only worsened
the contributed GDIs for societiesM.S0O0C1 andM.S1O0C1 (i.e. closed societies wherein companies trained
apprentices). Note that in bothM.S0O0C1 andM.S1O0C1, the GDI decreased to less than 60% of the former
scenario.

4.16 When we compare Scenarios C and A, it is noted that the only system where its contributed GDI was improved
wasM.S0O0C0, which is similar to modern Britain. Also, British companies could hire workers from other
communities around the same years (see McCollum & Findlay 2015). The opportunity of hiring from other soci-
eties and consideration about the costs of free academic training for all apprentices by the governmentmay be
some of the reasons for not employing the German scheme in Britain.
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Impact on wages and the number of skilled agents

Table 6: Statistics for work-based and academic skills attained under di�erent set-ups (mean± standard devi-
ation)

Part 1 (SocietiesM.S0O0C0–M.S0O1C1)
Set-up Scenario M.S0O0C0

(modern Britain)
M.S0O0C1

M.S0O1C0

(EIC/old Britain)
M.S0O1C1

Non-academic/ A 68.4± 6.1 67.2± 4.3 45.7± 4.0 34.9± 5.7
adequate B 119.4± 11.0 47.7± 21.1 76.2± 6.4 41.1± 14.1

C 67.0± 9.7 40.2± 6.2 — —
Non-academic/ A 4.3± 0.4 26.8± 1.1 2.8± 0.3 12.6± 2.1
excellent B 8.8± 0.9 21.9± 9.6 4.8± 0.4 14.7± 5.1

C 4.2± 0.6 15.9± 2.2 — —
Academic/ A 3.8± 0.4 6.9± 0.6 2.5± 0.3 3.4± 0.6
adequate B 6.4± 0.6 5.0± 2.2 4.2± 0.4 4.1± 1.3

C 3.8± 0.6 4.2± 0.7 — —
Academic/ A 0.4± 0.4 16.2± 0.5 0.2± 0.1 1.8± 0.6
excellent B 0.5± 0.3 22.2± 1.3 0.3± 0.1 2.1± 1.1

C 0.3± 0.3 11.1± 1.3 — —

Total Skilled A 76.9± 6.1 117.1± 4.5 51.2± 4.0 52.7± 6.1
B 135.1± 11.1 96.8± 23.3 85.5± 6.4 62.0± 15.1
C 75.3± 9.7 71.4± 6.7 — —

Part 2 (SocietiesM.S1O0C0–M.S1O1C1)
Set-up Scenario M.S1O0C0

M.S1O0C1

(Julfa/Germany)
M.S1O1C0 M.S1O1C1

Non-academic/ A 45.5± 3.3 51.0± 2.9 32.7± 2.2 41.3± 2.4
adequate B 79.9± 5.2 33.2± 17.0 54.7± 3.3 60.8± 5.2

C 44.7± 5.5 29.7± 4.2 — —
Non-academic/ A 12.5± 1.0 21.6± 1.3 8.2± 0.6 15.3± 1.0
excellent B 21.8± 1.2 16.5± 9.1 13.7± 0.9 22.3± 2.1

C 12.3± 1.6 12.6± 1.7 — —
Academic/ A 36.8±1.9 32.3± 1.5 25.3± 1.2 24.6± 1.3
adequate B 78.7± 5.0 24.1± 11.6 42.1± 1.8 36.6± 3.0

C 36.1± 4.4 19.2± 2.7 — —
Academic/ A 0.4± 1.9 61.1± 13.4 8.5± 0.9 16.0± 1.9
excellent B 25.2± 2.7 97.5± 8.4 14.2± 1.3 23.7± 3.5

C 14.8± 2.1 49.4± 5.4 — —

Total Skilled A 95.2± 4.4 166.0± 13.9 74.7± 2.7 97.2± 3.5
B 205.6± 7.8 171.3± 24.0 124.7± 4.1 143.4± 7.3
C 107.9± 7.5 110.9± 7.5 — —

4.17 Table 6 shows the total number of skilled agents, including the apprentices who are still attending appren-
ticeship programmes. As can be seen, in Scenario A, the number of educated agents with excellent skills has
the highest value in M.S1O0C1 (61.1), and that is more than the total number of skilled agents in societies
M.S0O1C0 andM.S0O1C1. Overall, societies with compulsory schools (S1) outperform other systems in de-
veloping skilled agents (‘Total Skilled’ in Table 6). Only societyM.S0O0C1 (where companies train in a closed
system) performs better thanM.S1O0C1 andM.S1O1C1 (open societies with schools). SystemM.S0O1C0

(the EIC) hasmore poorly skilled agents in comparison with societyM.S1O0C1 (Julfa) as stated by Fryer (1698)
(as we quoted in the introduction). For Scenario A, a Spearman correlation test indicates a strong and positive
correlation (i.e. 0.96) between the number of skilled agents and the GDI (p < 0.01).

4.18 In Scenario B, the tendency to train more agents increases the number of skilled agents in all societies, except
forM.S0O0C1. However, this increase is more evident for societies where contractors train apprentices who
are identified by C0. OnlyM.S0O1C0 performs worse thanM.S1O1C1 in terms of increasing the number of
skilled agents, which implies a lower impact of the excessive number of skilled agents on contractors’ perfor-
mance. Note that, comparing the number of skilled agents and the GDI associated with societies in Scenario
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B (see Figure 3 and Table 6) convinces us that the presence of more highly skilled agents in a society does not
necessarily mean a better GDI. This result is intuitive if we keep in mind that high-skilled agents are paid more
and cannot increase small companies’ profitability significantly.

4.19 However, in Scenario C, the number of skilled agents decreased in all societies, exceptM.S1O0C0. Interest-
ingly, less demand for skilled agents increases the proportion of agents with academic and excellent skills in
M.S0O0C1 andM.S1O0C1 (societies inwhich companies train agents). Therefore the indicators for Scenario A
versus Scenario C, measured by the ratioAcademicAndExcellent/TotalSkilled, show an increase from 14%
and 36% to 16% and 45% for societiesM.S0O0C1 andM.S1O0C1, respectively. The increase in the number of
skilled agents may imply that some of the skilled agents are redundant; hence they cannot participate in pro-
ductive jobs. Also, the overall decrease in the number of skilled agents indicates a decrease in the number of
trained apprentices in the society.

Table 7: Statistics for wages considering di�erent set-ups (mean± standard deviation)

Part 1 (SocietiesM.S0O0C0–M.S0O1C1)

Set-up Scenario M.S0O0C0

(modern Britain) M.S0O0C1
M.S0O1C0

(EIC/old Britain) M.S0O1C1

Wage non-academic
and adequate

A 4.0± 0.1 4.0± 0.1 4.0± 0.1 4.0± 0.1
B 2.0± 0.2 4.0± 0.1 4.0± 0.1 4.0± 0.1
C 4.0± 0.1 4.0± 0.1 — —

Wage non-academic
and excellent

A 8.9± 0.4 8.9± 0.4 8.8± 0.6 8.9± 0.4
B 6.8± 0.4 8.5± 0.6 8.9± 0.4 8.9± 0.4
C 6.3± 0.3 8.9± 0.7 — —

Wage academic
and adequate

A 11.0± 0.2 11.0± 0.2 11.0± 0.2 11.0± 0.2
B 10.8± 0.3 11.0± 0.2 11.0± 0.2 11.0± 0.2
C 10.1± 0.3 10.9± 0.4 — —

Wage academic
and excellent

A 13.0± 0.2 13.0± 0.2 13.0± 0.2 13.0± 0.2
B 12.8± 0.3 13.0± 0.2 13.0± 0.2 13.0± 0.2
C 12.1± 0.3 12.9± 0.4 — —
Part 2 (SocietiesM.S1O0C0–M.S1O1C1)

Set-up Scenario M.S1O0C0
M.S1O0C1

(Julfa/Germany) M.S1O1C0 M.S1O1C1

Wage non-academic
and adequate

A 4.0± 0.1 4.0± 0.1 4.0± 0.1 4.0± 0.1
B 4.0± 0.1 4.0± 0.1 4.0± 0.1 4.0± 0.1
C 4.0± 0.1 4.0± 0.1 — —

Wage non-academic
and excellent

A 8.9± 0.4 8.9± 0.4 8.9± 0.4 8.9± 0.4
B 6.1± 0.1 8.7± 0.5 8.9± 0.5 8.9± 0.4
C 8.8± 0.7 8.9± 0.7 — —

Wage academic
and adequate

A 10.6± 0.3 10.9± 0.3 11.0± 0.2 11.0± 0.2
B 7.2± 0.2 10.8± 0.3 10.9± 0.3 11.0± 0.2
C 9.9± 0.2 10.9± 0.4 — —

Wage academic
and excellent

A 13.0± 0.2 12.9± 0.3 13.0± 0.2 13.0± 0.2
B 11.3± 0.1 12.9± 0.3 13.0± 0.2 13.0± 0.2
C 11.9± 0.3 12.9± 0.4 — —

4.20 Note that in Scenario B, in comparison with Scenario A, for societiesM.S0O1C1 andM.S0O1C0 (EIC), even
training a higher number of agents cannot guarantee the availability of enough skilled agents for companies.
Also, by trainingmore agents, societyM.S0O0C1 faced a shortage of skilled agents. This is because of reactions
of apprentices and companies to the supply and demand for trained apprentices (see Figures 1 and 2). This
myopia in human decisions is observed by other studies (Farmer 1997).26

4.21 Table 7 presents wages of skill levels for di�erent societies and scenarios. Comparing Scenarios A and B, only
M.S0O0C0 (modernBritain) andM.S1O0C0 hadasignificantdecrease inwages. However, societiesM.S1O0C1

andM.S1O1C1 (which are two other societies withmore than 130 total skilled agents), did not have a decrease
in wages. Note that societyM.S1O0C1 has an increase in the number of agents with academic and excellent
skills, but who cannot improve small companies’ profits. Therefore the lower bound for wages is determined
by the wages of low-skilled agents for whom society faces a shortage. Also, societyM.S1O1C1 has a uniform
distribution of skills so that individual excessively skilled agents would not meet the threshold. However, this
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uniformdistribution of skills improves the contribution to theGDI, in comparisonwithM.S1O0C1, by the avail-
ability of skilled agents.

4.22 Comparing Scenario A and C, onlyM.S0O0C0 andM.S1O0C0 had a significant decrease in wages. As can be
seen, inM.S0O0C0, the wages for agents with academic skills or excellent skills decreased. Also, in society
M.S1O0C0, the largest wage di�erence is associated with academic and excellent skills. This is because of the
opportunity of hiring agents with academic skills from other societies. Overall, more demand for low-skilled
agents and less participation by large companies causes a lower number of agents to attend an apprenticeship
and finish the programme in Scenario C in comparison to Scenario A (see Table 6).

Results of Apprenticeships for Artisans

5.1 The specific parameters for apprenticeships by artisans are presented in Table 8. As can be seen, artisans have
limited training capacity (i.e. they accept only one new apprentice per run). Moreover, for themodel to bemore
realistic, we assumed only some artisans accept apprentices and those who accept them will do so once in
three years. The number of trainers considered for the system is for each run, and we considered a trainer as a
representative for a groupof threepossible trainers (i.e. 100 artisans accept participants in each run). The agents
already training decide based on the behaviour of similar training agents (i.e. if a similar agent decides not to
train, they reduce the quality of training).

5.2 What has been discussed earlier (i.e. participation by a limited number of artisans), impacts apprentices’ deci-
sionsby assuminga 10%chanceof being a trainer in the system in thenear future;27 hence, theyhave an income
that is the same as the paid costs in the future. For more explanation about the parameters used see Appendix
B.

Table 8: The simulation parameters for artisans

Name Description Distribution Values
Number of trainer artisans Constant 100

Capacity Small companies Constant 1
Large companies 1

Probability of leaving the system When system is open (per run) Constant 0.1

5.3 For modelling apprenticeship programmes with respect to artisans, we chose three characteristics, namely:

• Asking for a premium;

• The degree of openness towards candidates of other communities seeking to join apprenticeship pro-
grammes;

• Benefiting from guilds as a mediator to hedge already skilled artisans’ benefits (see Table 9).

5.4 Table 9 presents characteristics for the eight simulated societies and real societies they represent. The set-ups
(i.e. societies) are identified by a prefix (A.) as a representative for the trade type of artisans. In addition, each
society can be identified by the first letter of the characteristics, namely P, O, and G that are representatives
of the characteristics listed above (premium, openness, guilds). We used a Boolean index to indicate whether
such an attribute was included (i.e. 1) or not (i.e. 0). Likewise, in this table a tick indicates the society includes
that attribute, and a cross indicates the society does not include that attribute.

5.5 Table 10 represents an overview of the results. As can be seen, we do not consider academic skills for artisans
(the activities are concerned with making or doing things by hand), and skills are divided into Adequate and
Excellent. To obtain the GDI, we employed the values in Table 3. Simulation started with wages equal to 7 and
11 for agents with adequate and excellent skills, respectively. The following paragraphs discuss the impact of
the society’s characteristics on the agents’ behaviour.
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Table 9: Set-ups for apprenticeship programmes in artisans’ society

Characteristics
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Premium 7 7 7 7 3 3 3 3

Open 7 7 3 3 7 7 3 3

Guilds 7 3 7 3 7 3 7 3
1 Note that in old Britain both closed and open societies were presented.

Table 10: Results for the apprenticeship programmes of artisans’ societies

Part 1 (SocietiesA.P0O0G0–A.P0O1G1)

Setup A.P0O0G0

(Julfa/Germany)
A.P0O0G1

(modern Britain) A.P0O1G0 A.P0O1G1

Wage adequate 3±1.5 9.0±0.2 9.9± 0.3 9.9±0.3
Wage excellent 4.9±1.6 11.8±0.1 12.0±0.1 12.7±0.1
Number of adequate 65.7± 3.8 63.5± 2.7 54.8± 2.0 54.0± 2.3
Number of excellent 30.0± 1.3 30.2± 1.5 20.7± 1.3 23.2± 1.1
Total skilled 95.7± 4.0 93.7± 3.1 75.5± 2.4 77.2± 2.5
Programme completion (%) 70.6± 3.4 70.9± 2.0 59.3± 1.4 58.5± 1.2
GDI 797± 28 782± 18 767± 22 677± 19

Part 2 (SocietiesA.P1O0G0–A.P1O1G1)

Setup A.P1O0G0
A.P1O0G1

(old Britain) A.P1O1G0
A.P1O1G1

(Old Britain)
Wage adequate 4.0± 1.0 8.5± 0.2 9.9± 0.3 9.9± 0.4
Wage excellent 6.1± 1.0 11.6± 0.1 12.0± 0.1 12.3± 0.2
Number of adequate 62.6± 2.9 63.2± 1.9 54.6± 1.5 54.1± 1.5
Number of excellent 26.3± 2.6 29.3± 1.6 20.2± 1.5 21.4± 1.6
Total skilled 88.9± 3.9 92.5± 2.5 74.8± 2.1 75.5± 2.2
Programme completion (%) 71.2± 2.2 70.4± 2.1 59.1± 1.4 58.4± 1.3
GDI 769± 26 782± 16 765± 15 721± 12

Impact on programme completion

5.6 Figure 4 indicates programme completion with respect to di�erent set-ups. In these graphs, each horizontal
pair groups simulated societies, based on having (le� column) and not having (right column) that characteristic
(i.e. the same line appears in each pair of characteristics). Furthermore, the societies of interest are highlighted
with thicker lines. As can be seen in Table 10, when there is no guild (indicated byG0), the overall completion
rate increases. The results mirror Wallis’ (2008) claim about the impact of guilds on apprenticeships (G1).28
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Figure 4: Programme completion ratio (vertical axis) in each iteration (horizontal axis), considering di�erent
system characteristics.

5.7 Only in theA.P0O0G1 society does the presence of guilds have a negative impact on programme completion.
This is because trainers will not train well to control the workforce supply, and some apprentices may leave
the programme because of lower probabilities of finding a job. Just as with themanufacturers’ case, openness
decreases the completion rate. Also, the highest completion rate is associated with the A.P1O0G0 society.
Finally, the completion ratio of the society A.P1O1G1 is more than the numbers suggested by Wallis (2008,
Table 1), which can be caused by factors such as deceased agents. The impact of other factors (16%)29 justifies
di�erences between the completion rate obtained by simulation (i.e. 58.4%) and the around 40% completion
rate observed in old Britain.
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Impact on the GDI

5.8 The next step ismeasuring the contribution of these programmes to the GDI of society. As can be seen in Figure
5, paying a premiummay decrease the system’s GDI by limiting the number of participants; hence, it deceases
the total value of items produced by them. Only in theA.P1O1G1 society does the GDI improve comparing to
its counterpart (i.e.A.P0O1G1) that is a representative of the big cities in old Britain. Overall, closed societies
(identified byO0) produce better GDIs for training apprentices whowill serve the society. Finally, for both open
and closed societies, when there are free programmes and no guilds, the contribution to the GDI increases
(i.e.A.P0O1G0 outperformsA.P0O1G1,A.P1O1G0, andA.P1O1G1, andA.P0O0G0 outperformsall societies).

Figure 5: Boxplot of the GDI acquired by apprentice programmes under di�erent set-ups in an artisan society;
red dots present outliers and a diamond indicates the mean.

Impact on wages and the number of skilled agents

5.9 Figure 6 presents numbers of excellent (le�) and adequate (right) skilled agents in the society. As can be seen
in Figure 6 and Table 10, asking for premiums (indicated by P1) decreases the number of skilled agents in the
system by limiting the number of participants, because of a decrease in the trainees’ motivation. On the other
hand, the openness of the system (indicated byO1) causes a remarkable drop in the number of skilled agents in
the system, because some apprentices leave the system to work in other societies. As depicted in Figure 6, the
number of excellent skilled agents slightly increases when there are some guilds (G1) in the system, because
trainers have less fear of the loss of profit.
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Figure 6: Boxplot of skill acquired by apprentice programmes under di�erent set-ups in an artisan society; red
dots present outliers and a diamond indicates the mean.

5.10 Also, Figure 7 presents wages associated with excellent (le�) and adequate (right) skilled agents in the society.
As can be seen, when there is no guild (identified byG0), wages decrease to some extent. The openness of the
system (identified byO1) increases wages in the societies for skill shortage. Asking for a premium (identified by
P1) has di�erent impacts on wages. It limits the increase in wages in societies having Guilds (G1) but fails to do
so in other societies (G0). Another interesting observation regards the combination of closedness (O0) and the
lack of guilds (G0) that reduces the wages dramatically. Moreover, not asking for premiums causesmore drops
inwages. This phenomenonwas the reason forwhatwas observed by Chardin (Chardin 1720), i.e. masterswere
reluctant to train their apprentices.30
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Figure7: Boxplot ofwagesassociatedwithdi�erentdegreesof skill underdi�erent set-ups inanartisan society;
red dots present outliers and a diamond indicates the mean.

Figure 8: The plot of changes in wages associated with di�erent degrees of skill for selected societies of an
artisan society

5.11 As can be seen in Figure 7, societies A.P0O0G0 and A.P1O0G0 have a significant shi� in means in compari-
son with medians (i.e. their means are placed outside the box). To study the reason for such shi�s, Figure 8
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presents the line plot for these two societies. Based on the figure, we can conclude that the outliers (i.e. obser-
vations outside the first and third quartiles) that caused this shi� are representatives for gradual decreases in
wages — over time and a�er more than 50 iterations (i.e. years) wages reach a more stable value (i.e. the value
represented by the median in Figure 7).

Summary, Discussion, and Outlook

6.1 This study has investigated the key characteristics of apprenticeship programmes by considering both histor-
ical and contemporary cases in several countries. The main aim of the simulation has been to improve our
understanding about the impact of institutional mechanisms and social characteristics on the success of these
programmes in increasing the number of skilled agents and improving societal level profits (i.e. the GDI). To
perform this modelling, we considered two trade types, namely artisans andmanufacturers.

6.2 Di�erentiating these two trade types is essential, as their motivations for accepting apprentices were diverse.
Artisans trained may have felt threatened by their apprentices, as they were potential competitors. However,
themanufacturers train future employees for themselves. For each of the aforementioned trade types, we sys-
tematically changed the key characteristics to assess their impacts on societies’ performances. Furthermore,
we considered di�erent scenarios for manufacturers because of the more complicated characteristics of those
societies.

6.3 For themanufacturers,weconsidered threecharacteristics: theopennessof thesociety, theutilisationof schools
in trainingapprentices, and the trainer type. Weassessed three scenarios for apprenticeship systemsas follows:

• Training to satisfy the labour market demand;

• Training more than expected labour market demand by relaxing restrictions due to unions’ considera-
tions;

• Openness for skilled agents from other countries to join and work in the society.

6.4 We systematicallymapped these characteristics into societal stereotypes which capture intrinsic separate real-
world societies. A key di�erence between the EIC and Julfan traders was utilising schools, and its importance is
alsoemphasised inmoderncontextsbydi�erentiatingbetweenGermanandBritish cases. The trainers forman-
ufacturers have two types: contractors (paid trainers), and companies (training potential employees). These
two factors, i.e. employing schools and trainer typeswere considered for all scenarios associatedwithmanufac-
turers.

6.5 Theother trades type thathasbeenaddressed in thispaper is artisans. Inbothhistorical andcontemporary con-
texts, some societies use guilds as a mediator to regulate the workforce market (by controlling excessive skill
supply). The openness of the society is another characteristic that impacts the workforce supply (i.e. agents
may leave the community to work elsewhere). Finally, in old Britain, trainers asked for some prepayments to
compensate for the costs of training. Those costs reduced the number of agents who could access the system
to those from more prosperous families, and these expenses reduced the expected profit margins of appren-
ticeships for agents.

6.6 As the results suggest, the success of apprenticeships should not be assessed by programme completion, and
the approach taken by Ryan & Unwin (2001) can be misleading. For instance, in Scenario A,M.S0O0C1 society
(see Figure 2) has the highest programme completion (about 78%), but this system has a lower GDI than two
other closed societies (M.S1O0C0 andM.S1O0C1 in Figure 3)with about 900 versus about 1200 and 1300. This
is because of a lower speed of learning and profitability (S0 means that schools are not mandatory). Further-
more, in this society, trainees have chances to be hired by the companies underwhich they are trained and that
increases their motivation to complete the programme.

6.7 Also, the results of open systems in Scenarios A and B emphasise the importance of some guarantees provided
by apprentices about staying in the same society a�er training, since the openness of systems (i.e. leaving a
system by trainees, which is indicated by O1) decreases the GDI dramatically (see Figure 3). This drop of the
GDI is because of the substantial decrease in either collaboration by large companies to train apprentices or
the failure of some companies to find the most appropriate agents to hire.

6.8 Also, manufacturing apprenticeships need a scheme that persuades agents to finish the programme instead of
leaving it half way through for better jobs (see Appendix C). It should be emphasised thatwhen comparing soci-
eties considering trainer type (i.e. contractors or companies), we should consider some other factors that may
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motivate/demotivate the government to use contractors, such as creating some jobs for trainer contractors,
and the expenditures for the paid subsidies.

6.9 Systems run by contractors (indicated by C0) benefited more from increasing the number of apprentices to
a level more than was required (see Figure 3 Scenario B); because the availability of skilled agents would not
impact contractors’motivations for training. However, Scenario Bhasmore public expenditures for the appren-
ticeship programme compared to Scenario A. Finally, results of Scenario C shed some light on the reasons large
companies in Britain asked for an apprenticeship programme but would not participate in it (Ryan & Unwin
2001). If we assume that some skilled agents with lower expectations from outside the country are available
(as suggested by McCollum & Findlay (2015)), themain intention of large companies is to stabilise the wages so
they do not have to pay so much to hire skilled agents.

6.10 Considering obligations for companies to accept apprentices or studying the bestways for reforming an already
working system is an example of employing this model to help developing societies: See Allais’ (2012) study on
South Africa and Palmer’s (2009) study on Ghana. Nevertheless, based on this study, we know that for manu-
facturers, based on their needs, we can consider two situations:

• When companies themselves need the skilled agents in the future. If that is the case, system charac-
teristics are similar to one of four manufacturing societies (M.S0O0C1, M.S0O1C1, M.S1O0C1, and
M.S1O1C1);

• If companies do not need the apprentices they have trained, the system performance would be worse
than that ofmanufacturing societiesM.S0O0C0,M.S0O1C0,M.S1O0C0, andM.S1O1C0, since compa-
nies only want to reduce their costs and hence decrease the programme’s quality as much as possible.

6.11 Given this, the government interventions should focus on providing academic training required by manufac-
turers in schools and finding someways to persuade participants to finish the programme. For instance, Brock-
mann & Laurie (2016) recently conducted a comparative case study between two British apprenticeship sys-
tems, engineering and motor vehicle maintenance (MVM), which support the results of this simulation. Their
results suggested that the engineering apprenticeship programme, known internationally for its quality, ben-
efited frommore motivated trainees with better education backgrounds. Finally, they suggested that even for
MVMapprenticeswhowant to be skilledworkers, the programme should provide a comprehensive educational
opportunity.

6.12 Assessing the apprenticeship for artisans reveals that a lack of guilds and prepayments for the programme in-
creases the system’s GDI significantly (seeA.P0O0G0 andA.P0O1G0 in Figure 5). The negative impact of pre-
payments is through limiting the number of potential participants and dissuading them from participation by
decreasing the profit of apprenticeship and the degree of societal skill. This was evident in old Britain where
agents had to pay somepremium.31 Although guilds improve societal skills, their control overworkforce supply
make the systembiased for trainers’ benefits and fail the self-regulatory behaviour of the systemby unilaterally
increasing the risks associatedwithnewly trainedapprentices finding a job. Therefore on theonehand, trainers
will train without considering the number of unemployed skilled agents, and on the other hand, this increase
cannot reduce wages to modify demands for highly skilled agents.

6.13 Wewish to acknowledge some of the limitations of this study. These include not exploring parameters in a con-
tinuous range, but only considering a systematic set of discrete values (e.g. for motivation, and bad training),
especially in cases where it is predictable that a further decrease in parameter values reduces system perfor-
mance (e.g. when considering outputs such as the GDI and the number of skilled agents). Furthermore, while
more complex functions for the impact of these parameters and letting agents decide about the optimumnum-
bers would have made the system more thorough, it would have increased the complexity of the system and
made it more case-dependent (thereby limiting the generalisation of results). This work also did not address
the e�ect of the export and import of items produced on the demand.

6.14 Another issue that should be considered in the future is addressing wage di�erences among di�erent skill lev-
els (we did not consider it to prevent immediate failure of the simulation); however, these are crucial before
implementing an apprenticeship programme. Other factors include modelling more than one skill to investi-
gate the agent’s preferences to attend more profitable programmes, companies’ bankruptcy because of a lack
of skilled agents, consideration of themortality of apprentices, and economic depression, to name a few. While
webelievewehave considered the essential aspects of the system, these nuances canbe explored in the future,
especially if exploring specific cases.

6.15 In conclusion, we have presented a general candidate simulation model for apprenticeship programmes de-
veloped based on five societies. We have extracted the essential characteristics of apprenticeship systems in
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order to gain insights into the potential influences on stimulating growth and to maintain competition. First,
we have validated our model based on historical information (see paragraphs 4.11, 5.7, and 5.10). Furthermore,
the importance of considered parameters has been emphasised by their presence in general and specific cases
(e.g. the German apprenticeship) which performed e�iciently in terms of improving societal skill level and the
GDI. We believe this simulation model and the employed decomposition incorporates suitable assumptions
and can be used as a baseline model to support parameterisation to explore societies – including both exist-
ing aswell as idealised/hypothetical scenarios. Based on these accommodations of existing societal outcomes,
the developedmodel is thus a candidate for refinement for further exploratory analysis – and for learningmore
about by the apprenticeship phenomenon and its impact on economic outcomes at large.

Model Documentation

We have utilised NetLogo to perform our simulation (Wilensky 1999). The simulation code is available at link:
https://www.comses.net/codebases/d2b4c033-5adc-4c57-9163-99a0bdbfcafe/releases/1.0.0/.

Appendix A: Utility Functions

Here We discuss the utility function for manufacturers and artisans. Overall, we have six combinations of aca-
demic and work-based skills such that two of them have no benefits for employers. Those two are agent types
with inadequate work-based skills (irrespective of whether they have adequate academic skills). In the model,
we consider two kinds of companies for manufacturers, namely large and small:

• Large companies/traders: These are the leaders in themanufacturing/trading area (e.g. electrical techni-
cians formaintenance sectors in a carmanufacturing company such as BMWor General Motors and large
trading families in Julfa). They have complicated production systems or trade in valuable items, and their
employees need some level of education to understand and handle those complexities (Stasz & Brewer
1999).

• Small companies/traders: These are companies, such as householdwiring and small shopswhich are en-
gaged with less complicated technologies and invest less in infrastructure and tools or do trades which
are not engaged in luxurious and international trades that need complex computations (e.g. a lot of con-
version to compare prices in di�erent countries).

To compute the total amount of income generated in a society by employing apprentices trained by a system,
wemodel certain utility functions. What follows are utility functions to abstractlymodel income generated by a
manufacturing system that hires apprentices (large and small companies). Items produced by large companies
have an income function which is given by:

UManufacturers(Large) = (aML × swb) + (bML × swb × ed) (3)

where ed represents academic skills and can be 0 or 1. Values for ed which are 0 or 1 indicate not having or
having academic skills, respectively. Furthermore, swb can have one of the values 0, 1, 2 for inadequate, ade-
quate, and excellent work-based skills, respectively. There are two parts to the right side of the equation. The
first part shows the role of a work-based skill in developing a product. The second part shows how academic
skills, combined with work-based skills, can improve the value of the item manufactured in a company or de-
crease the wastage produced by agents. As discussed in the simulation parameters section (see Appendix B),
the higher ratio of bML to aML (i.e. constant coe�icients of equation) emphasises the value of school-based
skills for largemanufacturing companies. This shows the importance of investmentsmade by these companies
to use complicatedmachinery that can only be utilised by employing educated and skilled agents, and the lack
of academic skills that increases wastage of items and hence, reduces the company’s productivity.

The small-company utility function in the manufacturing section is defined as:

UManufacturers(Small) = (aMS × swb) + (bMS × ed×Boolean(swb)) + (cMS ×Boolean(swb)) (4)

whereBoolean(swb) presents the binary function and is 0 for inadequate work-based skills and 1 for adequate
or excellent work-based skills. There are three parts to the right-hand side of this equation. The first part of this
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equation shows that having more work-based skills (swb) improves item values to a limited extent (shown by
a constant coe�icient aMS). For small companies with limitations such as having simple machinery, using low
or medium quality rawmaterials, or having limited capital to be engaged in luxury trades, the improvement of
the income for possessingmore skilled agents (i.e. aMS) is small. The second part shows that the combination
of academic and work-based skills can o�er a certain value in these companies that for the same reasons as
before are also small (shown by a constant coe�icient bMS multiplied by ed × Boolean(swb)). The third part
(cMS × Boolean(swb)) shows that finding an agent who can work with simple machinery can contribute to
some profitmargins (cMS shows this constant coe�icient). Note that for small companies, due to the simplicity
of the manufacturing process, this part should have a significant share in profit margins.

As discussed earlier, artisans’ academic educations do not influence the quality of the final product directly.
This assumption is a direct result of the fact that the focus of such skills is on how one can utilise his body parts
(e.g. hands) skilfully. Therefore an artisan does not need academic skills, and the utility functions are defined
as:

UArtisans(Large) = (aAL × swb), (5)

for large companies, and:

UArtisans(Small) = (aAS × swb) + (bAS ×Boolean(swb)) (6)

for small companies. In theseequations, swb is0, 1, 2 for inadequate, adequate, andexcellentwork-based skills,
respectively. Moreover, Boolean(swb) is 0 for inadequate work-based skills and 1 for adequate or excellent
work-based skills. The utility function for large companies shows the impact of a high degree of skills on the
qualityof finalproducts (usingaconstant coe�icientaAL)when theyhaveacomplicatednature (e.g. tapestries).
In contrast, high skills cannot improve the quality of less complicated items (e.g. dyed cotton) significantly.
Thereforewe use two constant coe�icients tomodel the impact of degree of skills (aAS) and having aminimum
skill to perform simple tasks (bAS). Note that as discussed earlier, for artisans, the size of the company does not
reflect the market share, but it indicates the importance of investments (e.g. purchasing high quality raw ma-
terials) on their future income. Therefore we have a higher number of small companies that produce ordinary
items and a small number of large companies that produce luxurious items.

Appendix B: Simulation Parameters

In this section, we discuss the important parameters used (see Table 3) in this simulation and the reasons for
choosing the values presented. Note that for both apprenticeship trades (i.e. artisans and manufacturers) we
used 300 iterations as a representative for the longest duration that we knew lasted in di�erent societies (old
Britain’s apprenticeship programmes was active between 1300s to 1600s, see paragraph 2.3).

The number of potential apprentices: The simulation creates 1000 new agents per iteration. This number
shows the birth rate in a society that introduces new persons who potentially can attend the apprenticeship
programme.

Attainability: In our simulationmodel, we assume that the degree to which agents can acquire di�erent types
of skills (i.e.work-basedand school-based) arenot similar andwecall thosedegrees attainabilities. Apprentices
should have a minimum attainability level for a work-based skill to be qualified to enrol in an apprenticeship
programme. Therefore we assume that agents have the ability to acquire the minimum required work-based
skills if they put su�icient e�ort into apprenticeship programmes (i.e. 0.5) for a work-based skill. Therefore the
work-based attainability for qualified agents has a continuous uniform distribution in the interval (0.5, 1)).

However, the attainability of academic skills is independent of work-based skills and has a continuous uniform
distribution in the interval (0, 1). The minimum attainability of 0 reflects the fact that agents may not have any
interests or intelligence for school-based training, but they attend that programme because it is a compulsory
part of the programme. Note that we employed continuous parameters for attainability to facilitate gradual
increments of them in the simulation.

Passion: In the simulation model, each agent has a passion to learn the new skill. This number is randomly
generated from the (0, 1) interval.

The number of companies: One of the parameters that impacts demand in the labour market is ratio of com-
panies. We assumed the ratio of small companies to large companies in a society to be 4 : 1, inspired by the
Pareto principle. This ratio complies with infrastructure to residential building companies presented by the
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Ministry of Business, Innovation and Employment (2017).32 Furthermore, Geerolf (2017) indicates that under
certain production functions and assumptions that are not very restrictive, the Pareto Principle is upheld.33 In
our study, we only use the rate as an indicator for the ratio of large to small companies, not a representation of
their market share.34

Utility function — artisans: As discussed earlier, di�erent trading societies have di�erent utility functions.
Overall, two factors impact these utilities, namely the size of the company (i.e. large or small) and the trade type
(i.e. artisanormanufacturing). Overall, a large companyhas ahighpotential tomakeprofits for the investments
made on providing advanced production processes or buying high-quality rawmaterials. In an artisan-trading
society, the large and small companies are metaphors for budget spent on raw materials by an artisan when
producing an item based on their target market (i.e. part of the community is more prosperous and hence, can
a�ord more luxurious items). This phenomenon is also considered in the form of the proportion of demands
in a society (i.e. the percentage of prosperous families in a community is limited; hence, the demand for items
provided by high-skilled agents is less). Attempts of low-skilled agents for producing decorative items lead to
more wastage costs due to their limited ability to perform complicated tasks. On the other hand, high-skilled
agents cannot benefit from their skills to perform advanced tasks when their target market includes average
familieswho cannot a�ord expensive items. The values of items are calculated based on Equations 5 and 6, and
the parameters presented in Table 3. For instance, the value of an item produced by an agent with adequate
skills (s = 1) in a small company is obtained as aAS × 1 + bAS × 1 = 1.5 + 10 = 11.5 using Equation 6.

Utility function—manufacturers: In amanufacturing society, the advanced production processmeansmore
frequent changes in the process. The academic skills are required to handle these frequent changes in equip-
ment and help the employees to predict some what-if scenarios by utilising their information and analysing
skills obtained in schools (Stasz & Brewer 1999). Note that having low work-based skills or not having school-
based skills lead to a significant loss in large companies for producing scrapped items and opportunity loss,
despite remarkable depreciation costs. Furthermore, small companies utilising simple production processes
can benefit fromwork-based and school-based skills obtained by agents to a limited extent. The values are ob-
tained based on Equations 3 and 4, and the parameters presented in Table 3. For instance, the value of an item
produced by an agent with adequate and academic skills (s = 1 and ed = 1) in a large company is obtained as
aML × 1 + bML × 1× 1 = 5 + 10 = 15,3 using Equation 3.

Furthermore, as discussed earlier, in some manufacturing apprenticeship schemes, some Contractors were
employed to train agents. We assume that contractor processes are similar to that of small companies (i.e. they
do not invest in providing resources for an advanced learning environment). Furthermore, note that we know
that in themodern apprenticeship in Britain, mostly small companies were interested in providing work-based
training. This implies it is not profitable for large companies to invest in training apprentices. Both small com-
panies and contractors use simple procedures; therefore we have assumed that themaximum transferred skill
(to an apprentice) is limited to 85%. The lower chance of training highly skilled agents is a consequence of the
company’s limited resources (i.e. trainer’s skills and available tools) that decreases the quality of training.

Speed of training and learning: As discussed in the algorithms, training and learning speeds are modified,
based on the quality of training and the agent’s characteristics. We assumed that the lack of the following
worsens speed of learning and the speed of the training, and reduces these by 10%:

• Passion (e.g. practising beyond the necessary);

• Good training (i.e. putting all e�orts towards transferring skills to apprentices);

• Declarative knowledge (i.e. providing guidelines and required rules by experts before startingwork-based
training).

We have considered small numbers (i.e. 10% reduction) to study the impact of the aforementioned parameters
on the speed of learning. The reasons for this small reduction are as follows:

• If the deviation is significant, especially for the passion and quality of training, then it can be recognised
by third parties such as the government, unions, and the trainer, and they will interfere to rectify the
system.

• Knowledge exclusion by not having attended school can be compensated by providing some guidance
duringwork-based training, but it is time-consuming. This time-consumption slightly decreases theover-
all quality of training by decreasing the available time for work-based training.
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• If small numbers indicate significant impacts, increasing themwould not show anything new.

Academic skills: Another important attribute of the apprenticeship programmes formanufacturing societies is
the engagement of schools. If systems lack formal schools as a compulsory part of programmes, each appren-
tice with the probability of 50% gains academic skills per iteration. This percentage reflects arbitrary decisions
on attending schools voluntarilymade by agents per run, based on their perception about their academic skills
and value of such skills.

As stated earlier, in manufacturing societies, contractors are paid for training apprentices. However, training
costs for artisans andmanufacturing companies are a concern that should be addressed. Based on discussions
provided by Franz & Soskice (1994) andWallis (2008), there are two reasons artisan-trainers accept apprentices
despite the apparent costs:

• There are benefits of manual labour provided by the apprentices, at the beginning of apprenticeship
along with additional profits associated with their services for acquired skill during their apprenticeship.
Wallis (2008) proposes some necessary tasks that are useful in the workplace, such as delivery, cleaning,
and shop watching that could be done by apprentices and suggests that youth in old Britain might have
gained some other useful skills, i.e. work-related or general chores, by training provided by their parents.

• Franz & Soskice (1994) mention an additional reason for artisans to accept apprentices. They note there
are reasons net costs of training are negligible or negative (i.e. it can be profitable considering the afore-
mentioned incomes). Also, if there exist small costs, especially in small towns, being from the same social
circles and knowing the parents of an applicant puts some pressures on artisans to accept applicants.
Overall, social circles and friends and family put pressures on artisans to accept these marginal costs to
create a good reputation.

In our model, for those artisans who accept apprentices, the motivation for training apprentices is to create a
good reputation in addition to utilising apprentice services that also result in some marginal profits. We also
considered a small proportion of training costs for manufacturers. However, manufacturers have privilege of
negotiation with successful apprentices (i.e. they pay lower wages than the norm of society for that particular
skill).

Initialwages—artisans andmanufacturers: Another crucial element for having a stable system is paidwages
and expected profits of apprenticeship programmes. Former studies indicated that if these numbers are not
chosen correctly, the system fails.35 Note that these numbers are chosen, based on the following conditions,
by considering utility functions of companies (to avoid making a system unprofitable and eventually fail). Two
requirements of agents’ wages that we considered are:

• Thewages for a high level of skills should bemore than a lower level of skills (e.g. an educated agent with
excellent work-based skills is paid more than his uneducated counterparts).

• The wages cannot exceed the price of the item produced using the same skill for both large and small
companies (i.e. companies need to have enough income to pay wages).

The openness of the system in termsof being open for trainingworsens theprogrammecompletion ratio. Some
may join theapprenticeship system, butmayexit earlier toworkwherea low level of skills is required.36 Another
impact of the openness of the system is addressed in one scenario ofmanufacturers where some skilled agents
from other communities may join the system to work for companies (see Equation 11).

Stickiness threshold: This number shows the excessive labour supply or demand for skilled agents beyond
which wages in the labour markets change. In other words, wages do not adjust to the market equilibrium for
values below this number. For example, if 100 agents are employed and 29 agents are unemployed in a society,
the wages do not change. In our model, we have considered 30 as the stickiness threshold; however, we test
the impact of other values on the model (see Appendix C).

Discount factor and number of years: Another parameter that impacts trainers and apprentices’ expected
profits of the programme is their discount factor and provisioned horizon. The agents use a discount factor to
calculate the net present value of future income in a finite horizon (6 years). The number of years reflects the
high workforce turnover observed in Germany, the high mortality rate in the EIC, and overall, the time incon-
sistency of expectation observed in studies such as Ainslie (2015). For a discount factor for money, we used
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evidence available from Julfa (Herzig 1991). Herzig (1991) discussed that the interest rate norm in Julfa was
around 10% per annum. This number suggests how Julfans mentally discounted the value of money.

Another important factor of apprenticeship programmes is their duration. The number of years in apprentice-
ship programmes is inspired by modern programmes (i.e. 3 years) to make results more applicable. However,
this assumption does not comply with some historical cases such as old Britain and Persia (old Iran), but is es-
sential inmodern contexts where there areminimum age constraints to enter programmes and the availability
of alternative programmes with three years duration.

Maximumwaiting time: A�er completing the programme, agents will search for jobs and will not stay unem-
ployed formore than two years (i.e. theywill stay in the system for atmost two years), and the chance of leaving
the waiting pool in the first and second years (if they are unemployed) is 0.5 and 1, respectively. These figures
are employed to reflect concerns, such as living cost requirements and family pressures (see also footnote 22).

However, in manufacturing systems run by companies, some of the trained apprentices are hired by compa-
nies. If manufacturers train some agents, they hire the qualified agent who possesses the highest degree of
skill (i.e. they do not hire agents from the labour market). The reasons for such a decision are listed below:

• Pressures imposed by society and unions that expect companies to hire their apprentices if they need
some skilled agents.

• The employees of a company also expect the company to hire one of the trainees because of the friend-
ship bonds formed during the programme.

• The company has a vested interest in hiring its own apprentices, because they attain specific skills that
are important for the company, and they are familiar with specific procedures inside the company that
are not known to outsiders.

In addition, estimations of probabilities in the systemarebasedonglobally known information about thenum-
ber of hired agents, agents’ skills, the number of trainers, and trainers’ current policy to decide about partici-
pating in apprenticeship programmes, and the quality of training. For the number of hired agents and number
of traders, we know that currently, countries have o�icial reports on their skills shortages, and unemployment
rates, etc. that are indicators for agents to decide the next iterations. In older contexts, for lower population
per community, rumours and observed shortages aremeans that agents can use for an estimation about those
figures.

Weight of past information: Furthermore, we parametrise agents’ learning and their behaviours as follows.
The agents’ skills and the trainers’ current policy are numbers that can be assessed by asking former trainers
and references in both contemporary and historical instances. Apprentices discount past information using a
weight of 30% for long past and a weight of 70% for recent information. This reflects the importance of re-
cent information for apprentices, because they do not monitor the system for a long time. On the other hand,
companies use a 50% weight for recent information and long past information. Note that companies keep a
better track of past information than apprentices, because companies are active in the system for a longer time
than apprentices. Therefore we used a di�erent weighting for companies to abstractly reflect their experiential
di�erences that stem from their long term activity in the system.

Trainers estimate the impacts of changing their training policy from good to bad, or hiring from already edu-
cated people, based on known parameters. In other words, they assume if they change their policy from good
quality to bad quality training, the chances for agents to obtain high skills decreases by 10%. For hiring already
educatedagents, large companies assume that anagenthasa45%chanceof havingexcellent skills, 45%ofhav-
ing adequate skills, and 10% of having inadequate skills a�er training. This assumption is based on predicted
lowmotivation for learning new skills by already hired agents on their obtained skills.

Note that hired agents’ attainability is continuously and uniformly distributed over the range (0.5, 1), and such
agents have low motivation (i.e. they do not practise well); therefore their learning speed decreases by 0.9.
Furthermore, an agent has equal chances to obtain adequate or excellent skills (i.e. its work-based attainability
may be higher or lower than 0.75 with equal chances).37 Therefore a manufacturer predicts that a hired agent
obtains each level of the aforementioned skills (adequate or excellent) with equal probabilities. The manufac-
turer takes account of the hired agent’s work-based attainability in each threshold (i.e. 0.5) decreased by the
hired agent’s lack of motivation; therefore the probability is 0.5 × 0.9 = 0.45. Furthermore, the manufacturer
notes that the hired agent may not obtain any skills with the probability of 0.1 (i.e. 1− sum of the aforemen-
tioned probabilities).
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Parameters forScenarioA formanufacturers: Train to satisfy the labourmarketdemand

Herewediscuss howwe stabilise the programme. We assume each contractor has a capacity to train 12 appren-
tices per year (i.e. they train 20%more apprentices thanwhat the labourmarket needs to address the openness
of the society), and when companies initiate training, small companies will not participate in training (i.e. the
system starts by training 100 apprentices). They may add to the system when there is some vacant capacity
for training, e.g. some large companies are not interested in participating. Note that at most, 6 small compa-
nies can participate in training in the next iterationswhen all large companies accept apprentices to reduce the
risks of skill shortages.38 The capacity for contractors is defined to reflect government boundaries on paying
subsidies to limit the total number of trained agents. The apportionment of training by large companies is a
reflection of the following:

• the higher tendency for agents to be trained by companies with a better reputation;

• government intervention to enhance the reputation of the apprenticeship system (e.g. the German gov-
ernment let certain certified companies train apprentices, and that restriction limited thenumber of com-
panies that could have participated in the programme (Ryan & Unwin 2001)).

As can be seen in Table 5 and based on the Pareto principle, the maximum number of apprentices per run can
be calculated as 10× 12 = 120 for systems run by contractors and (20× 5)+ (6× 1) = 106 for systems run by
large and small companies.

The capacity formanufacturers is obtainedbasedon their expectations from the systemand trade-o�sbetween
costs and benefits. In a system benefiting from school training, it is expected that half of the students obtain
enough academic skills based on a continuous uniform distribution of the academic attainability of students.
The chances of obtaining excellentwork-based skills is 50%, considering the distribution of agents’ attainability
and the required degree of skill. In other words, an agent needs to obtain 0.75 of skill, while the attainability
has a continuous uniform distribution in the range (0.5, 1), which means half of the trainees have the chance
to obtain excellent skills. Note that when x follows U(a, b), i.e. x follows a continuous uniform distribution in
(a, b), we have from Ross (2010, p. 195):

P (x ≥ c) =


0 c ≤ a
b− c
b− a

a < c ≤ b
1 b < c

(7)

wherein P (x) is the probability of x. Therefore we have:

P (swb ≥ 0.75) =
1− 0.75

1− 0.5
= 0.5 (8)

Due to the fact that academic andwork-based skill attainability are independent, a randomagentwith a chance
of 25% can have academic and excellent work-based skills altogether, i.e. he has 50% chance of obtaining aca-
demic skills, and considering the former probability, we have 0.5 × 0.5 = 0.25. Therefore on average, having
four apprentices leads to having one desirable trainee if that one is passionate and finishes the programme.
This part is calculated, based on the geometric random variable expected value. This distribution is appropri-
ate to calculate the probability of one success for any trial of games or experiments, such that each trial has a
Boolean-value outcome such as tossing a coin. Let p be the probability of success and the number of required
successes is one; then the expected value of the number of trialsX can be obtained as (Ross 2010, pp. 157–159):

E(X) =
1

p
, (9)

and in our model it equals 1/0.25 = 4. However, there is a chance that having four apprentices would not
lead to having a desirable agent. Some reasons are apprentices leaving the programme before completion or
a company’s inability to find an apprentice who has the best skills with a chance of (1 − 0.25)4 ≈ 0.32. This
probability is calculated based on the attributes of geometric probability distribution and its formula for the
number of runs (x) being more than n (Ross 2010, p. 156):

P (x > n) =

∞∑
i=n+1

P{X = i} =
∞∑

i=n+1

p(1− p)i−1 = (1− p)n. (10)
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On the other hand, for requirements and costs associatedwith training, themanufacturers cannot acceptmany
apprentices, so five apprentices are considered to be the maximum capacity for apprenticeship programmes.

The capacity of small companies is defined based on their small budget and workshop space. However, since
there is not much di�erence among incomes obtained by di�erent skills, and the risks only concern the proba-
bility of the apprentice leaving the programme or training an apprentice with an attainability lower than 0.6—
then in this case, the risks of (i.e. probability for) not finding an ideal agent is around the samenumber for small
and large companies. The chance for small companies is (0.6− 0.5)/(1− 0.5) = 0.2, and for large companies,
it can be calculated as 0.755 ≈ 0.24. Note that we increased large companies’ maximum capacity to five.

The capacity of contractors is calculated using a simple approach. For contractors, most training costs are cov-
ered by the government, and to cover the rest of the costs, it is enough that some of their apprentices find jobs.
In the current scenario, this capacity is defined to avoid significant di�erences between the overall capacity
of systems run by contractors and companies (see Table 5). However, due to the lower quality of training pro-
vided by contractors which is a consequence of their limited investments, we assumed that the government
and unions let them have slightly more capacity (i.e. maximum of 120 versus 106). Note that either the govern-
ment had to accept this increase in capacity or grant significant subsidies to trainers to establish much more
complicated processes that were not a�ordable for small companies.

Explanation of parameters for Scenario C for manufacturers

We address the impact of tendency of companies to hire from other societies by considering some negotiation
advantages for companies that can hire from other communities (see Equation 11). We assume that in negotia-
tion, large companies can pay average wages for all combinations of non-academic and excellent, academic
and excellent, and academic and adequate to immigrants because although they have doubts about the ex-
cellence of agents’ work-based skills, they are sure about their academic skills.

For these societies, we considered two factors, namely flexibility of immigrants and large companies’ uncer-
tainties about immigrants’ work-based skills. Therefore we assume that companies suggest an average wage
norm for the three types of agent skills as discussed above:

Wage =

∑Academic and Excellent
i=non-Academic and Excellent Wagei

3
(11)

and have doubts about their work-based skills being adequate or excellent with the same chance (they assume
that based on the agents’ work experience, they at least have adequate skills, hence having inadequate skills is
ruled out).

Explanation of parameters used for artisans

In this scenario, the agents assume they can be trainers a�er finishing the programme in three years (they use
simple calculations). The demand in these systems is a function of the following phenomena:

• Formerly active agents retire, pass away, or move to other communities. This indicates the requirement
of skilled agents observed or provisioned in some societies. For instance, Neumark et al. (2013) warned
that some states in the US will face skill shortages in the near future due to the retirement of the “baby
boom cohort.”

• Population growth introduces new demands for the skill. This is a consequence of new demand for ser-
vices introduced by a new person. In most countries, net population growth is positive; hence, all else
unchanged, more skilled agents are required to work in the same sector.39

Note that based on the assumption that all agents would not participate in the training, and the ones who do
train participate once in three years,40 the demand can be a significant share of the number of trainers (we as-
sumed thatR in Algorithm 1 is 60%). The impact of asking for a premium (i.e. prepayments by apprentices) is
twofold: a) it imposes some initial costs that are considered by apprentices to calculate the profits of attending
the programme, and b) the imposed costs limit the share of the society that can a�ord to attend the appren-
ticeship to families with higher incomes (around 30% of the society).41 Furthermore, for stickiness of wages
(discussed in Section 3.8), we modified the threshold employed for manufacturer societies, considering the
new proportion of the demand (i.e. 60%), to decrease the considered number (i.e. we used 18 instead of 30).

JASSS, 25(1) 1, 2021 http://jasss.soc.surrey.ac.uk/25/1/1.html Doi: 10.18564/jasss.4733



Appendix C: Sensitivity Analysis

Here we present the sensitivity analysis of the output variables and the parameters values. The presented fig-
ures showthesensitivityofmeanandstandarddeviationofoutputvariables to theparameters. For thispurpose
we took 1500 randomsamplesofdi�erent combinations (alreadyAiello-Lammens&Akçakaya2017;Beckeretal.
2018 showed that between 500 and 1000 samples can reasonably represent the real model). The range of pa-
rameters was defined so that they can present some real-world scenarios (e.g. we considered a lower bound
of 0.5 for agents’ discount factors). Also, we considered relationships between the wages and profits as stated
in other studies (Stasz & Brewer 1999). Table 11 explains parameters and variables shown in Figures 9–14. Also,
apprenticeships without any contribution to the GDI a�er iteration 100 were considered as failed and removed
from sensitivity analysis. The number of such instances for artisans, company trainers, and contractor trainers
were 80 (5.3%), 36 (2.4%), and 80 (5.3%), respectively.
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Table 11: Parameters and variables employed in the simulation.

No. Abbreviation Explanation
1 #No ed Adeq Number of not educated/adequate
2 #Adeq Number of adequate
3 #Apprentices Number of potential apprentices
4 #Large Number of large companies
5 #Ed Adeq Number of educated/adequate
6 #Ed Exc Number of educated/excellent
7 #Exc Number of excellent
8 #Inadeq Number of inadequate
9 #No ed Exc Number of not educated/excellent
10 #Small Number of small companies
11 #Small Trainers Percentage of small companies who train
12 Ad Thresh Adequate skill threshold
13 Alpha Discount factor
14 Bad Train Spd red. Impact of bad training on speed of learning
15 Check Job Percentage of agents who check for jobs
16 Completion Completion ratio
17 Cost Good Train Cost of good training
18 Decision Horizon Decision Horizon
19 Demand rate Demand rate for artisans
20 Ed Thresh Threshold for academic skills
21 Ex Thresh Threshold for excellent skills
22 Guild? Is there a guild in e�ect
23 Info Apprentice Weight of recent information for apprentices
24 Info Artisan Weight of recent information for trainers
25 Init Wage Adeq Initial wage for adequate
26 Init Wage Ed Adeq Initial wage for educated/adequate
27 Init Wage Ed Exc Initial wage for educated/excellent
28 Init Wage Exc Initial wage for excellent
29 Learn Overestim Overestimation of learning speed
30 Max Waiting Maximumwaiting years
31 No passion Impact of low passion on learning speed
32 Open? Open society?
33 Prepay? Prepayment requirement
34 Pr Be Trainer Probability of being a trainer
35 Prof Large Adeq Profit of adequate for large companies
36 Prof Large Ed Adeq Profit of educated/adequate for large companies
37 Prof Large Ed Exc Profit of educated/excellent for large companies
38 Prof Large Exc Profit of excellent for large companies
39 Prof Small Adeq Profit of adequate for small companies
40 Prof Small Ed Adeq Profit of educated/adequate for small companies
41 Prof Small Ed Exc Profit of educated/excellent for small companies
42 Prof Small Exc Profit of excellent for small companies
43 School Speed Accel Impact of school on accelerating learning
44 School? Any school is engaged?
45 Small Spd Red. Negative impact pf small companies on skill learning
46 Stickiness Stickiness of wages
47 Train Years Number of training years
48 Wage Adeq Wage of educated agents with adequate skills
49 Wage Ed Adeq Wage of agents with adequate skills
50 Wage Ed Exc Wage of educated agents with excellent skills
51 Wage Exc Wage of agents with excellent skills
52 Wealthy (%) Percentage of wealthy families
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Figure 9: The sensitivity of average of output variables to changes in parameters (artisans)

Figures 9 and 10, represent the correlation between average (µ) and standard deviation (SD) of simulation out-
put variables with parameters/variables of artisans, respectively. We discuss the correlations with an absolute
valuemore than 0.3. As can be seen, the average (µ) and standard deviation (SD) of GDI are negatively impacted
by an increase in the percentage of agents who check for job. Also, an increase in demand rate increases the
average (µ) and standard deviation (SD). Also, the average (µ) and standard deviation (SD) of the completion
ratio are negatively impacted by the number of training years and the percentage of agents who check for jobs.
In addition, the averages (µ) of wages are positively correlated to initial wages, profits, and demand thatmirror
studies in economics regarding impact of stickiness of wages, company’s earnings, and demand on system dy-
namics. The averages (µ) of the number of skilled agents is negatively correlated with the thresholds and the
percentage of agents checking for jobs.

Figure 10: The sensitivity of standard deviation of output variables to changes in parameters (artisans)
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Figure 11: The sensitivity of average of output variables to changes in parameters (manufacturers, companies)

Figures 11, 13, 12, and 14, represent the correlation between average (µ) and standard deviation (SD) of simu-
lation output variables with parameters/variables of companies and contractors, respectively. We discuss the
correlationswith an absolute valuemore than 0.3. As can be seen, the average (µ) of GDI is negatively impacted
by an increase in the percentage of agents who check for job. Also, the engagement of schools increases the
average (µ) and standard deviation (SD) of GDI. And the average (µ) and standard deviation (SD) of comple-
tion ratios are negatively impacted by the number of training years and the percentage of agents who check
for jobs. The averages (µ) of wages are positively correlated with initial wages and profits that mirror studies
in economics regarding impact of stickiness of wages and company’s earnings on wages. Also, initial wages for
high skilled agents increases the associated SD with them. The averages (µ) of the number of skilled agents is
negatively correlated to the thresholds. And, engagement of schools improves the educational skills of appren-
tices.

Figure 12: The sensitivity of standard deviation of output variables to changes in parameters (manufacturers,
companies)
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Figure 13: The sensitivity of average of output variables to changes in parameters (manufacturers, contractors)

Figure 14: The sensitivity of standard deviation of output variables to changes in parameters (manufacturers,
contractors)

Appendix D: ODD + D Protocol

Table 12 shows where we addressed di�erent aspects of the Overview, Design Concepts and Details protocol
that includeshumandecision-making (ODD+D) (Müller et al. 2013). Noting that theODDprotocol canbe lengthy
and it is not easy to use for all simulation models (Grimm et al. 2020), we did not structure the paper based on
this protocol. As suggested by Polhill et al. (2008), we start the verification and validation by discussing the
submodels. In other words, we discuss how di�erent agent types make decisions by discussing their utility
functions. First we discuss the utility function and decision procedure associated with trainees.
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Table 12: Checklist for ODD + D protocol

No. Structural elements Addressed in
I Overview
I.i Purpose Paragraph 1.3
I.ii Entities, state variables and scales Paragraph 2.9
I.iii Process overview and scheduling Figure 1
II Design concepts
II.i Theoretical and empirical background Discussed in Model assumptions and Appendix B

II.ii Individual decision-making The agents maximise their utility functions; therefore it is
discussed as a part of Algorithms

II.iii Learning Appendix B
II.iv Individual sensing Di�erent agent types sense di�erent information, see Figure 1

II.v Individual prediction Each agent type weights past information di�erently,
Appendix B, ‘Weight of past information’

II.vi Interaction The interaction of agents happens through training,
see Figure 1 and Algorithms 2-3

II.vii Collectives NA

II.viii Heterogeneity Agents’ parameters have di�erent values, see
distributions and values in Table 3

II.ix Stochasticity Agents’ attainability, discount factors, and
passions are randomised (see Table 3)

II.x Observation GDI, completion ratio, skill levels, and wages are
collected observations

III Details
III.i Implementation details The model is uploaded in a repository
III.ii Initialisation Paragraph 3.21
III.iii Input data NA
III.iv Submodels Appendix D

Trainees have two distinctive policies, identified by πTrainees(policy), namely not to attend (NA) and attend
the programme (A). The expected utility function associatedwith not attending programme over y years’ deci-
sion horizon, tr years of training, and considering a discount factor ofα,Wl unit income per year for skill l, and
a prepayment of premium is calculated as follows:

πTrainees(NA) =

y∑
t=1

αt ×Wl, (12)

πTrainees(A) =
∑
∀l

y∑
t=tr+1

Ph × Pl × αt ×Wl − Premium+ IncomeTrainer(t)× αt, (13)

where, Pl is the probability of acquiring skill l, and Ph is the probability of getting hired. The income of being a
trainer (IncomeTrainer(t)) at time t (for artisans) is calculated as follows:

IncomeTrainer(t) = (1− P tTra)× premium, (14)

where (1−P tTra) is the probability of being a trainer a�er finishing a programme, and is an increasing function
of their experience.

The agents who attend the programme, decide whether to continue (C) or not (NC). The following provides
the expected utility of trainees at year x of training.

πTrainees(C) =

y∑
t=tr+1−x

PrEs × αt ×WEs, (15)

πTrainees(NC) =

y∑
t=1

Prs × αt ×Ws, (16)
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where, Es and s are expected acquired skill and acquired skill. Also, PrSkill andWSkill are the probabilities
of finding a job and the wages associated with a skill (Skill), respectively. Note that during apprenticeship
(i.e. before tr − x), trainees who continue the programme (i.e. when its policy equalsC) cannot improve their
utility function.

On the other hand, the trainers have three policies to improve their utility functions πTrainers(policy), namely
good (G), bad (B), and avoid training (N ). Overall, each trainer considers cost of training (e.g. competition and
training costs), and profits of training (e.g. paid subsidies and prepayments) based on its type. In the following,
we show utility functions associated with di�erent training policies for companies:

πcompanies(G) =
∑
∀l

y∑
t=tr+1

PrG,l × (profit(l)−WG,l)× αt − n×
tr∑
t=1

Cost× αt, (17)

πcompanies(N) =
∑
∀l

y∑
t=1

{PrN,l × (profit(l)−Wl)α
t, (18)

wherein, PrG,l and PrN,l are the probabilities of finding an agent with skill l under good and no training poli-
cies. As discussed earlier we assume that companies pay wages lower than norm (i.e.WG,l < Wl). Finally,
profit(l) is profits obtained by companies having an agent with skill l, and companies consider the number of
trainees (n) and costs of training over the training period (tr).

Utility functions associated with di�erent training policies for contractors are as follows:

πcontractors(G) = PrG,Hired × subsidy(Hired) + cost(G), (19)

πcontractors(B) = PrB,Hired × subsidy(Hired) + cost(B), (20)

where, PrG,Hired and PrB,Hired are probabilities that a trainee finds a job under good and bad training poli-
cies, respectively. Also, subsidy(Hired) is a paid subsidy per agent who finds a job. Finally, cost(G) and
cost(B) are costs of good and bad training. Note that considering paid subsidies for training, costs of bad train-
ing are negative (i.e. trainers make some profit).

Utility functions associated with di�erent training policies for artisans are as follows:

πartisans(G) = Prepayment+

tr∑
t=1

(Wagelabour × αt)−
y∑
t=1

(PrG,ExcessSupply × αt), (21)

πartisans(B) = Prepayment+

tr∑
t=1

(Wagelabour × αt)−
y∑
t=1

(PrB,ExcessSupply × αt), (22)

where, Prepayment is the paid costs for training, andWagelabour indicates the labourer works done by ap-
prentices during the programme. Also, PrG,ExcessSupply and PrB,ExcessSupply are probabilities of a decrease
in wages for excessive labour supply under good and bad training policies, respectively. Finally, not training
produces a utility function with a value of zero.

Note that, in addition to providing the utility functions for verification and validation, we have earlier discussed
some results which mirror the historical observations in paragraphs 4.11, 5.7, and 5.10.

Notes

1We believe that other trades (e.g. the service sectors) can bemodelled using concepts of this simulation by
selecting relevant characteristics from two given trade types.

2Chardin (1720, Chapter XVII, p. 261) said: “There it is indeed that Knowledge must be stolen; for the Master
thinking on the Profit he may reap by his ’Prentice [sic], more than on teaching him his Trade, doth [sic] not
trouble himself much with him, but employs him only in those things that relate to his Profit.”

3For example, a family of three agents in Julfa were paid a lesser extent than the norm. More precisely, a
father and his two sons entered into a commenda contract (a profit sharing contract) and asked for 25% share
of the profit (instead of 33%) and part of the profit went to the sons (Herzig 1991).
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4In contemporary British apprenticeship programmes, there is an age restriction for subsidising partici-
pants.

5Chardin (1720, Chapter XVII, p. 260) said: “Whoever is about to set up a Shop in any Trade, goes to the
Head of the Trade, gives his Name and Place of Abode to be set down in the Register, and pays some small
Fee for it. The Head never enquires of what Country the Tradesman is, nor who was his Master, nor whether
he understands his Trade. The Trades likewise have no Restrictions, to hinder one from incroaching [sic] upon
another. A Tinker makes Silver Basons [sic], if they are bespoke; every one undertakes what he pleases, and
they never Sue one another upon that account.”

6For instance, see Gwyther (1992) for a report on the power of livery companies in London and Thomas et al.
(2013) for a study about guilds in the UK. An example of a guild’s website is https://www.wsd.org.uk.

7For instance, Johnston & Hancké (2009) discuss how unionised societies that were active under the Euro-
peanmonetary union, could negotiate for excessive wage increases when there was a loss of employment.

8Note that a guild controls the number of skilled agentswho canwork in the system (i.e. some skilled agents
are not permitted to work). However, unions protect their members interests (e.g. they stabilise wages by reg-
ulating the number of apprentices to control the number of unemployed agents).

9In Germany, some freedom in the programme design lets companies give training in some specific skills
needed for employees to work in these companies, along with more general skills. This makes participation in
such programmesmore attractive for both large and small companies (Franz & Soskice 1994).

10The scoring scheme takes account of a) the skill requirement, b) the complexity of the skill training, and c)
the number of trainees combined in a ratio with the ones who find a job.

11The importance of knowledge is observed in some historical cases, as well as modern instances. For ex-
ample, Julfans not only provided a pamphlet containing trade information (e.g.routes and conversion of units),
but also had a specialised school for training recruits (see Aslanian 2007).

12For instance, it is shownthat improvements indeclarative tactical knowledge facilitate skills transfer (Williams
& Davids 1995; Anderson 1982). Note that declarative tactical knowledge is a combination of information about
rules, tasks, objectives of the game, etc. which is overall knowing what to do (Américo et al. 2017).

13The importance of di�erent degrees of the school-based skills on performance in various fields are dis-
cussed in Stasz & Brewer (1999, Chapter 3, pp. 15-36). They suggest companies that facemore frequent changes
in their production processes need agentswith technical skills obtained in schools. Such issues, alongwith lim-
ited availability of time and resources at hand in a work-based training environment, call for an independent
structure to form and enhance academic skills.

14Note that in Julfa a trader should have basic skills in arithmetic and formal writing before he was consid-
ered for employment (Aslanian 2007). In modern contexts, these skills are essentially more extensive. One of
the reasons schools are more e�icient in transferring academic skills is the time and e�ort invested by experts
to design an appropriate and comprehensive educational system. Therefore in designing courses students’ and
the industry’s diverse capabilities and requirements are considered, and the training is concentrated on devel-
oping skills that could be transferred to other contexts.

15Overall, this attribute (i.e. openness) is a�ected by three characteristics: a) probability of finding a job with
better payments in other places which motivates some agents to leave programmes sooner to work in other
communities, b) reputation for having high skills so that agents canwork in other placeswith higher payments,
and c) reputation of programmes that attracts apprentices from other communities.

16Gardner (2011, p. 19) argues “intelligence tests rarely assess skill in assimilating new information or in solv-
ing new problems. This bias toward ‘crystallized’ rather than ‘fluid’ knowledge can have astounding conse-
quences.” He proposes the idea of MI that splits the intelligence into eight or nine categories (see Gardner 2011,
p. xv). He discusses that individuals may be strong in certain types of intelligence and beweak in others. In this
study, di�erentiation among Logical-Mathematical, Bodily-Kinesthetic, and Linguistic intelligence emphasises
the separation of agents’ ability to acquire di�erent aspects of skills in school-based and work-based training.

17For instance, Kusurkar et al. (2013) indicated positive correlations among autonomousmotivation (i.e. mo-
tivation fromwithin the student), study strategy, and average grades.

18Some evidence from the German apprenticeship system in the 1980s suggests that some sectors faced de-
ficiencies in the availability of apprenticeship vacancies (Franz & Soskice 1994, see Table 2). Note that being
passionate can also be reflected in choices among di�erent programmes in real-world situations, i.e. agents
choose the programmes that aremore interesting for them. However, a low birth rate in societies with an ever-
growingdemand for skilledworkforce canharmtheoverall performanceof the society. Thesedeficiencies show
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the importance of being persistent and passionate (e.g. accept to wait for a while) to get into an apprenticeship
system.

19In the German and British instances, programmes duration is three years. In the EIC, a�er five years, the
agents were promoted to factors (i.e. merchants). Note that in the EIC case, apprenticeship programmes were
not full-time because the agents already had some tasks to do.

20Wallis (2008, see p. 840) provided such level of decline in perusing programme for old Britain.
21For instance, Grossman & Owens (2012) indicates that participants felt they are unlucky and their score

should be higher by about 10%.
22Worthen (2002) discusses that the Workforce Development committee recommended that enrolling every

two years for plumbers’ apprenticeship programme is ine�icient because “[high school graduates] won’t wait
around 2 years.”

23We also conducted aWilcoxon test on simulations results associatedwith Scenario A. This indicates a posi-
tive impact of the studied characteristics on finishing the programme. The test indicates that a) the closedness
of society, b) the engagement of schools (i.e. systems with compulsory schools, and c) training by companies
improve the apprenticeship performance.

24Around 75% of apprentices finish the programme in Germany (Ryan & Unwin 2001).
25WeemployedKruskal-Wallis andPairwiseMann-Whitney testsaspost-hocanalysisdue to thenon-homogeneity

of variances that was identified by the Fligner-Killeen test.
26Farmer (1997) discusses the phenomenon in supply chains and business schools. He states that in the final

years of the 1960s, academics in the US believed that purchasing was not a strategic act and had a myopic
attitude towards the practice. A�er awhile, through a change in attitude triggered by the e�orts of aminority of
academics, purchasingwas considered as a strategic activity rather than an administrative one. Without doubt,
that belief shows the myopia in academia to avoid complexities in their decision-making.

27It is basedon the evidence that suggests that “masters’ experience of trainingdidmatter. Masterswere able
to charge higher premiums with each apprentice they took, with the fourth apprentice paying over 20 per cent
more than the first” (Minns &Wallis 2011, p. 12). From the importance of training experience, we can infer that a
recently trained person could hardly recruit apprentices.

28Wallis (2008) claims that “apprenticeship[s] thrived despite, not because of the guilds, thereforewe should
bemore aware of the distinction between the two institutions.”

29Note that in one instance Wallis (2008) mentioned that the reason for leaving the programme was that
14.6% of apprentices died, and 1.1 per cent wed and le� the programme for paid jobs (i.e. 15.7 in total).

30Note that themasters’ tendency for training will be less if they have to pay wages (as observed in Persia by
Chardin). Oneof the essential tools ofmasters in such societies is the flexibility of the apprenticeship’s duration.
This flexibility helps masters to compensate the costs incurred to them by asking apprentices to assist them in
their day-to-day tasks and reducing the speed of training to improve their future income and control the labour
supply.

31In the EIC, agents should have asked two guarantors to sign a bond, which it was not collected upon the
fault (Hejeebu 2005, see footnote 43).

32Estimated based on figures in New Zealand see Figure 3-8, (pp. 9-12).
33Overall, the Pareto principle expresses Vilfredo Pareto’s statement who experimentally observed the ratio

of personswith an incomemore thanx can bemodelled asCx−α, whereinC andα are constants (Arnold 2015,
p.1). This dominance of some companies over market is known as the 80/20 rule by economists, exhibiting
phenomena that around 80% of values are produced by 20% of society. This behaviour is also expressed as
“probability of measuring a particular value of some quantity varies inversely as a power of that value” (New-
man 2005).

34Some studies such as Brynjolfsson et al. (2011), suggest revisions on 20% market share (i.e. long tail phe-
nomenon), but these revisions are questioned in other empirical studies (Zhong & Michahelles 2013).

35Franz and Soskice analytically indicated the importance of these costs and their trade-o� — see Franz &
Soskice (1994), Section 3.1, (pp. 16-17).

36A 15% decrease in leaving programmes is observed for cases where the number of cities in which that par-
ticular skill could be utilised was limited to 3 (see Wallis 2008, p. 844).

JASSS, 25(1) 1, 2021 http://jasss.soc.surrey.ac.uk/25/1/1.html Doi: 10.18564/jasss.4733



37Note that the probability of X , where x1 < X < x2, which follows a uniform distribution in (a, b), is
calculated as (x2 − x1)/(b − a) (see Equation 7). Here it is calculated as (0.75 − 0.5)/(1 − 0.5) = 0.5 and
(1− 0.75)/(1− 0.5) = 0.5, for probabilities of adequate and high work-based skills, respectively.

38Weknow inGerman apprenticeship programmes, only eligible companies could participate in training that
indicates some interventions to control traininganexcessivenumberof apprentices (Franz&Soskice 1994). This
number can be optimised for a real-world scenario.

39Around 20 countries face shrinking populations (Wikipedia contributors 2019).
40It is based on the apprenticeship period inmodern instances, namelymodern Britain and German appren-

ticeships.
41It is based on the evidence of 1700s England that indicates it took about two years of saving for a farmer

to provide the required premium for an apprenticeship in low prestigious industries, such as the metal and
footwear industries — £53.6 versus £10 (see Minns & Wallis 2012, Table 2). Also, the more prestigious skills and
professions that were not hired by a company asked for higher premiums that weremostly a�ordable by “sons
of professionals and gentlemen”(Minns &Wallis 2011, 2013). On average, these premiums were five times more
than that of the metal and footwear industries (Minns & Wallis 2011, 2013).
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