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Abstract

Today's unpredictable variability in customer demand is a major challenge for
manufacturing companies, which often have to keep extra resources to meet deadlines
during overloaded periods. However, these resources remain unused during periods
with lower loads. The aim of the research is to develop resource sharing methods that
are applicable in distributed manufacturing structures and allow the parallel
requesting and offering of manufacturing resources. One way to achieve this type of
collaboration is so-called crowdsourcing, whereby an organization outsources jobs
traditionally done internally to a group of external, independent organizations,

typically online.

First, the related literature is reviewed, starting with the distributed production
structures, then going into more details on the topic of collaborative sharing of
manufacturing resources. The literature on agents, multi-agent systems and agent-
based simulation — as a tool for testing and validating resource sharing mechanisms —

is also briefly reviewed.

Next, the developed direct exchange-based resource sharing mechanism is presented,
highlighting the communication mechanism, the computation of the available
resources, and the decision logic of the participants. Then, a platform-based resource
sharing mechanism is detailed, focusing on the central role and the request-offer
matching logic of the platform. The presented results are tested and validated using
an agent-based simulation model and a detailed overview of the architecture of this

model is also provided.

Next, the topic of trust models is introduced: after a detailed literature review, an
evaluation system is suggested, which is based on delivery time accuracy helping
participants' decision-making. The benefits of considering the trust factor and the
effect of manufacturing lead time prediction accuracy are also investigated using the
simulation model. In the thesis, direct communication and platform-based resource
sharing models are also compared based on different aspects, as well, an economic
model for platform-based resource sharing is described. In the financial model, the
different cost and revenue types of the manufacturing companies and for the platform
are formalized one by one. The financial advantages and disadvantages of joining the
platform are also discussed. Finally the financial model is tested with agent-based
simulation, and then the contents of the thesis, new research results, areas of

application and possible future research directions are summarized.
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Kivonat

A vevéi igények napjainkban tapasztalhato, elére nem jelezhet6 valtozékonysaga
komoly kihivast jelent a gyartd vallalatok szamara, amelyek gyakran kénytelenek
tobbleter6forrasokat tizemeltetni annak érdekében, hogy terheltebb iddszakokban is
hataridore teljesiteni tudjak a megrendeléseket. Ezen er6forrasok azonban a kevésbé

terhelt idO0szakokban kihasznalatlanok maradnak.

A kutatas célja olyan, elosztott gyartasi struktirakban miikodd eréforrasmegosztasi
modszerek kidolgozasa, amely lehetové teszi a gyartdsi kapacitdsok parhuzamos
kiajanlasat és igénylését. Az erdforrasmegosztas egyik mddja az a.n. crowdsourcing,
amelynek lényege, hogy egy szervezet a hagyomdanyos esetben belsOleg, sajat
eréforradsok igénybevételével elvégzett munkdkat kiilsd, fliggetlen szervezetek
csoportjanak szervezi ki, jellemzden online formaban.

Az értekezésben elsdként a kapcsolddd szakirodalmat tekintem at: az elosztott
termelési strukturdkkal kezdve, majd a kollaborativ mdédon torténd gyartasi
eréforrdsmegosztas témakorét részletezve. Az agensekkel, multidgens rendszerekkel
és az agensalapu szimuldciéval, mint az er6forrdsmegosztdsi mechanizmusok
tesztelésére és validalasara alkalmas eszkozzel kapcsolatos irodalmat is ismertetem. A
bizalmi modellek témakorét részletes elemzése utan a kapcsolddo termelési modellek
pénziigyi megkozelitéseit is attekintem.

Ezutdn bemutatom az altalam kidolgozott direkt kommunikacion alapuld
eréforrasmegosztasi mechanizmust, kiilon kitérve a haszndlt kommunikacios
struktiirara, a rendelkezésre allé eroOforrasok szamitasara, illetve a résztvevok
dontéshozasi logikajara. Ezt kovetéen a platform-alapt eréforrdsmegosztasi
mechanizmust részletezem, a platform irdnyitd szerepére és az igény-ajanlat parosito
logikdra hangsulyt fektetve. A bemutatott eredményeket dgensalapt szimuldcios
modell segitségével tesztelem és validalom, ezen modellnek a felépitését is részletesen
attekintem. Egy, a szavahihetdségen (f0ként a szallitasi hatariddk betartasan) alapulo
értékelési rendszerre teszek javaslatot, amely a résztvevék dontéshozasat segiti. A
szavahihetdség figyelembevételével jaro elényoket és a gyartasi atfutasi id6 becslési
pontossaganak hatdsat szintén a szimuldcidval vizsgalom. Az értekezésben a direkt
kommunikacié- és a platform alapi modelleket is Osszehasonlitom kiilonb6zd
szempontok alapjan, majd pedig egy gazdasagi modellt irok le a platform alapu
eréforrdsmegosztas esetére. Ez a modell formalizalva tartalmazza a gyarté vallalatok,
illetve a platform egyes koltségeit és bevételeit. Megvizsgalom a platformhoz vald
csatlakozas pénziigyi elOnyeit és hatranyait, majd a gazdasagi modellt szimulacioval
tesztelem. Ezt kovetOen az értekezés tartalmat, az 0j kutatdsi eredményeket, az
alkalmazasi teriileteket és a lehetséges jovObeli kutatasi irdnyokat 6sszegzem.
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1. Introduction

1.1. Overview and motivation

As a result of globalization, first, large manufacturing companies and then small and
medium-sized enterprises (SMEs) are increasingly moving from rigid, centralized
organizational structures toward distributed production networks [86]. The
fluctuation of customer demands today also challenges Build-To-Order (BTO)
companies, which are forced to operate with extra resources to meet the deadlines;
however, these resources remain underutilized during less constrained periods.
Problems like chip shortages in the semiconductor industry due to natural disasters,
falling supply chains due to a war or geopolitical sanctions, demand shifts caused by
COVID-19 also require production structures which are flexible enough to quickly

react.

Crowdsourced manufacturing [66] can provide a solution to these challenges. Its
essence is the following: an organization outsources jobs (that are traditionally done
internally using its own resources) to a group of external, independent partners,
typically through an online platform. This way temporarily extends its resources in a
flexible way through some partners, making it easier to adapt to changes. The primary
objective of the research is to develop a crowdsourced manufacturing-based resource
sharing method that allows participating companies to offer unused resources, request
them in case of shortages, and provides decision options for requesters by matching
requests to offers. In order to justify the necessity of platform-based resource sharing,
it is important that the introduced mechanism has to be more efficient and beneficial

to the participants than a direct communication-based mechanism.

In a production system where participants share resources while cooperating (and, at
the same time, competing) with each other, it is essential that they have an incentive
to keep their promises, to be able to plan on the basis of the commitments made by
their partners [132]. One aim of this thesis is to investigate how the effectiveness of
resource sharing and the service level of the participants can be improved by taking
trustfulness into account using a new rating system. The basis of the rating is one of
the key factors in supply chains: meeting delivery deadlines, which is largely
influenced by the manufacturing lead time prediction accuracy of the company that

completes the outsourced job.

An additional aim is to develop a financial model for resource sharing companies and
for the platform, to enable the financial justification of the effectiveness of the

introduced method, furthermore, to investigate the circumstances in which it is
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profitable for a company to join the platform. The cost model should take the main
cost elements and revenues of the manufacturing companies (production,
administration, warehousing, distribution costs and sales revenues) into account. In
addition, penalties for inaccurate deliveries and the platform's revenues and expenses

also must be considered.

1.2. Outline of the dissertation

In Chapter 2, a literature review is presented, and state of the art is discussed in
connection with the challenges in the Industry 4.0 era and manufacturing concepts
trying to cope with these challenges. It is also discussed why collaborative resource
sharing is needed and why it is still a very promising solution for manufacturing
companies, particularly in a volatile environment. As the tool or technology for testing
and validating the models is agent-based simulation, its basic concepts, multi-agent
systems and simulation modelling are also discussed here. The role of trustfulness in
the resource sharing mechanisms is introduced: a detailed literature review is
conducted on trust and reputation systems: how they can be classified, attacking types
and defending mechanisms, security issues and possible solutions, and case studies
presented in the literature. Cost models used in similar manufacturing concepts are

investigated, too.

In Chapter 3, a direct exchange-based resource sharing mechanism is introduced. First,
the definitions are clarified, then the model itself, including the communication
mechanism, calculation of available resources (to be able to consider resource
constraints) and decision-making logic of the participants (choosing between offers)

are described.

In Chapter 4, a new platform-based resource sharing mechanism is discussed. The
basic concepts of the model are similar to the direct exchange-based mechanism. The
main differences and the communication structure are also described in this part of the

thesis, in parallel with the details about the functionality and role of the platform.

In Chapter 6, the agent-based simulation model is introduced including the different
agent types (platform, company) with their parameters and functions. As the
simulation software AnyLogic (the simulation technology applied for testing and
validation) is Java-based, Java classes are discussed, which are necessary to realize the
communication mechanism described in the previous chapters. The difference
between reliable and non-reliable companies and the way they are modeled are also

presented here.
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In Chapter 5, the trust and reputation model applied in the resource sharing
mechanism is introduced: how the delivery accuracy-based ratings are calculated and
aggregated and how these are influencing the decision making of the companies.
Experiments performed with the simulation model are also presented here: the effect
of considering trustfulness in resource sharing and the effect of lead time prediction
accuracy of the companies are also presented. At the end of the chapter, conclusions

are drawn about taking trustfulness into account.

In Chapter 8, the comparison of the two resource sharing mechanisms (direct
exchange-based vs platform-based) is presented based on several aspects, such as
participant anonymity or trustfulness. Differences between them are investigated with
the simulation model: average resource utilization, service level of the companies and

communication loads are tested.

In Chapter 9, a new financial model is introduced for platform-based resource sharing
to investigate incomes and costs for both the companies and the platform.
Manufacturing, inventory, penalty, distribution, and administration costs are
introduced, followed by the sales and penalty incomes of the participants, as well as
the incomes and the costs of the platform. For each above-mentioned element, some
examples are mentioned from the literature and a calculation method is formulated.
Direct exchange-based and platform-based resource sharing are compared here from
the financial perspective, too: additional costs and incomes of joining the platform are
discussed. Simulation experiments are also performed to test the financial model and

to investigate the effect of order interarrival time and the price of outsourced jobs.

In Chapter 10, new scientific results are summarized, and the application of the results
is discussed. The presented work is summarized, and some interesting future research

directions are mentioned.
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2. Literature review

Nowadays, the trends of decentralization and interoperability are resulting in
advanced manufacturing production models that pursue greater flexibility and
functionality, such as Cyber-Physical Systems (CPS) and Cloud Manufacturing (CM).
Recent manufacturing system paradigms have shifted their focus from production
maximization to cost reduction, from process standardization to mass customization,

and from production-centric to service-oriented [91].

Decentralization means moving from centralized control and processing to local and
distributed. It enables autonomous control by distributing decision-making to the
system elements [136], and has the potential to create benefits from it, e.g., self-
organization, self-regulation, and flexibility [58]. Distributed control is an area with

increasing interest for 14.0 and smart manufacturing applications, also [10].

According to ISO16300, interoperability is “the ability for two or more entities that can
exchange or share certain items in order to perform their respective tasks” [67].
Interoperability is a key enabler for manufacturing to realize operations across
heterogenous digital systems [90] and is still a problem for industrial implementation
of new information and communication technologies [105]. Figure 1 shows the
importance of interoperability for global manufacturers due to the number of
distributed processes required to create a product. Authors of [89] state that
interoperability in vertical and horizontal integrations, along with low-level control
from Multi-Agent Systems (MAS), is required to realize CPS. Standards addressing
information exchange and interfaces with legacy systems must be considered for

heterogenous interoperability.

ﬂﬂﬂ

Manufaclured Manufactured Manufactured

Figure 1. Interoperability for global CNC machining [99]
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2.1. Manufacturing concepts

The traditional model of the manufacturing industry is getting transformed. Driven
by an on-demand, fit-for-purpose service philosophy, the manufacturing industry has
to deal with increasingly complex supply networks [12][16][38]. Additionally,
megatrends such as mobility, urbanization, ecology and digitization cause increased
environmental (external) complexity for manufacturing companies [61][87]. As part of
these megatrends, logistics and supply chain management are affected by major
changes [11][38]. Managing the resulting complexity is, therefore, one of the biggest
challenges of supply chain management [12][29][31][129]. Only those companies that

will accept and use these challenges to their advantage will remain competitive.

Ever-new crises accompany these continuous developments. The probabilities of crises
and crisis-like phenomena are increasing [6]. A crisis is a difficult situation or situation
with destructive development trajectories [84]. Crisis-like phenomena are conflicts,
risks, and disasters. The nature and characteristics of these crises, and thus their impact
on the supply chain, vary widely. The most recent crises are the semiconductor and
the corona crisis, and unfortunately the war in Ukraine. The latter does not affect any
specific sector, industry or geographic area. It affects global supply networks in
different areas at different times and intensities. The German economy was hit with -
4.9% GDP drop of economic output in 2020, 74.5% fewer air passengers travelled,
which caused major airlines to struggle. Consumers' spending dropped 4.6%, while
online retail experienced a rise of 27.8% [120]. Unique to the corona crisis is especially
the influence of it from both sides (demand and supply) on the supply networks. This
creates lasting effects and bi-directional (forward and backwards) disruption
propagation [68]. Often the problem was not the change in the total demand but the
demand shift to another type of similar product (e.g., flour, yeast, toilet paper) [81].
Since many international suppliers could no longer deliver, it led to global material
and supply shortages [79]. Major suppliers were unable to produce in part due to
regulatory requirements, which led to a production shutdown [15]. Capacity
utilization on the one hand and capacity overload on the other, led in part to a
bullwhip effect. The capacity utilization was countered by extra shifts, reactivation of
idle resources and postponement of lower-priority orders [79]. Because of the corona

crisis, global supply chains in particular, have come under criticism [60].

Partly triggered by the corona crisis, a global semiconductor crisis developed. During
corona, many vehicle productions came to a standstill, and demand dropped.

However, suddenly the industry picked up again, which led to a bullwhip effect. Due
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to the complex technology, semiconductor manufacturers need a certain amount of
time to ramp up production again. OEM and the suppliers did not have this problem.
The result was a phase shift. Semiconductor demand exceeded normal demand by far.
The relatively long manufacturing times of about 170 days make it difficult to increase

output in the short term.

One concept to cope with the above-mentioned challenges within supply chains is
resilience. In [18], the authors define resilience in today's business world as an
organization's capability responding to unexpected disruptions in order to restore
normal operations. In [37] resiliencies defined as the characteristic of being adaptable
to respond sustainably to sudden and significant changes in the environment in the
form of uncertain demands. Many innovations with regard to supply chains, such as
resilience approaches, have been investigated recently. Whereby the goal is often to

increase the resilience of the network and therefore reduce total cost [69][78][128].

One of the most important resilience drivers is collaboration, which means joint risk
mitigation of the partners, requiring mutual trust. Companies state that the
outsourcing of production steps into collaboration-like organizational structures will
likely increase in the future [118]. Concepts incorporating collaboration approaches
like the resource sharing are enabled via recent developments like cyber-physical
production systems, cloud computing and digital shadows [134]. These technologies
support the integrated networking and the transparent data communication between
every member of the supply chain and create new possibilities for networking and
cooperation between different actors and stakeholders within a supply network
[57][115].

The producer-consumer relationships in production networks are changing, giving
room for increased cooperation in order to cope with such problems [76]. Cooperation
and collaboration are not optional for manufacturing companies; it is a must if they
want to remain competitive [2]. The authors of [8] distinguish between horizontal and
vertical cooperation among enterprises, depending on whether they are at the same
level of the supply chain in terms of value creation. Cooperation between supply chain
actors is widely investigated in the literature from several perspectives: e.g.,
trustfulness [23] and robustness [116], but in these cases, the cooperation is always
vertical between participants: the relationship between a producer and its supplier(s)
is investigated. In the presented model, participants can have the same resource types
and thus competitors of each other — they are on the same level of value creation
(horizontal cooperation). Some of the methods developed for long-term customer-

supplier relationships could be applied in resource sharing mechanisms (e.g., cost for
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penalizing inaccurate delivery time), but others have to be modified or rethought from
the basics as the investigated problem is different.

Crowdsourced manufacturing was proposed by the International Electrotechnical
Commission [66]. The main idea of the concept is to collaborate with each other by
sharing resources via a platform. As mentioned in [77], for BTO companies often keep
extra capacities to be able to meet order deadlines, and crowdsourcing can be an
effective way to reach a high resource utilization level. This concept is also applicable
for 3D printing, where offering resources in a Manufacturing-as-a-Service (MaaS) way
is already in operation [34], and joining a platform could smoothen the demand
fluctuations for resource offerors. This concept can also be a solution for companies
having specialized, often expensive resources, facing a problem with utilizing them on
a high level. As mentioned by [146], outsourcing and crowdsourcing help
manufacturers — who are facing the challenge of multi-variety and variable-batch
production orders — concentrate on their core business and share non-core business
jobs with other companies.

An example of this type of collaboration is Swiss Virtuellefabrik [123], where SMEs
focus on manufacturing unique products needing special equipment. The orders are
distributed between the members by brokers, and the group of companies could not
efficiently utilize their resources without working together. Other similar,
manufacturing-as-a-service (MaaS) platforms are Xometry [137], MFG [95], and Fictiv
[40]. They provide CNC, 3D printing, and injection moulding services in general. In
the case of Xometry and Fictiv, the matching between customers and manufacturers is
done by the platform, the customer is not able to influence the choice. Xometry even
uses Machine Learning (ML) and Artificial Intelligence (AI) algorithms to determine
the price promptly, based on previous jobs with its manufacturers, and the
manufacturer is not known to the customer. In contrast, in the case of MFG, the
customer has to compare e.g., the manufacturers, the prices, lead times, and choose the
best option. Because of this, customer ratings and reviews are also available to support
decision making.

Figure 2 shows the difference between demand fluctuation without and with being
part of a resource sharing federation. In the first case, the company faces the costs of
lost sales due to capacity shortage and lack of specific technology. In the second case,
the company can “extend” its capacities by outsourcing some of the jobs to be able to
complete more orders even from more customers, but it must face the additional

outsourcing efforts, such as transportation and organization costs.
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Figure 2. Demand fluctuations without and with resource sharing

At the company level, planning issues due to changes in demand are dealt with by
Material Requirements Planning (MRP). The nature of demand can be deterministic,
stochastic, seasonal, independent, or dependent. The resource sharing model
presented in this thesis offers a solution when, due to unpredictable changes in
demand, traditional planning methods no longer work effectively, and companies are
forced to make quick decisions to meet the deadlines [41]. In this case, time and costs
can be also saved by using a method capable of providing resource alternatives
quickly. Fast decision making is very important mainly for supply chains producing
innovative products with volatile and unpredictable demand. In comparison, in case
of functional products, such as paper towels and light bulbs — where the demand is
stable — the emphasis is placed on the effectiveness of the supply chain and cost

minimization [42].

2.2.Resource sharing

Resource sharing can be defined as a cooperative action that has gained a lot of
attention in recent years. Users of a shared resource receive the advantages of
ownership, such as availability and use, while the disadvantages, such as investment
costs and environmental impact, are reduced [8]. In case of fluctuating customer
demands, the company may face the problem of idle capacities (lower demand than

expected) or lost sales (higher demand than expected), as shown in Figure 3.
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Figure 3. Idle capacities and lost sales in case of fluctuating demands

Table 1 summarizes the challenges solved by resource sharing.

Table 1. Challenges solved by resource sharing

Challenge

Solution enabled by resource sharing

Keeping extra resources in order to
meet delivery deadlines of larger
orders; but these may remain unused
during less loaded periods

Imprecisely  predictable  customer
orders, disturbances in supply network
causing fluctuating utilization of
production system and difficult
planning

Sharing resources with each other:
requesting them when having shortages
and offering them when having surplus

Fluctuating demand, wunderutilized
capacities for companies having
resources that can be used generally,
e.g., laser cutting, 3D printing, CNC
machines

Resource sharing platform where they can
offer  their resources, this way
smoothening the demand and utilize their
resources by receiving more orders
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Outsourcing certain job phases to
companies  focusing on  operating
specialized equipment, and focusing on
core business tasks that the company can
complete with higher efficiency

Buying specific equipment to be able to
produce certain products, this way
spending resources on tasks that are not
the core business of the company

The Product-Process Matrix (see Figure 4) was first introduced by Hayes and
Wheelwright [54]. The process life cycle-rows of the matrix represent the process
structure with increasing standardization towards the systemic form. The product life
cycle columns represent the product structure going from great variety to highly
standardized products. The resource sharing solutions discussed in this thesis are
relevant for companies who are located at the two ends of the diagonal:

(1) They have general resource types (top left corner), such as 3D printers, CNC
machines, laser cutting machines. In this case, defining jobs in a standardized
way is relatively simple.

(2) They have specialized resources that are expensive to operate (bottom right
corner), e.g., producing spare parts for the railway industry. In this case, as the
machines produce only specific, highly standardized products, with already

defined technical requirements that the machines are capable of.

Process Structure — Product Life Cycle Stage

Low Volume Many Products Few Major Products Hight Volume
(low standartization, (low volume) (higher volume) (high standartization,
one of a kind) commodity products)

Jumbled Flow
(job shop)

Commercial
Printer

Disconnected Line Flow
(batch) Heavy

Equipment

Automobile

Connected Line Flow Assembly

(assembly line)

Sugar
Refinery

Process Structure — Product Life Cycle Stage

Continuous Flow

Figure 4. Process-Product Matrix [54]
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Some examples of studies investigating resource sharing approaches with
a sustainability aspect are presented in Table 2. Based on these examples, it
can be stated that resource sharing is one possible and promising way towards

sustainability — however, currently it is not a widely used solution.

Table 2. Sustainability aspects in resource sharing models found in the literature

Resource sharing | Sustainability

Reference Summary/finding between aspect

Balancing and reducing air
pollutant emission of the whole
[146] region in China with resource
sharing between production

manufacturing air pollution
companies reduction

companies.

Analysis of how resource sharing
— as a key practice in making
transition to circular economy —
can be facilitated and
(104] implemented. Different virtual power circular
implementation strategies and plants economy
transition pathways between
them are also examined. A case
study of nine Virtual Power

Plants is conducted.

Multi-depot green vehicle routing
problem is investigated
implementing transportation

. S transportation
[139] resource sharing within the same p

CQO2 emission

depot and among multiple depots vehicles
to minimize carbon emission and
operating cost.
Collaborative resource sharing
[83] improves supply chain theoretical study | general view

performance and sustainability

Blockchain-based smart contract

for resource sharing companies,
, energy

MILP model for optimal resource

[110] sharing and scheduling

(measures: makespan,

machine utilization, energy

consumption, and reliability).

manufacturing | consumption
companies in
manufacturing
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Case study with 36 companies,
manufacturing gearboxes.

[45]

Resource sharing for intermodal
transportation and performance
measures are presented, and the
model is tested with an agent-
based simulation.

transportation
vehicles

CO2 emission

[138]

Collaborative multi-center vehicle
routing problem with resource
sharing and temperature control
constraints is solved with a
hybrid heuristic algorithm.

transportation
vehicles

environmental
impact of
transportation

[94]

Reducing environmental impact
of logistics by sharing of
operational capabilities, either by
vehicle sharing, by vehicle
capacity sharing, sharing
warehousing or infrastructure

transportation
vehicles

environmental
impact of
transportation

sharing. Real case study (tested in
a Portuguese city) is presented.

2.3. Agents and multi-agent systems

Agent, as an abstract concept, appeared as early as the 1960s, but it became more
widespread in the 1990s. There are several definitions for the agent expression; an
agent can be any independent entity (e.g., software, model, individual) [13]. According
to [96], “an agent is a computational system that is situated in a dynamic environment and is
capable of exhibiting autonomous and intelligent behavior” (see Figure 5)

state history

evaluationj

observations
utility

goals, objectives
preferences

®
>
<-
=
S agent
3
®
>
-

prior knowledge

Figure 5. Agent interacting with its environment [96]
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[102] classifies agents according to additional properties such as autonomy (initiative
behaviour), cooperation, learning, mobility and the way of internal decision-making.
The latter distinguishes between reactive agents, which react to the stimuli coming
from their environment according to a set of "if-then" rules, and deliberative agents,
which have a symbolic model of their environment, thus they can plan how to act. This
behaviour is most often described by the BDI (Belief-Desire-Intention) model, where
agents have a vision of the world (which may be wrong), goals, as well as plans to
achieve their goals. In some applications (e.g., inter-company processes), they are

characterised by honesty, transparency, and reliability.

Agents often operate in a multi-agent system. The architecture of multi-agent systems
is highly customizable, which contributes to their wide range of applications. In [64]
the characteristics are grouped into 5 categories:

(1) Intrinsic properties of agents, e.g., lifespan, mobility, cognitive level (from
reactive to deliberative) or adaptive (permanent, teachable, self-learning).

(2) External properties of agents, e.g., social disposition, social autonomy (from
independent to controlled), friendliness (cooperative, competitive or hostile),
mode of interaction (direct or through some intermediary, only with other
agents/environment or both, communication characteristics).

(3) System properties, e.g., homogeneity, structure (from hierarchical to
democratic), freedom of implementation (from independent to controlled).

(4) Properties of the environment, e.g., familiarity, predictability, and degree of
controllability from the agents' perspective. In addition, whether the whole past
has an impact on future states or only the present. Furthermore, realism, i.e.
whether the environment can change while the agent makes a decision.

(5) Properties of the framework, e.g., communication infrastructure and message

protocol.

What are the benefits of a multi-agent system, and for what purpose they can be used?
In [70], the authors define some characteristic settings helping to answer this question:
no central control, decentralized data, the calculation is made in an asynchronous way,
the agents have limited information or are not able to act alone to solve problems. This

implies that they are capable of distributed problem-solving.

As there is no rigid central control, the system is robust: it does not collapse due to
disruptions, changes, or the failure of an agent. It can return to a stable state through
interactions between agents and with the environment; this wayj, it is possible to build

complex systems. The complexity comes with emergent behaviour, i.e., the system has
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properties that are not the consequences of the individual agents' capabilities. This
way, the system can solve tasks that are beyond the capabilities of the individual

agents.

According to [132], “Simulation is the representation of a system with its dynamic processes
in an experimentable model to reach findings which are transferable to reality”. Since the aim
of this thesis is to investigate the performance of manufacturing companies and the
dynamic resource sharing between them, simulation modelling as a method for testing
and validating different methods seemed to be particularly suitable. By applying a
simulation model, these mechanisms can be modelled in a realistic way, and the

dynamics of the processes can also be managed.

For simulation modelling of manufacturing and logistics systems, in general, two main
concepts are used: discrete event-based simulation (DES), and agent-based simulation
(ABS). According to [20], ABS is suitable for systems with entities that frequently
interact with each other, while DES focuses on simulating events and their
relationships of the underlying discrete-event dynamic system. In this thesis,
collaborative resource sharing mechanisms are modelled; thus, agent-based
simulation was chosen as a tool for investigation to draw consequences and verify the

functioning of the mechanisms.

2.4. Trust and reputation systems

For cooperating organizations, it is essential to be honest with each other and to have
a strong commitment to the promises. By taking trust and reputation into account in
decision-making, companies could be incited to keep their promises, e.g., complete an
undertaken order in spite of noticing a more profitable option for using free capacities.
They also can be forced not to bias information and to meet the job due dates because
otherwise, they would worsen their own situation (after receiving a bad rating, they
are less likely to win new jobs). Making decisions based on trust and reputation also
enables to differentiate between partners who are reliable and who are not. Such a
framework is driven by the promises and commitments for the future, given by the
participants. The main internal testimonial of the framework is that one can believe
the other’s promises: if participants cannot count on these commitments, and they are
not incited to keep the promises, the framework of cooperation is violated, and the

efficiency of the distributed manufacturing system can decrease.

In this subchapter, the definition and classification of trust and reputation systems
(TRSs), including features like, attack types and defense mechanisms, security issues

and possible solutions, and case studies are presented from the literature, as well.
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Based on the information collected, a requirement list is composed for TRSs applied in
the manufacturing area, and the model used in resource sharing is also introduced. In
the end, experiments are performed to investigate the effect of considering trustfulness

together with the impact of lead time prediction accuracy in resource sharing.

2.4.1. Definition and classification

The various forms of trust may account for some of the apparent confusion on the
concept of trust. Here the main goal is not to present all the definitions (as it has been
done before in different surveys) but to mention some examples with the aim of

making the concept of trust understandable.

More than 40 definitions have been collected by [85] from 1958 to 2009. The authors
summarize the trust definitions in the following way: “[...] trust relation implies the
participation of at least two parties, a trustor and a trustee. The trustor is the party who places
him or herself in a vulnerable situation under uncertainty. The trustee is the party on whom
the trust is placed, who has the opportunity to take advantage of the trustor’s vulnerability”.

In Table 3, some other definitions are also mentioned from the literature.
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Table 3. Trust definitions from the literature

Reference Definition

Willingness to rely on an exchange partner in whom one has

%71 confidence.

An individual's belief or a common belief among a group of
individuals that another individual or group (a) makes good-faith
efforts to behave in accordance with any commitments, both explicit

[52] and implicit, (b) is honest in whatever negotiations preceded such
commitments, and (c) does not take excessive advantage of another
even when the opportunity is available.

(110] A device to reduce complexity, a shortcut to avoid complex decision
processes when facing decisions that carry risk.

(30] Willingness to commit to a collaborative effort before you know how

the other person will behave.

A personal and subjective phenomenon, based on various factors,
[72] some of those (such as personal experience) having more weight than
others (such as second-hand information).

The willingness of a party to be vulnerable to the actions of another
party based on the expectation that the other will perform a particular

[93] LT . . s .
action important to the trustor, irrespective of the ability to monitor
or control that other party.

(63] Trust is a complicated issue concerning the belief in trustfulness,
integrity, competence, and dependability of the trusted system actors.
A psychological state comprising the intention to accept vulnerability

[112] based upon positive expectations of the intentions or behavior of

another (neither a behaviour, nor a choice, but a psychological

condition that causes or results from such actions).

As one can see, there is no generally accepted definition for trust: each work defines
this concept from its own perspective. For example, different definitions exist for
online commerce, sharing economy or supply chains. In addition, these definitions use
expressions making them more obscure (because these expressions are not defined

either) - e.g., interdependence, vulnerability and benevolence.

However, it is necessary to distinguish between trust and a concept that is very close
to it: reputation. After reviewing various reputation definitions and models, it can be
stated that the difference between trust and reputation can be phrased as follows:
while trust is some kind of opinion based on direct experiences, reputation is based on
indirect interactions and primarily used when no (or not enough) information is
available from another party. This way, information can be obtained from a previously

unknown entity, with the advantage of reducing interaction risk (among others). Here,
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some reputation definitions and models are mentioned to introduce the concept in a

more detailed way.

In [92], the authors review computational reputation models for multi-agent systems.
They define reputation as socialized trust that is propagated through a social network,
while trust itself is a belief that is based on personal experiences. In [21], several
reputation systems in practice are reviewed and compared. Ratings of merchants’,
products’, customers’, reviews' and reviewers' reputations are taken into
consideration. Several definitions of reputation are provided in the mentioned paper:
almost all of them are closely related to third-party opinions, especially first-, second-

and third-hand ones, in this order of importance.

Collaborative filtering systems are similar to reputation systems as both of them collect
ratings from community members. However, collaborative filtering is based on the
idea that different people have different tastes. Consequently, if two users evaluate the
same set of items in the same way, they can be classified into the same cluster. On the
other hand, reputation systems assume that the ratings are insensitive to taste. If
ratings subject to individual preferences are fed into a reputation system, then
reputation scores can mislead because they reflect different tastes, not the different
reliability of service providers [72]. In [114], the authors review computational trust
and reputation models along the following classification dimensions, focusing on the

functionality of the systems; the summary of their literature review is depicted in

Figure 6.
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Trust relationships can be classified based on their type. We can distinguish between

relationships based on the direction of the rating, the causes for building the
relationship and the participants, see [47],[55],[65],[92] and [111]. The main

relationship types are presented in Figure 7.
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Several settings can describe a trust relationship, including its phase, stage or level. In

addition, the relationship is determined on the basis of the factors that influence it. In

Figure 8, these are summarized based on [7],[32] an
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2.4.2. Attacking types and defending mechanisms

relationship

Ratings of a given agent can be manipulated for selfish reasons by malicious or

harmful agents. Based on [21], a malicious agent is an agent whose identity is unknown
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or undefined, or who is discovered to be untruthful and makes intentional mistakes
and errors in order to disrupt the operation or business or provides misleading
opinions to misguide the community. The detection of these (group of) agents and
inciting them to be honest are challenging tasks. To detect malicious agents, data
mining, pattern matching, behaviour monitoring and Just-In-Time reporting are useful
tools. Based on [73] and [80], the different types of attacks against reputation systems

are summarized in Figure 9.
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Figure 9. Attack types against reputation systems

Table 4 summarizes the inevitable conflicts presented by [80], in connection with the

defence mechanisms developed by researchers against various attack types.
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Table 4. Inevitable conflicts related to defence mechanisms in TRSs

Conflict Suggested solution
Negative feedback Robustness against .
e VS. . . No suggested solution
sensitivity collective badmouthing
, Determining a default
Encouraging . : . .
vs. | Preventing whitewashing | reputation value for
newcomers
newcomers
. , Helping reputation o :
Resilience to oscillatory _ . Monitoring changes in
, vs. | restoration of previously ,
behaviour . . behaviour
misbehaving agents
A larger history size
improves the accuracy
Performance VS. Accuracy of reputation but
requires storage space
and computation time
Reputation
Resilience to man-in-the- P .
Performance Vs. . information
middle attacks
redundancy
Considering only
positive experiences in Resilience to collusive Monitoring review
vs. .
order to counteract deceit attacks patterns
badmouthing attacks
Considering only
negative experiences in s Resilience to Monitoring review
Vs.
order to counteract badmouthing attacks patterns
collusive deceit
Considering honest
Resilience to unfair recommendations which ,
. : : No suggested solution
recommendations (via | vs. | do not comply with the _
o o in the study
similarity measures) majority of
recommendations
Encouraging
recommendation Preventing random No suggested solution
. . . VS. . .
provision (via rewards recommendations in the study
for recommendation)
Incentives for honest
recommendations (via )
, No suggested solution
credit-based vs. Ease of development ,
i in the study
reward/punishment
mechanisms)
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2.4.3. Security issues and possible solutions

As a general fact we can state that information about trustfulness is highly confidential.
Thus, a secure system should be designed to collect, store and update this information.
Several researchers propose a blockchain-based system as a modern and secure
solution. Although this thesis does not focus on the real implementation and security
of the developed trust model, some relating examples investigating these issues are

mentioned here.

PoRX (Proof-of-Reputation-X), a credit-based reputation incentive scheme for
blockchain consensus of Industrial Internet of Things, introduced in [134], that
rewards cooperative actions and punishes non-cooperative ones, confirmed by
experimental results, too. Fabrec, a peer-to-peer network of manufacturing nodes
proposed by [5], enables the participants to share data with the other participants,
including the potential clients. Blockchain technologies and smart contract
representations have been implemented and successfully tested in this case. In [88],
the authors propose an order-driven trading service between manufacturers and
customers, by introducing a reputation management system combining real-world
reliability and feedback. Manufacturer rating classification and identification of
malicious evaluators have also been implemented. The architecture is again
blockchain-based. Simulation showed that the system meets the requirements of

privacy, non-repudiation, anonymity, and fairness.

As one can conclude from the above-mentioned three examples, researchers see
blockchain technology as the most promising solution for security issues and prevent

malicious participants from harming others or the system itself.

2.4.4. Delivery time accuracy

Delivery time accuracy is essential in the case of manufacturing companies. In [1], the
authors differentiate between two types of customers (agents): the first type accepts
tardiness in the delivery of orders, the second type does not accept the tardy orders at
all and assesses the tardy orders as failed. Authors of [51] mention that lower variance
in delivery times improves delivery performance thus increases customer satisfaction
among the existing customer base in the short term and can lead to new customers in
the long term. They also define the delivery window as the difference between the
earliest acceptable delivery date and the latest acceptable delivery date. In [48],
Confirmed Delivery Date (CDD) is identified as the most important performance
criteria. CDD means the reliability of a company in fulfilling the customer’s order
requirements. TRSs can also be used to motivate companies to keep their promises,

especially in connection with delivery deadlines.
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2.4.5. Case studies

Since TRSs for manufacturing resource sharing models have not been investigated by
researchers yet, some examples are mentioned here from the topic of partner alliances
and supply chains. Common projects are usually initiated by firms which are familiar
with each other and have expectations of the intentions and possible behaviors of their
partners. Hence trust obviously plays a prominent role in all alliances as it contributes
to higher performance. Nevertheless is not easy, trust and reputation can be measured,
and their impact also could be investigated between entities who are on the same or

even on different levels of a supply chain or a network.

In the first case, trust is investigated between customer(s) and its suppliers. Here, the
trust relationship is one-directional — ratings are only given by the customer(s), and
they can use an aggregated rating to choose between different suppliers. In the second
case, the participants could be each other's competitors, or they could be customers
and suppliers for each other at the same time. Consequently, a specific entity could be
rated by another one, and vice versa in two different interactions. This is what happens
in a distributed manufacturing framework. In Table 5 some case studies are

mentioned for both cases.

Table 5. Trust-related findings in partner alliance case studies

Reference Findings

[36] The complementary role between trust and control: the more you can
trust your partner, the less control you need as the partner will behave
as expected.

[52] When firms enter multiple alliances over time, the transaction cost
might decrease as they already know and trust each other.

[83] Trust is positively related to alliance performance. Interdependence
and inter-partner competition (behavioural uncertainty) increase the
positive relation between trust and performance. Market instability
and market unpredictability (environmental uncertainty) decrease the
positive effect of inter-organizational trust on alliance performance.
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Table 6. Trust-related findings in supply chain case studies

Reference Findings
[17] Trust promotes knowledge sharing, which improves the performance
of the supply chain.
(46] Trust contributes positively to supply chain management and is a
powerful predictor of performance and competitive advantage.
[19] Supply chain trust is a positive (negative) function of the number of

uninfluenced (uninfluential) partners.

Three aspects of a network influence trust in supply chains: the number
[111] of uninfluenced partners, the number of influential partners, and the
degree of interdependence.

[15] Trust is positively, while asymmetric dependence is negatively
associated with the success of supply chain projects.

The weighting in the computation of reputation values has a strong
effect on which type of partners will be the dominant ones. Discount
[44] of reputation (caused by forgetfulness) strongly affects the
relationships. Dominant market players are interested in increasing the
influence of reputation in decisions.

Trust-based supplier selection increases the robustness of the network
in comparison to price-based and random selection.

[63]

Negative connection between trust and the costs of negotiation and the
level of conflict. Interorganizational trust has a greater impact on
performance than interpersonal trust in the case of supplier
relationships.

[144]

In the literature, one can find TRSs applied in different fields of the production and
manufacturing area, too. The authors of [24] distinguish between five trust categories
(competence, contractual, relational, indirect and negative), and investigate their
impacts on information exchange processes in vertical collaborative networked
organizations. In [23], a multi-criteria variable weights decision-making approach
based on trust and reputation in supply chains is proposed. They put more emphasis
on the detailed TRS, consider direct and indirect values and apply a time decay
function for historical trust and reputation values as well, but ignore the resource
constraints at the suppliers. In [142], a service satisfaction-based trust evaluation
model for cloud manufacturing is presented, where the direct satisfaction, the friend
recommendation satisfaction and the platform satisfaction were integrated into the
comprehensive trust. This model also applies a time decay function and corrects trust
values by using the service satisfaction volatility. The authors of [141] introduce a

detailed TRS in Cloud Manufacturing. Here, direct, indirect, and third-party trust
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(which means relying on the opinion of independent and qualified third parties) are
taken into consideration, and a time decay function is applied to historical transaction
data. The model focuses on the trust evaluation model and takes several important
aspects in connection with trust into account, but also ignores resource constraints.
Nevertheless, the amount of available resources is an important aspect when
investigating systems where the participants share resources with each other. A
reliable participant could become overloaded and, consequently, other companies
might choose a less reliable partner with free capacities instead of the reliable one

which has no available resources.

2.4.6. Important aspects for TRSs in the production area

As one can see, trustfulness is beneficial in interactions from several aspects. For
example, it increases performance and network robustness, reduces risks, negotiation,
and transaction costs. In this section, the important aspects, possible requirements for
TRSs that can be applied in the manufacturing area are discussed, based on the

reviewed literature extended with novel thoughts, as well.
Trust types

The system has to support the different types of trust (towards the
seller/buyer/platform/community, as depicted in Figure 7, as well as all the phases
(building, stability, dissolution) and stages (recording, rating, storage, recall,

adaptation) as shown in Figure 8.
Reliability and usability of results

Users must get useful and reliable data from the system: especially when own
information is not available (e.g., about a previously unknown entity), the calculated
reputation is a good estimation of the expected behavior of the partner. However, these
values summarize other users' opinions, and while others might have given ratings
based on different aspects, it could be misleading in certain cases. It is not totally sure
that a participant is planning to make decisions based on the same aspects as the ones
whose opinion is aggregated in the rating. Thus, using objective data about, e.g.,
performance, fulfilment, keeping deadlines or payment could be very useful even if

some public ratings are available.

Findings presented in online commerce case studies could be applied to the
manufacturing area, as well. Although a seller's reputation could have a significant
effect on the selling price [62], as [13] mentions, sellers tend to reciprocate positive and

retaliate negative feedbacks, which causes bias in the ratings.
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As mentioned above, a TRS considering information from public reputation rankings
can be useful also when direct experience is missing towards a specific partner. These
rankings are created based on complex criteria. When planning to cooperate with a
firm, not all these aspects have to be considered - however, the availability of this
information helps to make better decisions when no other knowledge is accessible.
These are also useful for, e.g., investors who are trying to obtain a general view of a

tirm at first.
Dealing with security, privacy and trustworthiness issues

The users could not get an advantage from being dishonest, and they must be
motivated to report true ratings, and any attacks against the TRS have to be penalized.
Trade-offs summarized in Table 4 and attack types mentioned in Figure 9 have to be
considered. For example, how can a company share information with its competitor
about the lack of specific resources? Blockchain-based solutions could be promising,
as mentioned in [5],[88] and [134].

Motivation for companies to join and be active

When implementing a TRS, first, the most important task is to attract as many
participants as possible. After reaching the “critical mass”, a TRS has to provide
services to its users motivating them to participate in the long term. Active
participation also has to be motivated in order to avoid users taking advantage of the
ratings without forming them. If there are not enough participants, it is not worthwhile
for a user to devote energy to providing ratings about the others. In addition, the
number of participants giving ratings determines that reputation has a positive

correlation with sales price or with sales amount [143].
Time factor

To follow the dynamic nature of trust and reputation, a TRS should provide up-to-
date information. A company has to be able to correct mistakes made in the past. This
could be important if the specific company e.g., implements a change from the quality
perspective. However, recent failures should occur in the records, too [21]. Discount
of reputation (caused by forgetfulness) strongly affects the relationships: the TRS has

to cope with this issue, also.
Weighting the ratings

As stated in [44], weighting the different aspects in the computation of reputation
values has a strong effect on which type of partners will be the dominant ones.

Dominant market players are interested in increasing the influence of reputation in
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decisions. Furthermore, ratings given based on a specific interaction should be
weighted relative to each other’s according to the magnitude of the transactions. The
system cannot be manipulated by boosting own reputation with high ratings from

many small-valued transactions or by value imbalance exploitation [73].
Handling interdependent jobs

A job completed with a delay by a partner, can occur that a company must change its
already planned works or reschedule its production, to be able to perform the next
manufacturing step. A TRS designed for the manufacturing and supply chain area
should also cope with this: it is an open question and has not been studied yet. How
should a calculation based TRS handle this situation? Who gets and exactly what
penalty?

Easy implementation

A TRS must be flexible enough and compatible with the common platforms and

enterprise resource planning software.

2.5. Cost model for resource sharing
Cost is a critical factor in the success of production, especially in today's competitive
market and companies which are unable to provide detailed and meaningful cost
forecasts have a distinct disadvantage. Therefore, when considering whether a
company should join a resource sharing federation, the cost and benefit aspect is of
particular importance. Appropriate cost forecasts estimating these effects in advance
are necessary. According to the authors in [1] a cost forecast is: "The prediction of the
probable costs of a project or effort, for a given and documented scope, a defined location, and
point of time in the future.”. The conceptual bases for this cost forecast are cost theories
establishing the relationships between costs and their determinants. The mathematical
formulation of the cost hypotheses takes place via so-called cost functions, which
enable the forecast of the cost amounts. Due to the complexity of a production system,
it is not possible/feasible to set up a single cost function. Instead, it is necessary to
formulate several (partial) cost functions for subareas and combine them [117].
Generally, two techniques for cost forecasting can be used: qualitative and quantitative
techniques. Qualitative techniques are the following;:

e Based on data from the past, the cost of a new product is estimated.

e Historical products are examined for similarities with the product to be

evaluated in order to generate an estimate of the costs or at least a basis for such

an estimate if there are similarities [100].
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Quantitative techniques are:

e The product is broken down into its components and their production
processes. A subsequent analysis then evaluates the costs of these elements and
adds them up.

e The sum of the resources required in the production process is formed. These
methods promise more accurate results than qualitative techniques but involve
more effort [100].

Within this thesis, a quantitative break-down approach is taken, which determines
each process step in the overall production process, including indirect areas and
assigns costs to them. The processes also include non-productive efforts such as setup
times. In addition to the activities, the material costs are also included in the
evaluation, whereby the focus is clearly on the activities and their process times. It is a
very accurate way of determining costs, which can be applied late in the product
development process [9][74][100][103][140]. To determine the relationship between the

determinant and the cost level, three steps are necessary [56]:

(1) determination of the factors influencing the cost level,
(2) grouping of the cost-influencing factors, and

(3) formulation of the functional connection between the cost and the factors.

In subsection 9.8, platform-based resource sharing is compared with systems not
sharing resources, from the financial perspective. For this, a detailed structure of the
relevant cost types is necessary. Within supply chain management, various so-called
cost structures were developed for this purpose. Most approaches focus on a
differentiation based on the organizational units or activities similar to the SCOR-
Model [121]. In [106], manufacturing cost (including direct material, direct labor and
overhead production), administration cost (including order handling and planning),
warehouse cost, distribution cost (including inbound and outbound transportation),
capital cost, and installation cost are distinguished. Authors of [130] differentiate labor
cost, inventory holding cost, order cost, lost sales cost and theft cost. In [135], the
authors divide the costs into raw materials, production labor, production expenses,
production overheads, finance and service, personal and administration, and
distribution costs. Other researchers also consider, e.g., the visibility of occurring costs
and distinguish between visible and invisible costs. Whereby visible costs can be
directly quantified into monetary terms, and invisible costs are referred to as hidden
opportunity costs [25]. In [118], the authors develop a supply chain cost model

including penalty costs, e.g., for the failure of delivery.
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2.6. Novelty of the trust-based resource sharing approach

As already mentioned, resource sharing between manufacturing companies has
already been investigated from different aspects. Table 7 summarizes the models taken
from the literature to compare them with the approach presented in this thesis. In the

table, the letters in the third column mean the following:

a) trustfulness is not considered,

b) requests are not divisible,

c) resource constraints of participants are not considered,
d) service requesters and offerors are two separated groups,

e) costs and incomes are not considered (financial model is missing).

Table 7. Summary of the resource sharing related literature

Main differences compared
Reference Focus of paper to the resource sharing

approach presented here

Matching costs for participants and the

[22] a,b,cd
platform
Multi-criteria decision-making

[23] : e
algorithm

Stability of request-offer matching in
[26] _ ab,ce
crowdsourced manufacturing

Strategy proofness of resource

[27] matching in crowdsourced a
manufacturing

[75] Details of resource sharing algorithm a,b,e

[116] Robustness of capacity allocation a, e

As one can see based in Table 7, the main difference in the proposed mechanism
compared to the others already presented in the literature is the inclusion of
trustfulness in resource sharing, the consideration of resource constraints of the
participants, and the financial model. It is also important to highlight that the purpose
of the trust and reputation model presented in this thesis is to show how considering
trustfulness can increase the efficiency of resource sharing and the performance of the

cooperating partners.
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3. Direct exchange-based resource sharing

In this chapter, a resource-sharing mechanism is introduced where the collaborating
companies communicate directly with each other about outsourcing certain jobs. First,
expressions used in the model description are defined for easier understanding. Then,
the model and the communication mechanism are described, and the calculation of

available resources and the decision-making logic are also detailed.

3.1. Basic definitions of the model

A company has a certain amount of different types of resources. It can communicate
with other companies (offer its resources and send resource requests to others when
having extra resources or shortages). On the basis of its decision mechanism, it can

choose the best from the received offers.

A federation is a group of companies. Companies are allowed to enter or exit the
federation at any time: the entry condition is to accept the interaction protocol and pay
the entry fee. Collaboration from the model perspective is only possible between

federation members.

The Federation Center (FC) manages entries and exits from the federation, updates the

list of federation members, and calculates reputation values for each member.

A lead company is the one that receives the customer order from outside the federation.
The nomination is used to highlight the company that is consolidating different jobs

(insourced and outsourced).

Companies receive customer orders from outside the federation. One order represents
several — in this stage of research, independent — jobs, which are determined by their
resource requirements: type (e.g., CNC machine), quantity (e.g., 3 pieces), the number
of products in the job, and the earliest start time and due date. To complete an order,
all the jobs included in it must be completed by a) the company that received the order,
or b) a company for which the job was outsourced. The following assumptions are
taken: to fulfil a job, the resource load of the job has to be provided, which is calculated
by multiplying the required resource quantity with the difference between the due
date and the earliest start time. This means, with more available resources, the job

could be completed in less time.

A request is sent to ask for free resources when having shortages (missing resource type
or amount): it consists of the technical information (anonymized CAD files, material,
tolerances, and manufacturing method) of the product to be manufactured — which

determines the machine type(s) that the manufacturer have to own. A request also
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contains the capacity requirements of the job to be outsourced and the information
about whether the requested capacity can be divided, and if yes, the maximum number
of fragments the job can be divided into. There is also a minimum reputation value for
the companies whose offer can be accepted to complete a specific request (trust and

reputation is detailed in Chapter 5).

An offer includes the resource type, time interval, and the amount of offered capacity.
It is also important to define a minimum amount of capacity that can be used if a
requester company does not need all of it. Offers are sent to requester companies in

response to a request.

For example, an order can be to produce 100 windows, and specific types of equipment
are needed to manufacture the glass, metal and plastic parts. One job is to manufacture
the 100 handles, and another is the production of the glass plates. If a company that
received the order has a shortage from a certain resource type required to keep the
delivery deadline or receives an order that requires a specific resource type that the
company does not have (e.g., 3D printer to manufacture a complex part), it sends a

resource request to the other federation members.

A contract is an agreement between two companies by accepting a matching offer-
request pair. It describes the time interval when one company uses the other
company’s capacities, the payment, possible penalty and cancellation conditions. A
company may terminate an already signed contract or withdraw an offer or a request
already announced: this is penalized from trustfulness and from a monetary

perspective as well, as it is discussed in the following chapters.

3.2.Model description

The flowchart of the agent interaction applied in the model is presented in Figure 10.
When an agent receives an order from outside the federation (1), it performs the
capability check (see Section 3.3). If the result is true, the agent schedules the job for
itself based on the earliest job start time and due date — and performs it between these
two time points. If the result is false, the agent checks the federation member list
(updated after each entry or exit by the FC) and sends requests to all the other agents
of the federation immediately (2). It is necessary to send the request to all the federation
members because agents do not have any information about each other’s resource
types or amounts. After receiving an order, agents perform the capability check on
their own production plan and send an offer to the requesting agent if the result is true
— otherwise, they send a reject message about offering their resources. The requesting

agent expects some kind of answer from each of the other agents in one model time
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unit — an offer is technically a feedback that the offering agent is able to complete the
specific request.

Requesting agent Offering agents Federation
Centre
(1)
Receive order
from outside the
federatton | 0
@
Outsource job, Send
Capability check false send out H Capability check falsed rejection
requests to other message
agents
true
* true
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(mo trust/ Send offer
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change)
PR send
Are there any o SN ABENIS TO LY »< Capability check “>-false rejection
offers? UE L AT message
y their production
frue Note: no matching
Arethereany v or decisions are
yes offers? I_ Send offer made here.
yes no
v ) SR S
(4)
Choose st Send
the best Riideioband p<_ Capability check false rejection
i send out requests message
ofter <_\ with smaller size 2
yes *
true
Are thy < ¥
rethere any
v offers? 1 (- Send offer
Assign job no
to winner +
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donot send « yes
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Figure 10. Swim lane of the distributed resource sharing model
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If the requesting agent does not receive any offer from the other agents in the
specified time window, it sends out the request again, and in parallel, asks all the other
agents to try to reorganize their production with the aim of completing the specific job
(3). They check their production and free resources again and if it is possible to
complete the job after reorganizing, and they send back an offer or a reject message. If
there are still no offers, the requesting agent divides the job into equal parts (number
of parts is determined by the requester), sends out its parts separately as requests, and
waits another time unit for offers (4). If the requesting agent does not receive offers for
some of the parts, it marks them as “failed”, and does not try to send request(s)
associated with this job again (5). If there is at least one offer after steps (2), (3) or (4),
the requesting agent chooses the best (or the only) offer or offer combination and
assigns the job to the winner(s). In Figure 10, the frames in blue dashed lines are the
same steps that the agent performs when receiving a request at different phases of the

interaction.

A job being finished or cancelled, the requesting agent updates the winner agent’s
(subjective) trust value, and the FC updates the winner’s (public) reputation value
depending on whether the agent completed the job or cancelled it (6a and 6b). If the
job is completed, trust and reputation values change according to the lateness in the
due dates (detailed in Chapter 5). If the job is cancelled, trust and reputation values
are recalculated by assigning a zero value to this unsuccessful interaction. In this case,
the requesting agent does not try to find a new offer for this job and marks it as failed;
similarly, as in step (5). If a (part of a) job is marked as failed, the requesting agent

does not try to send it out again.

3.3. Calculation of available resources

In the model, one crucial point is how the companies determine their capability for
being able to complete a job, taking their work in process (WIP) or already planned
work into account. In Figure 11, a simple example is shown, where job; and job; are
already planned jobs with t; and t; processing intervals (i.e., given by start and end
times), and 7; and 7; resource intensities. The overlapping time intervals with t,,,, is
Oinew and 0jy.,,. Here, the area of the hatched rectangle is equal to the possible
maximum resource load the agent can provide in the t,,.,, interval. The agent subtracts
the overlapping area of the two light blue rectangles (planned jobs) from the area of
the hatched rectangle (maximum resource load), and if the difference is higher than
the area of the green rectangle (new job), the agent has enough resources to
perform job,,,,. To have a manageable model, setup time is also included in the

processing interval.
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Figure 11. Calculation of available resources in case of a new job.

3.4. Choosing between offers

It should be highlighted that in the presented model, choosing between offers is done
by the individual companies. They decide between offers based on price, the actual
trustfulness rating of the offeror. In the case of each received offer o (sent by company

B, about job j), requesting company A determines a fitness value (F/>?) by calculating

J],0
the weighted sum of the actual rating of B (ratingy) and the price of the offer sent in

connection with o (pricefo). Weights Wmting}“ and an-ce}“ (both are positive values)

are determined by the requester company; this way they can be modelled with a
preference of price or trustfulness. ratingg is the weighted average (weights are
company-specific and constant) of cumulated trust and reputation scores which are

calculated based on Eq. (5).

A,B
F2 A

— . ; A, i npB
jo — Wrating]- ratingg + Wprice]- prlcej,o Eq (1)

As one can see, the model allows multiple offers for a job from a single company. This
may occur if the offeror company can carry out the work with, for example, resources
with different operating costs, or resulting in different quality, and offers them at

separate prices.
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4. Platform-based resource sharing
In this chapter, the platform-based resource sharing mechanism is introduced: basic
concepts are discussed similarly to the previous chapter. The communication

mechanism and the role of the platform are also introduced here.

4.1. Definitions and model description
In the description of the platform-based resource sharing mechanism, the same
definitions are used as in the case of the direct exchange-based mechanism. When a

definition of an expression is different, this is highlighted separately.

In this case, a company is sending the offers and information about free resources to a

central platform instead of directly to the other companies.

The platform is a central unit providing its services to a group of collaborating
manufacturing companies which are the members of the federation. Companies are
allowed to join or quit the federation at any time. It has a larger role in the collaboration
of companies than the Federation Center: its functionality is discussed in detail in
Section 4.2.

Offers are sent regularly to the platform by the federation members, and requests are
also sent to the platform instead of directly to each other. In this case, a request sent to
the platform also contains information about the number of (not necessarily equally

sized) fragments it can be divided into.

From the contract perspective, it is also signed through the platform to be able to track

changes that companies may make compared to it.

’/ Federation \

- .

Company < >  Company

requests

& offers Company
C ompany contracting

. S/

Figure 12. Platform-based resource sharing
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In the platform-based resource sharing mechanism, the calculation of available
resources and the decision between offers is made in a similar way as described in
Sections 3.3 and 3.4. Due to the advanced matching logic of the platform (it can
combine offers), the only difference in the companys’ decision-making logic is that
they determine the same fitness value as introduced in Eq. (1) for each offer and use
their weighted average to calculate the fitness of a specific combination. Here, offer
weights are determined based on the resource load (requested time multiplied by the
resource quantity) of the offer, this way taking a larger offer with a larger weight into

account.

One novelty of the resource sharing approaches presented in the thesis is that
collaboration is not between geographic locations of the same company or between
different manufacturing service providers (as in Cloud Manufacturing). In contrast,
the collaborating partners are on the same level of value creation, and their role
(resource offeror or requester) depends on the specific interaction. Here, Build-To-
Order (BTO) companies, who are members of the federation, receive orders from
customers outside the federation (see Figure 13). From an information flow
perspective, the platform is in the center of the federation and receives resource
requests and offers (that companies can send in case of having underutilized
resources) to match them: this way, helping companies with shortages and extra
resources also. The platform could also combine offers from different companies to
tulfil a request (this way, a job could be completed by different companies), and sends
the list of appropriate offers or offer combinations to the company that received the
order from the customer. The presented approach is placed between decentralized and
centralized production methods because the decision making (choosing between
resource offers) is made by the participants locally, but the distribution of resources is
supported by a central platform whose role is to pre-filter and combine resource offers

from which the requester can choose from.

Figure 13 depicts the material and information flow between the participants of the
tederation. The costs (blue colour) and incomes (green colour) are also visualized in

this figure and are discussed in detail in Chapter 9.
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Figure 13. Material and information flow in the federation with the costs and
incomes of the participants

One can distinguish between the initial and the operation phase in connection with a
resource sharing platform. At the initial phase, the main goal is to attract as many
participants as possible to establish matching of resources (provide the necessary
number of offers for the requesting companies and vice versa). This thesis focuses on
the operation phase, the platform must ensure continuous communication and

interactions between participants.

4.2. Platform functionality

The most important goal of the platform is to provide a request-offer match for
outsourcing and capacity sharing companies, supporting better resource utilization of
its members. It provides access to a continuously changing capacity sharing
community; the platform operates as a dynamic augmentation of the company, which
can be extremely useful in the case of fluctuating and unforeseen customer orders. It
can recommend offers coming from previously unknown companies, providing the
requesting participants a higher chance to find the best (if any) offer. It minimizes the
disclosure of capacity-related information to prevent companies from querying and
planning on the basis of all of the other companies’ capacities. Sustainability also could
be addressed by recommending offers with lower environmental impact (closer
partner, fewer logistics), and, as it has a global view of the members, by optimizing
logistics as well. It could happen that a single offering company does not have the
required number of resources to satisfy a request: in this case, the request could be

tulfilled by fragmenting and combining capacity offers from different companies.
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It is important to mention that the goal for the platform is not to select the best solution
but to pre-filter the offers that are meeting the resource constraints of a request, by
integrating reputation values as well. This way, the platform limits the communication
and decision space, and expands it at the same time since it can find suitable offer
combinations. Companies could also set a minimum reputation value below which
they do not want to receive offers. The platform considers all the offers sent by
companies above this reputation level in the matching process but leaves the decision
to the requester company, who takes the prices into account in decision making, as

well.

A company might outsource a job even though it has the appropriate capacity to finish
it, if it notices that an offer made through the platform is less expensive than using its
own capacities. It is assumed that the companies are honest with each other and with
the platform as well: they do not try to manipulate the system by sending false

messages or providing false trust values.

The communication mechanism of platform-based resource sharing can be seen in
Figure 14 (the blocks related to rating the partner’s performance are discussed in detail
in Chapter 5.).
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Figure 14. Communication mechanism for platform-based resource sharing
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The matching logic of the platform operates based on the logic introduced in Section
3.3: the platform tries to cover the resource load (area of the rectangle in Figure 11) of
the incoming request with the suitable offers (same resource type, at least partly

overlapping time interval, minimum reputation level is reached by the offeror).

The aim of the matching function is to find (combinations of) offers that are suitable
for the request and create all the appropriate offer combinations. As Figure 15 depicts,
the goal is to fulfil the request with the least possible number of offers in order to
reduce administrative and logistics costs; in the model, the maximum number of offers
that the Platform can combine is three. If the platform finds at least one appropriate
combination, sends it (or them) to the requester who is going to choose based on its
own preferences. If there is no match, the platform adds the request to the list of not

matched requests and will try to find a suitable offer for it later.
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Figure 15. Combining offers with the aim of finding a match in the platform
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The communication mechanism depicted in Figure 14 is implemented in the agent-
based simulation model, which is described in Chapter 6, where a very detailed

description of the whole process is given.

For the proper working of the presented model, some additional assumptions have to
be made. It is assumed that each company is able to create good enough forecasts about
its production, enabling to make decisions based on them —e.g., by using a simulation
model. In addition, compatibility and quality check of companies/equipment are
important for quality assurance purposes: production plants must ascertain the quality
of the resources shared by other companies in order to use them with minimal risks.
Safety margins for the resources are considered as well: companies do not offer all of
their free resources. They might have different KPIs and decision criteria — however,
the local decision-making mechanism of the companies is not in focus, only a simple
function is provided. The platform and the companies have pre-defined minimum
response times, as well as a maximum time allowed to react to a message coming from
the platform. Minimum response time is necessary because each company should
create forecasts to make the right decision, and the platform also has to run its
matching algorithm. If a company does not react in the maximum response time, the
platform assumes that it does not want to accept any of the offers. The platform also
checks the validity of offers; it can happen that the platform has sent a message about
a specific offer to more than one company, and all of them are planning to accept it. In
this case, the first one who sends the acceptance message gets the resources, and the
second receives a message about invalid offers. Then, the match-making mechanism

tries to find another offers for the second company.
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5. Trust and reputation model

In the presented new model, the main purpose of taking trustfulness into account is to
show it can improve the efficiency of resource sharing and the performance of the
cooperating partners. As previously mentioned, in the manufacturing area, the most
important aspects are keeping promises and delivery deadlines — these are the main

focus points of the presented model, too.

In the resource sharing mechanism, trustfulness is included by using two ratings
calculated on the 0..100 scale, called

1. trust (which is an internal rating about a specific partner, similar to an own
opinion) and
2. reputation (which is a public rating, aggregating all the ratings sent by partners

about a specific company, and updated by the central unit in the federation).
The bases of the ratings are:

a. the percentage inaccuracy with the deliveries, and

b. contract cancellations and offer withdrawals.

When companies are sharing resources directly with each other, both ratings are
considered in decision-making. In contrast, when applying the platform-based
method, the identity of the offeror is revealed only after choosing the winner offer(s);
companies rely only on the reputation values provided by the platform. This is
necessary to prevent companies from discovering each other’s resources with the aim
of creating a competitive advantage. (Note: a more detailed comparison of the two

model is provided in Chapter 8).

5.1. Considering delivery accuracy

In [51], the authors define the delivery window as the difference between the earliest
acceptable delivery date and the latest acceptable delivery date, as shown in Figure 16.
Here, tsajB is the start and teajB is the end of the acceptable delivery time interval of
the part of job j that was outsourced to agent B, and tSOjB is the start, teojB is the end
of the on-time delivery interval where no penalty is issued, neither in terms of

trustfulness nor cost perspective.
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Figure 16. Delivery window based on [51]

In the presented trust model, the rtff score given in time point ¢, about a specific
interaction (between lead company A and resource offeror company B, about job j) is
calculated on the following way. If the delivery is on-time, rtff =100, i.e., company B
gets the maximum possible rating. If the delivery is early or late (arrives inside the
delivery acceptance interval, but outside the on-time interval), the rating of the interaction

is computed based on the extent of earliness or lateness that is nominated with §;. If

B
the delivery is early, 6; = tSOJ.B —tq, ,if it is late §; = tij - teojB . In these cases, the

j
rating is calculated as follows:

L;

. AB s
if §; < L; Ty = 100 (1 ——) Yl where

0<r}? <100, 0<y<1 0<py<1 Eq. (2)
. AB
if 8] > L] rtr’j =0 Eq (3)

Where L; is the length of the job in time, y is the penalty factor applied on the federation
level to penalize inaccurate deliveries to a greater extent, and y; is the quality factor
that makes it possible to rate the delivery accuracy and the quality of the resource
offeror’s work about job j. If the delivery arrives outside the acceptance interval, the

job is marked as failed, and a rating equal to zero is given.
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5.2. Choosing between resource offers

Choosing between offers is based on trustfulness and price; thus, the trust and
reputation scores are cumulated before choosing from different resource offers. To
assign smaller weights to older feedbacks, a modified exponential smoothing is
applied, similarly to different trust and reputation systems. The w(t,, t) weight — that
is assigned to a score given in time point ¢, to calculate the cumulative score in time
point t — is calculated as follows, where 6 is the decay factor used to affect the shape

of the function:

6
w(t, t) = i) Eq. (4)

The cumulative score (both trust and reputation) in time point ¢ is calculated according

to Eq. (5), where all the scores given earlier are included:

AB
LepseW(trt) 1y

Dtp<t W(tr,t)

4P (1) = Eq. (5)

The score described in Eq. (2) and Eq. (3) is created after each interaction, and 1) sent
to the central unit of the federation to be able to update the offeror company’s
reputation based on Eq. (4) and Eq. (5), and 2) the internal trust value can be also
updated based on this score on the lead company side. When choosing between offers,
a company could take the cumulative trust and cumulative reputation (provided by
the central unit) of the offeror company into consideration, also, in addition to the price
of the offer.

This way, a company could be penalized for bad performance, but its low rating also
could be changed in the long term, in case of improvement in delivery or quality
accuracy. It can also happen that a company withdraws an offer or a request that has
been already sent to the platform before matching. This is penalized from the trust and
reputation perspective with a percentage decrease (model parameter) of the
cumulated value. Companies can also cancel a contract which is penalized in the same

way.

Another important aspect is the honesty of federation members. Here it is supposed
that the companies are providing ratings honestly and do not try to influence other

companies’ decision making by giving lower ratings to a partner than it deserves.
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6. Agent-based simulation model

To validate the model and to be able to run experiments, companies and the platform
are modelled with agent-based simulation in AnyLogic. In this chapter, the different
agent types, their parameters, building blocks and functions are introduced in detail.
The additional Java classes (e.g., requests, offers, equipment) used in the model are

described in the Appendix.

In the model, only discrete resources are considered, and orders are processed by
companies on a First Come First Served (FCFS) basis. Setup times are not explicitly
modelled; they are included in the processing times of the jobs. Distance between
companies and their different resource types are also considered, but modelling of
maintenance periods, shifts, premises, and buffers are neglected. As mentioned above,
it is assumed that the participants are honest and do not try to manipulate other agents
by sending false messages. Security issues of the communication mechanisms are also

not focused points in the model.

In general, the model operates based on the communication mechanism depicted in
Figure 14. When running the model, all companies — modelled with agents — receive
an order stream generated within the model. According to their available resources,
the companies insource or outsource a specific part of the order, send messages to the
platform, and perform different functions triggered by specific events (for example,
the offer-making function is called when some resources are released). The platform is

also modelled as a separate agent, which communicates with the federation members.

According to [96], in an agent-based model, each agent must have one or more clear
goals to be accomplished through specific actions, driven by decisional rules. These
are also detailed in this chapter. In the presented simulation model, the following

agent types are present:

e Main agent (no communication, only the frame of the simulation model)
e Company agents

e Platform agent.

6.1. Main agent and model parameters

In Figure 17, one can see the Main agent, which is the frame of the model. Functions
in connection with initializing the model, general model parameters, statistics
variables, diagrams and the built-in Geographic Information System (GIS) map, where
the agents are placed, are included here. At the beginning of the model run, an

OnStartup function is called to initialize the model: it creates a population of company
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agents using their parameters (that is discussed in the following section) inserted into

an external database.
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Figure 17. Main agent interface in AnyLogic

The following model parameters were defined that can affect the model behaviour.

When the value of a parameter is generated from a truncated normal distribution, the

difference between the lower and upper bounds of the distribution from its mean is

half of its expected value.

General parameters:

e fin_interval - length of the “on-time” time interval described in Chapter 5.1

e acc_interval - length of the “acceptance” time interval described in Chapter 5.1

e avg_prodNum / prodNum_dev - average (expected) value / deviation of the
truncated normal distribution from which the number of products in a job is
generated.

e completion_dev — deviation of the truncated normal distribution from which
the real processing intervals are generated for insourced jobs (in percentage).

e delay_sigma — deviation of the truncated normal distribution from which the

real processing intervals are generated for outsourced jobs (in percentage).
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planninghorizon - interval in model time units; the companies check whether
they have free resources until the end of this interval and send offers to the
platform accordingly.

offered_int —interval in model time units; the companies send offers about their

free resources to the platform with this length.

Order generation parameters:

avg_order_interval / order_interval_dev —average (expected) / deviation value
for the truncated normal distribution from which the processing times of
customer orders are generated.

avg_order_capacity / order_capacity_dev - average (expected) value /
deviation for the truncated normal distribution from which the resource loads of
customer orders are generated.

avg_order_delay / order_delay_dev — average (expected) value / deviation of
the truncated normal distribution from which the difference between the time
point of the order arrival and its earliest start time is generated.
order_complexity — number of jobs included in an order (to complete the order,
all the jobs have to be finished in time).

eq_num — number of equipment (resource) types that are present in the model;

used to generate random customer orders.

Parameters for investigating the effect of trustfulness:

default_trust, default_rep — initial value for trust and reputation for all the
companies. As it is discussed in Chapter 5, the computation of these ratings is
based on former interactions, thus an initial value has to be defined for both of
them.

gamma -, used to calculate new reputation values according to Eq. (2)
penalty — penalty factor; the reputation value of a company is multiplied with
this after cancelling an undertaken job.

offer_rep_change — the reputation value of a company is multiplied with this

number if it withdraws an offer before matching.

Parameters for investigating financial aspects:

initMoney - initial money for modelled companies.
distanceAC — average distance between lead company and customer is kms to
calculate transportation costs.

entryFee — one-time entry fee for companies that are joining the federation.
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e regularFee —regular participation fee for federation members.
e offerCost — cost of sending an offer to the platform.
e requestCost — cost of sending a request to the platform.

e contractCost — cost of contracting, incurring for the requester company.

In Figure 17, with orange background one can also see several statistical variables that
are used as an input to create diagrams for the experiments. During the model run,
data is continuously collected, and in the experiments, the change of some KPIs over

time, and some average values are also represented to compare different scenarios.

6.2. Company agent
The goals of this agent type are to:

e Maximize its own resource utilization and profit.

e Minimize penalty costs occurring because inaccurate delivery.
Action items are to:

e Send offers and request to the platform (or in the direct exchange-based case, to
other companies).

e Select external resources according to own preferences (e.g., lowest price,
highest reputation).

e Rate other companies based on their performance.

e Create and continuously update own production plan based on incoming

orders, accepted offers and available resources.

Each company is modelled with a separate agent, as a company is an autonomous
decision-maker who can communicate with other companies and make decisions on
its own. It has several parameters in the model, as one can see in Figure 18 with purple
background — as mentioned above, these parameters are imported from an external

database on model startup.
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Figure 18. Company agent in AnyLogic

e name —name of the company

e order frequency — time interval (in model time units) elapsed between customer
orders coming from outside the federation for the agent.

e delay - difference between the length of the time interval required to fulfil a
customer order, and the expected value of the truncated normal distribution
from which the real time interval is generated for the jobs the specific company
accepts. This parameter is the main cause for delayed job completions that are
penalized from trustfulness and cost aspect, too.

o task_ff rate —task fulfilment rate, which means the percentage of jobs that the
company does not cancel on average.

e min_rep — minimum reputation value for offers that the company accepts.

e safety — safety margin for offering resources. E.g., 20% means the company
offers max. 80% of its resources and keeps 20% for internal jobs (even if they
remain unused at the end).

e lat/lon - latitude and longitude coordinates of the company location.

e trust w — weight of trustfulness in the weighted sum of decision-making
function.

e price_w — weight of price in the weighted sum of decision-making function.
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e qual_w - weight of quality in the weighted sum of decision-making function.

The following parameters were only used in specific test experiment types that are not
detailed in this thesis — however, it is possible to use them for further investigations:

e dist w — weight of distance in the weighted sum of the decision-making
function.

e min_qual - minimum quality level considered by requesting companies when
choosing from offers.

e min_trust — minimum trust level considered by requesting companies when
choosing from offers.

e on_start — marks if the company joins the federation at the beginning of the
simulation run or not. Used for experiments where the effect of a company
entering/exiting later was tested.

e type — used for specific experiments to mark different company types, where
companies with different preferences (e.g., preferring trustfulness in contrast to

price) were investigated.

In the model, a company agent can call several functions that are triggered by specific
events (e.g., message or customer order arrival), which are introduced in detail in the

following.

Generating customer orders

The incoming customer order flow is modelled by regularly generating orders for each
company through the generate_req event. During this event, an Order instance is
generated, and it is investigated (using the functions described earlier) whether the
company can perform the jobs in the Order, or not. A Request is generated for each
job in the Order, and for each Request, the company performs the isOK function
(described below) to determine whether it has to outsource it or not. It can happen that
the company can complete only a part of the request; in this case, a job is divided into
two Request instances; one of them is insourced, and the other is outsourced.

The time interval between generating requests and their other parameters is

determined by the general simulation parameters, described in the Main agent.

addEquipment is called when initiating the simulation; it adds the specific equipment
(resource) types of the company to a LinkedHashMap data structure called
company_eq, in order to reference it in an easier way (a specific equipment instance can

be reached by its name).

58



Choosing between offers

makeDecision is called when the company receives a message from the Platform,
containing offer(s) in response to a request sent earlier. The function argument is a
MatchingOffers instance, which contains all the matching offers or offer combinations,
and the output is the winning offer combination. For decision-making, a company uses
a weighted sum of trustfulness and price to determine the best option. (Note: distance
could also be used to decrease the environmental impact of logistics: this way, for
example, by giving this factor a higher weight, more environmentally friendly agents
could be defined. In fact, any function could be applied here — for example, a more

complex multi-criteria decision-making approach could also be used.)

Offering capacities to the Platform

makeOffer is called regularly, it checks whether the company has free resources until
the end of the interval planninghorizon defined in the main agent. The function iterates
through the available resources and sends the offers to the Platform, if any, by taking
the safety margin into consideration. Checking resources means calling the isOK
function, which is detailed in the next paragraph. Technically, when sending the offer,
the company inserts a virtual request (which load equals with the offered load) to its
production plan (which consist of already undertaken requests) to avoid accepting an
order coming from outside the federation that require the already offered resources.
This virtual load is marked with a unique ID to delete it in an easier way if the offer is
out-of-date or some part of the offered capacity is accepted by another company. In

the latter case, the virtual load has to be replaced with the accepted load.

Checking available resources

isOK function is used in the decision whether a job in an incoming customer order can
be fulfilled by the receiving company or not. By iterating through the planned requests
using the calc_overlap function (detailed below), it returns an IsOKAnswer instance
which contains information about the amount of work that can be insourced and the
amount that has to be outsourced.

It can happen that a customer order cannot be fulfilled using available resources, and
in this case, offers that are already sent to the Platform may be withdrawn. When
checking available resources, these functions are also checking, and restoring these

offers, if necessary (this also comes with a reputation loss).
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calc_overlap calculates and returns the “overlapping” resource load between an
incoming customer order and the already undertaken or planned requests on the basis
of the logic depicted in Figure 11. Technically with this function, the already planned
jobs can be summarized for the requested time interval and subtracting this load from
the maximum load of the specific resource type returns the available resources for the
requested interval. This way, it can be decided whether the company has enough

resources to fulfil a request or not.

Starting and ending interactions

In the simulation model, dynamic events are CapacitySeize, CapacityRelease and
CapacityRelease_in (_in means releasing resources used for jobs performed only
internal resources). These events are changing the number of available resources when
working on a job starts or ends. This is used for continuously recording resource
utilization levels. When a job is completed, the financial interactions — detailed in
Chapter 9 — are also performed in the above-mentioned functions.

Variables sum_capacity, cap_util_current and cap_util_percent are utilized to create
statistics about the actual resource utilization levels of the companies, which is one of
the most important KPIs of the system. These values are always changed when seizing
or releasing capacities.

After releasing capacity in connection with offers accepted by another federation, the
reputation value for the specific interaction is calculated, too — this is the input for the

rep_calc function in the Platform agent.

Collections named company_eq and company_eq_list are applied in storing the
Equipment instances that the specific company owns. The difference between the two
collections is that the first is a LinkedHashMap, which allows reaching an equipment
based on its name (key element class is string); the second one is an ArrayList used for

easier iteration through all equipment types for specific functions.

6.3. Platform agent
The goals of this agent type are the following:

e Generate income during operation paid by companies.
e Receive and handle all incoming requests and offers from companies.

e Provide up-to-date reputation values to companies for easier decision-making.
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Action items are:

e In case of an incoming request: not to select the best solution but to pre-filter

the offers that are meeting the resource and reputation constraints and send

them to the requester.

e In case of an incoming offer: to try to find matching requests by checking

already received ones, in addition, to continuously monitor the incoming

requests for a possible match.

e React to incoming messages (offers, requests) as quickly as possible and update

the databases containing requests and offers continuously.

e Penalize companies which are withdrawing offers or already undertaken jobs,

to create a reputable environment that the companies can use for planning.

To reach the above-mentioned goals and to execute the action items, the Platform agent

performs pre-defined functions when receiving a message (request, offer, acceptance,

job cancellation, offer withdrawal). Objects included in the Platform agent can be seen

in Figure 19 and is discussed in the following paragraphs.

@é)wa}tingReqs Requests that have not been matched @ rep_tahle

@DwamngOffers Offers that have not been matched

checks whether the Request and
F] handleRequest F] checkMatch  the OfferCombination matches

F] handleOffer

F] handleReaction

F] contracting

F) rep_calc

& removeRequest

& handleCancellation

Figure 19. Platform agent in AnyLogic

Handling incoming requests

The handleRequest function is called when the Platform receives a request from one

of the federation members: the flowchart of the function can be seen in Figure 15.

Handling incoming offers

Through the handleOffer function, when the Platform receives an offer, it also checks

all the unmatched requests in order of their arrival, with the aim of finding one that
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could be fulfilled with the new offer. It might happen that the new offer does not fulfil
any of the unmatched requests, but combining the new offer with other waiting offers
does. Technically the same handleRequest function is called for each unmatched
request each time an offer arrives — this places an additional computational load on the
Platform, but also means one of the main advantages of joining it: a higher chance of

matching.

Check matching offers

The checkMatch function iterates through the OfferCombinations created by the
handleRequest function and checks whether the requested resource load could be
fulfilled by the offers or not (marked with a yellow rhombus in Figure 15). This is made
by calculating the overlapping areas between the offered resource loads and the

requested load, similarly, as depicted in Figure 11.

Accepting offers

When the Platform receives an acceptance message from one of the companies
(because one offer combination has been accepted by a requesting federation member),
it checks whether the accepted offers are valid or not. It might happen that one offer is
suitable for more than one request at the same time; in this case, the company that
sends the acceptance message faster is able to accept the specific offer. The other(s)
receive a message that the specific offer is not valid, and the Platform tries to find an

appropriate one instead.

Contracting

If the offers in a specific OfferCombination instance (combination of appropriate
offers) that have been accepted by a requester company are all valid when the Platform
receives the acceptance message about them, the Platform performs the Contracting
function. Accepting an OfferCombination means that all the offers in that are
necessary to complete the request but does not mean that each of the offers are
necessary entirely. The contracting function checks what resource load is necessary
precisely and chooses the last offer from the Offercombination — from this one, only
the necessary amount is contracted. For the remaining amount, an offer is generated
to the database automatically.This function also iterates through all offers in the
winner OfferCombination and schedules the CapacitySeize and CapacityRelease
events that are changing the amount of available resources. In the simulation model,
whether an offer is withdrawn or not is decided here according to the company

parameters.
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Reputation Calculation
Based on the reputation value given by the requesting agent about the offering one in
connection with a specific interaction, the reputation value for the offering agent is

updated. The calculation is made based on the method described in Chapter 5.

6.4. Modelling reliable and non-reliable companies

In the model, to mimic real life’s stochastic nature as accurate as possible, real job
processing times are determined by truncated normal distributions in order to
simulate lead time prediction inaccuracy and generate a difference between expected
(promised) and real job completion times. For example, if the expected completion
time (i.e., the difference between the due date and earliest start time) is 20 model time
units, then the mean of the distribution is 20 model time units. The deviation of the
distribution is one of the parameters for some of the experiments, especially in the
cases where the effects of prediction accuracy is investigated. In this case, when the
expected (promised) processing time is equal to the mean of the distribution, the

company is called reliable.

The above-mentioned case is visualized in Figure 20. In green colour. In the model,
non-reliable companies exist, also: the distribution from which real processing times
are generated for these companies is shifted with A. This parameter is the extent of the
agent's non-reliability, given in the percentage of expected job completion time. For
example, in the case shown in Figure 20, A =20% for the agent marked with red colour,
as the difference between the mean of the original and the shifted distribution is 4 time
units. On one hand, these two parameters — deviation and A — determine how accurate
is the lead time prediction of a company. On the other hand, as mentioned earlier, non-
reliability could also come from cancelling jobs, and withdrawing offers that were
already sent to the platform.
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Figure 20. Generating real processing times for jobs in case of reliable and non-reliable

companies
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7. Simulation experiments — trustfulness in resource sharing

In order to validate the operation of the proposed mechanisms and to investigate the
effect of considering trustfulness in resource sharing, a high-level multi-agent-based
simulation model was built in AnyLogic, in this case for the direct exchange-based
mechanism. In most of the experiments, the resource sharing mechanism described
above has been implemented with ten company agents, with the aim of testing and
validating the proposed protocol. As one can see in Table 8, six non-reliable (CO01 to
C06 marked with red background) and four reliable (C06 to C10 — marked with green
background) company agents were considered. In the case where not only ten agents
were investigated, the agents in Table 8 were duplicated (as detailed in the description
of the specific experiment). In the experiments, 20 different resource types existed; the
types and amounts are also listed in Table 8 (for example, CO1 company agent has 10
units from resource type 1). Two of the non-reliable agents (C01 and C02) have all the

twenty resource types, and the others have only ten of them.

Table 8. Resource capacities of the modelled companies

Company
Resource Co7|cos|co9|c10

type

1 | 10]10] 10 10 10 | 10
2 12|12 12 12 12 | 12
3 10 | 10 | 10 10 10 | 10
4 121212 12 12 | 12
5 10 | 10 | 10 10 10 | 10
6 8| 8| s 8 8 | 8
7 9[99 9 9 19
8 |10 10] 10 10 10 | 10
9 11 | 11 | 11 11 11| 11
10 |12|12]12 12 12 | 12
11 | 10] 10 10 10 | 10 | 10

12 |12|12 12 121212

13 | 10] 10 10 10 | 10 | 10

1“ | 12|12 12 121212

15 |10 10 10 10 | 10 | 10

16 |10 10 10 10 | 10 | 10

17 |12 |12 12 12| 12|12

18 | 10| 10 10 10 | 10 | 10

19 |12|12 12 121212

20 |10]10 10 10 | 10 | 10
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The model has several parameters; thus, for easier understanding, Table 9 contains the

varied parameters, and Table 9 contains the parameters that were fixed in all

experiments.
Table 9. Varied parameters in the experiments
Notation | Description Unit
ar number of reliable agents pcs
an number of non-reliable agents pcs
d number of parts the agents can divide the requests into pcs
f agent flexibility %
tr the model includes trust (1) or not (0) -
rep the model includes reputation (1) or not (0) -
0., decay factor for trust values -
Orep decay factor for reputation values -
torder order interarrival time ‘model‘
time unit
Table 10. Fixed parameters in the experiments
Notation | Description Value Unit
difference between the mean of the real
Ay processing interval and the original processing 5 %
interval, in the case of reliable agents
difference between the mean of the real
An processing interval and the original processing | 20 %
interval, in the case of non-reliable agents
y penalty factor in case of delayed jobs 0.8 -
Xr job cancelling rate in case of reliable agents 2 %
Xn job cancelling rate in case of non-reliable agents | 20 %
b average interval size of the jobs received from 10 model
outside the federation time unit
o average amount of required resources for the 1000 )
jobs received from outside the federation
u resource unit price 100 -

In Table 11, the performed experiments are introduced, with the bounds of the varied
parameters, which are marked with a grey background. If there are no grey

background cells in the column of an experiment, that means a specific scenario —
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detailed in the experiment description — was investigated. In the case of most of the
experiments, the simulation was run for 750 model time units: after this period of time,
the measured KPIs did not change significantly. In Experiment (8), the effect of an
unexpected negative event is investigated, and here it was necessary to run the

simulation two times longer than in the other cases to show the system changes.

In the experiments, the normal (without considering trustfulness) and the advanced
(considering trustfulness in decision-making) model were compared. Resource unit
price was considered in all cases: when no trust or reputation values were considered
(normal model), agents made decisions based only on this static feature. In the other
cases, a weighted sum of resource unit price and trust/reputation values were
calculated and associated with a certain offer during evaluation. In the experiments,
these weights were equal. As one can see from Table 11, resource unit prices are also
equal for these experiments in order not to influence the difference between reliable
and non-reliable agents. This way, when applying the normal model, the agents send

equally priced offers. Thus, the first received offer will be the winner.

Table 11. Experiment parameters

Experiment ID
Parameters | (1) 2) (3) 4) 5) (6) (7) (8)

ar 4 4 4 4 4 4..40

n 6 6 6 6 6 6..60

d 3 1..10 3 3 3 3

f 0..40 20 20 20 20 20 20 20

tr 1 1 0/1 0/1 0/1 0/1 1 1
rep 1 1 0/1 0/1 0/1 0/1 1 1
O 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Orep 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
torder 2.5 2.5 2.5 1..18 2.5 2.5 2.5 2.5

sim. time 750 750 750 750 750 750 750 1500

Since there are several stochastic parameters, fifty simulation runs were executed for
each parameter set, and the average of the results is visualized in the diagrams. In
addition, the confidence intervals on 95% confidence level are also mentioned (except
Experiment (7) and (8), where a single simulation run is depicted in the figures). The

experiment results are presented mainly using two measures:
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e Average job lateness, which means the sum of differences between the job due
date and the real completion time for each job which was completed by the
federation during the simulation run, divided by the number of mentioned jobs.
If a job is finished earlier than the due date, the difference is negative — it
decreases the average.

e Average resource utilization, which is computed by averaging the resource
utilizations for all the resource types a specific agent has, in each model time

unit.

Average job lateness indicates the performance of the federation as seen from outside
— this value is important for outsider companies who are sending orders to the
federation. Average resource utilization is important for the companies inside the
federation: they are trying to maximize the utilization of their resources. Traditional
metrics — for example, throughput or WIP — are not used here because these two
depend on the frequency and size of the incoming orders and are not characteristic of
the performance of the federation. The aim of the federation is not to increase the
throughput but to increase the service level: to complete as many received requests as
possible on time. If the federation performs better, it won’t be able to complete much

more jobs because the order stream is fixed in the simulation model.

7.1. Experiment (1) — Agent flexibility

Agent flexibility is the parameter determining the number of additional resources that
a company can use in case of reorganizing its production, given by the percentage of
the original resource amount. For example, a company with 20% flexibility means it
can offer 120% of its original resources (rman) in the processing interval of a specific
job, after being asked to reorganize its production. In Figure 21, one can see the

percentage of jobs that were:

e insourced (the agent had the specific resource and carried out the job by itself),
e completed after sending out (reorganizing or dividing was not necessary),

e completed after reorganizing,

e completed after dividing, or

e marked as failed.

In these experiments, companies divided the requests into 3 parts (if there were no
offers after reorganizing). In the case of divided jobs, when visualizing results, the
original job amount was considered: if an agent divided the job into three parts, but
only one of them was completed, 1/3 was added to the “completed after dividing”

category. One can see in Figure 21 that the rate of jobs completed after reorganizing
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increases in line with the company's flexibility, and the rate of jobs completed after
dividing decreases. The ratio of failed jobs remains almost the same, which means that
in the described system if a company cannot find an offer after asking the other
companies to reorganize their production, it will find an appropriate offer after
dividing the job. The question may be asked: why does a company try to ask the others
to reorganize if dividing always solves the problem? Why doesn’t it divide the job
immediately? The answer is that if a company assigns a job to one partner, it can
choose the one with the best parameters (unit price, trust, reputation), and does not
have to compromise with agents having weaker features. Besides, dividing jobs causes
additional costs in reality (for example, transportation). In the following series of
experiments — as one can see in Table 11 — 20% flexibility was considered at all
companies. As mentioned, fifty simulation runs were performed for each parameter
set — the confidence intervals on 95% confidence level are between 0.14 and 0.17

percent of all received jobs in case of each job completion type.
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Figure 21. Effect of company flexibility on types of job completion

7.2. Experiment (2) — Dividing jobs

Some experiments were performed to determine the appropriate number of parts the
agents can divide the requests into. As one can see in Figure 22, no dividing leads to a
higher rate of failed jobs (15%). In the following experiments, dividing jobs into 3 parts

was set because after this value, the ratio of failed jobs remains the same (6%). Here,
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the confidence intervals on 95% confidence level are between 0.13 and 0.18 percent of

all received jobs in case of each job completion type.
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Figure 22. Effect of dividing jobs on types of job completion

7.3. Experiment (3) — Effect of considering trustfulness in decision-making

In this experiment, the effect of considering trust and reputation was investigated.
Four different cases were simulated: agents could use both trust and reputation values,
one of them, or none of them, to choose the best offer. According to the results, when
making decisions between offers, it is worth taking at least one of them into
consideration, because the average delivery inaccuracy is lower in these cases (Figure
23). According to the experiments, in the models in which agents take reputation
values into account, the federation performs better than in the other cases where only
trust values or none of them were considered. There is only a little difference between
considering only reputation and considering both trust and reputation (the difference
is smaller than the deviation of the results). The reason for this is that reputation more
accurately determines the reliability of an agent because it is calculated on the basis of
a higher number of jobs, as it is formed by interaction with all the other agents. The
confidence intervals on 95% confidence level are between 0.03 and 0.04 model time

units in the case of each model type.
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Figure 23. Effect of considering trust and/or reputation on average job lateness

7.4. Experiment (4) — Effect of incoming order frequency

In this series of experiments, the effect of the change in the order interarrival time —
which can be interpreted as the load of the federation — was investigated. The question
was how the overall system performance changes if the federation members receive
orders (with the same processing interval and amount of required resources) more
often; therefore, the load of the companies increases. Order interarrival time is a
constant parameter in a specific simulation run, meaning that each company agent

receives an order at the same time, and this is repeated periodically.

In Figure 24, this parameter was changed between 1 and 18, and the simulation was
run applying the normal and the advanced model, as well. The average job lateness is
visualized in Figure 24 in each case for the normal (including no trust or reputation)
and the advanced (including trust and reputation) model, and the difference between
them is also shown. The confidence intervals on 95% confidence level are between 0.8

and 2 percent of the average job lateness value in each case.
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Figure 24. Effect of changing the incoming order time period on average job lateness

As one can see in Figure 24, as the arrival time between two incoming orders increases
(in other words, the load of the federation member decreases), the average job lateness
decreases as well in the case of the advanced model. This is because in a federation
where the agents consider trust and reputation in decision making, the agents who are
working faster and more reputable win more jobs; thus, the average job lateness is
lower. In the case of the normal model, when the order interarrival time reaches
around 5 model time units, average job lateness decreases slower than before. This is
because here is the point where the resources of the agents become fully utilized, and
if the agents receive orders less frequently, they will always have enough resources to
finish jobs with lateness max. 4 model time units. In the normal case, all the agents
have the same average utilization rate for their resources because here, the decision
making is made based on the response time that is uniformly distributed. Lateness
does not reach 0, because even reliable agents’ real job completion times are generated

from a normal distribution and thus include some variation.

In the case of the advanced model, the level mentioned above is around 6 model time
units: after this, if the load of the federation decreases, the average job lateness
decreases much slower than before. If the average resource utilization is investigated
in the case of the advanced model, this is not the point where the resources of the
reliable agents get fully utilized, but the point from which the difference is gradually
decreasing between the resource utilization of reliable and non-reliable agents; more
and more jobs are performed by the non-reliable agents if the load of the federation is

increased.
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7.5. Experiment (5) — Differences in resource utilization

In this experiment, the two model types are compared based on the average resource
utilization of the agents. In Figure 25, the non-reliable C01-C06 companies and the
reliable C07-C10 companies are participating in the federation. As shown in Table 11,
all the other parameters were the same in the two scenarios. In the case of the normal
model, all of them have resources utilized between 40% and 50% (since the decision
making is based on response time), while in the advanced case, the higher utilization
of reliable companies’ resources is clearly visible. The confidence intervals on 95%
confidence level are between 1 and 2.5 percents of the average resource utilization

values in each case.
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Figure 25. Average resource utilization in the normal and advanced model

7.6. Experiment (6) — Federation size and trustfulness

In Experiment (6), the federation size was increased from 10 to 100 companies, and the
average job lateness was compared in the case of the normal and the advanced model.
Figure 26 shows the results: as the federation grows, the difference between the two
models gets larger: trust and reputation have more effect on the average job lateness.
The confidence intervals on 95% confidence level are between 1 and 2 percent of the

average job lateness values in each case.
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Figure 26. Effect of considering trustfulness in different federation sizes

A little fluctuation can be noticed in Figure 26 between federation sizes which are
divisible by 10, and the other values. This is because in this experiment when
increasing the number of members in the federation, the 10 company agents that were
introduced in Table 8 were duplicated — for example, in the case of 50 agents, 5 agents
had the same parameters as CO1. In the other cases, when the number of members is
not divisible by 10, non-reliable agents similar to C01-C05 were added to the
federation, this way increasing the rate of the non-reliable agents and increasing the

average job lateness, too.

7.7. Experiment (7) — Change of trustfulness in time

Here the change of reputation is investigated during the simulation run, applying 10
company agents included in Table 8. As mentioned, C01-C06 are non-reliable ones,
C07-C10 are the companies that are reliable. The difference between them is clearly
visible in Figure 27 — the non-reliable agents are marked with bright colours and the
reliable ones with darker colours. The reason for comparing companies is that
reputation more accurately determines the reliability of an agent since it is calculated
based on a higher number of jobs, as it is formed by interaction with all the other

agents.
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Figure 27. Change of reputation values during the simulation run

In Figure 27, at the beginning of the simulation, all agents are on the same reputation
level (80) until the first jobs are not finished. After then, the two groups are diverging
from each other: the reliable agents’ reputation values are changing between
approximately 75 and 90, and the non-reliable ones are between 55 and 70. The values
are fluctuating due to the stochasticity of job lateness, but the boundary between them
is clearly visible. This experiment has the same parameters as the one visualized in
Figure 25: as one can see, the difference between the reputation values influences
resource utilization, as well. Reliable agents with higher reputation can win more jobs,

resulting in a higher resource utilization.

7.8. Experiment (8) — An unexpected negative event

In this experiment, the effect of a sudden change in trust and reputation values was
investigated. In reality, due to some political or economic news or other unexpected
external events, the community’s opinion could suddenly change in a negative manner
about a certain company. The effect of such an event is simulated by decreasing the
reputation value and all the other company’s trust values about the reliable C09 to 10,
at model time 300. The results can be seen in Figure 28, where the reputation of all
agents and the resource utilization of C09 are visualized: it lasts around 100 model
time units for C09 to reach approximately the same reputation level as it reached
before. This recovery time can be influenced by 8 decay factor — according to Eq. (4).

This way, a trade-off between appreciating the positive long-term performance and
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penalizing the temporary bad performance can be set in the model. As one can see in
Figure 28, the resource utilization of C09 is not increasing along with the reputation
because this unexpected negative event also affects the trust values. The recovery time
in the case of trust values is influenced by 6 decay factor according to Eq. (4) the similar

way as reputation values were affected.
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Figure 28. Effect of an unexpected event on reputation values and resource

utilization

Figure 29 shows all the other agents’ trust values in connection with C09 during the
simulation run: as it can be seen, subjective trust values are increasing much slower
than the public reputation after the event with a negative effect. Reputation is
influenced by all the finished jobs. Thus, all the interactions finished by C09 can
increase this value — therefore, it increases faster according to the agent’s performance.
In contrast, trust values can increase based on fewer jobs, only if there was an
interaction between C(09 and the specific agent. This way, when the agents are
evaluating offers sent by C09, they calculate with the high reputation and the much
slower increasing trust values. That is why resource utilization of C09 reaches the
original level after hundreds of model time units after the event with a negative effect.
In this case, re-running the simulation naturally leads to different diagrams due to the
stochasticity of some model parameters — but the trends were the same as presented

in each experiment.
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Figure 29. Effect of an unexpected event to trust values to a company agent (C09)

7.9. Effect of lead time prediction accuracy

Manufacturing lead time is one of the most important KPIs for companies that are
striving to meet deadlines. In addition, accurate lead time prediction is the key to
successful production planning and control [53]. One can find extensive literature in
connection with lead time calculation and prediction; however, not in terms of
resource sharing. Applying more complex tools for lead time prediction that support
quasi-real-time decision making, such as machine learning or data analytics, combined
with simulation models, has only started in recent years. These tools can be used to

cope with fluctuating reject rates, unexpected tasks and events [107].

Determining lead times accurately has a strong effect on keeping job deadlines, which
is an essential pillar in collaboration. Collaborative resource sharing only works
efficiently if companies can count on their partners' promises, such as finishing an
undertaken work in time. In this case, the effect of lead time prediction accuracy is
tested using agent-based simulation in the platform-based resource sharing mechanism. It
was investigated how the performance of collaborating partners changes if they could
predict lead times of their jobs with different accuracy. Based on [122], resource
utilization has a strong effect on lead times, which also depends on variability. Higher

resource utilization level causes longer and less predictable lead times, as working on
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different jobs in parallel increases the complexity of production planning. In order to
investigate this, experiments are performed to examine the effect of decreasing

prediction accuracy when operating under a higher load.

It is important to highlight that here the focus is not on different lead time prediction
methods. The aim is to show the difference between cases 1) when lead time is more
accurately determined and partners could rely on each other to a greater extent, and
2) when lead time prediction is not accurate, and failures in keeping deadlines may
require changing existing production plans. The novelty of the results presented here
is the consideration of lead time prediction accuracy in collaborative resource sharing,

which is unique in the literature.

The accuracy of lead time prediction could influence the production plans of the
participants, as described below. One can distinguish between two types of jobs that
are performed by a company:

e customer orders coming from outside the federation are completed using its

own resources, and

e an offer sent to the platform is accepted by another company.
In both cases, the company estimates the lead time of the specific job and inserts it into
its production plan. If the real finish of a job is delayed compared to the estimated date,
it can overlap with: (1) already offered resources that were sent to the platform earlier:
these must be withdrawn to finish the job, or (2) already undertaken jobs that could
only be started later and may be finished with additional delay (causing reputation
loss, also). If a job is finished earlier than planned, it may occur storage capacity

shortages, as the products are waiting for delivery.

Effect of lead time prediction accuracy on service level and resource utilization

As mentioned, real processing intervals are determined by normal distributions in the
model to consider lead time prediction inaccuracy. In the first experiment, the effects
of changing the deviation of the distribution (from 0% to 50% of the expected value)
and the A value (from 0% to 50 % of the expected value) were investigated. These two
parameters determine the lead time prediction accuracy of a specific company. To
compare different scenarios, service level was applied as a KPI. It is calculated by
measuring percentage lateness in the case of all completed jobs, subtracting it from

100%, and recording the average of these values after each simulation run.

In this experiment, each company had the same deviation and A parameters but

different equipment types. Completing jobs inaccurately results in lower reputation

values, which directly affects the agent's performance, as decision-making between
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offers is made based on reputation. The results of the experiment can be seen in Figure
30. The simulation was run for 500 model time units, but the results are visualized by

neglecting the first 30 time units (ramp-up phase).
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Figure 30. Effect of deviation in completion times and A on average service level.

Based on the results, the following remarks could be made. As one could expect, the
higher the A value, the smaller the average service level is in the federation. When
increasing the deviation in the real completion times (leaving the expected value
unchanged), the service level decreases. The extent of decrease depends on A: smaller
A causes a higher decrease on service level. Therefore, in the case of agents that are less
likely to be late (more reliable agents, smaller A), the deviation of their lead time
prediction has a higher effect on service level than in the case of non-reliable agents
(higher A).

Taking resource load into consideration in lead time accuracy

As mentioned above, resource utilization is an important factor that influences the
accuracy of lead time prediction. In this experiment, companies with higher resource
utilization can predict manufacturing lead times less accurately, in order to simulate
more realistic scenarios. To visualize the results in a more transparent way, 10
companies are forming the federation in this experiment. Out of them, 4 are reliable (A
= 0%) and 6 are non-reliable (A = 30%). The deviation of real processing times is
determined by dividing the actual resource utilization level of a company by 2. This
means if a company starts working on a job, and in that time point its resource

utilization level is, e.g., 80%, the real processing time of the specific job is determined

78



by a truncated normal distribution with a deviation equal to 40% of the expected
processing time (in case of reliable agents). Of course, the mean of the distribution is

shifted with 30% of the expected processing time in the case of non-reliable agents.
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Figure 31. Change in reputation in the original scenario

In this experiment, the change in reputation values is visualized in the case of the
original scenario (10% deviation in real processing times for all agents) and in the case
of taking resource utilization level into consideration in the abovementioned way
(Figure 32). In the figures, reliable agents are marked with solid lines, and non-reliable
ones are shown with dashed lines. The results are visualized between model time units
30 and 130 (100 model time units), in order to exclude the ramp-up phase, similarly to
in the previous experiment. In this case, it was unnecessary to run the simulation for a
longer time, as the main findings are the same after this time interval. Based on Figure
31, one can see that neglecting the resource load of companies results in a clear
separation of reliable and non-reliable companies. In general, reliable companies are
between reputation levels 75 and 85, while non-reliable ones are between 55 and 65.
However, for reliable companies A = 0%, they also have a deviation in their real

processing times, this way they do not reach the 100 level.
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Figure 32. Change in reputation when taking resource load into consideration in lead

time prediction accuracy.

In Figure 32, one can see that the difference is not that clear between reliable and non-
reliable companies when taking resource load into consideration in determining lead
time prediction accuracy. In general, reliable agents are reaching a higher reputation
level, but non-reliable ones sometimes have similar values. Another observation is that
the reputation values are fluctuating to a greater extent in the case of non-reliable
agents compared to the previous case. When neglecting resource load, the values are
in a zone with a width 10. In contrast, in this case, they are changing between 40 and
70. The fluctuation is a little higher for the reliable agents, also. This can be explained
by the changing deviation of the processing intervals: when reaching a high reputation
level, the company wins lots of jobs, which causes a high load on its production system
and lead time prediction inaccuracy as well. This way, the load is balanced between

participants who are members of the resource-sharing federation.

7.10. Conclusions of considering trustfulness in resource sharing

Based on the experiments, if trust and reputation are considered in decision making
(advanced model in case of direct exchange-based mechanism), the system performs
better than in the case when offer evaluation is based on a static parameter only
(normal model). The difference between the advanced and the normal model (in other

words, the impact of considering trustfulness) depends on the federation load: if the
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participants are highly overloaded and some of the agents are forced to work together
with non-reliable partners (because they want to complete the received orders), the
difference is smaller than in case of a less loaded federation, where there is the
opportunity to choose a more reliable partner to work with. The results have also
shown that the higher the number of federation members is, the higher the impact of
trustfulness is on the federation's performance. It was also presented that considering
the trust and reputation of the participants affects the utilization of their resources as
well: reliable agents’ resources are utilized on a higher level. The effect of an
unexpected negative event has been tested, too: it is easier to build up a good (public)
reputation than to recover from bad trust values in the applied model; and this causes
the low utilization level of resources for a relatively long time after the negative effect,
too. Results presented in this thesis suggest that including trust and reputation in a
manufacturing resource sharing mechanism really makes a difference in the

performance of a federation containing manufacturing companies.

Agent-based simulation experiments have also shown that deviation in lead time
prediction could strongly affect the average service level in the resource sharing
federation: higher deviation causes worse performance. The decrease in performance
also depends on the reliability of companies: if they are more likely to finish jobs in
time, increasing the deviation of lead times results in a relatively higher performance
decrease. The effect of taking the resource load of companies into consideration in lead
time prediction accuracy was also investigated: companies with higher load could
predict lead times with lower accuracy. This way, reliable and non-reliable companies

could be balanced in terms of reputation values.
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8. Comparison of platform- and direct exchange-based

resource sharing

Based on the examples from the literature mentioned in Chapter 2, it seems that
resource sharing generally improves the participant’s resource utilization level. In this
chapter, two different ways on how it is more valuable to share resources are
investigated and compared: 1) by using a direct exchange-based mechanism(Chapter
3) or 2) by joining the intermediate platform (Chapter 4) that is responsible for
matching requests with the offers. By modelling the same set of companies loaded with
an order stream having the same parameters, a fair comparison is made that is unique
in the literature. The performance of the mechanisms is assessed considering three
different viewpoints: a) average resource utilization, b) average service level, and c)
communication load. Both the compared approaches consider trust-related aspects as
well (based on the trust model introduced in Chapter 5), which is usually neglected in
resource sharing case studies or investigated without taking capacity constraints into

account.

8.1. The two models

As mentioned in Chapter 3, in the case of the direct exchange-based model (referred
to as “Model A” in short in this chapter) — participants communicate and coordinate
their actions directly with each other: they are sending resource requests to all the other
organizations who are part of the federation. When receiving a request, all the
participants being able to complete the request are applying for the given job and send

offers to the requester.

In the case of the second model introduced in Chapter 4 (“Model B”), the participants
are sending their resource offers and requests to a central platform, which does the
matching: it sends the appropriate offers to the requester company from the already
received ones. Since the platform is aware of all requests and offers, it can combine

several offers to complete one request.

In Model A, as companies are communicating directly with each other and thus know
the identity of the offerors, they can calculate with trust and reputation. In Model B,
the identity of the winners becomes known only after the decision was made, to
prevent companies from obtaining information about each other’s free resources.
Thus, subjective trust values cannot be considered in decision-making, only

reputation, which is calculated in the same way as in Model A.

In the comparison, both trust and reputation are cumulated values calculated based

on ratings given by the requester company about each interaction, as discussed in
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Chapter 5. For calculating and updating reputation values and ensuring their public
availability, a central unit is necessary in both cases; nevertheless, its main role is
different in the two models. In Model A, it manages the entries and exits from the
federation and updates the public reputation rankings. In Model B, besides these
activities, the companies send all the resource offers and requests to the platform,

which dynamically matches them and manages the contracting, as well.

When having resource shortages, companies send requests to all the other federation
members (Model A) or to the platform (Model B). A request contains all the resource
requirements mentioned in the case of a job, and in Model B, the maximum number of
fragments the request can be divided into. In Model A, when a company receives a
request, it checks its already planned works for the future. If the appropriate resources
(same type, sufficient quantity in the required interval) are available, it sends an offer

to the requester, which can choose the best based on its preferences.

In Model B, companies send offers to the platform regularly. Receiving a request, the
platform checks whether there is a match between the new request and the active
offers. If the platform receives an offer, it checks whether some of the non-fulfilled
requests can be completed with the new offer (or by combining the new offer with the
earlier ones). If the platform finds a match, it notifies the requester about all the

possible offer combinations fulfilling the request.

In Model A, the companies are exchanging resource information about themselves
directly with each other in case of each request or offer. In Model B, information is
shared only with the platform, and, in addition, the requester company knows only
the identity of the winner(s) after choosing from the offers. In the first case, companies
have to trust everyone else in the federation; while in the second case, it is enough to

trust the platform.

In Model A, a company tries to divide the offer into a feasible number of equal-sized
fragments in case of receiving no offers for the whole request, as it does not know the
free capacities of the others and cannot adjust the request sizes accordingly. In Model
B, the requester can set the maximum number of offers that can be combined to fulfil

the request, and the platform sends all the possible offer combinations accordingly.

Other aspects are the computational and communication load of matching. In Model
A, requests are sent to all the companies in the federation, and only the companies that
have the proper resources to fulfil the request, send an offer. In the case of fragmented
requests, each fragment is treated separately: companies must check their available

resources for each of them and send separate offers to the requester. In contrast, in

83



Model B, requests and offers are sent only to the platform, which performs the
matching. Requests do not have to be divided into pre-defined fragments, because the
matching function can combine the received offers based on the maximum number of
fragments. Faster reaction time can be achieved since a company does not have to wait
for several answers, it is enough to get feedback from the platform. However, due to
offer anonymity, companies cannot calculate with trust values (reputation values are

available in both cases).

Naturally, Model B is more vulnerable in the case a problem occurs with the platform.
In such a case, the whole resource sharing process fails, and the companies could try
to contact each other directly. In Model A, only the reputation values are lost, and
subjective trust values are still available. Loss of access to the updated member list of
the federation affects both cases. A substantial difference between the two approaches
is that only Model B provides the possibility to optimize on a global level, as the

platform is aware of all requests, offers and contracts created in the federation.

The differences between the two approaches are summarized in Table 12.
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Table 12. Comparison of the direct exchange- and platform-based approach

Comparison aspect

Model A

Model B

Role of the platform

Communication,

information sharing

Anonymity

Dividing requests into

fragments, if one offer
cannot fulfil it

Computational load

Decision-making

Vulnerability in case of

problems with the platform

Optimizing on a global level

Managing entries and
exits, updating

reputation values

Same as in Model A +
request-offer
matching, managing

contracts

Directly with each
other

Only with the platform

Companies know the
offer parameters and
the identity of the

offerors

Companies know the
offer parameters without
sender identity. The
identity of the winner(s)
turns out after choosing

from offers

Requesters outsource

all the fragments

The platform divides the
offers based on the

separately parameters of the whole
request
Requesters receive The platform checks all

only the suitable offers

the received offers and

requests

Reputation and trust

are considered

Reputation is considered,

trust is not

Reputation values are
lost, but the resource

sharing process can

Matching function of the
platform fails, companies

can share resources

operate directly (same as in
Model A)
Not possible Possible

8.2. Simulation experiments — comparison of the two models

To compare the two models, experiments with agent-based simulation were

performed in AnyLogic: the simulation model was created the same way as described

in Chapter 6.

Regarding the input, in both models, the same companies with the same resources

were loaded with the same average order size and arrival rate. The most important
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parameters of the experiments are presented in Table 13. For the parameters
determined by using a truncated normal distribution, the mean and sigma values are
included in the table (for the constant ones, sigma is 0). In these cases, the difference
between the lower and upper bounds of the distribution from its mean is sigma/2. The

parameters relevant in only one of the two models are marked with a superscript.

In the experiments, out of 10 companies, 6 are non-reliable, and 4 are reliable. The job
completion times are also normally distributed: for non-reliable companies, the mean
of the distribution is shifted, creating a lower chance for them to finish the undertaken
jobs in time. In the experiments, 20 different resource types were initiated: one

company had 10 to 20 types of them with the amount 8 to 12.

As indicated in Table 13, each company received an order every 1.5 days, and
required 8 resource units for 20 time units from a specific resource type. To reduce the
administrative costs of contracting and the computational load of the platform,
matching is only possible between exactly one request and a maximum of three offers
in Model B. Similarly, requests can be divided by requester companies into three parts
in Model A. In Model B, companies sent offers to the platform about their free
resources with a look-ahead for the next 40 time units. In all cases, the experiments
were run for 500 time units: based on observations, the investigated KPIs do not
change after this time in an unexpected way. Since some of the parameters are
normally distributed, 10 experiments were performed for each parameter set, and the
average of the values is presented in the following paragraphs. The three examined
KPIs were average resource utilization, average service level of federation members and
communication load (defined below in detail). In both cases, 48x10 experiments were
performed while increasing the number of federation members from 3 to 50

companies, with the aim of investigating the effect of federation size on the KPIs.

Table 13. Input parameters for experiments.

Parameter Mean Sigma Unit
Initial reputation®® and trust* 80 0 -
Incoming order arrival rate 1.5 0 1/mtu*
Incoming order length 20 5 mtu
Incoming order resource quantity 8 2.7 -
Max. number of offer fragments 3 0 -
Planning horizon® 40 8 mtu
Simulation time 500 0 mtu

* model time units
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8.2.1. Average resource utilization

To compare the federation performances in the two models, resource utilization of the
federation members was sampled in every time unit. The average of these values after
each simulation run was calculated by neglecting the first 30 values out of 500 (run-up
phase). The confidence intervals on 95% confidence level in the case of the remaining
470 values obtained from a specific simulation run were between 2~3% (4~5% in
federation sizes under 10). As one can see in Figure 33, in both models, average
resource utilization increases until the federation size reaches 10. The difference
between the two models is approx. 30% and slowly increasing with the number of
federation members. This is mainly due to the effect of the platform, which finds
matching offers for requests in a more efficient way and divides requests into
fragments adjusted to already received offers. In contrast, in Model A, companies try

to outsource equal-sized fragments, which limits the solution space.

90%
70%
50%
30%

10%
3 8 13 18 23 28 33 38 43 48

Avg. resource utilization in
the federation

Number of federation members

Model A Model B Difference

Figure 33. Difference between average resource utilization in the two models.

8.2.2. Average service level

The performance of the resource sharing approaches could be measured by comparing
their ability to find more reliable partners to work with. Outsourcing jobs to more
reliable partners results in less delay in job completion times: average service level is
used to highlight this setting. The results show that Model A performs better: after
reaching federation size 10, the difference between the two approaches is approx. 4~5%
(see Figure 34). The confidence intervals on 95% confidence level are between
0.1%~1%. Since the average resource utilization is much lower in Model A, the reliable

partners are not as much loaded as in Model B. Thereby, the companies have a better
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chance of choosing a more reliable partner in the first case. This means a kind of trade-
off between resource utilization and service level: if the goal is to maximize resource
utilization, offers from non-reliable partners have to be accepted as well; but if the aim
is to reach a high service level, a limit could be defined for trust/reputation values of
possible partners. This setting is also included in the models, but its effect is out of
scope for this dissertation. The cause of the non-monotonous trend in the results is that
increasing the number of federation members was done by creating companies with
the same parameters as the first 10 in the same order. For example, in the case of 16

federation members, 12 were non-reliable and only 4 reliable.

92%
90% Model A
< 88%
2 Model B
—  86%
o1
S 84%
)
D 82%
80%
78%

1 6 11 16 21 26 31 36 41 46

Number of federation members

Figure 34. Difference between service levels in the two models.

8.2.3. Communication load
In the third experiment, the number of messages was investigated. As mentioned, the
two models use different communication mechanisms. Message types in Model A are

the following;:

o original/divided requests (sent to all federation members),
e offers (sent in response to a request),

e notifying winner(s) and loser(s) in response to offers,

e contracts between the requester and offeror directly,

e contract cancelling messages, and

e ratings about contracts.

In the case of Model B, only original requests and offers are sent to the platform. Only
the winners are notified after matching — the offers (and requests) that are not matched
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are deleted automatically from the offer database when they expire. Notifying
winner(s), contracting, furthermore cancelling and rating contracts are all made through

the platform.

Figure 35 highlights the communication load, which increases heavily in Model A,
even more than linearly when the federation grows. A second-order polynomial
trendline was fit to the results in the case of Model A, and a linear trendline in the case
of Model B. For each experiment, the difference between the two models depends on
the parameters of the incoming orders (arrival rate, resource quantity, length) and the

parameters of the companies, also.

. 2500000
5 5 000 000 y = 927,09x2 + 3965,7x + 29573
2 R2 = 0,9992
01500 000
9]
0
g 1000000 y =1122,5x + 1978,9
rs) 500 000 R2=0,9976
% 0
2 3 8 13 18 23 28 33 38 43 48
Number of federation members
Model A Model B Poly. (Model A) Linear (Model B)

Figure 35. Difference between communication load in the two models.

8.3. Conclusions of the comparison

In this chapter, two manufacturing resource sharing approaches were compared:
Model A, where resource sharing is arranged by a direct exchange-based mechanism,
and Model B, where resource requests and offers are matched by an intermediate
platform. Agent-based simulation experiments have shown that the difference
between average resource utilization is approx. 30% in favor of Model B, due to the
more complex matching logic of the platform. However, the average service level is
approx. 4~5% higher in Model A, since lower resource utilization causes that reliable
companies have more free capacities that can be requested by others. Communication
load is one order of magnitude lower in Model B, because the companies are sending

messages only to the parameter instead of each other.

It is important to mention that while a platform-based solution could improve the

federation's performance from different aspects, it does not take away the possibility

89



of autonomous decision-making from the participants. In addition, a platform can
limit the decision space by selecting the appropriate offers and widen it at the same

time in useful directions (for example, with combining offers).
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9. Financial model for platform-based resource sharing

In this chapter, the calculation of the cost and income types applied in the platform-
based model is introduced. When calculating these items, only the costs incurring and
incomes generated for the resource sharing based federation members and the
platform are considered, focusing on the period when a company is a member of the
federation. To help understand the formulas, the meanings of the notations are

summarized in Table 16 of the Appendix.

The main goal for the financial model is to verify the platform-based resource sharing
method by investigating the incomes and costs of the participants. Although [28]
determines the performance of the supply chain based on the profit it makes, in this
thesis the aim of the financial model is to investigate the detailed financial elements of
the participants, instead of evaluating the performance of the whole federation from

the financial perspective.

After detailing the financial model, platform-based resource sharing and a non-
resource sharing companies are compared from a financial perspective. Two financial
aspects are particularly relevant: benefits due to resource sharing, e.g., higher resource
utilization and additional efforts caused by transport and management costs of the
platform. Existing cost structures found in the literature were adapted to the specific
use cases while missing important aspects of resource sharing, thus, based on the cost
structures mentioned in subsection 2.5, I created a new financial structure

accommodating the relevant aspects for the comparison (see Figure 36).
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Figure 36. Financial structure for a federation member in platform-based resource
sharing
For each cost and income type, a hypothesis is derived, and a corresponding function

is formulated within the following subsections. The main cost types are the following:

e Manufacturing costs include all the costs related to manufacturing the
requested number of products: the company must pay for the materials, the
labor and the machine costs, and, in addition, facility sustaining costs are also

considered.

e Administration costs consist of two parts: (1) management costs, which mean
all the costs paid to the platform (entrance fee, regular participation fee, sending
and accepting requests and offers), (2) order consolidation costs incurring for

the lead company who is managing all the jobs in an order.

e Penalty costs are defined to compensate additional costs incurring for the lead
company due to early delivery (additional inventory cost), late delivery (sales

opportunity loss), and delivery failure (lost profit).
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e Inventory costs can occur (1) when storing WIP products during production

and (2) in case of early job completion, before delivery.

e Distribution costs cover the transportation costs (between customers and lead
companies) and transportation consolidation costs (between federation

members, in case of outsourced jobs).

Naturally, there are some simplifications in the model: e.g., as mentioned in the
resource sharing model descriptions, companies do not try to find a suitable offer after
the deadline of a customer order. In reality, this would cause backlogging costs, which

is not included in the model yet.

9.1. Manufacturing cost
In [118], the authors distinguish between four cost types regarding manufacturing

costs:

e unit-level activity costs (e.g., material, machine, and labour costs),
e Dbatch-level activity costs,
e order-level activity costs, and

e facility sustaining costs.

Manufacturing costs in the presented model are introduced by taking this approach
into consideration. For simplicity reasons, batch- and order-level manufacturing costs
are neglected because it would raise the question of the optimal batch size that is not
in focus here. For a part of a job j that was outsourced to company B or insourced by
itself, the manufacturing cost cjanys, can be calculated by adding the cﬁlaterml}_ -af
material costs (material cost per product multiplied with the number of products) to

the (Crachine; * Clabour) * tj’ Machine and labour costs per time unit multiplied with the

time that is required to complete an order:

B _ B . B B B . +B
Cmanufj - Cmaterialj aj + (Cmachinej + Clabour) tj Eq- (6)

For company B, the total manufacturing cost for the time interval it was a member of

the federation for the x™ time (C,’fmnufx) includes the c5,,, facility sustaining costs

multiplied by the T, time interval for which the company is a member of the federation
for the xt" time; and the manufacturing costs of all the jobs that it has completed during
T,.

Crlflanufx = Cfust Ty + Z§=1 Crl?lanufj Eq. (7)
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9.2. Inventory cost
In the presented financial model, inventory costs may occur due to three main reasons.

The first of them is when a company must store the products during manufacturing

(WIP inventory cost):
B o B B
Cwip,j = 5 " Cinv; "t Eq. (8)

Where cyy;p jis the total WIP inventory cost for the part of job j that was outsourced to

company B, af is the number of parts that have to be stored, cgwjis the inventory cost

per product in job j for company B for one time unit, and t{ is the manufacturing time
of the specific job part. As a simplification, it is assumed that the number of
manufactured products grows steadily during the manufacturing time, and in this

case, the average number of stored products is half of the final number of them.

The remaining two causes for additional inventory costs are based on the early
completion of a job. The first is when a resource offeror delivers the finished products
to the lead company earlier than the start of the on-time interval of the specific job. In
this case, inventory cost incurs for the lead company, which recovers this cost by
penalizing the resource offeror with the same amount. As mentioned below in the
Penalty Cost subsection, this cost is calculated by multiplying the number of products
in the specific part of the job that was outsourced to company B by the inventory cost
of agent A for one product in job j for one time unit and by the time unit for which the

products have to be stored:

B B
le;le,B = a]B ’ C{;le ) (tdj - tsa]- ) Eq. (9)
The second reason is when the lead agent finishes an insourced job earlier than the start
of the on-time interval determined for it and must store the products until the whole
order is finished. In this case, the additional inventory cost incurring due to the

insourced job is calculated similarly as in Eq. (9).

9.3. Penalty Cost

In supply chain relationships, companies must be motivated to deliver accurately. For
BTO companies, which are operating a Just-In-Time (JIT) production system, excessive
inventory is not an option, and inaccurate delivery times can cause serious space and
cost problems [49]. In such cases, delivering products too early and too late also must
be penalized somehow. The most common way of forcing suppliers to be more reliable
and to compensate the customers for the costs coming with early, late, or failed

delivery is issuing a penalty cost. Authors of [50] also state that exact, cost-based
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performance measurement is a key aspect in connection with delivery times and
measuring delivery performance, and it is closely connected to reliability. For example,
in the automotive industry, Saturn levies fines of $500 per minute against suppliers
who cause production line stoppages [43]. Chrysler fines suppliers $32,000/h when an
order is late [106].

Authors of [39] distinguish between four penalty cost types (the same approach is used
by [49]):

(1) Penalty cost for delivery failures, which is a fixed cost, proportional to the
number of delivery failures.

(2) Penalty cost caused by the sales opportunity loss, proportional to the number
of products not delivered.

(3) Penalty cost to compensate extra working time that is spent to re-produce the
safety stock to its nominal level.

(4) Cost of safety stock, which is proportional to the buffer size.

Here, the (1) and (2) abovementioned approaches are combined, and at the same time,
focus is placed on only those penalty types that are relevant in the case of BTO
companies who are sharing resources via a platform. Penalty cost types (3) and (4) are
not really applicable for BTO companies operating a Just-in-Time production system,

because they do not have a safety stock.

From [39], cost type (1) could be applied to failed deliveries due to job cancellation or
delivering outside the time window, as shown in Figure 16. In reality, a failed delivery
can cause the failure to fulfil the whole order; thus, the lead company could also lose

trust towards the customer, too.

Cost type (2) is for late deliveries to compensate the sales opportunity loss of the
customer — but this does not include the loss of trustfulness towards the company that
the customer is delivering late and a penalty that the lead company may pay for late
delivery. In [39], authors do not include any penalty costs related to early delivery;
however, in [35] it is also highlighted that additional costs arise in connection with
holding too early delivery (inventory costs. They present a model including nonlinear
early and late delivery costs (holding/backlogging issues for the customer), which are
taken as a product of a linear function of delivery lead time and a nonlinear function
of the delivery lot size. They state that the efficiency of a supply chain network is
greatly influenced by the reliability of the supply process and highlight that the success
of a supply chain lies beneath the proper timing of delivery of goods to the

intermediate parties. They introduce a delivery tolerance period, where no penalty
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must be paid, and mention that delivery time inaccuracy could come from inaccuracy
of production lead time or transportation time. Here the focus is placed on the sum of
these two and assume that the earliness or lateness with deliveries is the offeror’s
responsibility no matter what the cause is. Nevertheless, early delivery is not only
generating additional inventory costs: in the case of food or medicine, the quality of
the products could decrease during the storage period — which also has to be included

in the penalty cost [3].

Taking the referenced models into consideration, by combining and extending them,
the penalty costs applied in the presented financial model are the following, calculated

on the basis of the delivery time tij .

It tij < tsa,-B or td].B > teajB , the delivery is failed, and the penalty cost is computed
by multiplying the P° profit that could have been created by selling the products
(calculation is described in the Sales income, profit subsection) with the cf‘ailj failed

delivery factor for company A (see Eq. (10). Here all the additional costs, such as trust

loss caused by the failed delivery, are included in cf‘ail}_. It could also happen that a

resource offeror company cancels a job even though it has signed the contract. For
cancellation, the same penalty is issued, but it is penalized from the trustfulness

perspective, also.

Cgenj =PpP°- C]I:lail Eg. (10)
B .
If tsaJ.B <tg < tsojB , it is an early delivery, here af . c{‘,‘wj (the number of products

multiplied by the inventory cost per product) and the possible af - C{;‘ualj quality

reduction costs (number of products multiplied by the quality reduction cost per
product) of lead company A for the early time interval is incurred to resource offering
company B as a penalty. In the case of products whose quality does not decrease over

time, c;;ual]_ = 0. Here it is assumed that the offerors do not store the products that

were finished early but ship them immediately to the lead company.

B B
Cgenj = ajB ) (Ci/Tlle + C:;lualj) ) (tSOj - td] ) Eq (11)

If teojB < td].B < teajB , it is a late delivery, and af . cﬁ,ssi sales opportunity loss of lead

company A for the late time interval is issued to resource offering company B as a

penalty:
B — B, A . B _ B Eqg. (12
Cpenj - aj Clossj (tdj teoj ) Q. ( )
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If tSOjB <ty® < teojB, the delivery is on-time; thus, the penalty cost is equal to zero:
Cpen; = 0. Eq. (13)

9.4. Distribution costs

According to [71], the transportation cost of an order depends on the size of the
shipped batch (larger batch has a lower cost per unit), but inventory costs occur when
creating too large batches as the products have to be stored until the batch size is
reached. This way, an optimal batch size can be calculated. In the referenced paper,
three main cost types are differentiated regarding transportation: arrival cost,
inventory cost and delivery cost. Here, the focus is not on determining the optimal
batch size and simplifying transportation costs, which depend mainly on the distance
and transport type, the number of products delivered, and the specific company's
administrative costs. Also, as one could see above, inventory costs are treated
separately from shipment costs in the presented model. Regarding distribution costs,
transportation cost (which incurs when the lead company ships the products of a
completed order to the customer) and transportation consolidation cost (which incurs
when the members of the federation are shipping the products of a specific job to each

other) are distinguished.

9.4.1. Transportation cost

AC,0

Transportation cost Cygnsport

for an order o is computed by multiplying the
d4c, distance between lead company A and customer C, with the cignsport® cost factor
for a specific transport type per product, and the a® number of products in the specific
order. In addition, a fixed shipment sending cshl-pment“‘ cost incurs for the lead

company A for each order:

AC,0 — dAC

. o, 0 A
Ctransport Ctransport " @ + Cshipment Eq- (14)

9.4.2. Transportation consolidation cost

Transportation consolidation cost is calculated similarly to transportation cost, but for
shipment of products in case of outsourced jobs between federation members: d4?
distance between lead company A and resource offeror company B is multiplied by
the Ctransport; COSt factor for a specific transport type per product and by the af
number of products in the specific part of job j. In the case of each outsourced job,
Cshipment” fixed shipment sending cost also incurs for company B. For lead company

A, only the fixed ¢4y arrival cost incurs in case of each outsourced job part.

B,j = (AB

. . oB B
Ctr.cons Ctransportj a; + Cshipment Eqg. (15)
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Aj — A
Ctr.cons = Carrival Eqg. (16)

Of course, transportation consolidation costs do not appear in the case of insourced
jobs. Nevertheless, the higher number of parts the platform separates a job (because
one company does not have the required resource load), the more transportation

consolidation cost incurs for the companies.

9.5. Administration costs

9.5.1. Management cost
Management costs cover the different cost types that incur for federation members

related to the Platform and the planning costs when sending requests and offers:

(1) entrance fee that incurs when the company is joining or re-joining the federation
for the n® time (Copner),

(2) participation fee that has to be paid regularly after a certain time unit (cpqrt),

(3) administrative costs (paid to the Platform) of sending one offer (c,fferq), ONe
request (Crequest,q) and establishing a contract (ccontrace), multiplied by the
number of offers, requests, and contracts (n, fferAx, nrequestAx, Neontract” ) sent
to the platform during the time that the company was the member of the
federation for the xt time,

(4) resource planning costs of sending offers (c,fferp) and requests (Crequest,p)-

The c#lanx total management cost of federation member A for the time it entered the
tederation for the x" time, is calculated by summarizing the entrance fee, the
participation fee multiplied with the T: time interval since when the company is a
member of the federation for the xt time, and the abovementioned administrative

costs:

A
Cmanx = Centr Cpart Tx (Coffer,a Coffer,p) noffer x (Crequest,a Crequest,p)

A . A
nrequest x + Ccontract " Ncontract x Eq- (17)

9.5.2. Order consolidation cost

Order consolidation cost is incurring for the lead company as a cost for administrating
the consolidation of different jobs and job parts in connection with each order. The
total order consolidation cost for lead company A is calculated by summarizing all the

consolidation costs for the jobs that are part of the orders that company A received:

A —_ v/ A
Cord.cons = Zj=1 Cord.consj Eq- (18)
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9.6.Incomes of the participants
In this section, the following income types for the federation members are introduced:

sales income, penalty income and order completion income.

9.6.1. Sales income, profit
In the model, sales income is received after completing an outsourced job, and lead
companies also receive an income after a whole order is completed and the finished

products are delivered to the customers.

The first type of sales income in connection with a specific job j is paid by the lead
company to the resource offeror company and means the selling price of the products
that were delivered (isalesjB ) to the lead company. It is calculated by multiplying the
sum of cmanuij manufacturing cost and cﬁ,,P, ; WIP inventory cost of the job, by
the 1 + p? profit margin of company B (if its profit margin is 10%, the company

receives the 110% of these costs as sales income).

isazes,-B = (Cmanuf,-B + e ) - (14 pP) Eq. (19)
Profit generated by company B from completing (a part of) job j:

PP = (Cmanus,® + Clip,) - P Eq. (20)

Before selling the whole order to the customer, first lead company A pays for the
outsourced jobs. Here it is assumed that the profit generated directly from these jobs,
in general, is equal to zero, as after paying for the manufacturing, logistics, inventory,
administration costs — even if the partner company works less expensively — it is not
realistic to gain a considerable profit directly from these interactions. Consequently,
the lead company can generate direct income mainly based on the additional value of
the insourced parts. Nevertheless, income is also generated from consolidating all the
jobs and delivering the whole order to the customer or assembling the parts that other
partners provided. This income is proportional to the a® number of products in the
order, and also with factor i’additional income per product. In total, the isaresC sales
income received by lead company A after selling order o is equal to the sum of the
income that is proportional to the size of the whole order (a° - i°) and the income that

is generated by the insourced jobs.

isalesAJO = (1 + pA) ' (ao 10+ Zf:l(cmanufjA + Cll/‘tl/IP,j)) Eq. (21)

The profit for company A in connection with order o is calculated as follows:
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pA° =p4. (a" 1%+ Z§=1(cmanufjA + Civie,j) ) Eq. (22)

9.6.2. Penalty income

Penalty income is paid by resource offerors to the lead company to compensate costs
due to early or late delivery. This is equal to the cost that was described in subsection
9.3 (penalty cost): the penalty income for lead company A in connection with the job

part that was outsourced to company B (ipe,™” j) is equal to the penalty cost that

company B has to pay in connection with the same job (cpenf )-
ipenA'Bj = Cpen}g Eq. (23)

9.7.Incomes and costs of the platform
In this subsection, costs associated with marketing, operating and maintenance, and
incomes of the platform (paid by federation members) will be discussed. Figure 37

summarizes these costs and incomes:

=

v v v v v v

Costs and incomes
of the platform

[ Marketing ] [ Operation ] [Maintenance Entrance fee Regular fee Management
paid by paid by costs paid by
members members members

Figure 37. Costs and incomes of the platform

In the presented financial model, the incomes of the platform are equal to the
management costs paid by the federation members to the platform (sum of

management costs incurring for the companies, without resource planning costs):

platform _ K¢ .k k . k Y 4 k .k .
iP ! - k(centr + Cpart T+ Coffer,a noffer + Crequest,a nrequest + Ccontract

n¥oneract Eq. (24)

The costs of the platform consist of the marketing costs (c;uq,) to attract a higher
number of participants, and the operational and maintenance costs of the IT system of
the platform (c,, and cpgint, ©.g., maintenance of server and web page). The platform
could be profitable if the number of participants is high enough to compensate for

these costs.
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cplatform — Cmar T Cop T Cmaint Eq. (25)

9.8.1s it worthwhile to join a platform?

As mentioned, profit is accumulated in three places in the presented model: in the lead
companies, in the offering companies, and in the platform. The role of the platform is
to help companies with their resource issues, not to gather as much profit as possible
(and consequently, weaken the companies). Collecting too high entrance and
participation fees and administration costs would lead to lower number of participants

and interactions and would result in lower profit.

For a company, to be worthwhile joining the platform, the additional income
generated by the higher resource utilization level (i.e., being able to complete more
incoming orders and completing jobs outsourced by others) has to cover the additional

costs that incur due to platform-based resource sharing.
According to the presented model, additional income can be generated by:

e Completing additional orders due to the more complex matching logic of the
platform. As mentioned in the Incomes of the participants section, income is
generated by (1) insourced jobs and (2) order completion.

e Regularly sending offers to the platform and completing additional jobs
outsourced by other companies. Since the platform can combine offers from
separate companies to fulfil one request, smaller amount of offered capacities
could be matched with requests, also.

e Penalty income in case of a partner delivers inaccurately (note: this is spent on

covering the additional inventory costs or lost sales).
Additional costs are:

e Management costs including entrance fee, regular participation fee, and
administrative costs of sending messages (requests, offers, contracting).

e Manufacturing, inventory and distribution costs caused by completing
additional incoming orders and jobs outsourced by other federation members.

e Additional penalty costs might be paid due to inaccurate job completions.

If a company wants to decide whether it is worthwhile joining the platform, it must

consider the following aspects:
Completing additional orders

Does the company receive orders (that can be completed only by outsourcing a part of

them) often enough? Do the other federation members have the appropriate resource
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types to complete these orders? Do they have enough free capacity to offer their

resources?
Completing outsourced jobs

Does the company have additional resources it can regularly offer? Do the other
federation members receive orders that could require these resources? Can these
resources be offered at the appropriate price level? Is the company reliable enough in

terms of delivery accuracy?
Balance between incomes and costs

As described above, higher resource utilization level and additional incomes come
with additional platform-related costs, also. A company, to decide whether it is
beneficial to join or leave the federation, must analyze the incoming orders and
interactions with others from the past and make forecasts for the future to be able to

determine the possible benefits.

9.9. Simulation experiments — financial model
To investigate the financial model for the resource sharing federation, use cases were
created using the extended version (including cost functions, too) of the agent-based

simulation model described in Chapter 6.

Table 14 summarizes the main input parameters for simulation experiments. For the
parameters determined by using a truncated normal distribution, the mean and sigma
values are included in the table (for the constant ones, sigma is 0). In these cases, the
difference between the lower and upper bounds of the distribution from its mean is
sigma/2. Regarding the partner selection, the hypothesis is that the best results are
expected if companies of the same region and with a similar product portfolio take
part in a resource sharing cooperation. This way, both transportation and machine
setup efforts are minimized and lead to fewer additional costs [8]. Thus, in the model,
10 companies — located in county seats in Hungary on the map — were implemented,
and all of them had 16 different resource types out of the required 20 that were used
to compose the orders. One order included 3 job types that may require different
resource types to complete. The resource type of a job was chosen randomly from the
20 possibilities.

Asindicated in Table 14, each company received an order every time unit that included
3 jobs, consisting of in an average of 400 products requiring 4 pcs. of resources for in
average 12 time units. The platform could combine a maximum of 3 offers to fulfil the

requirements of a request in order to reduce administrative and logistics costs. The
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planning horizon, i.e., the length of the time interval for which the companies could
offer their resources in advance, was set to be 40 time units. The on-time delivery (2
time units) and the delivery acceptance (4 time units) intervals are applied as follows:
the middle of the interval is the accurate delivery time in the contract, as it can be seen

in Figure 16.

Regarding the cost parameters, the entrance fee to be paid when entering the
federation was 10 monetary units, the regular fee was 5; the latter was paid after every
20 time units. The experiments were run for a period of 1000 time units. In the case of
outsourced jobs, it was assumed that the manufacturing cost per product for the
outsourced jobs was 90% of the insourced ones — meaning the partner companies work
less expensively. Outsourcing in reality often happens towards a company whose core
business is the specific job type and thus can operate its resources in a more efficient

way.
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Table 14. Input parameters for simulation experiments

Parameter Mean | Sigma | Unit
General simulation parameters
Order interarrival time 1 0 tu*
Incoming order length 12 6 tu
Incoming order resource quantity 4 2 pcs.
Number of products in one order 400 | 200 pcs.
Number of jobs in one order 3 0 pcs.
Max. number of offers to be combined by the Platform | 3 0 pcs.
Planning horizon 40 0 tu
Probability of cancelling an order (for all companies) 2 0 %
Simulation time 800 |0 tu
Length of on-time delivery interval 2 0 tu
Length of delivery acceptance interval 4 0 tu
Cost parameters
Entrance fee to join the federation 10 0 mu**
Regular fee for federation members 5 0 mu
Regular fee payment time interval 20 0 tu
Initial capital for companies 100 |0 mu
Manufacturing cost per product for the outsourced jobs 90 0 %
compared to insourced ones
Profit margin for all companies 10 0 %

*time units, **monetary units

After running the model for 1000 time units, using the parameters introduced in Table

14, cumulated costs and incomes of Company1 are shown in Figure 38.
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Figure 38. Costs and incomes of Company 1 in a test case

9.9.1. Effect of changing order interarrival time

In this experiment, a realistic scenario was investigated when a company is
continuously a member of the federation, but it receives a lower number of orders for
a given time period due to a temporary demand decrease. The aim was to examine the

effect of this on the company from the monetary perspective.

For one of the 10 companies (Companyl) the order interarrival time was increased
temporarily at time unit 200 from the original value 1, meaning the company received
orders less frequently for 200 time units; and from 400 time units, it was set back to 1.
One can see in Figure 39, that in the first two cases (order interarrival time is 1 or 2
time units), the revenue of the company continuously increased. In contrast, when it
was receiving orders less frequently (order interarrival time is 3 or more time units) it
can be noticed that in the short term, it is not worthwhile for the company to be the
part of the federation because of the decreased incomes (due to lower resource
utilization) are not covering the management fees. However, in the long term, it is
worthwhile joining the federation because the overall balance is positive on the

horizon of 1000 time units.

105



N
Q1
(e}

N
(e
(e}

—
g1
]

—_
o
e}

a1
@)

@)

0 100 200 300 400 500 600 700 800 900 1000

Simulation time

Balance for Company1 (monetary units)

——1 time unit 2 time units ——3 time units ——4 time units

——6 time units ——8 time units 10 time units

Figure 39. Effect of temporarily increasing order interarrival time
(temporal decrease in the load)

The experimental results confirm that accurate demand forecasts are highly important
to the companies. Up to a certain order frequency limit, it is worthwhile to be a member
of the federation, but of course, the platform cannot solve the problem of large-scale
demand decreases: in such cases, if a company may exit the federation temporarily not
pay the participation fee for this period. Nevertheless, one goal for the platform is to
motivate the companies not to quit, for example, by raising the entrance fee that must

be paid again when re-joining.

9.9.2. Effect of the price of outsourced jobs

In real industrial environments, companies outsource a job only if the manufacturing
cost of the outsourced job is lower than the cost of manufacturing it internally, and the
difference at least covers the additional costs (transportation, administration) the
outsourcing occurs. Of course, in some cases, it is reasonable to undertake an order
even if the profit related to it is negative, not to lose trust towards the customer, and

to have a long-term successful relationship.

In the next experiment, another federation member, Company2 was tested, and the
extent to which the manufacturing price of the outsourced orders are less expensive

compared to the manufacturing price of insourced orders was investigated. Here it
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was assumed that companies outsource a job in any case when they cannot complete
an order with their own resources, without regarding the financial balance of doing
so. As one can see in Figure 40, in case of this ratio is 90%, it is worthwhile to be a
member of the federation and outsource orders, but as the ratio increases, the company
becomes lossmaking. If the partners are using the same unit prices as the resource
requester company (100%), depending on the contents of the orders, there are time
intervals where the income is positive (higher number of insourced jobs), but in other

cases, the income is negative (higher number of outsourced jobs, a loss is created).
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Figure 40. Impact of the price of outsourced jobs
In such a resource sharing federation, depending on the extent of the additional costs,
a company could find the specific cost level where it is reasonable to outsource orders,
taking the loss of trustfulness towards the customers into consideration. This cost level
— based on the cost functions introduced in the financial model — depends on the
internal manufacturing costs, the additional costs incurring due to outsourcing
(administration and management costs), and the income that can be realized by

completing the order.
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10. Conclusions and outlook

10.1. New scientific results
Thesis 1:

In the case of customer orders that are volatile in terms of the number of required
resources and the time to use them, occasionally resulting in underutilized resources
or resource shortages, the platform-based resource sharing between manufacturing
companies is achievable with the mechanism shown in Figure 14. The essence of the
mechanism is that companies with a shortage or surplus of resources can send requests
and offers to a central platform, whose role is to provide offers, which meet the
requirements of the requests. The requesting company selects the best offer based on
its own preferences and, once the job is completed (or cancelled), evaluates the

partner's performance — which will be used for decision-making in the future.
Thesis 2:

When sharing production resources, the average service level of the participants
increases if the trustfulness of the partner in terms of meeting delivery deadlines is

considered in the decision between resource offers.

Trustfulness is the weighted average of the following two values on a scale of 0-100

(weights are determined by the company's own preferences):

1. Trust: an internal, subjective, cumulated value determined by the resource

requesting company, based on scores of direct bilateral interactions.

2. Reputation: an external, public, cumulated value, including interactions with
other partners, also. The platform calculates it based on the scores sent by

resource requesters and makes them available to all participants.

Score for a given job can be determined by the following calculation:

<l it =100(1-2) v )
J
&=L 127 =0 2)

where rtA"?
TJ]

requested by company A. §; is the absolute deviation from the bounds of the

is the score given to the offeror company B at time t, for the work j

acceptance interval defined by A for j if the time of completion is outside of it;

otherwise, §; = 0.
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L; is the contractually agreed period of time needed to complete j. y is the penalty
factor to give higher penalties for inaccuracies (value between 0 and 1), u; is the quality
multiplier (value between 0 and 1), which the company determines for j on the basis

of its own set of requirements.

To calculate the cumulated trust or reputation of a company at time ¢, the weight of the

score given at time t, is determined as follows:

6

Wt t) = g ©

where 6 is the smoothing factor. Based on this, at time t, the trust calculated by
company A about company B can be calculated by determining the weighted average

of the scores given in t, time points, before time t:

AB
LepseW(trt) 1y

Dtp<t W(tr,t)

(1) = (4)

Reputation is calculated in the same way, but by the platform, and using scores about

all interactions of company B.

Withdrawal of resource offers or requests or cancellation of a contract is also penalized.
In this case, the cumulative trustfulness of the offeror will be reduced by an amount to

be agreed by the participants.

Based on the results of a series of experiments conducted by an agent-based simulation
model including the trust and reputation model described above, the resource sharing

mechanism has the following properties:

1. Taking trustfulness into account has a beneficial effect on the overall

performance of resource sharing companies.

2. The effect of taking trustfulness into account is smaller when cooperating firms
are overloaded, as members are forced to work with less reliable partners to

fulfil orders.

3. The positive effect of taking trustfulness into account is proportional to the size

of the federation.
Thesis 3:

According to the comparison of the direct communication- and platform-based
resource sharing mechanism, performed by agent-based simulation experiments, the
following conclusions can be drawn, in the case of applying the same set of orders for

the same companies:
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1. In the case of platform-based resource sharing, the average resource utilization of
companies is about 30% higher, due to the complex request-offer matching logic
of the platform (combining and dividing offers according to the request).

2. The average service level in terms of meeting deadlines is 4-5% higher in the case
of direct communication-based resource sharing, as reliable companies are less
loaded due to the lower number of matches and can therefore offer their resources
more often. However, the rate of orders fulfilled is lower in this case.

3. In the case of platform-based resource sharing, the communication load on the
group of companies is significantly lower, it is approximately directly
proportional to the number of members in the federation. In contrast, the
relationship is approximately quadratic for the direct communication mechanism.

Thesis 4:

The financial model developed for fluctuating orders and platform-based resource
sharing, which details the incomes and costs of the participants and the platform, as
well as the parameters of external orders, is suitable for the following (as shown by a
series of experiments with an agent-based simulation model):
1. To determine whether a company should join the platform in the short or long
term.
2. To determine under what conditions it makes sense to outsource work through
the platform.

10.2. Application of the results

The direct antecedent of the research was the research project titled Enterprise
Collaboration Space Design for Crowdsourced Manufacturing, which was completed in
2016-2017 in collaboration with SZTAKI and Hitachi, Japan. As a continuation of this
topic, the results presented here and were closely related to several domestic and

international research projects:

1. INEXT A5 trust mechanisms: Research on prime exploitation of the potential
provided by the industrial Digitalization (2018-2024)

2. OTKA Optimization for Sustainable Supply Chains (2019-2022)

EPIC Excellence in Production Informatics and Control (2017-2024)

4. Research on cooperative production and logistics systems to support a
competitive and sustainable economy (2022-2025)

»

Using the platform-based resource sharing mechanism, and the associated trustfulness
rating system model, a web-based platform can be created in reality. It can act as a
virtual capacity extension of companies to assist them in operating more efficiently
and utilizing their resources as much as possible, particularly in the cases of

fluctuating or unforeseeable customer orders.
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Due to the evolution of manufacturing and production informatics in recent years, the
information technology background needed to operate these platforms has become
available, as evidenced by the presence of companies offering Manufacturing-as-a-
Service solutions (e.g., Spanflug, Up2parts, Daedalus, Xometry, Proto Labs, Haizol) and
projects aimed at developing and operating platforms (e.g., Catena-X, Smart Factory
Web). Most of the platforms, after receiving an order, automatically assign
manufacturer(s) to it, based on an internal assessment system and with the use of
artificial intelligence. This way, they immediately associate a price and a deadline with
the offer.

The results of this research support the viability of platforms based on resource sharing
(Thesis 3 and 4), provide a basis for the development of a related communication

structure (Thesis 1) and a corresponding rating system (Thesis 2).

10.3. Summary of the thesis
In the thesis, a novel, platform-based resource sharing mechanism was introduced that
helps manufacturing companies in effectively utilizing their resources even in an

environment with non-predictable, volatile customer demands.

In the first part of the thesis, the relevant literature was reviewed, focusing on
distributed production concepts trying to cope with nowadays challenges. Benefits of
resource sharing for Build-To-Order manufacturing companies were discussed,
examples from other researchers were mentioned. Agents, multi-agent systems and
agent-based simulation modelling were also investigated, as agent-based simulation
was applied in this thesis to test and validate hypothesizes about the resource sharing
mechanisms. One of the novelties in the proposed model is considering trustfulness,
thus, trust and reputation systems (including classification, attack types and defense
mechanisms, security issues and case studies) were also detailed. Cost models from
the literature were also summarized, and the novelty of the research presented in this
thesis — considering capacity constraints, including trust and reputation in decision

making, and the financial model — were highlighted.

Then, a new direct exchange-based resource sharing model was introduced: basic
concepts were defined, the model and the communication structure were detailed, and
the calculation of available resources, as well as the decision-making logic were
presented. A novel platform-based resource sharing mechanism was also introduced,
the central role of the platform and the communication logic were detailed. The agent-

based simulation model was also described: the structure of the model, agent types
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and the difference between modelling reliable and non-reliable participants were

discussed.

The suggested trust model was also presented in detail. Experiments were performed
to investigate the effect of considering trustfulness and the impact of lead time
prediction accuracy in resource sharing. Based on the results it was shown that, taking
trustfulness into account has a beneficial effect on the overall performance of resource
sharing companies. However, the effect of taking trustfulness into account is smaller
when cooperating firms are overloaded, as members are forced to work with less
reliable partners to fulfil orders. It was also shown that the positive effect of taking

trustfulness into account is proportional to the size of the federation.

The platform-based and direct exchange-based mechanisms were compared using
different aspects of resource sharing, and average resource utilization, service level of
the participants and communication load of the two solutions were investigated with
simulation experiments. Agent-based simulation experiments have shown that the
difference between average resource utilization is approx. 30% in favor of platform-
based resource sharing, due to the more complex matching logic. However, the
average service level is approx. 4~5% higher in the direct exchange-based mechanism,
since lower resource utilization causes that reliable companies have more free
capacities that can be requested by others. Communication load is one order of
magnitude lower in the platform-based case, because the companies are sending

messages only to the parameter instead of each other.

Finally, a new financial model was also presented and tested, which includes the
incomes and costs of the companies and the platform. Manufacturing, inventory,
penalty, distribution, administration costs, sales and penalty incomes were formulated
in the model, and incomes of the platform were also detailed. Financial advantages
and disadvantages of joining a platform were discussed, as well. Simulation
experiments were conducted to investigate the effect of changing order interarrival
times and the price of outsourced jobs. Based on the results, although it may be
unprofitable for a company to join the platform in the short term, it can be profitable
in the long term, depending on the frequency of incoming orders (the load of the
federation members). The manufacturing cost of outsourced jobs also has a strong
impact on the participants' profit and, above a certain cost limit, may make it

unprofitable to outsource jobs in the long run.
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10.4. Future work and outlook

The platform-based resource sharing model could be further developed in different
directions to be more realistic. One of these is to apply more complex mechanisms,
such as multi-criteria decision-making for the federation members, where not only
trustfulness and price but for example, environmental awareness (preferring shorter
logistical routes) could be a new aspect. Another direction could be to investigate

approaches in financial and commodity markets.

As it was mentioned in the thesis, real systems could be vulnerable to malicious
companies that are trying to affect the operation of the mechanism to get some
advantage. For example, by providing false ratings, sending fake orders or requests —
but these activities could be handled and penalized if the platform is monitoring each

company’s activities and is able to notice patterns in the ratings and messages.

Another promising research direction could be the investigation of the bullwhip effect
in the case of interdependent jobs: how can the platform help if one job is failed or
cancelled, causing re-planning resources and reorganizing production for other
companies planning to work on jobs from the same order. This aspect could be
examined in a more detailed way if the simulation model contains not only the
parameters of the companies but the simulation model of their manufacturing system,

too.

An interesting experiment would be to investigate how companies can increase their
trustworthiness by overplanning capacities and this way delivering more accurately.
Overplanning can occur additional costs for them, but in return, due to the higher
trustfulness level, they would win more jobs causing higher resource utilization and

higher profit.
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Appendix

Classes of the agent-based simulation model
Equipment class
An instance of the Equipment class represents one resource type in a specific
company. It contains the following fields:
e name of the resource type
e amount of the resource type that the specific company has (e.g. 3 CNC machines)
e qvailable amount in the given time point
o list of planned requests for the specific resource type (list of Request instances
already undertaken)
e price of one resource unit (used when making offers)

e quality of the resource type

Offer class
An Offer contains the following information:

offer sender company

e amount of offered resources

e resource type

e start and end time of the offer

e offer ID, used to help finding the specific offer when deleting it after its end
time reached

o restoreOffer event that is called when the end time is reached; it deletes the offer

from the Platform offer database

OfferCombination class

An OfferCombination is a combination of offers. When receiving a new request, the
Platform checks whether it can be fulfilled with different combinations of offers in its
database (according to Figure 15), and first generates all the possible combinations of
offers. In the next step, it checks if these combinations fulfil the requirements of the
request or not. If yes, the appropriate OfferCombinations are placed to a
MatchingOffers instance, detailed in the next paragraph.

An instance of an OfferCombination contains
e the list of offers
o the fitness of offers that is calculated when it is sent to a company; this is

compared to find the winner
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e weights of the offers that are also used in decision making: these weights are
calculated based on the ratio of offered resource loads (amount multiplied with

time interval).

MatchingOffers class
Contains all the OfferCombinations that match a specific request in an ArrayList data
form, and the request also — this “package” is sent to the requester company for

decision making.

Request class
A Request is generated in the following cases:

e when a company receives an order, one Request is generated for each job (or
two of them are generated, one for the insourced and another for the outsourced
job part)

e when an Offer is sent to the Platform, and a virtual Request is inserted into the
company’s production plan, in which the amount of required resources is equal

to the offered amount.

A Request contains the following information:

e name request sender company

e requested resource type

e requested resource amount

e request generation time

e start and end of the requested interval

e CapacitySeize and CapacityRelease events (in order to be accessible through
the request instance)

e ID in case of virtual requests generated due to offer sending, in order to delete
it from the company’s production plan in an easier way if the offer is not

matched

Reputation class

Reputation class is used to store reputation values for each company. The two class
fields included are the wvalue and the number of interactions based on which the
aggregated value is calculated in the rep_calc function of the Platform agent.

The following classes are defined to help to model the messages sent between the

Platform and the companies.
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ReactToOffers class
Sent by the requester company to the Platform about a list of OfferCombinations the
Platform sent to the requester company earlier. The following information is included:
e name of requester,
e winner OfferCombination,
e rejected OfferCombination(s),
e the specific Request, to delete it from the Platform request database after

matching.

NotifyRequester class

The aim of this message is to notify the requester company about the validity of the
offers it has accepted in connection with a specific request. Contains a boolean value
(true if all the offers are valid in the winner OfferCombination, false otherwise) and
the specific Request.

NotifyOfferor class
The aim of this message is to notify the offeror company about the acceptance of a

specific Offer it sent to the Platform earlier.

Notations of the trust model

Table 15. List of notations in the financial model

Notation Meaning
7'{::? rating given in time point t, about E'i sp’ecific interaction between lead company A and
resource offeror company B, about job j
6; time difference between the delivery deadline and the real delivery time in case of job j
L; length of job j in time
the penalty factor applied on federation level to penalize inaccurate deliveries to a higher
4 extent
Uj quality factor to rate the quality of the resource offeror’s work about job j
Wit D weight that is assigned to a rating given in time point t,. in order to calculate the
cumulative rating in time point t
0 decay factor used to affect the shape of the w(t,, t)function
0B (D) cumulative trustfulness calculated by lead company A about resource offeror company B in

time point ¢

Notations of the financial model

Table 16. List of notations in the financial model

Notation ‘ Meaning
All cost types
A resource requesting (lead) agent
B resource offering agent
subscript j job index
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superscript o

order index

superscript C

index of customer outside the federation

superscript x

the index of the number of times a company entered the federation

a’ number of products in order o
af number of products in the part of job j that was outsourced to company B
Manufacturing costs
P total manufacturing cost for company B for the time interval it was a member of the federation for
mantfx the xt" time
cBt facility sustaining cost for company B, per time unit
Tx length of time interval when company B is a member of the federation for the x" time, in time units
Cranuf i total manufacturing cost of the part job j that was outsourced to company B
C‘rlilaterialj material cost for one product in job j for company B
ngbourj labour cost per time unit in job j, for company B
Cglachinej machine cost per time unit in job j, for company B
tf time interval required to complete the part of job j that was outsourced to company B
Inventory costs
e, ; WIP inventory cost for the part of job j that was outsourced to company B
Cﬁwj inventory cost of agent B for one product in job j, for one time unit
tf manufacturing time of the part of job j that was outsourced to company B
A total inventory cost that incurs due to early completion for lead company A for the specific part of
B job j that was outsourced to company B
Penalty cost
Cgen, penalty cost for resource offering company B in case of job j
cﬁwj inventory cost of agent A for one product in job j, for one time unit
C,‘;ualj quality reduction cost of agent A for one product in job j, for one time unit
CiAoss,- sales opportunity loss for agent A for one product in job j, for one time unit
c]fm-l fixed failed delivery factor for agent A
P° profit generated by selling order o
tsajB start of delivery acceptance interval of the part of job j that was outsourced to agent B
teajB end of delivery acceptance interval of the part of job j that was outsourced to agent B
tsojB start of on-time interval of the part of job j that was outsourced to agent B
teojB end of on-time interval of the part of job j that was outsourced to agent B
tij delivery time of the part of job j that was outsourced to B
Transportation cost
cgfl'flsport transportation cost of order o between company A and customer C
c° customer (outside the federation) of order o
dAc distance between agent A and customer C on the road
Ceransport’ cost factor for specific transport type in case of order o, per product
cshl-pmentA fixed shipment sending cost for lead agent A
Transportation consolidation cost
cfr"jwns transportation consolidation cost for resource offeror company B, in case of job j
cfr"jwns transportation consolidation cost for lead company A, in case of job j
dAB distance between agent A and B on the road
Ctransport; cost factor for specific transport type in case of a specific job
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A
Carrival

arrival (administration) cost for company A

Cshipment® shipment sending (administration) cost for company B
Management cost
4 total management cost for company A for the time interval it was a member of the federation for
Cman the xth time
T length of time interval when company A spent as a member of the federation federation for the xt
x time, in time units
Centr one-time entrance fee of the platform
Cpart regular participation fee of the federation, per time unit
Coffera administrative cost of sending an offer (paid to the Platform)
Coffer,p resource planning cost of sending an offer to the Platform
Tlog er Ax numbe.r of offers sen"c to the platform by company A during the time it was a member of the
federation for the x*"time
Crequest,a administrative cost of sending a request (paid to the Platform)
Crequest,p resource planning cost of sending a request to the Platform
Mrequest? number of requests sent to the platform by company A during the time it was a member of the
* federation for the xt time
Ceontract administrative cost of contracting in case of a match
4 number of contracts signed by company A during the time it was a member of the federation for
Meontract”x the xt time
Order consolidation cost
A cons total order consolidation cost for company A

A
Cord.cons j

order consolidation cost of job j

Sales income, profit

Lsates; sales income for company B for completing (a part of) job j
Cmanuf jB , manufacturing cost of (a part of) job j for resource offeror company B
Cmanu fjA manufacturing cost of (a part of) job j for lead company A
pE, p4 profit margin of resource offeror company B and lead company A
isates™® additional income for completing order o
i° additional income per product for order completion
PP profit generated by company B from job j
pAo profit generated by company A from order o
Penalty income
ipen 4B penalty income for lead company A in connection with the job part that was outsourced to
J company B
Cpenf penalty cost for resource offering agent B in case of job j
Incomes and costs of the Platform
jPlatform total income of the Platform
k federation member index
K number of members in the federation
cPlatform total costs of the Platform
Cmar marketing costs of the Platform
Cop operating costs of the Platform
Crnaint maintenance costs of the Platform
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