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SUMMARY

Platformdriven crowdsourced manufacturing is an emerging manufacturing
paradigm to instantiate the adoption of the dpesiness model in the context of achieving
Manufacturingasa-Service (MaaS). It has attracted attention from both industries and
academia as a powerful way of searching for manufacturing solutions extensively in a
smart manufacturing era. In this regatds work examines the origination and evolution
of the open business model and highlights the trends towards platforem
crowdsourced manufacturing as a solution for MaaS. Plattbiven crowdsourced
manufacturing has a full function of value captgyri creation, and delivery approach,
which is fulfilled by the cooperation among manufacturers, open innovators, and platforms.
The platformdriven crowdsourced manufacturing workflow is proposed to organize these
three decision agents by specifying thendins and interactions, following a functional,
behavioral, and structuratappingmodel A MaaS reference model is proposed to outline
the critical functions and inteelationships among them. A series of quantitative,
gualitative, and computational stilbns are developed for fulfilling the outlined functions.
The case studies demonstrate that the proposed methodologies and can pace the way

towards a serviceriented product fulfillment process.

This dissertation originally proposes a manufacturing haad decision models
by integrating manufacturer crowds through a cyber platform. This dissertation reveals the
elementary conceptual framework based on stakeholder analysis, including dichotomy
analysis of industrial applicability, decision agent idecaifion, workflow, and holistic

framework of platforradriven crowdsourced manufacturing. Three stakeholders require

XXV



three essential servidelds, and their cooperation requires an information service system
as a kernel. These essential functions inclodetracting evaluation services for open
innovators, task execution services for manufacturers, and management services for
platforms. This research tackles these research challenges to provide a technology

implementation roadmap and transition guidebawkiridustries towards crowdsourcing.

Accordingly, mathematical and computational models are developed within the
framework to support: 1) value capture function from a functional view for manufacturing
resource selection and aggregation; 2) value creétimtion from a behavioral view for
crowdsourcing task execution decision making; 3) value delivery function from a structural
view for crowd dynamics modeling and operational protocol revision; 4) cyber kernel as a
prerequisite for information services pfatformdriven crowdsourced manufacturing.
These coherent technical elements along the service reference model lay the theoretical

foundation of this research, as described below.

First, in order to search and select manufacturers through a crowdsqumegs,
a crowdsourcing contracting mechanism incorporating explicit and inexplicit criteria
evaluation methods is proposed. It perceives crowdsourcing product fulfillment efforts
through a cyber platform as tournaméatsed crowdsourcing, formulated lwivarious
activities and symbolic systems. The challenge of a crowdsourcing contracting evaluation
mechanism can be further decomposed as engineering functional and business operation
reputational evaluation, with explicit and inexplicit criteria, respetyi This research
proposes a quantitative methodology of manufacturers evaluation for engineering
functional requirements based on informatcmntent measurements and a decidrer

learning algorithm for business operational reputational evaluatiomasfufacturers

XXV



through monotonic classification. The results of various criteria are aggregated through

multi-attribute utility theory.

Second, based on the platfedriven crowdsourced manufacturing, a
crowdsourcing task derivation method is proposedtorally solve the tradeoff between
product family planning and manufacturing load balancing. It formulates the
reconfiguration of a series of innovative products as a product family planning problem
from the frontend, and a manufacturing load planninglggem from the backnd, which
pursuits maximum sale profits and minimum unbalanced task segmentation, respectively.
It can be mathematically modeled as a bilevel programming problem, solved by a proposed

nestedbilevel genetic algorithm.

Third, a networkd material flow management service through ca®sking is
proposed to serve manufacturers to peel off their peripheral activities and concentrate on
their leading competing edges. As a platfednven logistics solution, crosgocking
divides service raes into pickup and delivery routes and enhances overall efficiency by
exploring similarities among routes and minimizing inventory cost at the depot. A branch
andprice algorithm is proposed to solve this laggale combinatorial optimization
problem eficiently. This logistic service decisiemaking can be modeled as a
crowdsourcing vehicle routing problem with crakscking. A pulse algorithm is applied
to solve the pricing problem, and a branching heuristic is applied to solve the problem

effectively and exactly.

Fourth, to support the optimal decistoraking of manufacturers on production

planning, a reatime order acceptance and accommodation methodology is established. It
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aims to serve manufacturers with optimal decision making for accepting cnonwitgp

orders and mixing the incoming and existing orders incorporating théimeabtatus of

the manufacturing facility. This problem can be modeled following a bilevel architecture

with order acceptance and scheduling on the leader level as wellratejaée planning on

the follower | evel. A construction met hodo
floor is proposed, and the algorithmic solution of this bilevel problem incorporating real

time status is established.

Fifth, blockchainbased information service systems are proposed to serve all
stakeholders for crowdsourcing contracting, #t@ak status monitoring, and product
fulfilment data management. Adopting blockchéi@sed smart contracts is a key to
managing distribtive databases to ensure security. The proposed architecture also
incorporates smart sensing technologies and enablesmeainformed decisiomaking

in platformdriven crowdsourced manufacturing.

Sixth, an evolutionary competitiecooperation game mole developed to find a
robust revision protocol to sustain a prosperous manufacturer population. It formulates the
cohort decisiormaking process as an evolutionary model. Thus, enable behavioral
modeling of adoption and reversion of crowdsourcing gsisaten a multicluster

manufacturer population, which serves operation excellence of platforms.
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CHAPTER 1. INTRODUCTION

Manufacturing companies are confronted with challenges for satisfying various
individual customer needs while more efficiently managing product variety for product
development than their competitqBrettel et al., 2017, Jiao et al., 200Fhe extent of
marketof-one has been foreseen as a potential driving force for next transformation of the
global economy, leading to the traditional mass production paradigm being shifted to mass
customization and personalizati@Rine, 1993, Tseng et al., 2010his @radigm shift
introduces a large variety to not only the product domain but also the production domain.
Thus, this change implies a higher variance of demands and markets, as well as a complex

technology portfolio and dynamic supply chain struc({&@i®laraghy et al., 2013)

Manufacturing companies utilize information sharing and coordination
technologies to deal with the variety, where companies cooperate with a peer of suppliers
through a series of fabrications to finish final products in the time desdBahin and
Robinson Jr, 2005Manufacturing companies usually own excess production capacities
to avoid the violation of the deadline, while approaching manufacturing capabilities and
resources from a scalable and changeable production network iaffiicent way to
adjust capacitiegFreitag et al., 2015)The cloudbased manufacturing resource sharing
can explore the value of idle resources, as well as utilize the excess capabilities from the
cooperation of the global supply chgwu and Yang, 200). Following the vision of
industry 4.0, the synergy of the highly customized products and intense competition
challenges the manufacturers with a decreased product lifecycle, quick response to

emerging technologies, and agile organization stru¢Bneitel et al., 2017)



1.1  Open Business Model

The open business strategy has been recognized as an efficient way of constructing
a quick response problesolving system in terms of utilizing external assets and
knowledge to develop its own capabiliti@Shesbrogh and Appleyard, 2007An open
business strategy can be defined as participating in an open initiative to capture value,
which can be divided into the reliance of the external assets or knowledge and the access
to project results by external partnéfsppleyard and Chesbrough, 2011) has been
witnessed that a growing amount of companies have adopted open business strategies and
geared towards the installation of open business models through their business activities,
which have achieved an agile emse structure and more massive capability arsenal
(Kortmann and Piller, 2016 he open business model allows the creation of whole new
complementary links in a value chain, which explicitly arranges the stakeholders along
with positions of value creatny deliveries, and capturin@gIMaraghy and ElMaraghy,
2014) This openness provides the structure to integrate the various external partners to

ease the installation of new technologies and scaling up of capabilities.

In a manufacturing environment, theternal suppliers act as a subcontractor who
serves the value chain with its core competence, while the core company can outsource its
peripheral economic activities and focus on its essential competitive @dgesn et al.,

2012) This outsourcing cadecompose the volatile yet complex value chains to simpler
jobs, which potentially enables the subcontractors to handle the variety by exploring the
commonalities among the jobs to maximize the reutilization of their competitive edges
(Jiao et al., 2007aJ he concentration of the competitive edges will enhance the production

volume in companies6 core manufacturing
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high product and production variety as well as a significant variance of demand
environmeniElMaraghy et al., 2009)The mass cooperation of the manufacturers entails
a highly interactive manufacturing network that relies on the cooperative collaboration

mechanism along the value chéirapscott and Williams, 2008)

1.2  Platform-Driven Crowdsourcing

Crowdsourcing has been recognized as a connecting approach to installing the open
business model by transcending organizational boundaries in order to leverage resources
and capabilities across distributed stakehold@gtshler, 2015) Different from the
convenional strategy of outsourcing in supply chain management that emphasizes how to
assign a task to a designated agent, crowdsourcing utilizes an open call to a crowd for
maximally exploiting the external resourc@icheler and Sieg, 2011frowdsourcing
entails a new valubased model as a socetonomic computational platform in which
products and services are created and delivered in an open, collaborative, and distributed
manner(Green et al., 2017As a computational production plati, crowdsourcing is a
large problerrsolving model that utilizes Internet technologies to coordinate, negotiate,
and manage the crowds for performing the specific organizational (8akson et al.,

2013) It implies a superior broker system to coordenédie information and material flow
among the stakeholder crowds and therefore enable the companies to crowdsource their
peripheral activities and concentrate on their core competitive ¢@gedich and Bruhns,

2008)

Among many perspectives of crowdsoug, we approached from a platform

driven method to peel out the coordinating and negotiating responsibilities from the



crowdsourcer and eases the way of applying the open business model as the foundation of
product innovation and development. Followingfaf o u r pillarso taxo
crowdsourcing, namely the crowd, crowdsourcer, crowdsourced task, and crowdsourcing
platform, precisely, the crowdsourcing platform plays an intermediate role between the
crowdsourcer and crow(Hosseini et al., 2014)Thus,the crowdsourcing platform can

help the crowdsourcer to explore external knowledge and resource by coordinating the
activities of designers and manufacturers to achieve a collaborative product fulfillment

network.

A stream of stat®f-the-art informationand communications technologies (ICT)
and industry trends enable the platform to
build up information exchanging network as a driving power for the crowdsourcing product
fulfillment process. This platforadriven and collaborative integration of various business
and operation processes forge an extended enterprise, in which crowdsourcing and early
involvement of partner crowds become new competitive edges for innovative products
development(Fuller, 2010) The integration of smart sensors and the networked
manufacturing systems has established a eghgsical manufacturing environment,
where the synergy of Internet of Things (I0Ts), big data analysis, machine intelligence and
the conventional manufacturing tewlogies, like computer integrated manufacturing
system (CIMS), supply chain management (SCM), production logistics has stimulated a
gigantic manufacturing technology advancement for crowdsourcing product realization,
which is collectively envisioned asndustry 4.0 (Schwab, 2017) Owing to the
competitiveness in collaboration across multiple entities towards an enterprise with an open

yet virtual architecture, decentralization has been recognized as one core characteristic of



Industry 4.0(Schuh et al., @14) Many advancing enterprise information technologies
have been advocated, and continuously emerging, for the achievement of a digitalized
enterprise. Specifically, the new advantages of discrete event simulation (DES); model
based system engineeringB8E), and CAX software provides the possibility of modeling

the manufacturing activities from a distan@dahangirian et al., 2010The synergy of
cyberphysical systems (CPS) and manufacturing execution system (MES), enterprise
resource planning (ERP) amanufacturing environment vertically integrates thetiesd

data from the equipment fleet and the cyber architecture based on a digitalized platform

(Weyer et al., 2015)

A successful application of the open business model requires collaboratiog amon
external partner crowds sharing resources and capabilities along with a coherent product
fulfillment flow (Simard and West, 2006}y he platformdriven method can be installed to
penetrate the partnersod boundar ieepsodueend ut
fulfillment activities to a collaborativerowdsourcing one. Thanks to the platform peel the
peripheral activities of the manufacturers and links to a large population of the partners, it
drives the collaborativerowdsourcing product fulfillmentvorkflow by formulating the

functions, interactions, and procesé@sng, 2018)

1.3  Smart Manufacturing

The recent technological trends reshape the product realization facility to a smarter
and more autonomous system, which enables the manufacturing cosnjzanjgtimize
material flow for large manufacturing network accommodation, implement predictive

decisionmaking scheme for dynamic reaction, agile reconfiguration for-tewdd



throughput improvement, as well as the optimal partner allocation for coshization
(Crawford, 2018) These revolutions bring ubiquitous connectivity to the manufacturing
environment, which allows the collection of significant volumes of dispersed information
and leads to the support of distributed decisimaking in the contexbf manufacturing
(Monostori et al., 2016)r'he blockchain technology enables a distributed and decentralized
knowledge management system to support the connecting among the manufacturer crowds
in an open environmeniLi et al., 2018a) Besides, to connedb the decentralized
computing power, the synergy of cloud computing and edge computing explores the
connections through a virtual platform (Li et al., 2018b). This synergy has transformed
manufacturing into an agile and intelligent process, which paeasdy for adopting open
business models via autonomous reconfiguration of the distributed manufacturing

resources (Rosen et al., 2015).

Such technological progress consolidates the foundation of the future
manufacturing paradigm shifts. Open manufacturing explores the technical prerequisite
and information architecture for a manufacturing company to install open business models,
which aimsto achieve an open yet agile enterprise architecture and integrates external
resources to its own fulfillment workflow based on a crowdsourcing information platform
(Li et al., 2018b) The achievement of an open architecture envisions a transformation
towards a largescale cooperative product fulfilment model, which connects a large
manufacturer peer crowds and reconfigure a collaborative network to satisfy volatile
customer needs. The requirement of accommodating a dynamic and collaborative network
implies the adoption of a serviceiented paradigm which installs-¥sa-service to the

manufacturing regime as service manufacturfgsiak, 2019) Social manufacturing



studies the interactive relationship among the manufacturer crowds, which formulates the
construction of a manufacturing network as an autonomous organizing p(dieesset

al., 2016a) The paradigm of cloutiased design and manufacturing offers the framework
of connecting smart entities across a population of companies, thus, enable a@-deman
capacity matching mechanism to serve the collaboration for product reali@atioet al.,

2015)

Specifically, the crowdsourced manufacturing has been proposed based on the
application of clouebased design and manufacturing. It has been further gedkho
organize a dynamic resource sharing mechanism across manufacturers in a crowd to
achieve the production network construction from a large manufacturer population
(Kaihara, 2001) The coordination mechanism, which is offered by the crowdsourcing
plattorm, synchronizes manufacturing activities across the companies and lets the
manufacturer own an excessive capacity from the cooperation of the partners in the
production networKFreitag et al., 2015)l'he resource matching and pricing mechanisms
enablea cloudbased capability and knowledge exchanging marketplace to accelerate the
production network reconfiguration procefi€ang et al., 2016) From the variety
management perspective, crowdsourced manufacturing provides a rapidly responsive

reconfiguratio of the existed resources and knowledge to serve volatile customer needs.

1.4  Research Objectives

The primary objective is to investigate the platfednven crowdsourced

manufacturing to achiewdanufacturing as a Service (Maa$he specific objectives and



motivations are organized iRigure 1-1. Accordingly, the primary objective can be

decomposed into the sulbjectives that are to answer flolowing research issues:

1) How to model andanalyzecrowdsourced manufacturing workfloacross all
decision agentsystematically;

2) What are thenodels and mechanisms fmowdsourcing taskexecution

3) How to serve the information flow across the decisiakimg in crowdsourced
manufacturing;

4) What operational protocols can sustain a #inge prosperity of the manufacturer

crowds

Motivation 1: Mass Customization: volatile customer needs,
complex technology portfolio, dynamic supply chain structure ———> Research Logic Link
@— > Research Area Link

Motivation 2: Platform-driven crowdsourced manufacturing for
service-oriented product fulfillment
A Y

I Objective 1: How to model and
analyze crowdsourced manufacturing | <€———
/ workflow across all decision agents?

/ —3

Y

Objective 3: How o serve the
information flow across the decision

] > Objective 2.1 How to derive and
_—»| decompose the crowdsourcing tasks
- — optimally?
- ~

A 2 I ®pen RS Objective 2.2: How to provide optimal
Objective 4: What operational protocols | _ ~Business ‘Smart . logistic services to link manufacturers

can sustain a long-time prosperity of the (&~ | Model Ma“UﬂlEtU” ng to supply network?

manufacturer crowds? !

\

T Objective 2.3: How to help the
manufacturer determine the acceptance
of the crowdsourcing tasks?
1

h 4
[Veriﬁcation through case studies}

Figure 1-1 Research motivations and objectives

Towards this end, the correspamgl objectives are proposed as follows.



1.4.1 Model and analyselatformdriven crowdsourced manufacturing workfldar

crowdsourcing supply networkconfiguation

Objective 1 proposes a workflow to organize all decision agents in a crowdsourced
manufacturing workflow. In line with the principles of axiomatic deqi§nh, 1998)the
product ful fill ment process compr-h cwd® a
relationships across four consecutive domains, including the customer, functional,
physical, and process domains. Systematic design decisions in each of the domains are
characterized by the Customer Needs (CNs), Functional Requirements (FRs), Design
Parameters¥Ps), and Process Variables (PVs), respectively. Traditionally, the mapping
decisions from one domain to another are processed centrally within one en{draase
et al., 2007a)With the adoption of the open business model, such decisions are becoming
decentralized across many decision agents while transcending organizational boundaries
in order to leverage resources and capabilities through crowdsouidiogtes and
Goertzel, 2019) The platformdriven crowdsourced manufacturing showdsurethe
resporses from crowds can satisfaction of customers, which imgliesequirement of

robust and genericontractingevaluationrmechanisms.

It is hypothesized that a proper crowdsourced manufacturing workflow can present
the full function of crowdsourcing in theontext of manufacturing, which specifies the
interaction sequence, functional domains, informatlimn, material flow andcontracting

evaluation mechanis@mong the decision agents.

1.4.2 Investigate the methods and mechanism to sugpontdsourcing taskxecution



Objective 2 propose serviagientedsystematianethods and mechanisms to ease
the accommodation of crowdsourced manufacturing. The motivation of the manufacturer
to participate in crowdsourced manufacturing is capturing the value of its abitities
manage manufacturing resources, planning the process, and executngattisourcing
tasks. It relies on the cooperation of the open innovators and platform to serve the
manufacturer with a system of approaches to link the upstream and downstreaarspartn
as well as to touch and connect the customers. This service system offers functions as
planning an arsenal of manufacturing capabilitiesfulfii a broader market, rapid
configuration of the manufacturing network, and material flow management wols t

accelerate the manufacturerds accommodati o

It is hypothesized that a service system can restructure the design of the innovative
products to the executable crowdsourcing tasks, serve these tasks with logistic services, as

well as the decisiogupport for accommodating these tasks in the model of crowdsourcing.

The objective can be further decomposed into threeobjdrtives, which aim to
solve problems in the product, platform, and manufacturing domain, respectively. The first
subobjective is crowdsourcing task derivation amttcompositionto serve the
transfomation of the product design to executable crowdsourcing tasks. The subsequent
subobjective is planning the material for the task flow to transport the material ane work
in-progress (WIP) in time based on the partner selection. The lashbgediive is
developing aystematianethod to help the manufacturers determine the acceptance of the

tasks and mix the tasks to their shop floor, according to theimealsituation.
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1.4.3 Crowdsourced manufacturingformation servicesystem analysis aradchitecture

despn

The third objective is the development of a decentralized information management
system to serve the decision agents. Because the manufacturers are searched by
crowdsourcing to serve the value chain fulfillment, these agents can be widely dispersed.
Data nanagement in crowdsourced manufacturing is challenged to handle the process data,
which is generated by the dispersed partners. Moreover, these process data stream should
be visited by both open innovators and platforms for execution quality monitoring and
largescale cooperation of the manufacturers, respectively. The synergy of the cloud
database and blockchain technology offers the distributed query and retrieve services for
the manufacturing data source from the machine level data, manufacturing essiats;
production data, as well as logistic ddtaet al., 2018a) The platformbased blockchain
structure for 0T can also ease the adoption of crowdsourced manufacturing since it enables
interactions among manufacturers via smart contracts in arsésp@and peeo-peer

network without intermediary tru¢Bahga and Madisetti, 2016)

It is hypothesized that an information service system can serve the decision agents
in crowdsourced manufacturing with the required information and decision suppott, whic
can manage the distributed product fulfilment data, backtrack the fulfillment process, as

well as provide optimal decisiesupport on the resource planning.

1.4.4 Crowdsourced manufacturing operatiormbtocolsoptimization and simulation

The fourth objectie is investigating managerial protocols to make optimal

decisions on the operation of the tiadded demandtapacity marketplace to achieve leng
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time prosperity. Different from the traditional product manufacturing process, which plans
the manufacturing picesses inner an enterprise or outsources several peripheral activities
to designated partners, the decision making in the crowdsourced manufacturing shows a
collective and distributive characteristithus,MaaSrequires moving beyond exclusive

use of hiearchical decision making, drawing on the power of crowdsourcing and markets
wherever possible. Because the crowdsourced manufacturing entails competitive and
collaborative workflows that reds on a group decision support system to facilitate the
problemsolving proces¢Thuan et al., 2013aa successfudperationabprotocol indicates

an understanding of tHeehaviourand evolution of not only manufacturer individual but
also the crowd population. The existence of evaluation and awarding processes imply a
natural competition inner a manufacturer cluster. Due to the product realization relies on
the massollaboration aross the manufacturer clusters, the halester cooperation is
observed, which can enhance the capability of the manufacturer population to attract more

open innovators.

It is hypothesized that it can consider the evolutionary compettoperation

rek ati onship in the manuf act urtehre npoo psud earn d roin

predict the evolution of the population

1.5 Organization of This Dissertation

In this regard, this dissertation proposes platformdriven crowdsourced
manufacturing asa systenatic solutiontowards the installation of Maa%.igure 1-2

presents théechnicalroadmap of thiglissertation, includingnotivation& significance,
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problem formulatia, technical approachmethodology& solution, and validation&

application

Chapter 1 discussdbe motivation and significancef this research topic, along
with a holistic viewof researchgoals and scopeChapter 2 provides a comprehensive

review ofvarious topics related to this research.

Chaptes 3, 4, and Sare responses to research objectivEHapter Jproposeshe
conceptual frameworkhrough stakeholder analysis. It explor@splicable industries,
essential stakelders and theirdriven forces towards platforadriven crowdsourced
manufacturingA running case study of tank trailemrowdsourcing is presented to examine
the potentialof platformdriven crowdsourced manufacturinghis chaptersketches
essential concepts to formulate crowdsounteshufacturing in terms of workflow on the
project level, holistic framework, as well as networked information and material flow

across decision agents.

Chapter 4 formulatethe key research problems of this dissertatiopréisents the
fundamental issueanderlying platform-driven crowdsourced manufacturitigrough a
structural implication approach. Thesmdamental issues help provoke insights into how

to solve them systematically.

Chapter 5proposes a crowdsourcing contracting evaluatm@thanism to select
manufactures considering the satisfaction of the customer. The evaluation process can be
decomposed intengineering functional performance amgsiness operational ranking to
reflect the efficiency operformance delivery to customexpectation range arfmisiness

reputation througlhistoricalreview, respectively.
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Chaptes®6, 7, and 8 are devoted to gear forward research towards research objective
2. Chapter 6reports the developmendf task derivation and decomposition of the
executdle crowdsourcing taskdased onthe Stackelberggametheoretical decision
makingscheme. This chapter formulates grefit maximization problem ithefront-end
customer domain as a product family plannimgblem, which can be solved as a
combinatorialproblem to seelnoptimal solution of a combination of function modules.
Since the product functional modslehave intrinsic connections tmanufacturing
processes, thdecomposition of innovative prodgdnto crowdsourcing tasks entails a
manufacturer load planning problewhich can be formulatkas a separation optination

problem. A bilevejoint optimization algorithm is proposed avalidated inChapter 6.

Chapter 7 is devoted to logistic serviemdeling for manufacturerto handle a
networked materidlow across the agent crowdl.crowdsourcing environment introduces
dynamic anchetworked material flow to logistic service in platfedrnven crowdsourced
manufacturingAdopting an X-asa-Service MaaS requiretheplatform to providdogistic
decision support services through vehicle route plannirgckup and delivery problem
with crossdockingis formulated and solved through na effective branchandprice

algorithm

Chapter 8focuses on theinteractive bilevel optimization formulation for
crowdsourcing task acceptarened accommodation by investigating the interplay between
task allocationon a supply chain perspective aondder reschedulingon a factory
perspective. It builds digital twinofthema nuf act ur ebagedonamagips f | oor
algebra model, which enables reflecting +i@le dataon a decisiormaking service. It

formulates a redime order acceptance and scheduforgdataenabled permutation flow
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shops which is solvedby a bilevel interactiveprogramming algorithmFinally, a case

study anccomparisons with prevailing approaches are reported

Chapter 9 conductn architecturelesign of a blockchatbased smart contracting
anddistributed data management system for information services to all stakeholders in
platform-driven crowdsourced manufacturing. This chapter reflestsarch objective 3. It
uses smart contracting techngjato solidifyacrowdsourcing supply cooperation network
and use it asraencrypton key to manageroduct fulfillment data. A blockchaibased
database is established toanage wide dispersed product fulfillment data. The
stakeholders in platforrdriven crowdsoured manufacturing can stream product
fulfillment data from Industrial 10Ts andnterprise softwareFinally, a case study is

reported to reflect the potentiad the proposed architecture.

Chapter 10introducesoptimal operationaprotocol derivabns and adjustment
mechanism for platformdriven crowdsourced manufacturinghis chapteradopts a
population dynamics perspective to model the behavitetactions amonmanufacturer
clusters and formulatean optimal operational protocadlerivation problemas an
evolutionary competitioitooperation gameAn optimal operational protococan be

exploredby finding an equilibrium point and the corresponding stability analysis.

The last chapterChapter 11sumnarizes the achievements in addressing the
research objectives and issues. A critical assessment is given to highlight the limitations

and possible improvements of this research, along with recommendations for future work.
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CHAPTER 2. LITERATURE REVIEW

2.1 From Open Business Model to Open Manufacturing

The business model is defined as a framework that consists of stakeholders
gathering structures, as well as the methods of creating, delivering, and capturing the value
(Zott et al., 2011)The purpose of a business model is to provide a set of hewgtdd
connect the technical ideas and realize the economic (@hesbrough and Rosenbloom,
2002) With the opening of the conventional enterprise borders, the company can explore
a larger volume of ideas and knowledge, as well as utilize a broadwspesftrexternal
assets, resources, and positions for a more efficient value capf@hegbrough, 2007)

The open business model is coined by Chesbrough to describe the linking organizations
outside the company border to yield new products or servicessing the power of
division of labor(Chesbrough, 2006}-ollowing the generic product development process

in engineering desig(Eppinger and Ulrich, 2015)he open business model provides the
transition of conventional product fulfilment to a seriepén activities. The mapping
relationship of the open innovation, open design, and open manufacturing with generic

product development process is showFkigure2-1.

Plannin Concept N System-Level Detail Desian Testing and \ Production '\ Ongoing \
9 Vi Development / Design 9 Refinement / Ramp-up Production /}
Mission Concept System Critical Design Production Product
Approval Review Spec Review Review Approval Launch
_ Open Innovation |1 J Open Manufacturing -
[~ s~ s~ |

Figure 2-1 Generic product development process
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As an earlier base of the open business model, open innovation is applied to depict
the distributive innovation process based on purposively managed knovitedgacross
the boundaries of organizatiof®ogers et al., 2017 Companies have widely recognized
the open innovation as an accelerator for the internal leap from research to development
and market expansion of external acquisition of their knowlqi@mhaverbeke and
Chesbrough, 2014)in contrast to the traditional vertical integration model, the open
innovation horizontally structures a dynamically interactive network for various clusters of
autonomous firms throughout the innovation procé3kanarfa and Parkhe, 2006)
Moreover, from a value chain perspective, an increasing amount of the industries organize
the firms as a central platform structure, where the core firm seeks the inflow of the external
knowledge for their targeted markets, while thesunding firms outflow their knowledge
to help the core company to save the cost front-@d-yourself(Gawer and Cusumano,
2014) Through this innovation network, the participating firms of the open innovation can
identify their market opportunitieBnk to the advanced research and technology, collect a
variety of product concepts, as well as initiate the configuration of product family
architecture(Gronlund et al., 2010)From a product development perspective, open
innovation provides a systematlcmethod to install the open business model to cover
product planning, along with the concept development, and end at the transition stage of

systemlevel design.

Targeted at the later product innovation and development process, the open design
depicts tle installation of the open business model by design communities to open the
border of the company, collaborate with the external designer crowds, and achieve a

flexible design capabilityBoisseau et al., 2018yhe concept of the open design originates
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from the free/libre opesource software (F/LOSS), which has created legends like Linux
and Wikipedia(Weber, 2004) The open design enables a decentralized development
process, a dynamic development structure, as well as the involvement of a crowd of
develpers(Wheeler, 2011)Since the physical products are increasingly-datzen and
digitalized, the open business model propagates from digital information processing to the
design of tangible producfRaasch et al., 2009) he concept of the open design has been
defined as the designers allowing external partners to access, modify, and derive from the
product desigiiMicklethwaite, 2012)Based on the designer crowds and advanced Internet
access, open design structure®baborative design team from external designer crowds
and harmoniously integrates the design outcofidesh and Tumer, 20090pen design

is capable of parametric design of modularized design tasks based on a given product
architecturgVallance et al., @01), as well as aggregate design results with a systematical
computation mechanism to coordinate the numerical con{Rittnekamp et al., 2006)

These developments of open design imply that it can be served as a transforming approach
to gear the trangdn stage of systertevel design to detail design and the start of product

testing and refinement towards more open activities.

The rise of smart manufacturing enables a highly democratized manufacturing
network, which is characterized as decentralizedjc®oriented, and easy to accéBsll|
and Groves, 2009)he democratization of the manufacturing will lead to the installation
of the open business model, which is empowered by a dynamic network of agents who are
acquiring technologies and resourcea selfdirected and ad hoc w#Richardson, 2016)
This postFordism sociotechnical trends can be summarized as open manufacturing to

depict this manufacturing ecosystem. The open manufacturing integrates the
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manufacturing resources and knowledge fromdibributed manufacturer community by

a decentralized network to support the manufacturing operétioet al., 2018b) The
collaboration of the manufacturer crowds utilizes cloud computing technologies to access
the manufacturing agents, as well as btdekn for production knowledge and information
exchanging(Li et al., 2018a) An opensource exchanging marketplace will provide a
variety of external manufacturing technologies and sharing excessive manufacturing
resources and capabilities, which will edbe configuration of manufacturer crowds to a

collaborative team for fulfilling various product ordéBanerjee et al., 2015)

2.2  Collaborative-Crowdsourcing Product Fulfillment

Among the approach of accessing external knowledge and resource to implement
an open business model, crowdsourcing has been highlighted as-andBi€d and social
mediabased innovation todKittur et al., 2008, Martini et al., 2014This concept has
been introduced to describe the utilization of open calls to form appeéction for a
task from a crowd of undefined peogldowe, 2006) Thanks to the wisdom of crowds,
the collection of intelligence from a large group of heterogeneous participants are believed
to show the superiority of a limited group of eli{feeimeister etl., 2009) Several factors
have been highlighted as the impulses of the participants, includemas&kt or
promotion, tangible or intangible compensation, social fames, and reputation, to name but

a few(Bayus, 2010)

Sincethe crowdsourcing mechanishas been recognized as beneficial to problem
solving for the technical tasks, a streammedearchas geared forward the formulation of

crowdsourcing. Surowiecki2005 identifies four essential prerequisites to ensure the
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successful crowdsourcing deocis-making: 1) diversity, each participant can offer unique
knowledge or capabilities; 2) independence, to avoid the influence from peers; 3)
decentralization, the information is sharable for locally process by participants; 4)
aggregation, the fulfilledrowdsourcing tasks can be collectively aggregated. Bonabeau
(2009 divides the crowdsourcing decisiomaking processes into two stages, the
generation of possible solutions and the evaluation of these solutions. The essential
cornerstones of crowdsourcihg@ve been summarized as: 1) the application of open calls
to explore the crowd; 2) a task set that needs to be fulfilled; 3) compensation of the
contribution(Allon and Babich, 2020)Considering the complexity of the crowdsourcing
task set, the success @bwdsourcing emphasizes independence and decentralization in
the solution generation process to ensure the cognitive diversity, as well as the semantic

coherence of the most successful solution sets to ensure the aggrégjesien, 2011)

The advancem# of ICT brings ubiquitous connectivity to the decisioaking
entities worldwide through the mobile network and social media. Meanwhile, the synergy
of industrial 10Ts and CPS paves the way for an extensive collaboration among the
practitioners from indstry. Several industry pioneers have started the installation of
crowdsourcing. These practices can be generally divided into two categories, existed giants
operate a designated platform to reach the external resources via crowdsourcing to majorly
serve tleir market, like MyStarbucks operated by Starbucks and Haier Open Partnership
Ecosystem (HOPE) by Haier, as well as the tpiadty company operate a crowdsourcing
pl atform to serve their customerds mar ket

China.
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A stream of researchers summarizes the classification methodology to analyze the
type of these crowdsourcing practices. Based on the typesjwifementsand collecting
methods of contributions, two dimensions has been summarized as subjective areobject
contents, as well as aggregated or filtered contribuioRsr pi | e.fTheaekearch 2015
of crowdsourcing has revealed a series of crowdsourcing model from the industry
application based on the charact dakeassltliaccs o
or multiple responses, defined task or unresolved problem, individual efforts or
collaborative manners, crowds qualification, actitdygeted or fundraising, requirements
on response qualities, activeness of participation, to name but gGiewalCarr and
Bates, 2016)Since collaborativerowdsourcing product fulfilment is a process to realize
the innovative product planning, the crowdsourcing tasks can be identified as an explicitly
defined design or manufacturing requirement. Thus,quires qualified designers and
manufacturers to fulfill the tasks through a series of design solution derivations and
fabrications, respectively. The crowdsourcing models for the collabom@ivedsourcing

product fulfillment task are sketchedhigure?2-2.

Collaborate O Open
Unsolved = Collaboration
Problem |
a—
s the crowds O Tournament-based
I 1 collaboratingor ~ Compete =  Crowdsourcing
— competing to find a
— solution? )
| = S— Nor-specialist OVlrtual Labor Market
] Is the collaborative- — (Microtask)
e = crowdsourcing producty . 4oe oo -
Business Objectives fuffiliment task a well- — 5 Simple &
defined or unsolved 3 Routine Virtual Labor Market
problem? Are the tasks requiring
specialist? - (Mesotask)
’ Specialist
Are the tasks simple or Virtual Labor Market
complex? Complex & (Macrotask)

Knowledge-based
Modified from Grewal-Carr and Bates, 2016

Figure 2-2 Crowdsourcing models for product fulfillment tasks
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The crowdsourcing models for defined crowdsourcing tasks can be classified into
three categories based on their openness, business motivations, and operation management
issues: 1) Open collaboration, 2) Tournament based crowdsourcing, and 3) Virtual labor
market (Allon and Babich, 2020)Open collaboration is a social mediased idea
searching approach, where the organizations publish crowdsourcing tasks to a community
of agents and aggregate the responses in the community to serve the decision making. In
this approach, the crowdsourcing task can be identified as an unsolved problem, which has
no sophisticated problem definition but expects innovative contributions after a mass
collaboration of the community. This crowdsourcing type usually has no monetary
incentives for the agent crowds, and the agents arexpsEctingto be qualified as an
entering barrier in most cases. Tournament based crowdsourcing formulate a series of
activities to let the seeker connect to the solvers and select the winner after ide
competition. The existence of the tournament implies more objective incentives and a
relatively open environment, as well as the stimulation of competition among solver
crowds. In contrast, the virtual labor market entails a-eted platform that playen
intermediate role between the crowdsourcer and a crowd with required qualifications. The
platform can match the capabilities in the crowd and the requirement of a crowdsourcing
task. It has also been observed that the platform can play an evalu&ido test the

program (i.e., Upwork) or service monitoring (i.e., Uber and DiDi).

The crowdsourcing tasks in the virtual labor market can be further classified by the
problem scale, the wellness of problem definition, and the specialty of requiredTdhdls
microtask model serves a weléfined problem structure, which is easy enough to be

classified as an everyday task. This model can be identified as an extension of the
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traditional subcontracting, which explores the natural resources external from the
company. The emerging Instacart and Uber is a microtask crowdsourcing application in
the service industry sector. The Mechanical Turk by Amazon can serve thawdeed

product design by hiring a crowd of potential customers for the prototype surey. T
mesotask is a wellefined task that expects the specialist to provide routine and
straightforward solutions. It has an explicit expectation on solution quality, delivery
guantity, and methods, as well as the violation terms. This model can be useftvare
development as well as mechanical fabrication, which has a clear process routine and a set
of specified qualifications. The efforts for the mesotask are less complicated and innovative
comparing with the macrotask model. The macrotask servesihplex crowdsourcing
objective, which is often installed on the research and development of the product or
strategic consultant. The efforts for macrotaskmore knowledgdased and subjective,
which can help the crowdsourcer to expand their knowleddeesource arsenal without
owning a designated department or sign a{mgh subcontract. For example, the HOPE
platform enables Haier to develop broad connections to an ocean of research groups to

develop new products.

Although recognized as an emergipgradigm of product development by both
industries and academia, there is a lack of systematical installation roadmap of
crowdsourced product developmgfhergadwala et al., 2020Erowdsourcing can be
utilized for product idea generation, concept desiigttailed design, physical prototyping,
and design evaluation, which are the essential product innovation and design stages in the
new product developmefiiran et al., 2012)The generic crowdsourcing process for new

product development can be summariasfive consecutive stages, namely task definition,
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task broadcasting, response collection, response evaluation, and winner(@vaadsal.,

2016) After the product planning and design stage, crowdsourcing has been explored to
install on the productio stage. The concept of crowdsourced manufacturing originates
from the cloudbased manufacturing system, which reflects a manufacturing capability
sharing and production organizing mechanism among the -tlaseld and widely

connected manufacturing netwdik/u et al., 2015)

2.3 Industry Initiatives Toward Crowdsourcing

Crowdsourcing has been widely applied to a spectrum of industries worldwide.
Recognizing the power of AdAwisdom of c¢crowds
is observed to enable a braggplication to a spectrum of industri€sgure2-3 shows the
annual number of investments and the corresponding amount on crowdsourcing companies
in China from 2006 t@018. It shows that a large amount of investment has been devoted
to incubating the funding of crowdsourcing companies, which implies a rapid growth in

the past decades.
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Figure 2-3 Investment oncrowdsourcing in China
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Figure 2-4 summarizes the representative crowdsourcing platform companies in

terms of their targeted markets, founded time, and the latest mquathé views of their

domain page. A sizeable monthly page view number implies a prosperous crowd ecosystem

and substantial fulfillment capability. The average monthly page view number of the

selected representative companies is around 300 thousand.
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Figure 2-4 Representative Crowdsourcing Platform Companies

The crowdsourcing platform companies like Amazon Mechanical Turk and

Samasource paves the way of connecting a large amount of labor to the compaitfiés to

micro-tasks at a relatively low cost. Thanks to the massive amount of the Internet users,

Amazon Mechanical Turk can sustain a large yet diversified crowd to serve the-human

subject survey, data annotation, as well as the data cleaning and wenfitaaccelerate

the development of artificial intelligeneelated project§Buhrmester et al., 2016)

Samasource, a company established in 2008, utilizes the exponentially growing Internet
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users globally by employing losmcome workers in the develaoy countries to providing

high-quality, largescaletraining data for profi{Ojanpera et al., 2018)

Compared to the micrtask, which only requires the crowds to have general
capabilities, crowdsourcing can also link the expert crowds. The crowdsoptatfgrm
companies in China have linked a large population of developers and serves the ICT giants
like Alibaba and Huawei with heterogeneous capabilities and rapid response, which
includes proginn.com, Code Mart, zb.oschina.net, mayigeek.com, to namdemwutOut
of the IT-related industries, the leading home appliances and consumer electronics
manufacturer Haier has installed the open business model and established HOPE to
restructure the <centralized enter pvastse
innovation ecosystem to serve the product research and development for their appliance
sector(Chen, 2016)The HOPE platform provides crowdsourcing services for both internal
development teams and external partners, which achieve a series offslipcedacts by
gat hering t he ewinstdlg2017iie locat nooterd, svidich is founded
in 2009 as a US vehicle manufacturing company, explores the design ideas via
crowdsourcing and manufacturing the products by the cooperation of tingactrer
network (Norton and Dann, 2011)Crowdsourcing can also serve the mechanical
fabrication, by linking thedemandsand fabrication capabilities, like machining, metal
sheet forming, heat treating, along with others. Vtoall.com is a Chinese fatrica
crowdsourcing platform that serves a tsided marketplace for demandspability

matching.

Since the graphical design relies less on the physical assets like manufacturing

facilities and equipment than IT and manufacturing industries, crowdsowarnestablish
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the approaches to the designer crowds. Designhill serves the design service with a broad
spectrum of logos, websites, apparel, and other projects by linking a large crowd of
designers. Threadless is a more expertized company that operatdiran artist
community and &€ommerce to fulfill volatile4shirt and other apparel customer needs. The
stock photography company iStock provides photos and video transaction services in a
crowdsourcing way, which serves a large crowd of creators. Thetalossue is a less
objectiveandcomplex problem that influences a large number of individuals in a society.
Crowdsourcing company OpenlIDEO is a social impact platform that builds connections to

a crowd of companies to solve the tough social proljfeuge et al., 2014)

Thanks to the development of crowdsourcing and related Internet technologies,
some crowdsourcing companies broaden their targeted market sectors and restructure their
platform to a general purposed platform. InnoCentive is funded byilliand Company
to accelerate the research internal of the companies. However, after a series of partnerships
and acquiring, the InnoCentive is a general purposed open innovation and crowdsourcing
company to allow the organization to publish the problemwell as the problem solvers
to earn monetary rewards and reputations. ZBJ.com is a Chinese crowdsourcing company
that started from targeting industrial design to coverage of legal services, marketing
services, ICT development, software engineering, &gging design, and graphical design
by utilizing problem solver crowds. Upwork is a virtual labor marketplace that enables
demandexpertise matching and remote collaboration to serve a broad spectrum of
industries. EPWK.com is a creative crowdsourcing isencompany in China, which
serves small and medium companies with project planning and marketing services,

knowledge, and software development transactions and services.
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These successive industry initiatives verify the feasibility of crowdsourcing and
vl ue of -oftonri swddban 0 t hus, pave the way of
manufacturing environment by forging a collaborative and coordinated manufacturing

network.

2.4  Emerging Consensus oMaaS

As an emerging technology vision, smart manufacturing reshapes the landscape of
manufacturing industries with sensors, computing platforms, communication technologies,
as well as datintensive modeling and predictive engineer{igisiak, 2018) Driven by
the advancement of the knowledge exchange marketplace, sharing economies on the
manufacturing shop floor, as well as increasingly democratizing and opening trends, smart
manufacturing is characterized as decentralized, seovieated, and platforrdbased
(Kusiak, 2019) Originates from network manufacturing that uses centralized
crowdsourcing, the open manufacturing adopts decentralization ideology. It utilizes
blockchain and edge computing to construct a eeogsrprise knowledge and service
sharing franework (Agostinho et al., 2016, Li et al., 2018@he open manufacturing can
be viewed as an incubator for small and medium manufacturers since it regulates the
knowledge and service sharing standards and protocols. It can support manufacturers to
developscalable and flexible business scale at a lower cost and eventually improves the
overall quality, efficiency, and effectiveness of manufacturing services. From a supply
chain aspect, the open manufacturing decouples design, logistics, and servicedayers fr
physical assetg(Kusiak, 2020) Targeted at achieving this capability, the open
manufacturing enterprises will be amenable to thes¥-service mode, where X

represents, e.g., manufacturing, supply chain, and logistics. This manufacturing paradigm
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is dso called service manufacturing. Recognizing the great benefit of resource and service
sharing, several technical challenges have been highlighted as the bottlenecks towards an
extensively opened manufacturing environment, includes crowdsourcing catesagm,
diversified supply chain reconfiguration, distribution coordination mechanisms, to name

but a few.

The implications of social media and the Internet change the consumption
manufacturing relationship in industries from four aspects: productionligatian, role
shift of consumers, the driving force of production innovation, and-dikasnformation
propagation in social medfalamalainen and Karjalainen, 2017, Jiang et al., 20T6i8se
aspects drive the current manufacturing paradigm to a dementralized, open, adaptive,
and socialized one, which is coined as social manufacturing. Focus on this new
manufacturing paradigm, a large volume of research has geared forward the content of
social manufacturing, which includes, the blockcHa@ised tacking system for the self
organizing proces@.eng et al., 2019)RFID-based execution systems for ingarterprise
monitoring and dispatchingDing et al., 2016) the socialized production network
generation frameworkJiang and Ding, 2018)and outsourr-supplier coordination
mechanismgGuo and Jiang, 2019, Leng et al., 2QX@)name but a few. These research
streams hold the opinion that small and medium semwiented enterprises can be
aggregated into different kinds of horizontal manufacturioigprmunities to enlarge their
bargain power and common profits through initial clustering andosgénization. As a
systematical software solution, social manufacturing provides a series of demands
capability matching functions, includes requirement amuhciies releasing, intelligent

matchmaking, production monitoring, and participator collaboration managémegtet
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al., 2016) However, current related research has a limited exploration of the coordination
for manufacturing networks, collaboratimegtiation contracting among stakeholders,

and an evaluation for solution validation and quality control.

Cloud manufacturing follows the successful application of cloud computing, in
which diversified resources and abilities are intelligently sensed anmeciaa into the
broader Internet, and automatically managed and controlled using 10T technQldgies
al., 2013, Tao et al., 2014 this manufacturing environment, users search and invoke the
qualified manufacturing cloud services from a relatedctlbased on their requirements
and organize them to be a virtual manufacturing environment or solution to complete their
manufacturing taskélao et al., 2011)Based on this concefWu et al. (2012propose a
cloud-based design and manufacturing modelahidentifies cloud consumer, cloud
provider, cloud broker, and cloud carriers as its stakeholders and a distributed infrastructure
with an interfacing system. Thanks to the dynamic characteristic of cloud manufacturing,
the manufacturing equipment acrossltiple dispersed manufacturing sites can be rapidly
reconfigured and repurposé8ichaefer et al., 2012 hus, the significance of automation
and digitization of manufacturing operations is highlighted in cloud manufacturing, which
implies a widely conngted manufacturer communifWu et al., 2013)The researchers in
cloud manufacturing pay more attention to the clbaded technologies, includes a
consumeiprovider interactive framework, clotlthsed equipment automation, and web
based serviceriented gstem for resource monitoring and controlling, but minimal
research has focused on the construction of manufacturing network to serve the targeted
market and cooperation architecture for different business entities along the product

fulfillment workflow.
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The cloudbased framework enables the manufacturing companies widely
connected while transcending the conventional enterprise borders. This manufacturing
network paves the way for installing negotiatisamsed cooperation between the factories
to share theirexcessive capabilities and outsource their peripheral manufacturing
capabilities. The reconfigurable supply chain system can support the quickly responsive
construction of a product fulfillment chain for both the production network and the
knowledge markiplace(Chida et al., 2019)This dynamic production network enables the
realization of a highly personalized product fanilian et al., 2017)and achieves efficient

manufacturing resource sharing among federated production netifadar et al., 2018)

2.5 Chapter Summary

The topics reviewed in this chapter offer guidanosdamines stakeholder analysis
and conceptual framework of platfordniven crowdsourced manufacturing in tBeapter
3. Considering the complexity of the platfonven crowdsourced manufacturing
Chapter 4 examines fundamental issues and reference model as a research agenda.
Considering the limitations of various topics reviewed hepgppose methodologies that
can overcome their respective limitations in Chaptrs, 7, 8, 9, 1do address a

cornerstone of crowdsourced manufacturing.
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CHAPTER 3. STAKEHOLDER ANALYSIS AND CONCEPTUAL
FRAMEWORK OF PLATFORM -DRIVEN CROWDSOURCED

MANUFACTURING

Crowdsurced manufacturing forms a dynamic supply chain with a trichotomy of
its stakeholder roles, namely client, requester, and proyCeida et al., 2019)This
concept describes a broadcasting and searching process based on the crowdsourcing model.
Conside i ng the adoption of openpbasfaemsomedas
business model as an upgrade of the currenttpgezer manufacturing network based on
the maker to platform mod¢Kortmann and Piller, 2016) he client serves as an open
innovator in the open business model as well as a crowdsourcer in the crowdsourcing
model, who installs the open business model, designs a new product, and seeks a structured
supply chain to fulfill the corresponding product. The requester serves as thtoopé
the crowdsourcing platform, who broadcasts the crowdsourcing tasks, collects the
responses, as well as evaluates the response, and awards the winner with contracts. The
provider serves as a participant of the manufacturer crowd who shares {hesitizexi

manufacturing capabilities to capture value.

In line with the principles of axiomatic desi¢8@uh, 1998)the product fulfillment
process comprises a set-howocmetatdi agsmiapei
consecutive domains, including the customer, functional, physical, and process domains.
Systematic design decisions in each of the domains amatkrized by th€Ns, FRs,

DPs, and PVsrespectively. Traditionally, the mapping decisions from one domain to

another are processed centrally within one enterfitige et al., 2007aWith the adoption
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of the open business model, such decisions acenti@ag decentralized across many
decision agents while transcending organizational boundaries in order to leverage

resources and capabilities through crowdsourfihgntes and Goertzel, 2019)

The differences among driven forces in various industries @sglifferent ways of
adapting to open business models, as well as adaptabilities to the crowdsourcing model.
Section 3.1 will focus on the applicable analysis of thmovative products and variant
product industries. The differences among decision agents imply different expected
benefits from the participation of crowdsourced manufacturing, which significantly
diversify the decisioirmaking processes among the agentsowdsourced manufacturing.

To explore the driving force of decision agents in crowdsourced manufacturing in the
applicable industries, sech 3.2 after the next examines their current challenges, potential
contributions to the entire community, and specific needs from the crowdsourced
manufacturing paradignin section3.3, arunning illustrative case of tank trailer is kicked

off to demonstrate the installation map of crowdsourced manufacturing on the existed

production network.

Moreover, this paper develops the conaegit framework of crowdsourced
manufactumg in detail.Section3.4 proposes the crowdsourced manufacturing workflow
along a value chain. It explains the fundamental mechanism underlying the workflow,
which includes the decision agents, domain, processes, as well as crowdsourcing
contracting mechanismSection 3.5 presents a holistic framework of crowdsourced
manufacturig workflow in the case that multiple value chains link customer clusters and
manufacturing agent crowds through the same platform companies. It also examines the

networked flow in crowdsourced manufacturing, which includes information flow and
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manufacturig flow among the customers, open innovators, platforms, and manufacturing

agent crowds.

3.1 Dichotomy of Industrial Applicability

As an emerging manufacturing paradigm, various industries show different
accordance with the distinctive context of company andpatibilities to crowdsourced
manufacturing. Generally, there is a common dichotomy to analyze the pulse of innovative
product development, namely, margetil versus technologpush (Brem and Voigt,

2009) Marketpull industries innovate the value chdmem the inadequate satisfaction
from current customer needs, as well as a variant product by rearranging existed value
chain. In contrast, technologyush industries to invent new technologies when the target
market is ambiguous then finds paths to tangetkets to commercialize the new technical

know-how (Lubik et al., 2013)

Because the new technical invention is reckoned to be the prerequisite and core
competitive edges in the companies by technology push industries, the benefits of large
manufacturecrowds and a consequent quickly responsive manufacturing network show
less attractiveness to these companies. The effect of intellectual property as a barrier to
market entry will filter a large proportion of manufacturers to participate in crowdsourced
manufacturing. Meanwhile, the risk of mismanagement of intellectual property may harm
these companies. For example, Goex is a famous technology push innovative products,
which is an expanded Teflon sheet made by W. L. Gore and Associates. The
commerciakation of GoreTex starts with the successful development of a porous form of

polytetrafluoroethylene with a microstructure characterized by nodes interconnected by
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fibrils (Gore, 1976) Utilizing this innovative material and related process, W.L. Gore
developed a series of products, including apparel fabrics, medical devices, insulation layers
for advanced electric cables, to name but a few. Several apparel companies tEexGore
material and core processes to accelerate the commercialization by aplcttomer

needs and provide access to the market. In this case, due to W.L. Gore has ownership of
the intellectual property of Goreex and lacks access to the market. It acts as a material
supplier and process solution provider. Thus, the company eataignufacturer in
crowdsourced manufacturing and serves the other innovators like apparel companies,
surgical apparatus staups, or electric device manufacturers. These industries have a

different innovation impulse and involve Gefex as an incremertemprovement.

Different from technology push, market pull industries based on the existed
connections to the customers. The companies sense the volatile customer needs from their
customer in targeted markets, translate these customer needs to spagifecrrents for
new function realizations, then finding an appropriate technology to achieve maximum
satisfaction. Markepull industries create value by bringing reconfigured available
technol ogies and capabil i ttoOgsd etrid). Hidst o mer s
regard, it provides a reconfiguration roadmap for a crowdsourcing platform to arrange
manufacturers into a network. Since the product development decisions in market pull
industries are customelriven, these companies provide the directiond avaluation

criteria for the contributions of manufacturer crowds.

3.2  Decision Agents in Crowdsourced Manufacturing

3.2.1 Open Innovators
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The open innovators are transformed from the conventional Original Equipment
Manufacturer (OEM), who collects customer needs and serve the customeyakdter
develop the product concept, as well as the design of the products. The open innovators
have aarge peer population with highly specialized targeted markets and corresponding
highly customized orders in an industry sector. Thanks to the mass customization
paradigm, the combination of platforbased design and modular design can serve a highly
respasive product configuration using existed technologies andgstemgSimpson et

al., 2006)

One of the motivations of participating in the crowdsourcing manufacturing
paradigm is to seek larger population of heterogeneous manufacturers to realizecprod
innovation. Although the existence of a crowdsourcing platform creates the approach to
manufacturer crowds, the sap time and risk of initiating crowdsourced manufacturing
with the platform are still barriers to open innovators. Thatpdatme carbe decomposed
to the negotiation between open innovators and platform, the crowdsourcing contracting
between platform and manufacturers, as well as the lead time to fulfilling the
crowdsourcing tasks. The risks for open innovators liethen leaking of ingllectual
property of innovative products, the involvement of urgigslified manufacturers, and the
failure of crowdsourcing task aggregation. These requirements imply a systematical
product variety coordination system to serve the crowdsourcing prodigrmation

management, and an information system to monitor the manufacturing process.

Moreover, the transformation of product innovation to fulfilled products requires
the collaboration of platforms and manufacturers per se. The platform decomposes the

product design to subtasks and packages to crowdsourcing tasks for broadcasting. This
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restructuring process relies on the semantic coherence from product design to
crowdsourcing tasks, and a guideline for open innovators can accelerate this transition
proces. Moreover, since the essentiality of the review and evaluation in the product
development process, the task fulfilment evaluation criteria set struggles for the evaluator.
The targets are not always explicit, while the criteria are depe@liaatand $eng, 1998)

A system of methods to ease the monitor of the manufacturing activities and evaluation of

contribution from the manufacturer crowds is essential.

3.2.2 Platforms

A platform can be considered as a maltied market, which serves distinct crowds
of third-party users and provides each other with network berjfgfgesnmann et al., 2011)
It is operated as a marketplace to enable the match of demands and supplies. From a
manufacturing network perspective, a crowdsourcing platform is asicenl market,
where the open innovators publish their innovations as a set of manufacturing demands and
manufacturers publish their manufacturing capabilities as supplies. Following a platform
model, the crowdsourcing platform company integrates external open innogatbrs

manufacturers, thereby create and capture value from that manufacturing network.

This integrating process entails a reconfiguration of the manufacturing capabilities
to serve the innovations. The crowdsourcing platform performs as an intermediabg amo
the manufacturing activities. It reallocates the existed skills in the manufacturer crowds to
accommodate the emerging innovating value chains based on a system of reconfiguration
mechanism. It can help the open innovator peel the proetdsd and @anization

related configuration activities and utilize the service from the platform and manufacturing
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capabilities from manufacturer crowds instead. On the other side of the platform,
manufacturer crowds can get rid of finding target markets as webb@slinating with

upstream and downstream manufacturer partners.

In the crowdsourcing model, the expansion of manufacturers and open innovator
popul ation is the platformbés continual pur
an increasing numberf paths to the market and a wider variety of customer needs. At the
same time, more manufacturers linked to the platform implies a bigger arsenal of capability
and knowledge to fulfill the customers. Since the expansion of the open innovator scale
leads o a rising number of value chains, the platform is challenged by installing a system
of configuration strategies to allocate crowdsourcing tasks as a result of the intermediator
the platform played. A population of manufacturers and dynamic manufactetngriks
significantly raises the complexity of the coordination decismaking process in the
platform. The manufacturing activity synchronization and conflict solving policies for
partner crowds are required by the platform under the paradigm of crawedou

manufacturing.

3.2.3 Manufacturers

The manufacturers are advanced from the supplier tiers in the current supply chain
configuration, who operate the factories and provide materialassdimbly, and products
according to the orders from open innovatorse manufacturer crowd can be divided into
several suizlusters according to the position along the value chain, for instance, raw
material providers, secondary suppliers, direct suppliers, assemblers, and so on. The

primary pursuit of the manufacturers isetapproaches to the broader market via the
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collaboration between open innovator crowds and crowdsourcing platform. With a broader
explored market, a larger volume of the value chains can be brought to the crowdsourcing
manufacturing network. These valugains constructed a crebsk relationship, while a
manufacturer can achieve maximum reusability based on the commonality of the process.
Thus, with the expansion of the customer clusters, manufacturers can focus on their core

competitive edges and achesgconomies of scale.

Under a paradigm shift to the open business model, these manufacturing enterprises
participate in the crowdsourced manufacturing model in two different scenarios. The first
scenario entails a group of manufacturers take crowdsoureedifacturing as their
primary economic activities and plan their schedule in the center of crowdsourced tasks.
They rely on the assignment of crowdsourcing tasks from the platform and the access to
target markets from the open innovators. An inferior &&cation solution will lead to
inefficiency supply chain configuration in platform level and order congestion or avoidable
production line idle at the manufacturer level. A successful task allocation system should
base on the modeling of the manufactarer pl ant and the | ogistic
production planning for platform and manufacturers. Because of the participation to
crowdsourced manufacturing implies an increasing number of value chains going through
the manufacturer, the materidbw coordination among the upstream and downstream
partners is increasingly complex. As the approach of realizing material flow, the logistics
issue is a rising challenge for manufacturers. The coordination along the material flow is
established on the elxange the information on manufacturing activities, logistics, and

inventory among the manufacturimgtworks Thus, a fusion of the current ERP/MES
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system which accommodates the open structure is needed in the crowdsourced

manufacturing paradigm.

In the £cond scenario, the manufacturers have their value chain to serve their major
manufacturing activities while sharing their excess manufacturing capabilities along with
the manufacturing network. Manufacturers in this scenario operate production line with a
mix of existed tasks from their own value chain and crowdsourcing tasks from the platform.
In addition to the common challenges which are mentioned in the first scenario,
manufacturers in the second scenario struggle with the balance of the existaddstsles
crowdsourcing tasks. The introduction of crowdsourcing tasks is from affeigirency
negotiation contracting process among the manufacturing network, which entails a
resource matching process of innovation demands and sharable capabilitieso-nled
matching process requires the manufacturers to discover their shareable capabilities in
terms of compatible products, time windows, and quantity. The way of sharable capability
calculation's manipulating the order sequencing, batching, and balgoa the shop floor.

A system of methods to help manufacturers maximize their shareable capabilities can be
recognized as a significant barrier to participating in the paradigm of crowdsourced

manufacturing.

3.3  CaseStudy of Tank Trailer Crowdsourcing

The unning example in this paper is the transformation of the tank trailer industry
to the paradigm of crowdsourced manufacturing. The tank trailer industry is driven by
customers and rearranges manufacturing capabiliies and technologies to achieve

maximum sé#sfaction. Most tank trailer companies connect to the market by themselves
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and plan the products considering the customer needs they collected. A large volume of
essential parts and system is relying on the corporation with external partners, including
axes, braking system, pump assembly, accessories, to name but a few. From-gadeafter
service, the tank trailer companies can sense some customer needs, for instance, the need
for minimizing maintenance efforts, meters of trailer mileage, tire presdjustiaent, etc.

A broad search for solution suppliers can achieve the innovation of the tank trailer by
defining a series of requirements to collect the solution. For example, the automatic tire
inflation system can be a solution for tire pressure adjudtn@d the corresponding
manufacturer can serve the realization of this new tank trailer. The synergy of the existed
capabilities and technologies builds up the backbone of the reconfiguration of

manufacturers.

The volatile customer needs and a large population of suppliers bring a large
amount of product variety to the tank trailer industry, as showigure3-1. The different
fluids in various market sectors will lead to an extensive product variety, some of the fluids
are flammable or explosive, some fluids may cause the fouling issues, some tshamica
erosional, some fluids require edible safe through the transportation, to name but a few.
The specific customer has their personalized requirements on the accessories, includes but
not limited to ladders, pump systems, toolboxes. Due to the lawsegudhtions are
distinctive in different markets, the products vary in length and tonnage;sgossn
shape, as well as the end shape. Currently, configeweder is a prevailing strategy to
handle this variety. The practitioners integrate the maduhel organize the manufacturing

according to the customer orders.
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This paper specifically focuses on the tank trailer industry in Mainland China,
which shows a firm reliance on the manufacturing network. Nearly a hundred tank trailer
companies have locaten Quanpuzhen, Shandong Province in the past three decades and
the total output of this industry cluster takes abouttiwals of the national market share
(Gringer, 2018)The satellite map of this industrial cluster is showRigure3-2, in which

the red label represents a related manufacturer.

.- 1= U
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Figure 3-2 Map of Tank Trailer Industrial Cluster (Created from: Google Earth,
2018)
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The cooperation of these manufacturer crowds relies on thadomgoutsourcing
and personal relationship of the owners. This paper will shtibanaformation roadmap of
the installation of the crowdsourced manufacturing paradigm to the conventional
manufacturing industries. By applying statiethe-art technologies, the construction of the
cooperative manufacturing relationship can be fully digied. At the same time, the
coordination among the manufacturers can be achieved by the pervasive connections and

transferable engineering software.

3.4  Crowdsourced Manufacturing Workflow

The paradigm shift to crowdsourced manufacturing implies offeringptegration
path of external partners into all activities in the value creation and capture along the value
chain. Thus, the product manufacturing is fulfilled based on the collaboration of multi
parties in three physical domains: open innovation doneainydsourced manufacturing

platform domain, and open manufacturing domain.

The open innovation domain is the frard domain, which brings connections to
the customers, as the transportation companies. The open innovasrbeen identified
as the pmnary decision agent in the open innovation domain, who takes in charge of
collecting the CNs, sketching product design, as well as sales and aftersales service of the
final product. Following the tank trailer example,is a tank trailer manufacturing
company which adopts the open business model and installs the crowdsourcing model as a
crowdsourcer. Thé collects the CNs and saves them into customer otdeas the start
of the product fulfillment process. After the compdetof product design) initiates the

crowdsourced manufacturing process with the platform by delivering the product design

44



files. The finish of product manufacturing will lead to the handover of final produdts to

which enables the final sales of products to the customers.

The manufacturing agent® are the decision agents in the barid of
crowdsourced manufacturing, which is collected in the manufacturing agent domain. The
0 own the knowledge of generating manufacturing plans considering their processes
constraints and resece utilization limitation, as well as the fulfilment capabilities of the
actual manufacturing tasks. In the tank trailer exaniplegpresents suppliers in the trailer
industry cluster, which are divided into various clusters based on their speftaityding
to the inherent properties of the value chains and industry, the cluster can be indexed with
| ,| N phe-, wherea-is the total number of the clusters. For instance, the manufacturers
in tank trailer industries can be divided into frame supgliakle companies, steel sheet
factories, welding workshops, to mention just a few. These bidding agents can be denoted
as' , which is a collective set of the bidding manufacturer in every agent glustdre

individual manufacturer can be denoted as, * [ “* s ,wheret is the index of

bidding manufacturer in cluster ¢ N & , and0 is the total number of manufacturers
in the cluster . The unification of the bidding manufacturers in all clusters is the bidding
agent cluster'[ ‘[ s . Meanwhile, due to the heterogeneity of the operating
environment, som8 may determine not to participate in crowdsourced manufacturing.,
which are collected in the ndmndding agent cluster. The individual manufacturer is
denoted as ,! ¢ N e wheret is the indexof agents in the nehidding cluster and

is the total size of .

45



The crowdsourced manufacturing platform domain is the intermediate domain,
which builds up the bridges between the frentl open innovation domain and the open
manufacturing domain. The platform brokérsre the primary agents in the crowdsourced
manufaturing platform domain, who take in charge of tasks processing and deliveries to
0, contracting and coordination with, as well as the submission of crowdsourcing
contracting results. There are two virtual fields in the crowdsourced manufacturing
platform domain as input and output, namely crowdsourcing information management and
crowdsourcing contracting broker. The field of crowdsourcing information management is
the interface to the open innovation domain, which has two databases to save DPsas desig
specsO and PVs as process spacs. The other virtual field is the crowdsourcing
contracting broker, which sends open calls to open manufacturing domain tadinvite
collect responses from manufacturer crowds, and award the preferveth supply
contracts. The open call broadcasting and response collection is realized by two brokers.
Invitation brokerd realizes the invitation function of the crowdsourcing contracting
mechanism0 follows the index of manufacturing cluster! 0 N 0 . Similarly, the
collecting and evaluation function is fulfilled by manufacturing evaluation brakers
where the individual evaluation broker @s ,! 0 N 0 . The index follows the
manufacturing cluster, which indicate the accountabilityf thed and0 . Project
configuration managed achieves the coordination of the freemd and baclend
interfaces, who receives product design sfi@cand restructures the product design to
crowdsourcing tasks, as well as summarize the faathuring contracts and save the

<

process specs i . The union o) , 0 ,andd isthe platform broker8,0 0 “ 0

<
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0 . The workflow of crowdsourced manufacturing, along with the example of tank trailer

industries, is shown iRigure 3-3.

The workflow of crowdsourced manufacturing is started with the project initiation
process by) after they finish the product design. The deliverables of the initiation process
are the savegroduct design files. The second process is the accessing of the product
structure fromO by project configuration managér . The product structure is denoted
ass3 81 81 ,wherd ,"Ov phd , depicts a specific manufacturing subtask
like atrailer frame or pump system. Th@s the subtask index, anidis the total number
of the subtaskg:ollowing a platformbased product development approachgan also be
perceived as a product moduléhe structured- depicts the internal relationigis of the
product, e.g., the assembly structure. Afteris retrieved,0 restructures it to
manufacturing request for quotatiRFQ)3 N 3, where N phe, includes a set of the
manufacturing subtask . The number of requests for quotatenfollows the number of

manufacturing agent clusters, thas shares the cluster index with * . The

broadcasting o is done byd as an invitation) receives thes , analyzes the
requirements, and makes the participating decisions. The participating ‘ageréspond
with manufacturing bids. The manufacturing bids from each clusisrcollected in

6 A "w. Al the & are collected byd in the manufauring bids setd

6 B MM .Thed also evaluate these bids, thus select the preferred bidsd

the corresponding winnér “. The winner agents are rewarded by manufacturing supply

contractsY ‘= 8" 8" Z, where the winner *in each cluster is organized

by a cartesian product to entail a manufacturing network. The manufacturing supply
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contractsYwill also be sentt@ and the correspondinganufacturing bidé* are saved
to 0 as process spec sels 0° s . After the execution of crowdsourced
manufacturing, the final products can be manufactured layd delivered to customers.
As the final stage of crowdsourced manufacturing, the predleted information will be

sent to0. The information of products s&yw the sale of the products and also provide

aftersales services.

Di fferent from the Acascadingd model
process in the crowdsourced manufacturi
reason for this change iBe involvement of external partners. Thus, innovative product
fulfillment is achieved by the collaboration of all the decision agents in the fulfillment
process. However, this kind of collaboration is forged in the form of contracting, and the
coordination of product material flow(Jiao et al., 2006) Thus, the workflow in
crowdsourced manufacturing can be characterized as a collaberageédation based

supply contracting process.
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Figure 3-3 Crowdsourced manufacturing workflow
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3.5  Holistic Frameworks of Crowdsourced Manufacturing

As an intermediate marketplace for open innovators and manufacturers, the
platform serves a population of distinctive open innovators to connect a broader market,
meanwhile invites extensive manufacturers to expand the capability arsenal and gain the
netwak benefits. This impulse of expansion leads to a large number of value chains going
through the platform company, which can be treated as a series of projects. The platform
company uses crowdsourced information management fields to serve open innavators |
the frontend, which provides databases to manage design and process specs. The project
configuration manage¥ serves as a coordinator to manage the project workflow. The
manufacturers are accommodated by the platform by the crowdsourcing contracting
mechanism fields, where they broadcast the crowdsourcing tasks and collect the responses.
A synergy of these three constructs a module to serve a value chain. The increasing number
of value chains requires the platform to scaling up an appropriate armbsetving
modules to serve the manufacturing of the products. The conceptual framework to
demonstrate the platforariven crowdsourced manufacturing workflow, which

accommodates multiple projects, is showikigure 3-4.

A larger population of open innovataisbring a variety of customers, for example,
tank trailers, container trailers, refrigerated trailers, along with others. These open
innovators initiate variousalue chains as product design projects, which is indexed by
_h_~ phr , wherex is the total number of initiated projects. The platform develops the
corresponding interfaces to serve these open innovators and corresponding manufacturing

agents clusters.he corresponding open innovator and platform brokers of projemn

be represented as and0 , respectively. Each has a broadcasting output and bid
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collecting interfaces to connect the manufactuberi® manufacturer agent population,
whichisindexed by ,“ v ph . The total number of the manufacturer agent population
is denoted as. The scaling up ofhe platform company leads a stacking of the serving
modules which transforms the twdimensional perspective of crowdsourced

manufacturing workflow to a thredgimensional holistic framework.

The horizontal dimension is the direction of the workflow. frbat-end is the open
innovators, while the bae&nd is the manufacturing agent crowds. This dimension realizes
the crowdsourced manufacturing workflow with all the processes shavgure3-3. The
vertical dimension is the functions of the platform. The upper interfaces serve the workflow
from frontend to backend, and the lower interfaces serve the opposite direction. At the
front-end, the upper interfaces are theadmanagement module to receive the project
initiation from0 and save the product design specs dtoThe upper interfaces at the
backend letthe to send the request for quotation to connecbth@he lower interfaces
towards baclend hadle the bids proposing from tfieto enable the evaluation By .

The lower interfaces towards the fraeiid manage the process spec8 imnd interact

with 0 to inform the product delivery. The third dimension represents the depth, which
entals a variety of value chains in this holistic view. The corresponding open innavator
and a serving module in crowdsourced manufacturing platfofitare arranged along

each value chain, whete 0 s.

Based on the holistic conceptual framewark crowdsourced manufacturing,
Figure3-5illustrates the information flow and the networked material flow in the paradigm

of crowdsourced manufacturing. The open iratov establishes the information
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connections to the customers to serve the collection of the CNs for product innovation, as
well as sales and aftersales service for the final product. Meanwhile, the platform leads the
manufacturing agent crowds to realeduct manufacturing. After the final assembly,

the products can be sent from the last manufacturing agents in the network to the customers.
Therefore, two flows build up the linkage to the customer, the information flow from and
to open innovator©Oas the stimulus of the crowdsourced manufacturing paradigm, as well
as the material flow from manufacturing agent crowds as the physical delivery of the
products. In this case, the platform company acts as a bridge to link the information flow
and materibflow. The information flows betweefa and0 initiate the crowdsourcing
projects and set the product configuration to serve the crowdsourcing product fulfillment.
Moreover, it also establishes the monitoring approach for@Gh® supervise the

manufacturing process.

At the back end of the platform company, the contracting information flow enables
invitation of thed and allocate the tasks to forge of the manufacturing network. In the
following manufacturing execution stage, the informationvfldso serves as the handler
to coordinate the material flow inner the manufacturer agent crowds. Because the
manufacturers utilize their specialties to maximize the economies of scale, aan
participate in multiple value chains. For instance, bseaf the commonalities between
the value chains, a trailer axle company can patrticipate in three value chains to connect the
tank trailer, container trailer, and refrigerate trailer market, respectively. Moreover, various
value chains imply different press precedencenda manufacturer can serve distinct

positions.

52



Crowdsourced Manufacturing Platform

Customers

Project P = {P }L}
Initiation A A
Platform Agent P
+* Final y / e
Products o
Delivery .
\
. \ 5 oy
Project Platform Agent P o0
“P Final, \ \ntaton 2 R 5 RSSEETTJ?
roducts . 0 Manufacturi
ot - ~" | __—>{ Manufacturing
Project Platform Agent P, A
Initiation 1 @} -} — —
- : ’¢’* —-.
-—i- e
_——— r——— :
|Crowdsourcind |Crowdsourcing| N : l!
Products \ Information Contracting | . Bids
Delivery  \ Management . | P — Proposing
\ | Design Project | Inwtallon |
\ specs_J | Configuration | Broker | . |
\ Manager 1« | \
\ : %F;)s { T il * P o« Platform
................... N Functions
\ | S~ | | ____________________ I . ;@ﬁf Products
1\|  Process™ | R Evaluation i | : : p
I\\EEC_V k J[ Broker | i _
PV : i €F -
IJS | @ I % >
I Py |: : USEP o
L\___/ | | ................... .-| & @Q} Workflow
— — — — — — ]

Figure 3-4 A holistic conceptual framework of the crowdsourced manufacturingworkflow

53



/ Crowdsourced Manufacturing Platform\
P=pP¢upPluPE

[ Crowdsourcing I ) [ mnmaarﬁ 1
| Information | Manufacturing | Negotiation
| Management | Configuration Broker | _ Broker [

==

TN ]
JL_IL|

Material Flow

il

bid

Information Flow

i

Decision Agents

I ; 1
/" open N | //L__' IL|

Innovat / -
nnovators P /

[ ~ = 7=~ - = 1
;" “‘“-#L/ /+—_}‘"‘-=-II
. Y /74%\____{_{1\%‘

~ |-
we (07 1 g
.|/ s

Customers

Invitation and Task
\\ Allocation

—_—

Manufacturing \
Agents

Products
Delivery

Figure 3-5 Information and material flow in crowdsourced manufacturing

54



3.6  Chapter Summary

This chapter proceedslichotomy analysis of industrial applicabilitand
stakeholder analysis of the platfomnven crowdsourced manufacturing, which identifies
targeted industries anfdree critical stakeholderBased on a running illustrative examples
of tank trailer industries, the workflow of platfordriven crowdsourcethanufacturing is
proposed. The holistic framework is sketched to demonstrate the scabhthepplatform
company as well as information and material flow in platfedmven crowdsourced
manufacturingSuch a profound understanding of thesalysis andnodelsprovides a

clear direction for aesearch agenda the next chapter.
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CHAPTER 4. FUNDAMENTAL ISSUESAND A REFERENCE

MODEL TOWARDS MANUFACTURING AS A SERVICE

Recognize the paradigm shifowards crowdsourced manufacturing and the
corresponding driving forces, this chaptaplementsastructural implicatioron platform
driven crowdsourced manufacturing and outlines fundamental issues from multiple views
to summarize dMaaSreference model.rBm the stakeholder analysis@hapter 3these
views are from open innovators, manufacturers, and platforms. The views from open
innovators and platforms sketchamétional requirements of a contracting evaluation
services to ensure customer satisfactions and management optimal d®eking
service to ensure prosperous manufacturer population, respectively. The view from
manufacturers outlines the functional reegments of a series of task execution services
along with the workflow irChapter 3which include task derivation and decomposition
product domainlogistic rode planningn platform domainas well as task acceptance and
accommodation to link the external and internal material flowanufacturing domain.
In the end, sectioA.6 proposes &MaaSreference modeds a research agenda for critical
technical elements to geéorward the development of platfordriven crowdsourced

manufacturing for MaaS.

4.1  Structural implications of crowdsourced manufacturing

From the analysis ofinformation and material flow in crowdsourced
manufacturing, the operation of companies in one decision agent cluster is influenced by

the collaboration with companies in the rest two decision agent clusters. For instance, the
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operation of the platform cgpanies relies on the characteristics of the participated open
innovators, as well as the capabilities andvidagety of manufacturer crowds it linked. The
performance of these external partners restricts the economic behaviors of the companies
itself, like the platform can only link to the targeted market with the collaboration with the
related open innovators and manufacturers. Meanwhile, the capabilities of external partners
can technically support the expansion of the companies. The rest two crowatsnef p
structure a twalimensional decisiemaking plane, which presents a decision space to
choose a value chain and a position along with it. The company can explore the portfolio
of collaboration potentials in that decision space, where the abundadivansity of the
partner crowds will determine the limits of participating in crowdsourced manufacturing.
From a servic@riented perspective, the rest two crowds collaboratively construct a service
system to serve the company as a user. Thisdimensimal decisioamaking scheme
generally exists in all three decision agent clusters, namely open innovators, platforms, and

manufacturers.

From the trichotomy analysis of decision agents in crowdsourcing, each three
decision agent clusters have their own standpoints as well as the motivations. Thus, the
views of each decision agent cluster originate from different contexts of companies and
seek various operational objectives. The distinctiveness of decision agents implies
perpendicular relationships among the resulted views. In this regard, a cubic structure is
proposed to represent this system of perpendicular view and corresponding eecision

making planes, as shownkingure4-1.
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Figure 4-1 Structural implications of platform -driven crowdsourcedmanufacturing

There are three dimensions to represent the views of open innovators, platforms,
and manufacturers. From each view, the rest two structure a discretized detkiog
plane and acts as a portfolio of product fulfillment functions of a sersystem. The
synergy of three views of the decision agent cluster leads thditmensional discretized
decisionmaking planes to a threstmensional block array to represents the selection and
collaborative relationships among the decision agdihisblock represents an engagement
of three specific decision agent to construct a collaborative manufacturing relationship for

innovative product fulfillment. The mapping of each pair of decision agent clusters implies
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a collaboration relationship to form anittional area for accommodating the external
partners. This collaboration can achieve the acceleration of the execution of the value chain
for targeted users. These three manufacturing functional areas entalatha S€rvice
paradigm, where each funatial area aims to lead the crowdsourced manufacturing to be
userfriendly to be quickly responsive and accommodate a variety of partners. In this
regard, threservice systemhas been highlighted to serve viefsem decision agenti

crowdsourced manufaaing.

4.2  Contracting Services for Open Innovators

From the position of the value chain, the open innovator holds a functional view
that describes the functional requirements of a crowdsourcing value chain and the
corresponding manufacturing network. Thisewi is the result of the capability of
connecting to the customers, selling products, as well as aftersales services. The impulse
of participating in crowdsourced manufacturing is seeking the cooperation of platforms
and manufacturers to fulfill the innowa products. Specifically, in an-Asa-service
paradigm, the demands of the open innovators require a service system that can provide
serviceoriented solutions of product manufacturing resources, capabilities, as well as the
supply chain reconfiguratiomechanismsvith a maximized solution delivery efficiency
and minimized deviation from customer expectatioRkatformdriven @owdsourced
manufacturing formulates a digitalized platfemanufacturer plane as a decision space of

various capabilities and integrating methods.

As shown inFigure 4-2, platform-driven crowdsourced manufacturing leads the

open innovato to a broketbased dispersed manufacturing system, where selects the
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platformsd and manufactureris as partners to realize their innovative product pl&hs.
selection of the maufacturer is based on a robestaluation mechanism to reflect their
performance on customer requirements for maxinotifity delivery. On the other hand,

the platforns are selected according to their aggregatn@thod of evaluation results far
betterreflectiononop n i nn o v at oRranghe prodact fafillneent peespective,
the MaaS acts like an-eammerce platform that offers access to the market of
manufacturing capabilities customize the most appropriate product fulfillment services
throuch crowdsourcing contractingnethods. Itshould integrate evaluatiamechanisms
andaggegation methodmto a crowdsourcing contracting servidgesconfigurea supply

network consideringngineering functional and business operational performance.

Figure 4-2 Functional view from open innovator
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4.3 Task Execution Services forManufacturers

The manufacturer holds a behavioral view which reveals the applications of a set
of manufacturing technologies by naging manufacturing resources, process planning,
and crowdsourced manufacturing tasks executiballowing MaaS strategytask
execution services aim thelp manufacturers peelingeripheral activitiedy offering
substituive services. As shown inFigure 4-3, it forges the manufacturing netwofér
manufactureby providing logistic service, which mobilizesmanufacturing resources and

WIP according to th@recedence relationship.

Networked Material Flow

Crowdsourcing Task

Planning Derivation

Crowdsourcing Tasks
Acceptance and
Accommodation

Figure 4-3 Behavioral view from manufacturer

A manufacturer describes the subdivision of the product realization process along

the value chain. A crowd of them outline the technmlalgpossibilities for the value chain,
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as well as define the limits from the physical world. The impulse of concentrating on core

competitive edges to achieve the economics of scales implies the manufacturers to require

complementary cooperationamongtha nuf act ur er

crowds. The me

of participating the crowdsourced manufacturing is capturing the value it created, which in

terms of finding a system of approaches to link the upstream and downstream partners, as

well as to touch and conctethe customers. Crowdsourced manufacturing formulates a

platformopeninnovator plane as a decision space of various value chains and coordination

mechanisms. The collaboration of open innovators and platform entask &xecution

servicesystem, whib offersdecision making suppoftinctions a®ptimaltaskderivation

and decomposition mechanismsaterial flow management tools, as well as task

acceptance and accommodation interactive models. The synergy of these functions can

accelerate thenanufactn er 6 s

accommodati on

of. T Thertaskwd s our

execution servicacts like arMES/ERP system on a large scdlbe research tasks in the

crowdsourcing task handling area can be showxnguare4-4.
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4.3.1 Crowdsourcingrask Derivation

Crowdsourcing task derivation smbedded in the staphase of an innovative
product fulfillment task. It should balance the requirement from custsiaerwhich seeks
a maximized market share, amonstraints from manufacturer sideshich seeks a
minimum manufacturing cost. It entailsnaoptimal planningof the product family and
manufacturer portfolio. These problems are linked byptfeeluct and process structure.
The selection of the product modules will generadB® &, which serves as an input of the
manufacturer allocation problem. On the manufacturer aideptimal decomposition of
a product into crowdsourcing tadkhis process is essentialligambinatorial optimization
problem which cluster severplocesses inta crowdsourcing task. Thdecomposition
result will constrain the minimum manufacturing cost in the product family planning side.
This interactive decisiomaking problem should be solved for crowdsourced

manufacturing.

4.3.2 Networked Material Flow Planning

The material flow management domain in crowdsourced manufacturing aims to
send as well as pick up the required material, WIP, subassemblies, or final products on
time. Due to the large variety of value chains and the corresponding process variety, a
manufaturer can be downstream partners for a set of upstream partners, since it is a vertex
in a networked material flow network. Thus, the process variety will propagate from
process domains to the logistics domain, therefore challenges the companies viiiiy keep
a reasonable cost as well as aligning customers, products, processes, and logistics for

delivering an increasing product variety. From a platitssed perspective, a resource
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platform can collect the information from the manufacturer crowds, formtiiaterigins

and destinations of the service demands, find the common routes in the corresponding
transportation serviceasks,and synchronize the manufacturing activities to achieve just
in-time. Thus, this logistic service function can be modeled astiplel vehicle route
planning with time window (R’WVRPTW) to handle a highly networked material flow and

seeks a maximized route-using for a crowdsourcing environment.

4.3.3 Crowdsourcing Task Acceptance and Optimal Accommodation

Since the crowdsourcing decisimaking is summarized as a tgtep process,
solution generation by the manufacturer crowds and evaluation by the platform, the
manufacturingask acceptance and accommodat®targeted tservethis interactvely
optimal decision makingetween thesevo decision agents. The searching for the sharable
capabilities entails an order-agranging process to allocate the existing orders on the shop
floor to determine the acceptance of the orders. After the awarding process with
manufacturing supply contracto select the preferred manufacturers, the resourees re
planning serves the management the mbrdérs on the shop floor. The results of resource
re-planning decision makingre delivered through a rsequencing process of the newly
assigned crowdsoung task orders and existed task orders. It can be summarized as an
accelerator for manufacturers to better explore their manufacturing potentials and utilize

them to fulfill open innovatorodds demands

4.4  Management Servicdor Platform

As an intermediate role played in the crowdsourcing value chains, the platform

company holds a structural view that reconfigures the manufacturers to a supply network
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for product fulfillment. The platform operates a tsiwled marketplace as its primary
ecoromic activities, which can link demands from open innovators and capabilities from
manufacturersCrowdsourced manufacturing presents an epanvatormanufacturer
plane to serve the platform, which provides various product fulfilment demands and a
largevolume of different capabilitieS heintermediate roldetween open innovators and
manufacturersf a platform implies a requirement of monitoring and management tool. Its
function can be further decomposed to model the dynamics of manufacturer population

and derive a set of revision protocols for optimal revenue sharing among manufacturers.

Figure 4-5 shows the structural view from platformihe manufacturer crowd is
naturally divided into various manufacturing clusters according to their competitive edges.
Thus,the manufacturers who are affiliated to one cluster are confronted with a massive
impact of competition. Because of the existence of the awarding process by the
manufacturing evaluation broker in the platform, only the-pestormed manufacturer in
eachcluster can be selected and awarded wiitbcontract A robustmanagement strategy
should be derivedor balancingand stimulating manufacturing capacigesides, the
realization of the value chains requires a broad spectrum of competitive edgesraed a la
volume of capacity, which is essentially a mypiéirty process. From this perspective, the
relationships among the manufacturers are not only competition but also coopéyation.
game theoretic model fatescribing this complex relationship is esseritalplatform.
Maintaining an active and prosperous manufacturer crowd lead to a management service

system as a solution for the platform company
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Figure 4-5 Structural view from platform

4.5 Information Service Systenasthe Kernel

The collaboration among open innovators, manufacturer, and platform company is
enabled by an information service system which can serve the interactions among these
decision agents. It serves prerequisite role in crowdsourcedanufacturing, which
solidifies the value chains in the form of contract and provides information exchanging
functions forstakeholders. Different from the conventional outsourcing, crowdsourced
manufacturingnvolves a larger number of external partnevkich has high variety and
geographically disputed contracting function to serve a such complex population along
crowdsourced manufacturing. The information management is another essential function

in this service system. It should allow the stakehwl@decess to and stream the product
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fulfillment data without security concern. The synergy of these functions implies a
blockchairbased contracting and distributed information management service system

which accommodate streaming data from Industrial 10Ts

4.6 A Crowdsourced Manufacturing MaaS Reference Model

Utilizing the functional, behavioral, and structural (noted as FBS) views, the
crowdsourced manufacturing integrates several business functions following a coherent
structure. This integration work igalized by the mappings from views from the three
dimensional structure of crowdsourced manufacturing, as showfigure 4-1. The
mapping from one view to another imgd a service system to serve the rest view. Thus,
the combination of mapping relationships
manufacturero6s behavioral skeehes cydioMbhaSp | at f o
reference model as a research agéaderowdsourced manufacturing, as showFRigure

4-6.

Az )
Nagement genie®

Figure 4-6 A MaaS reference model ofplatform -driven crowdsourced
manufacturing
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The view mapping between the behavioral view from manufacturers to a structural
view from platform reflects digitalizedontracting evaluatiofunction module of MaaS
system where ensuresthe quality of product fulfillment service that open innovator
receival. Chapter 5proposesa contractingmechanism incorporating with explicit and
inexplicit criteria evaluation for quajitassurance of the response selection and customer

satisfaction.

The mapping from a functional view and a structural view reflects reconfiguration
and operation of a manufacturing network, which enables the manufacturer to utilize core
competing capabiligs and link other manufacturers to outsource the peripheral activities.
This material networkequirescrowdsourcing taskexecution function modulesf MaaS
systemRecognizing manufacturers as the targeted @wpter 6Chapter 7andChapter
8 propose thetask execution servicdy sketching a manufacturérendly service
architecture which includes task derivation and decomposition methadser-
manufacturematerial flow planning, as well aaskacceptance and shop floor scheduling

interactiveframework respectively.

The mapping between the functional view from open innovators and behavioral one
from manufacturers entails a large volume of digitalized product fulfillment demands,
manufactuers and the corresponding clusters. This mapping implies a management
service functional module of Maafdr the platform to monitor and derive aptimal
managerial protocolChapter 1(proposes a populatiestlynamicsbased model for muki
cluster manufacturer crowds, as well as a protocol deriving methods based on evolutionary
game.Chapter 9proposes thenformation service systerny implementing blockchain

based smart contracts and a distributed database. It provides the technical cornerstones for
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platform, manufacturer, and open innovator to solidify their collaboration relationship and

information exchanigg platform without securjtconcerns.

4.7  Chapter Summary

This chapter examines the fundamental issares$ proposes MaaSreference
model for platformdriven crowdsourced manufacturind@@ased on the structural
implications ofplatform-driven crowdsourced manufacturintpesefundamental issues
include contracting evaluation services for open innovators, task executions services for
manufacturers, management services for platform, and information service systems as
prerequisites. AMaaSreference model is proposed as a reseageimda of the following

studies, which also elaborates theerrelationshipsinderlying the following chapters.
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CHAPTER 5. CROWDSOURCING CONTRACTING
INCORPORATING EXPLICIT AND INEXPLICIT CRITERIA

EVALUATION

MaaS through platformdriven crowdsourced manufactugn offers new
opportunities for reaching external part ne
companies to focus on their core competenciéss chapterenvisions a collaborative
organizationscenario ofa crowdsourcing supplypetwork, in whichtournanentbased
crowdsourcing entails contracting decisions among design and manufacturing agents as a
bestmatching problem(BMP). The most important activity othe crowdsourced
manufacturingprocess is the selection of teelfinterested agents armatganizations to
dynamically form and configure erowdsourcing networkvith sharable manufacturing
capabilities A robust agent selection mechanism relies orféettive mix of explicit and
inexplicit criteria evaluation, whiclreflect engineering functional requirements and
business operational expectatiof$is chapterdevelops aquantitative evaluation of
manufacturersfor engineering functional requirementgsed oninformationcontent
measurements. The preference lmrsiness operational reputation of manufacturer is
achieved bydecisiontree learning for monotonic classificatiofhe evaluation resudtof
different criteria are aggregated througtulti-attribute utility theory The proposed
method determines which agedrgg satisfies the preefinedengineeringunctional and
business operationakquirements frontustomes, which enables a better matching of

fulfilling agents with customerfom a manufacturer crowdh case study ofank trailer
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mass customization througinowdsourcing is reportet illustrate the potential dlaaS

through crowdsourced manufacturing

5.1  Contracting Mechanism for Crowdsourced Manufacturing

Successfulnstantiationof MaaSrequires collaboration among external partners,
for which product fulfillment flow management is of primary importance. The open
innovators and open manufacturémn various clusterare all engaged through an inter
organizational network and their crosalircing relationships are contractually tied to
collaboration for fulfilling different knowledge and capabilities along with a coherent
product fulfillment flow (Simard and West, 20065uch a crowdsourcing contracting
mechanism is akin to traditional fup contracting that formally formulates the
transactions between the stakeholders to pursue the coordination of diverse decision
makers and organize them into supply chain netw@&@annoccaro and Pontrandolfo,
2004) Together with the advancement ot@laborative product fulfilment process, the
negotiation systens proposed to coordinate distributed enterpiistnsouri et al., 2012)

A negotiation contracting system entailbitateral negotiation scheme coincides with a
supply contract with an erhpsis on the design of the efficient negotiation mechanisms,
protocols, and strategi€Shin and Jung, 2004 practice, every organization and entities

in the supply chain networks are operating in heterogeneous environments with different
objectives ad constraint§Swaminathan et al., 1998 ince it is observed that a successful
crowdsourcing decisiemaking process requires diversity and independence of the
individuals in the crowdgSurowiecki, 2005) the crowdsourcing contracting is more

challengirg than conventional supply contracting.
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The collaborativenegotiation process is generally divided into three consecutive
phases, namely inviting,bidding, and awarding. Following the crowdsourced
manufacturing workflow described iRigure 3-3, these three phase®sincide with the
interactions betweeplatform agent® and manufacturing agenis. The inviting process
acts asan RFQ where the platform agenét as crowdsourcéo send an open call for
solutions or capabilities of an independent crowdsourcing subtask. Subsequently, the
crowds will solve the subtasksd responseith a bid.The collection of bids from crowds
can bedescribed as #gurnament for a reward, under a scheme of highiestwins,
considering the performancar efforts to the original subtaskhe evaluation broker
awards the best manufacturing agéased on thesvaluation result A sophisticated
collabordive-negotiation contracting scheme should serve not only the intersatioong
crowdsourcing entities but also the motivation of the crowds and the quality of the final
products. Such requirement implies an effective contracting evaluation mechanism to

explore themaximumsatisfaction from the perspective of customers

The customer satisfaction of a crowdsourcing task is determined by the evaluation

mechanism fronplatform companigswhich is challenged by three aspects

1) The crowdsourcing contracting evaluation is characterized as a$aeje mult

criteria decisiormaking problem. Different from the traditional outsourcing which invites
designated partners to participate in the product fulfilment process, crowdsourasg rel
on the wisdom of crowds, which implies the crowd can generate a large volume of solutions
(Lakhani and Panetta, 2007Lonstructing a supply network in a crowdsourcing
environment impliesa cooperation withnew partners which requires evaluation

mechaismsto incorporateclassifcation results ofther businessoperational levelThis
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process should review their historical performance exuloit their reputation among
customers. laddresseshe necessity of an evaluation mechanism incorporatingaaxpli

and inexplicit criteria.

2) A stream of uncertainty is inevitable along the crowdsourcing product fulfillment
workflow. From a design perspective, this uncertainty can be traced from the
subjectiveness lying in the evaluation process and the variatiepstdm performance

(Jiao and Tseng, 1998, Siskos et al., 1984 )practice, the experts conduct evaluation
based on their heuristic firule of thumbo,
basis(Thurston and Crawford, 1994 stablishing a model dhe preference of the bids

and the decisiomaking in the evaluation process to serve the contracting mechanism is
critical to the realization of collaborativowdsourcing product fulfilment. From the
manufacturing perspective, the performance of thedyction system shows strong
dynamic and stochastic characteristic in the real manufacturing environment. Such
characteristics are shown in the fluctuation of the throughput toleeanceand rejection

rate. In addition, the evaluation of the contnagtis in the early stage, which implies the
design and manufacturing solutions are subjected to slight changes in later process. A
method to mimic the uncertainty of the performance is critical in the development of
evaluation mechanism.

3) Since the crowdsawging is aiming to fulfill the diverse requests, the evaluation is

a twofold process. It is observed that the crowds in the crowdsourcing activities show a
return of the vast amount of noigAndrew, 2007) An evaluation mechanism should
ensure the perfartance of the delivered solution <car

From the product fulfilment perspective, the evaluation should pursue a maxueges
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of satisfaction(DoS) of customers, as well as a minimized deviation of the system
performanceéo the requirementsleanwhile, the tradeffs of the crowdsourcing tasks are
reflected by various of conflicting criteria in evaluation. After sirgigerion evaluation,

the result should be ready to be aggregated for comparison. To sum up, theaevedati
complex problem, a generic and formulated evaluation scheme is essential to handle the

scale of evaluation.

5.2  Crowdsourcing Evaluation for MaaS

From the systematical perspective, the crowdsourcing system is an artificial and
collaborative system, which has three interactive components: crowdsourcer, platform, and
participantgZhao and Zhu, 2014}-or the purpose of product innovatiduittgens etl.

(2014) categorize the interactions inner the crowdsourcing into six stages which are
allocated in two sides of the platform. Following this conceptual framework, the flow of
achieving an innovative product development is separated into two sides matform.

The activities between crowdsourcer and the platform include initiating the project,
contract negotiation with the platform, and reintegration of the subtasks to a collaborative
product fulfillment network. These activities are essentiallyrmegliary finding and
authorization processes. In contrast, the activities fall between platform and participants
can be perceivedsaesd ar b i AduahcandaTooei R@GLAN here

are three stages are summarized in the tournament, nameglest for proposal
formulating, open calls for solutions, and bids evaluation. The platform is authorized by
the crowdsourcer to hold a tournament to broadcast the subtasks and rewards the
corresponding participants which submit the best performanseAliictr the best bids are

evaluated, the preferred participants are selected from the crowds. The crowdsourcer and
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the selected participants will formulate their collaboration interrelationship in a fold of
contracts and turn the crowdsourcing procesarntdntegratéd problemsolving process
(Luttgens et al., 2014 his conceptual framework gears forward the crowdsourcing from
the perspective @& crowdsourcer ithecontext of an innovation proje¢tong et al. (2019)
gear forward thisframework with a formulated product fulfillment process in an

engineering context.

The spirit of the diverse participant population and decentralized pregoésimg
implies a collaborative crowdsourcing system can be viewed as aagalit system
(MAS). MAS technology isa paradigm for the researching of the organizational
architecture, decisiemaking process and coordination mechanism for distributed,
knowledgebased, and autonomous probisoiving moduleg¢Brenner et al., 2012, Gupta
et al.,, 2001) MAS collects a set afigentsasan agent population; each agent has their
perspective and incentives to maximize its utility in a dynamic circumst{&viaeldridge,

2009) The agents work independently or cooperatively to solve the problem, and their
local goals and objectivesan be integrated by the negotiation of the supply contracts to
achieve the sy ¢Kakamf2003)dhe MASRdan be gppled ts analyze
the supply chain coordination issue considering information, material, and financial flow,
respectively(Dudek and Stadtler, 2005, Gaonkar and Viswanadham, 2001, Govindan and
Popiuc, 2014)Jiao et al. (2006propose a MAS to explore the collaborative negotiation
product fulfilment contracting mechanism in a global network. Besides, MAS enables the
modeling & coordination and behavior mechanism in a dynamic environ(®est et al.,

2007)
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The evaluation methods for crowdsourcing tasks have been studied heavily. The
fuzzy analysis can represent and manipulate the imprecise evaluation criteria through the
product fulfillment procesgRagin et al., 2006 o ensure the fulfillment of crowdsourcing
tasks, the fuzzy ranking method can evaluate high variety product fulfilment plans by
maximizing the overlap between the expectation of request for proposal aodnzarte
of the responsgdiao and Tseng, 1998)he multtutility theory provides the aggregation
of results of intercorrelated multriteria evaluation problems under uncertainty to handle
the subjectivity of the customer preference lying under theuatiah criteria(Claudio et

al., 2014, Keeney et al., 1993)

Thehigh variety product fulfillment seeks an efficient information delivering to the
customers and avoid the deviation and redundant efforts of the system perfo{haste
al., 2006) The evéuation methods based on the information theory have been developed
to accommodate large variety in a crowdsourcing£&nao et al., 2016 By measuring the
effective information delivery from therowds, the candidates can be selected by fuzzy

information axioms(Akay et al., 2011)

5.3  Engineering Functional Evaluation with Explicit Criteria

Contracting evaluation measures the performance of proposed solutions according
to their capabilities of fulfilling various requirements. Teéestiortreats the crowdsourcing
contracting evaluation as a mudtiiteria decisioamaking process, which comigs
inexplicit business operation and explicit engineering requirements into the solution
selection. In this regard, DoS function is introduced to quantify the evaluation result to a

value between 0 and 1. And a multiplicative maltiribute utility theoryis applied to
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aggregate the DoS vector. The evaluation of design and manufacturing bids has different
characteristics, but information content theory can evaluate their effective deliveries to the

requirements.
5.3.1 Information Content Measure af@bS Formulation

Manufacturer  will configure a production systemand proposeit as a
manufacturingpid 6  , where¢ is the index of manufacter in each cluster. This bid
acts as a manufacturing plan faotfilling RFQ3 along its process routes j; can be
evaluated based on the performance of the configured production sisseneteevent
simulation (DES)has been widelysed to imitate the operations of a realrld agent
based production syem by modeling the changes of state variables at a discrete set of
points in time(Borshchev and Filippov, 2004)he stochastic model of the manufacturing
system can be established based on the output analysis of théARESpoulos et al.,

1998)

In this case, the preference of a RFQ for a design bid can be modeled by a
preference functignwhich is represented in a form of utility function of the system
performance The utility functionmodelsthe range of performancas perceptionfrom
function donain. The preference function for a performamtesystemis represented as
6 0 1. The probability of ananufacturingid can fulfill the corresponding RFQ depends
on the performance range it achieved, which can be represented in the form of probability
distribution function (PDF)j 0 i . The calculation of preceptedt i | i ty of a
performancecan be quantifiethased orthe product of preferende 0 i andPDFR 0 |

of performance variabl® iin the fulfilment range Moreover, the aggregation of
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evduationresuls can follow the similar multattribute utility scheme. In this regard, this

sectionwill explore the evaluation mechanism for manufacturing bids in a generic form.

To evaluate a bidés perfor manceodoh ful f
information content measurement is used. In the original formulation of the information
content, the preference of the design range is assumed as uniform. However, because of
the preference of the requirements, a triangular preference function steosigoeriority
in modeling the expected design and manufacturing performance ((hageand Tseng,

2004) The preference function of the fulfillment range can be generalizéd@s . The
lower andupperlimits of these requirement ranges are defined'@:i@ . The PDF of
a biddéds system perfor mancae icThmlowbrandgpperer al |
limits of these performance range can be generally defindddast 0 i D i . The

~
ORERY

information content is a measurement of 0 i, which is defined as equatioB.{).

5o

g 1T Q0 L)
As illustrated inFigure 5-1, the probabilities of successfully fulfill the expected
performance 0 i can be calculated bthe integration of the precepted probability of
successwhich is the integral of the product pfeferenced 0 1 and performancg O i .

It models theperceved system performance over the fulfillment range from the cusfomer

which is shown in equatiorb@).

001 %00 601ItRNLII Lg

And the DoS of a bid towards a certain requirement is formulated in equa8dn (
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Figure 5-1 Preference function and performance distribution

5.3.2 Multi-criteria Contracting Evaluation Representation

This research views bid evaluation as a sesfesulti-criteria decisiormaking
problems in the context of collaboratieeowdsourcing product fulfillment, thus ensuring
the fulfillment of the requirements regarding DPs and with a coordinated quantity and lead

time. The manufacturing bids are colledtin the finite sed . Each bid seb will be
evaluated by the evaluation criteria 8t ¢ M s B I3 , wherel and'Y are
the index and total number of criteria® . The performance of a design ldid; is
measured by the criterd@ and noted as th@¢ "% M ; whered ; N A , @3 N

"H . In a multicriteria evaluation condition, the evaluation result of acbigl can be

represented by & -dimensional vector
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To model the relative importance among the vector, a weighting factor is introduced
and noted a%) , for a'Y -dimensional vector. The evaluation representation of
manufacturing bids is formulated similarlythe evaluation result of a bid can be

aggregate to total DoS, which is denoted'a80 € 6Y;;  and defined as:
YO ¢ OYj L tOE&Y> 6y 8 ud
However, in practice, the DoS for different requirements are heterogeneous and

correlated per se. Moreover, the muatiribute utility theory is proposed to handle the

underlying correlatioriJi et al., 2013)
Yos oYy p 0t tO&Y> 65 p ph  uB

where théYO £ 8Y; is normalizedO ¢ & with & . 0 is a normalizing constant

which scalesY'O ¢ fit¥m 1tto p. U can be derived from the equati(7).
p U p vty U

Moreover, in the multiplicative form iequation §.5), 0 is different from the

additive form. It is not viewed as a weight, but rather an attribctding parameter for

accurate tradeff making(Claudio et al., 2014)The sum of the weights shouldt require
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to be exactly 1 in additive forequation(5.4) (Lewis et al., 2006)If the 0 is T, it indicates

there is no preference of the attributes, ancetheation $.5) is equivalent to thequation

(5.4) (Krishnamurty, 2006)After the evaluatiorthe results can be collected in a finite set
with 0 elements, and the most preferable bid can be selected by finding the minimum or

the maximum value in the set:

i A ET17YO¢ 6Y O §*N'A 8 ey

5.4  Decision Treebased Evaluationfor Inexplicit Criteria with Monotone Ordinal

Measures

5.4.1 Intangible Criteria Evaluation

Based on the characteristics of the criteria, evaluation problems can be divided into
both tangible criteria evaluation and intangibleesta evaluation. The former indicates
approaches to quantify the object performance according to the given criteria, like most of
the evaluation for engineering performance. However, not all performance can be
guantified with numeric values based on th#@eda requirements. In this scenario,
imprecise linguistic words can be used to fuzzily evaluate the performance, like in some

criteria for business performance.

Because the objective of evaluation is to compare the performance of different
objects froma certain perspective, to replace absolute numeric measurement with ordinal
measurement for describing tB®Sis an approach to intangible criteria evaluation. By
doing so, objects can be ranked and ordered based on their performance. This will not

violate the inexplicitness or fuzziness regarding the intangibility of a criterion. Therefore,

81



as long as the contracting brokers keep the evaluation mechanism consistent, the ranking
or ordering of the object performance will be based on the same logic, ntlag&iobgjects

at different time points comparable. Furthermore, such evaluation is supposed to be

monotone, which means when one object dominates another, the evaluation of the

dominator will not be worse than the dominated one.

In this regard, the evaluatiof intangible criteria can be modeled as a monotonic
classification problem. To address this problem, the rank entrapgd decision tree is
used to learn the evaluation mechanism under intangible criteria, in which rank entropy is

used to branch the dision tree based on the data monotonicity.
5.4.2 Definition of Monotonic Classification

Monotonic classification refers to ordinal classification problems with the
monotonic constraint. Lai be an instance space wheyés the number of attributes,
which canbenotedaé 6 6 8 0 .Let’Y whofB ho be a set of objects
in the instance spadg with O being the ordinal decisions or labels of these objects. The
value of the attribute or the decision relatedtoan be expressed aswhd or v wHO ,
wherewN 0. In the ordinal relation, is used to describe no worse than between two
objects. For exampley is no worse tham in terms ofO can be noted as ®»HO
0 WhHO orw . Usually,o dominatesw refers to that every attribute valuedfis
no worse thaiw. Based on this concept, a predicting funct@hat relate® to ‘O can be

expresseas below:

"@YO O L8
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The monotonic constraint is then defined as below, which should always be

saisfied in monotonic classification:

© ®t O Qo H oon Ty P T

In other words, it is dominated byv, the decision ofo will not be worse than

that ofw, not vice versa.

5.4.3 Rank Entropybased Decision Tree

Rule extraction from monotonic data attracts some attention from the domains of
machine learning and decision analysis. Decision tree induction is an efficient, effective,
and understandable technique for rule learning and classification mod€linglan,

2014) where a function is required for evaluating and selecting features to partition
samples into finer subsets in each node. The rank entropy measure originates from
Shannon's information entropy, which is robust in evaluating features of the monotone
datasefHu et al., 2011)Also, this measure reflects the ordinal structures in monotonic
classification. Therefore, a decision tree algorithm based on the rank entropy measure is

used in this study.

Some preliminary definitions are given for introducitige rank entropypased

decision tree.

) OV Yo wKEAORD v p

O OvNYed o U C
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Equation 6.11) and 6.12 describe objects no worse thann terms of attributes
or decision. Similar to the concept of the informatemtropy, the ascending rank entropy

of an object setyis defined as below:

YO Y

| i~=e——8 P T

The ascending rank mutual information (RMI) of an object‘sstdefined as

Y 50 6O Py 2R %R0 R g

: t¥s0 . ® s v v

The rank entropyased decision tree uses the RMI value for the branch operation.
Essentially, RMI describefé¢ degree of monotonicity between the attributésatd the
decision seD. The workflow of the rank entropgased ordinal decision tree is shown in

Table5-1.
5.4.4 Monotone Decision Tree Pruning

Like other supervised machine learning techniques, decision tree learning also
faces the overfitting problem during its training process. Given a certain tjatgbeut
predefined limitations on the tree structure, the decision tree will grow larger until till it

fits all the data in the dataset. This can guarantee the prediction performance with enough
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specialization on the existing dataset by increasing thehtomplexity, but the trained
decision tree may perform badly with poor generalization on unseen data. On the other
hand, a small tree model may not express important data characteristics due to the scale of
its complexity. Therefore, a balance can badm between model generalization and
specialization to address the overfitting problem, and pruning is the technique for

overfitting in decision trees.

Table 5-1 Algorithm workflow of rank entropy-based ordinal decision tree

Step 1:Generatethe root node with input sample data.
Step 2:1f this node satisfies the stopping criterion:
make this node as a leaf.
else
branch this node.
Step 3:for eachattributew ¥ 6 i Q0 Qi Q
for eachvalue N &
divide samples into two subsites with
Ifo ol @

0 W p
else
DO ¢
calculateY 0O 'Y "@HO .
end’Q

end’Q
Step 4:select® andd such thaty 0 'O A O C i AA@B O "G hOFO .

Step 5:1f | A®DO "O-
branch this node using the attributeand the valuev.
else
stop branching this node.

There are two pruning approaches based on when pruning happepsirpng
and pos{pruning.Pre-pruning is to set stopping criteria during the training process. For
instance, the maximum tree depth or minimum information gain can be specified to stop

the tree from growing deeper or splitting before the decision tree fits the whole dataset.
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Prepruning is a fast and efficient method to avoid overfitting. fposhing approach refers
to pruning the tree after the training process is complete. The ideaubstitute some
subtree with a leaf node to reduce the model complexity based on some measures. A
common method is the cesbmplexity pruningBreiman et al., 2017which proposes a

costcomplexity function to optimize on subtrees:

Y ¢+ Yd 7 tds v @

wheret is a decision tree€Y ¢ is the prediction error of the treg,sis the number of leaf
nodes, and is a regularization parameter. The use of this evaluation function is to
calculate its value for every node in the tree, considering ttl isobeing pruned. And

the node with minimum function value should be the node to prune. By adding a penalty
cost on model complexity, this evaluation approach can find a smaller decision tree with

better generalization ability.

Different from nommonotore decision trees, monotonic constraints must be
satisfied in the tree leaf nodes, while direct gmsining on a monotone decision tree may
make the tree nonmonotone. Therefore, pruning monotone decision trees needs to
guarantee the monotonicity while reghg its complexity. To address this issue, several
fixing methods are proposed to make a nonmonotone decision tree monotone through
minimal adjustments. In this way, the balance between model complexity and prediction

performance on unseen data can beevadcontinuously pruning and fixing the tree.

In this work, the best fix method is used foronotone tree prunin@eelders and
Pardoel, 2003)This pruning method prunes the parent node of a nonmonotone leaf that

brings the largest decrease in the nundb@onmonotone leaf pairs. To avoid prune parent
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nodes generated in an early stage, the pruning process is conductedumtothfirstly
deals with nodes with minimum number of descendants. If multiple nodes have the same
number of nonmonotone pairsgthode with the least number of observations is selected

to be pruned. This process is conducted until the tree is monotone again.

In conclusion, pruning avoids overfitting from the training dataset by reducing the
model complexity, so that it predicts terton unseen dataset. Pruning will be beneficial

when the objects in the instance space are difficult to be enumerated.
5.5  Aggregate Business Ranking Result with Functional Preference

A comprehensive agent comparison needs the aggregation of both busikegs ra
and engineering functional preference. In this thesis, the -attrifoute utility theory is
used for aggregation, consideriaguation(5.6) provides an architecture to accommodate
ranking resuland the ordinal results from decision tree clasdibcecan bedefined as a
number from 0 to lin this sense, the business ranking result can be viewed as another

evaluation attribute. The aggregation can be formulated as below:
YOE Y 03 bio iYOE ™t 0io tOEY p ph vy

whereO €Y s a predefined value based on the business ordinal ranking, israkrived

from:
p L p OtO t p Oto vy Y

5.6  Case Study on Crowdsourcing Contracting Evaluation
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Tank trailer manufacturing is a typical manufacturing process that involves a
variety kinds of assembly processand parts. To meet the purpose of carrying different
kinds of chemical substances, varieties of tank trailers are designed which also form a huge
tank traler family. A case study ofank trailerthrough platform-driven crowdsourced
manufacturingis used to illustrate the proposed theory. Through pla¢form-driven
crowdsourced manufacturirfepw, the illustration ofthe contracting mechanism and the

implementation of bid evaluation and agent selection have been explored.

Figure5-2 shows the structure of the primary objects of a tank trailer family which
combines the product variants and process variants. The name of each assembly operation
and manufacturing operation the Generic Product and Process Structure (GRIPS)
shown inFigure5-2. In a generalized tank trailer manufacturing process, there are at least
two manufacturing opations and eight assembly operations. Each raw material,
purchased part, manufacturing operation and assembly operation contains amounts of
alternatives. Therefore, to design a proper tank trailer that meets individual customer needs,
a massivenumberof alternative parts and operations need to be evaluated in multiple
design criteria before making decisions. This evaluation process can be extremely complex
due to massive number of alternatii@sSis employed to evaluate design alternatives in

the illustrative case.

Based on th&PPSof the tank trailer family, an ontology model could be built as
shown inFigure5-2. In the ontology model, purchased parts, raw material and assembly
are class type data. Different from (8PS process operation is not showrHigure5-2.
Arrows in the figure show thesubordinaterelationship between classes. For instance,

|l nsul ation, 6Out Layer 6 and 0V easssseel mbA sys e2nib.
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Figure 5-2 Generic product and process stucture of a tank trailer family

5.6.1 Engineering Performance Evaluation with Mdtitribute Utility Theory

As the product fulfillment process and the crowdsourcing supply contracting
mechanisndepicted previously) takes in charge of the generationdof Thisd is a
series of theustomer orderspecified the expectations fotrailerto fulfill the tankusage
process Theseordersare sent to virtudield of crowdsourcing information management
and saved aslesign spec® . These design spechkave internal hierarchical and

precedence relationship, and ffreductsare structured te- 81 81 . Before

sendingthese products tothe crowdsourcinginvitation brokerd , project configuration
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manageD restructuresto RFQs , according to the number of manufacturing agent
clusters.In our case,rivitation brker0 send the RFQs to the crowd as an open call
and specify the evaluation criteria to guide the evaluation pro&#ssreceivingRFQ,4
agentsin * decide to bid, which are noted as i H H . Accordingly, 4
manufacturing bids are collected by the in a finite set &6 , where 6

6 M M ;M ; . In this case, the bids adescribed in th&able5-2.

0 evaluates these bids based on tHaiictional performanceBased on the
mechanism established $ection5.3, the evaluation methods can be decomposed into the
following steps.Firstly, 0 specifies the corresponding range parametets cdndo
for every criterion and bid, thus the preference function of expected performance and the
PDF of achieved performance is establistiédstly, 0 specifies the corresponding range
parameters ob and0 for every criterion and bid, thus theeference function of
expected performance and the PDF of achieved performance is established. Secondly,
usingequation(5.1) andequation(5.2), the information content&an be derived. Thirdly,
calculating the DoS usingquation(5.3) and aggregate tee DoS. At last, the preferred
bid can be selected by the rule which is depicted inetheation(5.6). The evaluation
process for the illustrative example is demonstrated inTHide 5-2. The engineering
evaluation results can then be aggregated with agent business performance for final agent

selection.
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Table 5-2 Evaluation process formanufacturing bids

Evaluation Criteria 0d Frame Welding for a Chemical Tank Trailer

Strength Dimension
: o Tolerance of Upper Verticality of Main Estimated Cost
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5.6.2 Business Performance Evaluatitmough Decision Tree Learning

In this chapter business performance evaluation is done based on the learning of
history design agent performance with the rank entfzgsed decision tre®ue to the
lack of ordinal monotonic classification benchmark detis for machine learning, to show
the effectiveness of the decision tlg@sed business performance evaluation, both an
artificial data set of agent business performance and avarll regression data set are

used, where the latter is further transfodnm®o a monotone one.

The history evaluation is collected asaed classvhich results from ordinal
measures in four perspectives: support responsiveness during the design, delivery
punctuality, design concept reliability, and customer service after delivery. Because of the
implicitness of these criteria, evaluation of eaaigk criterion is done by assigning an
integer value from 0O to 3, where a higher value represents higher satisfaction. The rate of
the overall business performance is based on evaluation of the four criteria, wHizlr has
levels: "Wonderful”, "Good", "Qdinary”, and "Bad". The evaluation process should
strictly satisfy the monotonic constraint, meaning one object will not be rated as a lower
class than the other object who has equal or worse evaluation residts onteria. The
evaluation process frofour attributes to the final rate is to be learned by the rank entropy

based decision tree.

Considering the attribute space only containsunique instances, pruning
operations can do more harm than gooelcause the model will not be overfitted if the
attribute universal space is not far larger than the space provided by the training. dataset

Therefore, in this illustrative case, the decision tree is not pruned after training.
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Based on the above formulation, th@ningdataset islisplayedn Table5-3. The
dataseis createdvith 60 samples bgn algorithm that generates unstructured monotone

ordinal datgPotharst et al., 2009)

Table 5-3 The monotone dataset forbusiness performancesvaluation

Wonderful T 0 dpcg dcop o dxqq dkoo o doog o
0 ¢ oG dpg G o fpo oo dopo do ¢ o
Good T ¢ frog dTmo ¢pp épco poo depp drcp dip

¢ ¢ mag depo dopp dogg Mong dogg ¢ p
T p drpg Tincg dpcp pcp dppp dppg dror ;o
¢ T drop Map @grpp drrp dwrvt doap ¢ P
Bad T o dimm dicp G A, pprt # o

p Tt dppg et deprt doTit Moprt dogp T T

Ordinary

After the training of the rank entroghased decision treehd result is shown in
Figure5-3. To make thdigure readable, the evaluation values of four criteriarantedas
o o Foo e, and the overall service evaluation is notedyashere oltipht represents

0 € & QAR Mo Q Qb dd GespectivelyThe final decision trekas31 leaves,

corresponding to 31 rules for customer service classification.

iode ode
xd<=: x3<=
Yes No Yes No
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y=0 x1<=1 x3<=1 x2<=2 y=3
e N o—‘ e No

o Nudel& Nd 19 Nd 20 Nd 21 Nd 2 Nd 23 Nd 24 Nd 25 Nd 26 Node 27

x4<=0 x1<=2
Ye: N ‘

’—VES—LND—‘ e ) Yes—No—) ’—vEsJ—Nu—‘ [YesN) " ] ‘ ]
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Figure 5-3 Decision tree for customer service evaluation
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The existing business performance of the four bidding agemtsi H are
displayed asTable 5-4. The results of agent business performance evaluation are then

aggregated with engineering functional evaluation for the final agent selection.

Table 5-4 The existing business performance of four agents

Manufacturing Responsivenes Punctuality Reliability Custo.mer Rate
agent Service
‘ T C T o Good
‘ p o o C Wonderful
‘ C p o G Good
‘ C T o p Bad

The validation of thealgorithm on the realvorld data set is constructed from a
computer hardware data g€rank, 198Y. This data set contains 209 records, and each
record contains 6 integer attributes and 2 integer responses. In this study, the 6 attributes

and the estimatkrelative performance are used to construct the monotone data set.

Firstly, to make the data set monotone, MYCT (machine cycle time) is transformed
as equation (5.19)dnce this attribute originally has a negative correlation with the
response. Secondlthe response is discretized into 6 classes througledns clustering
as the evaluation result. After process, there are 190 unique records, and the discretized

ranking results are shown Trable5-5.

To train the monotone decision tree, the data set is split into a training data set
consisting of 141 records and a validation data set with 49 records. The trained decision

tree is illustrated ifrigure5-4. And the accuracy on the validation data set is 93.88%.
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Table 5-5 The discretized ranking results

Ranking p C o T v (0]
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Figure 5-4 Trained decision treefor validation

5.6.3 Evaluation Aggregation dEngineering and Business Performance

After obtaining the engineering and business evaluation, they will be aggregated
through the multattribute utility theory, as described 8ection5.5. In this illustrative
case, DoS for four different business rate
are given 1.0, 0.8, 0.6, 0.3 separately. The weight for engineering performahegiena

0  and for business performance evaluation are given 0.5 and 0.2 separately.

Consideringd o, the final evaluation process ghown inTable 5-6. After the

evaluation, shows superiority and j, is selected to bé”. Thus, the corresponding

bidding agent will be evaluated as * and awarded by the supply contra¢tThis
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evaluation and contracting results will be sent to thiewdsourcing information

management field arshved aprocesspecs) .

Table 5-6 The final evaluation result

Final aggregation ‘ ‘ . .
result

YO¢ Y MpPpct TWNoy 1@ PXuv T8 MY

5.6.4 Managerial Implications

The presenting case study tahk trailermanufacturing service process shows an
example of the implementation of proposed crowdsouneimidiflow. It has examined the
feasibility of theplatformdriven crowdsourced manufacturing for Ma&®llowing the
method oftournamendbased crowdsourcing, gicase study shows the process of reaching
externalmanufacturecrowds via a platform and instantiates the tournament to search the
bestperformedmanufacturingsolution. In addition, the proped evaluation mechanism
provides an approach to constructinige collaborativecrowdsourcing team.The
contracting evaluation mechanism has taken into account the uncertainty of the
manufacturingprocessthe aggregation of the various critefii@m engineeringunctional

requirements and business operational requents.

From the managerial perspective, ttrailer company can focus on its core
competitiveness by applying crowdsoagicmanufacturing with platform. Meanwhile, the
main frame company can manufacture the part of trailer assemitiesit direct contact
with customersThe platformdriven crowdsourced manufacturing offers a bridge to link

the manufactung solution providercrowds forsharing theircore competitiveness and
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capabilities complimentarilyl herefore, they have higher possibilityadchieve economies

of scale and ease the application of the emerging technalogies

5.7  Chapter Summary

Crowdsourcing contracting entailsBMP problem for which a bestmatching
protocol plays a critical role in evaluating and selecting appropriate design or
manufacturing agents for crowdsourcing. The information content measure performs as a
neutral indicator for unifying diverse domaspecific metrics of manufacturing
capabilities within a coherent evaluation framework. Decision tree learning facilitates
selection decision making by incorporating past performance data of crowdsourcing
agents. This datdriven method suggests good opportunities to extend crowdsourcing
contracting to considering a large smart service network over time across a planning

horizon.

The evaluation mechanism is the backbone of the contracting mechanism since it

serves t he sel ection of t he best sol ut i

satisfaction of final product s, but al so

making. An information contents measureméasedengineering functionatvaluation
mechanism is proposed. Such evaluation implies the satisfaction is determined by the
overlap of the expectation and performance. Thisflded evaluation scheme handles

the uncertainty originating from the design and manufacturing domains. The- multi
attribute utility theory supports the aggregation of the evaluation. The various criteria can
be applied to the evaluation of a solution. This scheme serves the simplificatioe of

evaluation process and allows the scaling of the tournament.
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Decision treebased evaluation mechanism is proposed to explore the inexplicit
evaluation of the candidateanufacturer, which highlights the potentialion¢orporating
the service levdbasel on the history recordMonotonic classification rules apeoposed
for regulating the dominance relationship among the manufacturer in crveysiergy
of rank entropybased decisiottree learning,and monotone decision tree pruniogn
extract thebusnessoperationakanking of themanufacturers with a minimum overfitting
from training dataset. The aggregation method of engineering and business evaluation

resuls are proposed for final selection.

As a technical solution that serves open innovatocmtracting evaluation
mechanism, this chapter com nes quantitative analysis of
functional engineering requirements and the qualitative analysis bigieess operation
requirements. By aggregating evaluation resthitsugh miti-attribute theory, the open
innovator can ensure that the selected solution is not only a functional satgfiedch,

but also is fulfilled through a reputational solution provider.
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CHAPTER 6. CROWDSOURCING TASK DERIVATION AND
DECOMPOSITION THROUGH GAME THEORETICAL
DECISION-MAKING : A BILEVEL JOINT OPTIMIZATION

MODEL FOR EQUILIBRIUM SOLUTION S

The conversions of manufacturing functional areas towards services imply a
transformation of product fulfillment proces to a distributed one via a serviogented
cyberplatform. As multiple value chains are executed, the volatility and complexities of
the customer needs are increasing, resulting in a high production variety and risk in the
open manufacturing doma(Gupta et al., 2000)Product differentiation in crowdsourced
manufacturing can be achieved by integrating external partners from a ptdtioen
perspective. The crowdsourcing supply contracting impliesoiaborative product
fulfillment by a cocreationprocessof decision agents along the value chain based on the
crowdsourcing task allocatioand derivation(Shen et al., 2019)Successfulproduct
fulfillment operations planning must be coordinated with the product family planning
(PFP) at the frontend alpen innovation domairThese changes challenge the traditional

PFPdecison-makingconsidering its manufacturer loading balancing (MLB) problem.

Thischapteproposes a leaddollower interactive decisicimaking mechanism for
crowdsourced manufacturingf PFP and MLB based on Stackelberg game. A bilevel
optimization model with linear physical programming is developed and solved, comprising
an uppeilevel PFP optimization problem and a lowevel MLB optimization problem.

The uppeilevel PFP determirsethe optimal configuration of product variantith the

objective of maximizing the market share and the total profit in the product family. The
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lower-level MLB seeks for the optimal partition of manufacturing processes among
manufacturerclustersin order to minimizing the operation cost of product variants and
balancing the loads among manufacturers. A case study of is reported to demonstrate the

feasibility and potential of the proposed bilevel interactive optimization approach.

6.1 Crowdsourced Manufacuring Task Derivation and Decomposition

Owing to the ability to fulfill diversified customer needs with high resources
utilization efficiency, the platforadriven strategy explores the common modules among
the products and processes to enable mass custiboni(Park and Simpson, 2008)he
instantiation of the platforrdriven strategy is product family design and development,
which involves multiple domains such as marketing, engineering, and supply chains, and
there are specific decisianaking problemsn each domairiPirmoradi et al., 2014PFP
is at the stage of product definition in the fr@md open innovationdomain, which
determines product variants with their configuration in the product family according to the
customer needgiao and Zhang, 23). Since it will be the input of therowdsourcing task
decompositionto generate tasks in crowdsourced manufacturing platform dortinen

front-end PFP decisiemaking result will bring an inevitable impact.

Successful crowdsourced manufacturingmplementation must include a
coordinated decisiemaking processbetween PFP and MLBSome key technical

challengeshould be addresseddohieve a systematic planning:

1) Interactive product fulfillment. Future manufacturing is equipped with ubiquitous
connectivty in the manufacturing environment, allowing collection of significant volumes

of dispersed information to support distributed decision making to fulfill manufacturing
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tasks (Monostori et al.,, 2016) New open structure of cyber platform will create
oppotunities for transforming and expanding the manufacturing sector by developing
intelligent cognitive assistants to perform as decision support systems to facilitate the
crowdsourcing product fulfillmer{ti et al., 2018b) Thus, multiple agents will be iowed

in PFP for crowdsourced manufacturing. It is necessary to develop detialong
approaches for this kind of muttigent online interactive product fulfilment scheme.

2) Conflicting objectives. In a distributed yet collaborative product fulfillment
process, PFP and MLB have different decision objectjizeset al., 2019b, Medeiros et

al., 2020) For example, the decision objectives of PFP are usually maximizing the
customer perceived utility, maximizing the market share, minimizing the product
development time,and so onKwong et al., 2010)The decision objectives of MLB for
crowdsourcing task decomposition are usually minimizing the total manufacturing costs,
minimizing the load indices, maximizing the relevance of manufacturing taskame by
afew (Kusiak, 2019) These decision objectives are interrelated, mutually restrictive and
even conflicting with each other. Therefore, it is necessary to establish an effective
decisionmaking mechanism to analyze and coordinate the interests of PFP and MLB
decisionmakings.

3) Goal preferences. As previously described, PFP and MLB for crowdsourcing task
decomposition are essentially medibjective optimization problems respectively. In the
traditional weightbased techniques for this kind of mwdtjective optimization problem

the process of determining appropriate weights or priorities is uncertain and time
consuming, and thus the practicality of these approaches is daitidgre@dndez et al.,

2002) In addition, the decisiemakers can not represent their preferences on gaah
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using more physically meaningful preference ranges in these apprdéighest al.,
2017) Thus, it needs to adopt a more flexible approach with physically meaningful
formulation of targets for eliminating PFP and MLB decisinakers fromsubjective

weight setting process.

In this regard, thishapterformulatesMLB for crowdsourcing task decomposition
as a distributed networked MLB problem. A leafldlower interactive decisicimaking
mechanism for distributed collaborative design of P&l MLB in crowdsourced
manufacturing is proposed. A bilevel optimization model with linear physical
programming is developed and solved, in which PFP plays as a leader and MLB acts as a

follower.

6.2  Bilevel Programming for Product Design and Development

Conjoint analysis, as a mainstream customer choice simulation technology, has
been widely used for predicting customer preferences, and a large number of optimization
models and intelligent algorithms have been developed for characterizing and solving the
PFPproblem(Pirmoradi et al., 2014)n the process of PFP, it is necessary to consider the
influence from the manufacturing system factors synchrondiighalek et al., 2011,

Xiao et al., 2018)However, although the abogtreams ofesearch consider thmpact of
manufacturing factors on PFP, the corresponding design deawskimgs of

manufacturing systems are not involved.

Xu and Liang (2006) proposed an integrated approach to plan product module
selection and assembly line design with the objectiveinimizing the total cost including

quality loss, the assembly line reconfiguration and material cost, and the assembly
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operation related cosXu and Liang (2006also established a mulbbjective model to

deal with this problem andsolved it by adoptig the modified Chebyshev goal
programming. Objectives of their model are to minimize the total costs, minimize the
product performance index, and minimize the assembly line smoothness Bngax.et

al. (2007)considered the concurrent design of prodpottfolio planning and mixed
product assembly line balancing developa multiobjective model for minimizing the
oversupply optional modules and maximizing the assembly line efficiency. However, the
market demands of product variants are determined defatimization in all the above

three models, and thus the effect of consumer preferences and purchase behaviors in
marketing are not considered. Bryan et al. (2013) formulated a mixed integénesmn
programming model for the product family design wigconfigurable assembly systems
considerations. Bryan et al. (2007b) further proposeemvotution of product families and
assembly systems over generations, and introduced -phage method based on the
model developed byBryan et al. (2013Jor evaluaing the ceevolution effectiveness.
Deterministic choice rule was employed to simulate the consumer purchase behavior in the
above two models. Since this rule is based on the assumption that each consumer will select
the product that provides his or henamaum utility surplus, it will overestimate the market
share for the most attractive product and underestimate it for other pr¢gGactet al.,

2012) Hanafy and EIMaraghy (2017rmulated a mixed integer programming model for
integrating assembly linplanning with modular product platform configuratigkbbas

and EIMaraghy (2018ntroduced an integrated methodology for synthesizing assembly
systems for customized products byptatforming of products and assembly systems.

However, all the aboveeseach are under the traditional integrated product fulfillment, in
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which a manufacturer implements a series of activities to develop the product and meet the
customer needs. In addition, the constraint satisfaction approach can be used to coordinate
the decsions across the product, process, and the supply chain to derive an effective
manufacturer load planning resiltiao et al., 2009)The cloudbased cyber platform
synergizes the product and process information and enables the interactive optimization of

product design and process setdatahi Valilai and Houshmand, 2014)

Collaborative design decisiemaking for different decisiomaking problems
across different domains in product engineering has attracted more and more attentions in
recent years(Du et al., 2019a) These engineering decistomaking issues using
Stackelberg game include joint design of techngyatem modularity and material reuse
modularity (Ji et al., 2013)joint optimization of product family modularity and material
reuse modularity(Ma et al., 2016) joint optimization of product family module
configurationand scaling desig(Yu et al., 2016) coordinated configuration of product
families and supply chain¥ang et al., 2015, Wang et al., 2016, Pakseresht et al.,,2020)
joint desigh of product portfolio planning and viral marketifghou et al., 2015)
coordinated configuration of service and product modules in the predugte systems
(Li et al., 2015) coordinated optimization of product line planning and product platform
configuration(Miao et al., 2017)collaborative design of modular product platforming and
supply chain postponemefXiong et al., 2018)and etc. All these joint decisianakings
are dealt with by bilevel optimization based on the Stackelberg game theory from the
perspective of distributed collaborative design. In addition, (2016) developed game

theoretic optimization models and algorithms for high variety assembly system d#sign.
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et al. (2019bjeviewed this kind of leaddollower joint optimization problems and models

for product design and development.

6.3 Coordinated Bilevel Optimal DecisionMaking in Crowdsourced

Manufacturing

A motivating example ofank traler product fanly is considered to illustrate the
problem setting. Considering dynamic market demands and short product lifetacles,
trailer company plans to provide products and services for customers by adopting
crowdsourced manufacturingank trailercompany habeen connected ecrowdsourced
manufacturing platform, which providescgber platformto small and mediursized
automotive and manufacturing factoriés customized trailer industryFollowing a
crowdsourced manufacturing workflowa, wide spectrum ofmanufacturing services
connected and aggregated through cyber platf@imanksto the adoption of platform
strategy in crowdsourced manufacturing, volapl®duct fulfillment demands can be
accessednd the similarity among them can be explofdtk plaform can assign similar
tasks to a manufacturewhich can allow the manufacturer achieving a maximized
reusability of the related resources. Thus, with the expansion of the customer clusters, the
manufacturers can focus on their core competitive edgka@mneve economies of scale.
Assumea tank trailecompany plans tdevelopa family of custontrailerto meet customer
needs in different market segmenitank trailerscan be considered as modular products,
and each module required in the product family can be designed and manufactured by

manufacturer crowdshrough theserviceoriented manufacturing platform.

6.3.1 Crowdsourcing Task Desation
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The decisiormaking of PFP anMLB crowdsourcing taskecompositiorfor tank

trailer company is shown iRigure6-1.
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Figure 6-1 Operation planning in crowdsourced manufacturing
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The first layer is the developed WS product family modular architecture, which
contains six common modules, i.axle assemblyM1), tire (M2), steel sheetM4), hose
tube (M5), anti-flow sets(M6), landing gear and pin asseml{iM8), and four selective
modules, i.e.main frame(M3), insulation layer(M7), warning placard(M9), valve
assembly(M10). The number of module instances for selective modules M3, M7, M9, and
M10 are 3, 2, 2, and 3, respediy. For example, there are three module instances for
M10, i.e.,safety valve emergency & flush valyeand APl valve A total number of
different product variants are configured in the process of PFP basedtrailén@roduct
family architecture, s shown in the second layer. For each product variant in the product
family, one precedence diagram of the manufacturing rout is determined, as shown in the
third layer. The node represents a manufacturing task that joints one model to the
previously commted submanufacturing, the number outside the node is the
manufacturing time for the corresponding task, and the arc indicatpeettelaceorder.
The fourth layer obtains the product family precedence diagram and the manufacturing task
assignment. Thdast layer showsmanufacturerclusterslinked to the crowdsourced
manufacturing platform and each manufacturer clusterincludes a few related

manufacturing agents.

6.3.2 Coordinated Bilevel Optimal DecisieMaking

A bilevel taxoromy of theproblem of coordinaté decisioamaking of PFP and
MLB for crowdsourced manufacturing shown inFigure 6-2. It can be described as
follows: the company has established a modular product family architecture comprising

several common modules and selective modules as a product development platfean. Ba



on that platform, it plans to design a family of new product variants by combining different

module instances of selective modules to satisfy diversified needs of customers.

Market Segments

Customer Needs

| Product Variant J
- | Product Variant j
Product Variant 1

Coordinated
Decision-Making

”_r.—j’i“\ Product Family Precedence Diagram

Crowdsourcing Operation Costs
| Manufacturing Times

Logistic Routes

Figure 6-2 Coordinated bilevel optimal decisionmaking in crowdsourced
manufacturing

The manufacturing services of these products are provided by the external
suppliers, manufacturing agent crowdsthrough certain cyber serviceoriented
manufacturing platform. Given manufacturiogpability requiremerfor all modules, the
precedence diagrams for product variants in the product family can be derived to represent
the order of task completion. The goal of the coordinateisdermaking problem is to
simultaneously determine the optimal configuration of each product variant in the product

family, obtain the product family precedence diagram, as well as partition the
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manufacturing tasks among manufacturers according to ciivggiroducts, customer
needs,crowdsourcingoperation costs and manufacturing times with the objective of

maximizing the market share and the total profit of the planned product family.

6.3.3 Solution algorithms

Since crowdsourced manufacturintulfills produds through collaboration of
crowds, thetraditional product fulfillmentprocess is distributed based on collaborative
negotiation(Gong et al., 2021)Following this scenariothe task derivation can be
summarized as a twimlded decisionmaking processFirstly, the platform predicts
manufacturing capabilities, whicliormulates the portfolio planning problem as a
combinatorial optimization problem based on the contract pricing, sharable time window,
as well as the logistic cost dhe manufacturersThis plan outlines thescale and
combination of the manufacturers to accumulate sufficient production capability for
various supply chains. On the other hand, it also serves the platform with a way of
specifying a set of crowdsourcingsks to minimize the resources idling and inventory.
This twofolded service process requires thdecisionmaking solution provides a
systematicapproach to solve the traddf between the supply configuration to achieve
global satisfaction and the specdtion of crowdsourcing tasks for local efficiency.
Because a crowd of companies is required in crowdsourced manufacturing, the optimal
configuration problem shows an interactive decision among the decision @yergs al.,

2021) As the crowdsourcing wkflow described in chapted, the task allocation through
a negotiation process can be decomposed into the requesting for quotation, propose of bids,
as well as the awarding with supply contracts. This process entails an iteratively multi

level decisioamaking process, where the manufacturers respond with their manufacturing
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plan according to the limits of their shop floor and the platform responds with

crowdsourcing task allocation to seek an optimal production portfolio plan.

Figure 6-3 illustrates the leaddollower interactive decisiomaking mechanism
for joint design of PFP and MLB focrowdsourced manufacturin@he PFP design
decisionma k er p | ay ® amd hahdieatbeaupp@nel decisibamaking problem,
which can be formulated &P optimization. The goal of the uppevel problem is to
optimize the selection and configuration of product variants for maximizing the market
share and total profit ohe product family, in which considerations about market segments,
customer preferences, amdowdsourcingoperation costs should be incorporated. The
MLB design decisiormaker acts as a follower and deals with the |leleeel decision
making problemwhich can be formulated a€LB design optimization. After obtaining
the PFP decisions derived from the uplesel optimization, the lowelevel MLB aims to
partition the manufacturing tasks among manufacturers for minimizingekasourcing
operation costsral the load index. During the formulation of the lowerel problem, the
main influencing factors are operation costananufacturer crowdand manufacturing
times of module instances. The totabwdsourcingoperation cost obtained in the lower
level ogimization will be fed back to the uppével, and then the leader will adjust the
PFP decisions for maximizing his own interest according to these cost figures. This
distributed bilevel collaborative optimization of PFP and MLB proceeds in an interactive
manner until the leaddollower equilibrium solution is achieved based on Stackelberg
game. In addition, instead of assigning subjective weights, the preferences on each goal
using physically meaningful preference rantigsugh linear physical programng (LPP)

should be considered for both the PFP and MLB design deeisiiers.
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)
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pm Operation Costs Times
Lower-level Decision-making Problem

Figure 6-3 Leader-follower interactive decisionmaking mechanism

6.4  Joint Optimization of PFP and MLB

In this sectionthe distributed collaborativéecisionmakingof PFP andMLB for
crowdsourced manufacturing formulated into ailevel optimizationmodelwith LPP.
Assumptions and nomenclature of this joint decisiaking problem are given in Section
6.4.1 The uppeilevel PFP decisioimaking is modeled in Sectich4.2 and the lower
level MLB design decisioimaking is modeled in Sectidh4.3 Section6.4.4lists other
necessary constraintginally, thebilevel optimization model with LP#s presentedn

Section6.4.5
6.4.1 Model Assumptioand Nomenclature
The basic assumptions in thiesearchnclude:

1) One common module can be viewed as a selective module that has only one module
instance, and a null module instance represents the absethescofrresponding module

from one product variant.
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2) All the module instances are technological feasible, and there is no compatible
restriction on the combinations of these module instances.

3) The manufacturing oflathe product variants in the product faynére provided
through the serviceriented manufacturing platform linked witarious service poalsand
eachservice pootonsiss ofa fewrelated candidatmanufacturers

4) Only theoperationcosts formanufacturersre considered in variable costs irsth

researchandthe unit operation costs for differemianufacturersre the same.
6.4.2 UpperLevel PFP Model

The uppetlevel PFP design decisianaking aims to select the optimal product
portfolio and determine the optimal configuration of each product Mamath the

objective of maximizing the market share and the total profit in the product family.

Suppose that the product market has been dividedOmnirket segments through
conducting a market survey and adopting a proper clustering technology, and consumers
in each market segment have the same purchase preference. Consumers make purchase
decisions based on the perceived utility surplus obtainedtiernorresponding product.
Following the commonly used lineadditive partworth utility model in conjoint analysis,

the utility ™Y that one consumer in tf@h marketsegment can obtain by choosing Qe

th product variant can be formulated as:

~. ~ ~

Y 6 1 ® h Q phBHA@Q phiB Mo P

whered is the @rtworth utility of theth module instance of th@th module for the

“@th market segmenit is the cost for buying one unit of tikh module instance of the
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"Gth module andc s thedecisionvariable which indicates whether (1) or not (0) the

th module instance of th@th moduleis assigned to th€h product variant.

According to themultinomial logit MNL) choice model for product family

positioning in marketing, the probability that one consumer in th@h market segment

purchase the’@h product variant in the product family can be formulated as:

5 Q& R7Y hoQ o8 RGO iR 0@
U = =
B wOGRY B QoY P P @

where—is a positive scaling parameter of the MNL modet+joes to infinity, the MNL
behaves like a deterministic model; and—+approaches zero, it becomes a uniform

distribution(Steiner and Hruschka, 2002)

The total market revenu¥ of the product family can be computed by multiplying
the revenue aeach poduct variant by the demand for this product variant firstly, and then

summing all the product variant revenue, which can be formulated as:

Y 00i ® wh ()

where( is the decision variable which indiest whether (1) or not (0) th@&h product

variant is selected in the planned product family.

One objective of the uppdevel PFP optimization problem is to maximize the total
profit “Yof the product family, which is the difference between the totaketaevenueY

and the totatrowdsourcingpperation cosb 0of the product family, i.e.,
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The other objective is to maximize the market shaidof the product family,

which can be formulated as

C
<
1
CR
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€
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6.4.3 LowerLevel MLB Model

When the uppelevel PFP decisions are determined, the lolseel MLB
optimizationdecisiormaking seeks for the optimal partition solution of the manufacturing
tasks among manufacturers in order to minimizingdievdsourcingoperation cost of

product variants and balancing the loads among manufacturers.

Following the approach based on fixed costs and variable costs, the overall

crowdsourcingoperation cost8 6of the product family can be formulated as:

00 0 0 YO (075
whered is the fixed cost for each MaaS service provider, @and is the

variable operation cost for eaotanufactureper unit time.

The load of the whole manufacturing process should be balanced, that is to say, the
total manufacturing time allocated tach manufacturer should be as equal as possible.
The load index among manufacturérs@an be defined by the standard deviation of

manufacturing loads, i.e.,
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where”Y is the plamed life of the MaaS operatiorts, is the product family
manufacturing time for th&®th module, which can be computed as the weighted sum of

the manufacturing task times for each product variant in the product family, i.e.,
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6.4.4 ConstraintModelling

To establish the bilevel optimization model, some additional constraints about

relationships among decision variables are required to be analyzed and formulated as

below.

1) For each module of one product variant, exactly one and only one module instance

canbe selected. The exclusiveness conditions can be described as

® ph Q pkBhRhQ phhB ©80

2) Since tasks are indivisibility work elements, each task is assigned to exactly one

manufacturer. The occurrence constraints cateseribed as

11¢



3) For each manufacturer, the total manufacturing time for tasks assigned to this
manufacturer does not exceed the time available at this manufacturer. The time constraints
can be described as

Y -

o & —0 h “ phBh
. B B 00 phc P P

Thus, byequation(6.8), the time constraints can be rewritten as

0w 00 & Yo h * phhh 0P C

4) Owing to technological and orgaaitional conditions, the tasks must be assigned
to manufacturers according to the precedence graph, i.e., the resulting sequence of
manufacturing tasks cannot violate the precedence constraints among these tasks. The

precedence constraints can be descrdsed

~ ~ ~ o~

) ® h Q peBh « picBhh ‘™01 ©@h oP o

whered 1 @ is the set of all direct and indirect predecessors of @it

manufacturing task.
6.4.5 Bilevel Optimization Model

Based on thebjective functions and constraints, the bilevel joint optimization

model of PFP and MLB can be formulated as below.
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LPP is adopted in the upplevel and lowetlevel optimizationrespectively, and it
allows the PFP and MLB decisianakers represent their preferences on each goal using
physically meaningful preference ranges. LPPRrgposed byMessac et al. (1996)s a
novel approach to multiple objectivaptimizations Application of LPP involves the

following four steps:

1) Identify each decision criteria as Class 1S (Smaller is Better), Class 2S (Larger is
Better), Class 3S (Valus Better), or Class 4S (Range is Bétter

2) Define the desirability ranges for each decision critedi@al, desirable, tolerable,
undesirable, highly undesirable, amthacceptable.

3) Calculate the values of the weights using the algorithm developbtebya et al.
(1996)or Hernandez et al. (2002)

4) Formulate a common deviation function to evaluate the alternatives.
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LPP has been applied in industrial engineering and product enginédianiq et
al., 2003, McAllister et al., 2005, Lai et al., 2006, Kongad &upta, 2009, ligin et al.,
2017, Liu et al., 2018)or examplellgin et al. (2017developanLPP-based disassembly
line balancing method to balance a mbraddel disassembly lineA comprehensive
review of different variants and applications of plegsprogramming can be foundligin

and Gupta (2012)

The uppeilevel objective functiomd in equation(6.14.0) is a common deviation
function, which is formulated as a weighted sum of the deviation varigble®@ (Q
plt;'Q plgB ). These deviation variables can be obtained by Constrgidt 1) and
(6.14.2) wheré YUt 4 A O CahdD "Y¥4 A O Cake@he physically meaningful target values
at the desirability leveéDfor the goal'Y0andD ™Yespectively'Q phRf8 Iv). These target
values are specified by the PFP design decisiaker to quantify the preferences
associated with theér0andd “Ycriterions. Different from assigning subjective weights, the
weightsd  andv  (Q plt;Q plgB ) can be determined by the algorithm proposed
in Hernandez et al. (200285imilarly, the common deviation functi@gh in equation
(6.14.9) is the lowetevel objective function, which is a weighted sum of the deviation
variablesQ , Q ('Q ofi; Q plkB ) derived from Constraints6(14.10) and
(6.14.11). Constraint$(14.6), 6.14.7), 6.14.15) and§.14.6) indicate that th&fth level
values'Y0t4 AOGCRE®4 AOCRE4 A O Cdndd ™ A O Cale@nacceptable. The
values of decision variablad hohy h) are restricted in Constraint$.{4.8) and

(6.14.17).

6.5 NesedBilevel Genetic Algorithms for PFP-MLB Joint Optimization



In this sectionanesed bilevelgenetic algorithnfNBGA) is developedd find the
optimal or near optimasolution of the bilevel optimization model with linear physical
programming The NBGA is a nestesequential approacim which the PFP andMLB
decisionmakings are solved by the traditional sintgeel genetic algorithm (GA)

respectively and the lowdevel GA is performed for each upplevel feasible solution
6.5.1 Overview of Nestd BilevelGeneticAlgorithms

The flow chart of the NBGA algorithm is shown kigure 6-4. A stepby-step

procedure for the NBGA algorithm can be described as follows:

Initial upper-level population generation
+ Population size N

For each upper-level
{ chromosome
4’{ Constraint handling [ | Initial lower-level population generation
Penalty for invalid ones - ! -
Constraint handling

» Time constraints

l

Fitness evaluation
* Common deviation function Z,

Fitness evaluation
+ Common deviation function Z,

Termination
conditions?

Termination
conditions?

uonedudd [oad-1oddn 1xaN

Select chromosome for reproduction
« Rank chromosome by fitness values

|

Crossover operation
« Multi-point random crossover

l

Mutation operation
« Multi-point random mutation

Select chromosome for reproduction

I

Crossover operation

» Single-point random crossover
Mutation operation

* Two mutation points are picked

4{ Record the optimal MLB decision results|“

UONEISUIT [AI[-19MO] XN

Figure 6-4 Flow chart of NBGA
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Step linitialization. An upperlevel initial population of sizel is randomly
generateéndconstraint handling is carried out to ensure that each generated chromosome
satisfy requird constraintsThen, for each uppdevel chromosome, the corresponding
lower-level MLB optimization procedure is executed to obtain the leleeel optimal or

near optimal chromosome.

Step 2Upperlevel selection operation Combine the upper and lower
chromosomes, and then evaluate each ulgyet chromosome by assigning a fitness value
based on the common deviation functidn in equation (6.14.0). Choose parent
chromosomesfor upperlevel crossover and mutation operatioftem the current

population by adopting the rangelection methodccording to fitness values.

Step 3Upperlevel aossover and mutatiaperationsOffspring chromosomes are
created by performingnulti-point random crossover and mutation opesatior which
singlepoint random crossover and mutation operators are adopted for each product variant

chromosome section.

Step 4Lower-level optimization. For eadmpperlevel offspringchromosomgthe
corresponding uppdevel decisionresuls are transmittedto the lower-level MLB
decisionmakingproblem. Ater initializing the lowe+level population, the fitness value of
each chromosome is computed based on the common deviation fudcti@and a
penalizing strategy is adopted for handling those invalid chromcsdinaé violatethe
lower-level constraintsThen, the selection, crossover, and mutation operations are carried

out successively.
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Step 5Evaluation of @fspring chromosoms. Fitness values of uppkavel
offspring chromosome are evaluated through comlmigi each upperlevel offspring
chromosome withits corresponding lowelevel chromosomeand then computing the

upperlevel common deviation value

Step 6Examination oftermination conditionsA maximalnumber of generations
is specified as the criteridor theterminationcheck in both the uppeand lower genetic

algorithm Proceed to the next generation (Step 2) if the termination check is false.
6.5.2 Encodingand Operators in Uppetevel

To apply GA tothe uppetlevel PFPdesigndecisionmaking,theinteger encoding
stratey is adopted forthe chromosome structure, as illustrated Rigure 6-5 (a). A
chromosome is composed wproduct variah sections,and here are) module sub
sections for each product variant section. The vainghe Gth module suksection in the
@h product variant section represents thatéttie module instance of th@th selective
module is selected for th@h product variant. Thus, the PERsigndecisioamaking is
describedy a chromosome with length 0f UEach chromosome in the upgewel initial
population is generated randomly by the approach propos#ddogt al. (2007 ensure
the satisfation of Constraint §.14.3). The uppelevel fitness function is the common

deviation functiort in equation(6.14.0).

A single-point crossover operator is adopted for each product variant substring, and
thus the crossover for thepperlevel chromosomas carried out with a muHpoint
crossover operatpas shown ifrigure6-6 (a). Similarly, a singlepoint mutation operator

is employed for each product variant substring, in which one mutation point is picked
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randomly and then the corresponding module instance is altered at rafigore6-6 (b)

illustratesthe detailed process of mufibint random mutation operators.

Mod uwl e Mod Wkl ¢« Mod ull e Manufact uil
sudect isoutbect subecti on t as ks escuthi o
1 Jaf- [8]- [ |a]- [3]- [a]- |- [1]- [2]- [4] 3 [« [1 D
. Produycti Produjct i Produjct «_ Task_)
1sectl on sectiion sectiion sequence

section
@Genetic encoding f(lGeREPIi c encc

Figure 6-5 Genetic encoding for uppetrlevel PFP and lowetlevel MLB

Product Product
substring 1~ { {7 substringJ ;
- | : Mutation Mutation
Chmi‘;;:g;clzh i3] [a]][1]3]3 1!1|2|1 point 1 point J
Parent | ’—-
- . L1 (3{1 24|10 |=(2(2|1|1;4]|1]1 ' -
chroresome 2 | | | | | ‘ | | | | (Thri?zzceai‘];me IE3|1‘2|4]],"',2|2‘1 1J4,T,]
l Crossover
. | I l Mutation
Offs
Chron?claJ;)]:fel-l-”ll1|2‘4|l‘"'|l‘3|3‘ll4_1_1| )
Offspring

. | . ) L1211 |2(4|1||2|2|1|5]|4]|1]]1
Offspring 2|] ]|3Il|3‘l|l"“|2‘2|l|1w Chromosome ‘ ‘ | | ‘ ‘ ‘ | ‘
I I

Chromosome

(a) Upper-level crossover operator (b) Upper-level mutation operator
Figure 6-6 Upper-level crossover and mutation operators

6.5.3 Encoding and Operators in Lowéevel

Figure6-5(b) illustrates thehromosomencoding for the lowelevel MLB design
decisionmaking, andhere are) assembly task sufections for the task sequence section.
Eachmanufacturingask subsection, i.e., the gene, indicates thanufacturingsequence,
and the value in themanufacturingtask subsection, i.e., the allele, represents the
corresponding task. In thisesearch for eachlower-level chromosome in the initial
population, te manufacturingtask substring is generated by the top sort algorithm

developed byHou et al. (20140 satisfy the precedence constraints, i.e., Constraint
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(6.14.14). To ensure the satisfaction of Constrati4.12) and 6.14.13) the algorithm
proposed by Leu et al. (1994) is employed for chromosome decoding, i.e., dividing
manufacturingasks intomanufactures. Thelower-level fithess function is theommon

deviation functiorto described irequation(6.14.9).

A singlepoint aossover operator is implemented for the task sequence substring,
in which two parent chromosome exchange genetic information a#lecting the
crossover point randomly. To avoid generating infeasibility offspring chromosomes after
crossover, an improveelkxchange process is adopted for the task sequence substring, as

illustratedin Figure6-7 (a).

Task sequence
substring
Parent | Mutation Mutation
Chromosome 1 ! | 2 | 415 | 3 Iim point 1 point 2
Parent *
Chromosome2|1‘4‘3 2|6|5|7| Parent 4 312(6 5

[ Chromosome

Crossover .
l | l Mutation

Offspring

Chromesome 1 N2 IS GISIT Offspring {5 T6 [3]4 [517]
Offspring Chromosome

Chromosome 2

[1]4]3]2]5[6]7]
I

(a) Lower-level crossover operator (b) Lower-level mutation operator

Figure 6-7 Lower-level crossover and mutation operators

It can be observed that tlegchangd sequence of the task sequence substring in
parent chromosome 1 is 5, 3, 6, and 7, and the ordering oéxbimngedsequence in
parentchromo®me?2 is 3, 6, 5, and 7. Then, generate a new offspring chromosome 1 by
replacingthe exchanged sequence in parent chromosome 1 with 3, 6, 5, and 7. Finally, the

other offspring chromosome 2 can be obtained by using the similar approach, as shown in
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Figure 6-7 (a). Figure 6-7 (b) illustratesthe lower-level mutation operator. For thagk
sequence substring, two mutation points are picked randomly, between which the
manufacturindasks are reordered according to the product family precedence graph by the
scheme of producing the initial poptibn. Thus, the obtained offspring chromoseraee

still feasible after crossover and mutation operations.
6.6 Case Studyon Crowdsourcing Task Derivation
6.6.1 Case Description

To illustrate the proposed model and algorithm, the joint PFP and MLB design
problem fortank semttrailer is presented. Suppose thank trailercompany plans to
design a family of twdrailers and there are two existing competitive products in the
market. The precedence diagram foailer is shown inFigure 6-8. Suppose that the
customized kitchemarket has been divided into three segments through nradesirch
The size of each market segment is given in the second rdoabie 6-1. Table6-1 also
lists the utility surplus of two existing products for each market segmeheiast two
rows. The prtworth utilities of module instances for each market segment can be
estimated byonjointanalysis or simulation calculation. In tldase thesimulated utility
data isadoptedand it is generated from a uniform distribution randonilye estimated
manufacturing times are listed in the fifth rowTiable6-2. The estimated purchase costs
of module instanceare shown in the last row ifable6-2. The LPP targetalues for the
upperlevel PFP goalsY0andd “Yand the lowetevel MLB goals § éand)d Y@re shown
in Table 6-3. Applying the algorithm described iMessac etl. (1996) the resulting

weights for both the uppeand lowerlevel common deviation functions are shown in
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Table6-4. The scaling parameterin the MNL choice modes set to 0.75. The fixed cost
for eachmanufactured is setto 500, and tlwperation cosb  for each MaaS service
provider per unit time is set to 0.5. The total planned T¥ef crowdsourcingoperation

costis assumedo be 3000000.

6.6.2 Implementation and Comparison

To solve the bilevel optimization model for joint decisimiaking of PFP and MLB,
the proposed NBGA is conducted. In the upleeel GA, the maximum number of
iterations is 500, the crossover probability 8,@&nd the mutation probability is 0.2. In the
lower-level GA, the maximum number of iterations is 100, the crossover probability is 0.8,
and the mutation probability is 0.2. Based on the above assumptions, the NBGA is run
usingMATLAB 2017b under the citenstance of Windows 10, Intel-i7’500U 2.90GH

and Ram 8G. The running time is 3628.125s.

Figure6-9 provides the NBGA evolution processes for the upgpeel PFP and &
lower-level MLB optimizations. It shows the upplelvel common deviation function value
@ and the loweitevel common deviation function valde for the best individual over
generations, which reflects the dynamic interactive decisiaking processdiween the
upper and lower levels. After 250 iterations, the optimal PFP result and the corresponding

MLB result are arrived, which are listed in the third columiable6-5.

As shown inTable6-5, the optimal uppelevel chromosome coding scheme is [1
12111212311111121 2 3], the ugpeel common deviation function value is
0.5721, the total profit ip® @ 1P 11, and he market share i@ v P The

corresponding lowelevel coding schemeis[1456 2 37 89 10], the leeeel common
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deviation function value is 0.3820, the operation coptisu 1T Xp TT, the load index is

1.1217. According to the lowdevel MLB decisor-making result, all the manufacturing

tasks are assigned to nine manufacturers, in which task 1 and task 4 are assigned to the
same manufacturer. The numbers of MaaS service providers are 2, 2,2, 2,1, 2, 3,1 and 2,

respectively.

Figure 6-8 Precedence diagram fottank trailer

To verify the validity of the proposed method, two experiments are designed to
compare the results of the bilevel approach (TBA) with those of the sequential approach
(TSA), i.e.,solving the PFP decisiemaking and the MLB decisiemaking sequentially
in two steps, and the cooperative approadBA] i.e., the PFP decisiemaker andhe
MLB decisionmaker engage in bargaining and desire a cooperative and binding trade for
maximizing their collective interest. For TSAq the first step, the total operation cost can
be estimated based on the historical data, and the PFP problem is solved usopgkhe u
level GA. After obtaining the PFP results in the first step, the MLB problewived using
the lowerlevel GA in the second step. In this experiment, the estimated operation cost in
the first step is seg® p 1 The optimal PFP and MLB results are listed in the fourth

column inTable6-5.















































































































































































































































































































































































































































































































