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Settings with Machine Learning 

Companies in engineer-to-order (ETO) settings face increasing pressure to improve the 
effectiveness and efficiency of supply chain planning (SCP) through digital transformation. 
Despite its recognized potential, machine learning (ML) adoption in SCP practices remains 
limited, creating a implementation gap that motivates this thesis. This thesis investigates 
SCP practices in ETO settings, with focus on sales and operations planning (S&OP) and 
request for quotation (RFQ) planning and explores how ML can be integrated to enhance 
these practices. Based on three complementary studies involving nine ETO companies, the 
research bridges the gap between ML’s theoretical potential and its practical application. One 
study maps ML techniques across key SCP areas to support agility and adaptability, while 
the other study applies paradox and contingency theories to examine S&OP, RFQ planning, 
and their interaction. A third study addresses how ML-enhanced SCP performance should be 
measured. 

The thesis identifies four key findings. First, ETO-specific contingency factors fundamentally 
shape SCP practices and generate recurring contradictions. Second, performance 
measurement systems must be adapted to support ML implementation, challenging 
linear improvement models. Third, specific ML techniques can address SCP challenges 
and contradictions across planning domains. Fourth, successful implementation requires 
structured frameworks for data integration, targeted use cases, scaling, and continuous 
learning. Theoretically, the thesis contributes by extending the Triple-A framework and 
advancing paradox theory in SCP, and practically by providing actionable guidance for ML 
adoption in ETO settings.
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Abstract

Companies in engineer-to-order (ETO) settings face increasing pressure to
enhance effectiveness and efficiency in their supply chain planning (SCP)
practices through digital transformation. Yet despite the recognized potential
of machine learning (ML), its adoption In SCP practices in ETO settings
remains minimal. This implementation gap forms the central motivation for
this thesis.

This thesis explores SCP practices in ETO settings, especially sales and
operations planning (S&OP) and request for quotation (RFQ) planning and
investigates how ML techniques can be integrated to improve these practices.
Through three complementary studies involving nine ETO companies, the
research addresses the gap between ML's theoretical potential and practical
implementation in complex manufacturing settings. The research employs a
multiple case study approach for two of the studies of which one is conducting
a mapping of ML techniques in four SCP areas to improve agility and
adaptability. The other study is grounded in paradox theory and contingency
theory to examine S&OP, RFQ planning and their interaction. Despite
mounting pressure for digital transformation, the studies reveal minimal ML
adoption across the investigated cases, highlighting a significant
implementation contradiction that shapes the research contributions. The third
study is focusing on how efficiency and effectivity of SCP in ETO settings
enhanced with ML should be measured.

The thesis presents four key findings through five interconnected papers. First,
different ETO settings fundamentally impact S&OP and RFQ planning
through in total eight hierarchical contingency factors, creating an iterative
cycle where practices reshape organizational context and generate new
contradictions. Second, performance measurement frameworks require
adaptation for ML implementation in ETO settings, with a bidirectional
relationship between metrics and technology adoption that challenges
traditional linear improvement models. Third, specific ML techniques can
address SCP challenges in ETO settings, with systematic mapping across the
demand planning, production planning, supply management, and inventory
management areas. In addition, specific ML techniques can address



contradictions for improved management in S&OP and RFQ planning. Fourth,
practical implementation requires a structured actionable framework
addressing data integration, targeted applications, scaling, and continuous
learning systems.

The research makes theoretical contributions by extending the Triple-A
framework to ETO settings, advancing paradox theory applications in SCP
practices, and challenging established assumptions in performance
measurement literature. The integration of paradox and contingency theories
provides novel insights into how contradictions and contextual factors
dynamically influence SCP practice formation in ETO settings.

Practically, the thesis delivers actionable frameworks, propositions, and
implementation guidance for companies pursuing ML adoption in SCP.
Successful implementation requires sustained investment in data quality,
technical infrastructure, organizational capabilities, and performance
maturity, prerequisites that the studied cases had not yet fully established.

Future research should pursue longitudinal studies of actual ML
implementations, cross-organizational culture validation, cross-
manufacturing setting validation, and quantitative assessment of contradiction
management effectiveness.

Keywords: Sales and Operations Planning, Supply Chain Planning, Engineer-
to-order, Machine Learning, Paradox Theory, Contingency Theory, Triple-A



Sammanfattning

Företag i engineer-to-order‑miljöer (ETO) står inför en ökande press att
förbättra processeffektivitet och förbättra kvalitet och innehåll i sina
planeringsprocesser av försörjningskedjan (Supply Chain Planning, SCP)
genom digital transformation. Trots den erkända potentialen hos
maskininlärning (ML) är användningen av ML inom SCP i ETO‑miljöer
fortfarande mycket begränsad. Detta implementeringsgap utgör det centrala
skälet till forskningen i denna avhandling.

Avhandlingen undersöker SCP i ETO‑miljöer, med särskilt fokus på Sälj och
Verksamhetsplanering (Sales and Operations Planning, S&OP) och planering
kring offertförfrågningar (Request for Quotation, RFQ), samt analyserar hur
ML‑tekniker kan integreras för att förbättra dessa planeringsprocesser. Genom
tre kompletterande studier som omfattar nio ETO‑företag adresserar
forskningen gapet mellan ML’s teoretiska potential och dess praktiska
tillämpning i komplexa tillverkningsmiljöer. Två av studierna använder
fallstudie med flera fall (case) som grund för forskningen, varav den ena
genomför en kartläggning av ML‑tekniker inom fyra SCP‑områden i syfte att
förbättra förmåga att anpassa sig till kortsiktiga marknadsförändringar
(agility) och anpassningsförmåga på lite längre sikt (adaptability). Den andra
studien tar sin teoretiska utgångspunkt i paradoxteori och kontingensteori för
att analysera S&OP, RFQ‑planering och samspelet mellan dessa. Trots det
ökande trycket på digital transformation visar studierna på en mycket
begränsad ML‑användning i de undersökta fallen, vilket belyser en
motsägelse kring införande av ML som präglar avhandlingens
forskningsbidrag. Den tredje studien fokuserar på hur processeffektivitet och
processutfall i SCP i ETO‑miljöer, förstärkta med ML, bör mätas.

Avhandlingen presenterar fyra centrala resultat via fem sammanlänkade
publikationer. För det första påverkar olika ETO‑miljöer i grunden S&OP‑
och RFQ‑planering genom totalt åtta hierarkiska kontingensfaktorer, vilket
skapar en iterativ cykel där ett valt processutförande omformar den
organisatoriska kontexten och genererar nya motsägelser. För det andra kräver
ramverk för prestationsmätning anpassning för ML‑implementering i
ETO‑miljöer, med ett dubbelriktat samband mellan mätetal och



teknikanvändning som utmanar traditionella linjära förbättringsmodeller. För
det tredje kan specifika ML‑tekniker adressera SCP‑utmaningar i
ETO‑miljöer, genom en systematisk kartläggning inom områdena
efterfrågeplanering, produktionsplanering, försörjningsstyrning och
lagerstyrning. Därutöver kan specifika ML‑tekniker hantera motsägelser för
förbättrad styrning inom S&OP‑ och RFQ‑planering. För det fjärde kräver
praktisk implementering ett strukturerat och handlingsorienterat ramverk som
adresserar dataintegration, riktade tillämpningar, skalning och system för
kontinuerligt lärande.

Forskningen bidrar teoretiskt genom att vidareutveckla Triple‑A‑ramverket
för ETO‑miljöer, fördjupa tillämpningen av paradoxteori inom SCP samt
utmana etablerade antaganden inom litteraturen om prestationsmätning.
Integrationen av paradox‑ och kontingensteori ger nya insikter i hur
motsägelser och kontextuella faktorer dynamiskt påverkar utformningen av
SCP i ETO‑miljöer.

Ur ett praktiskt perspektiv levererar avhandlingen ett handlingsorienterat
ramverk, propositioner och implementeringsvägledning för företag som
strävar efter att införa ML inom SCP. En framgångsrik implementering kräver
långsiktiga investeringar i datakvalitet, teknisk infrastruktur, organisatoriska
förmågor och mognad inom prestationsmätning, förutsättningar som de
studerade fallen ännu inte fullt ut hade etablerat.

Framtida forskning bör genomföra longitudinella studier av faktiska
ML‑implementationer, validera resultaten över kulturella skillnader mellan
organisationer och tillverkningsmiljöer samt kvantitativt utvärdera
effektiviteten i hantering av motsägelser.

Nyckelord: Sales and Operations Planning, Supply Chain Planning,
Engineer‑to‑order, Maskininlärning, Paradoxteori, Kontingensteori, Triple‑A
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1. Introduction

This chapter provides a brief background describing the context of this thesis
and the related studies. Based on the background, a problem area, the purpose,
and the research objectives are presented. Finally, the scope of the research
and the outline of this thesis are presented.

1.1. Background
Selling and producing goods for businesses and private consumption, have
become increasingly complex in the manufacturing landscape of today.
Products should be customized, efficient, durable, reliable, and sustainable at
a competitive cost (Adrodegari et al., 2015). This evolution places pressure on
manufacturing companies and supply chain designs, requiring them to
navigate uncertain demand, supply chain disruptions, political uncertainties,
financial crises, and growing environmental consciousness while maintaining
operational excellence.

At the heart of this challenge lies Supply Chain Planning (SCP), which
determines whether promises can be kept, and resources optimized (Jonsson
& Holmström, 2016). SCP encompasses strategic, tactical and operational
activities to manage and optimize resources, materials, and information flows,
covering processes such as demand planning, capacity planning, supply
planning, and sales and operations planning (S&OP) (Jonsson & Holmström,
2016). While SCP has evolved over the years, many companies still rely on
traditional planning approaches using experience-based estimates and static
planning tools.

The gap between practice and SCP literature becomes particularly acute in
engineer-to-order (ETO) settings, where each product is uniquely designed to
meet specific customer requirements (Bertrand & Muntslag, 1993). Products
in ETO settings are characterized by complexity, high variability, low volume,
and long lead times (Adrodegari et al., 2015; Zennaro et al., 2019). Unlike
mass-production environments, ETO manufacturers must navigate the
complexity of one-off designs, uncertain lead times, and variable resource
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requirements while promising delivery dates to customers before the full
scope is even defined. Planners find themselves making crucial decisions with
incomplete information, attempting to predict customer demand, resource
needs, material requirements, and delivery times for uniquely configured and
developed products that have never been built before and might never be
produced again, or at all if customers decline offers.

Two tactical planning processes are of particular importance in ETO settings
and form the empirical core of this thesis. The first, request for quotation
(RFQ) planning, which represents the first process step in the order fulfilment
process (Day, 1994). In ETO settings, RFQ planning is generally elevated to
the tactical planning level due to long lead times and management
involvement requirements (Shurrab et al., 2020a) and requires close
integration between sales, engineering, and operations functions (Cannas et
al., 2020). The second is S&OP or, in companies where a formalized S&OP
process is absent, S&OP-like aggregated planning processes through which
tactical planning demand-supply balancing decisions are made (Kristensen &
Jonsson, 2018; Shurrab et al., 2020b). Aggregated planning processes such as
S&OP can be essential for preventing capacity overload in multi-project ETO
settings, sustaining performance, and supporting prioritization across projects
(Shurrab et al., 2020b). The interaction between RFQ planning and S&OP is
a defining feature of tactical SCP in ETO settings. At a portfolio level, S&OP
provides capacity visibility and priority rules that guide individual RFQ
commitments, while RFQ outcomes continuously update the demand signal
on which S&OP decisions depend (Bhalla et al., 2022).

Over recent years, artificial intelligence (AI) tools have become widely
accessible, making the transformative potential of AI increasingly compelling
for manufacturing companies. SCP is fundamentally about prediction,
anticipating future needs, forecasting potential bottlenecks, and providing
decision-makers with actionable insights (Kauffman et al., 2017). ML excels
at identifying patterns and making predictions from variable historical data,
offering capabilities that can significantly enhance human decision-making
(Rai et al., 2021). For companies in ETO settings standing at the threshold of
digital transformation, ML represents not just a technological upgrade but a
strategic imperative to remain competitive in an increasingly demanding
market. ML requires investments in data quality, cross-functional integration,
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and organizational capabilities to translate analytical insights into operational
decision-making and ETO settings presents specific challenges. ML typically
requires large datasets, while ETO environments are characterized by scarce
data volumes due to low production volumes and high customization (Gosling
& Naim, 2009; Willner et al., 2016). The uniqueness of each project reduces
the transferability of insights between orders, creating barriers to
implementing ML applications that typically thrive on large, consistent
datasets (Berawi, 2020). Despite these challenges, there are some rare studies
in ETO settings that have uncovered promising ML benefits, including
improved lead time estimation (Burggraf et al., 2020), cost estimation
(Rapaccini et al., 2022), and production capacity estimations (Mao et al.,
2025).

1.2. Problem Area, Purpose, and Research
Objectives

Despite the recognized potential of ML across various industries and the
mounting pressure on companies in ETO settings to enhance efficiency,
effectiveness, agility, and adaptability through digital transformation ML
deployment remains limited in ETO settings (Bastani et al., 2021; Feng &
Shanthikumar, 2018) which aligns with performed case studies of ML in ETO
settings (Ohlson et al., 2021; Ohlson et al., 2022) but also with other Industry
4.0 technologies (Schulze & Dallasega, 2023). This implementation gap
represents a challenge for both practitioners and researchers where several
interconnected problems contribute to this gap.

First, while research has explored tactical SCP practices such as S&OP and
RFQ planning in make-to-stock (MTS) and make-to-order (MTO) settings,
understanding of how these practices vary across different ETO settings
remains limited (Kreuter et al., 2021; Kristensen & Jonsson, 2018). The
challenges presented by ETO settings, including the need for intensive
customer interaction, significant engineering resources, and tactical-level
planning due to complexity and long lead times, require specialized
approaches for SCP that current literature inadequately addresses (Cannas &
Gosling, 2021). Without this understanding, an attempt to improve or enhance
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SCP practices in ETO settings risks being misaligned with the actual planning
reality.

Second, traditional tactical S&OP frameworks often fail to address the
complexities inherent in ETO settings, where each customer order can
substantially alter production and supply chain setups (Kreuter et al., 2021;
Shurrab et al., 2020b). The dynamic nature of ETO settings characterized by
rising customization demands, expectations for shorter lead times, demand
uncertainty, and supply chain complexity, creates planning paradoxes where
both efficiency and flexibility are simultaneously required (Cannas &
Gosling, 2021).

Third, while cross-functional SCP processes such as S&OP and RFQ planning
naturally reveal tensions and contradictions that must be managed for
effective operations (Smith & Lewis, 2011), the specific manifestation of
these contradictions in these practices in ETO settings and their management
strategies remain poorly understood. These contradictions, such as balancing
standardization with customization and efficiency with flexibility, are
particularly relevant in ETO settings but lack systematic investigation.

Fourth, despite the recognized importance of performance measurement in
driving improvements (Kaplan & Norton, 2009; Neely, 1998), many
companies exhibit low maturity in both SCP practices and performance
measurement frameworks (Jonsson & Holmström, 2016). This creates a
challenge for implementation of ML applications, as the absence of adequate
SCP performance metrics makes it difficult to validate change in SCP
effectiveness and build the trust necessary for adopting the ML application.

Finally, research on ML applications within SCP remains limited and
fragmented, especially in ETO settings where deeper understanding of ML
capabilities is needed (e.g., Cannas & Gosling, 2021; Wyrembek et al., 2025;
Younis et al., 2022). The gap between the theoretical potential of ML and
practical implementation in ETO settings represents both a research
opportunity and a pressing practical challenge for companies seeking to
leverage digital transformation for competitive advantage.



5

Taken together, these five gaps converge on a single underlying challenge.
The field currently lacks the conceptual and practical foundation necessary for
ML adoption in SCP practices in ETO settings. The gaps are not independent,
limited contextual understanding of planning practices in ETO settings makes
existing frameworks inadequate, organizational contradictions go unmanaged,
measurement systems remain immature, and ML research consequently has a
little solid foundation to build on. Addressing this challenge requires a
research approach that builds this foundation systematically, from
understanding the ETO planning context through identifying realistic ML
opportunities and translating them into actionable implementation guidance.
Hence, the purpose with this thesis is to explore how and where ML can enrich
tactical SCP practices such as S&OP and RFQ planning in ETO settings and
thereby building the conceptual and practical guidelines necessary for ML
adoption in these environments. To achieve this purpose, four specific
research objectives guide the investigation:

RO1: To identify how different ETO settings shape S&OP and RFQ planning
and the interaction between them.

This objective responds to the first two gaps by establishing the contextual
foundation the entire thesis rests on. Understanding how ETO settings vary in
their planning demands is a prerequisite for identifying where ML can
realistically contribute. Without this understanding, ML applications risk
being technically sound but practically misaligned with the planning realities
of organizations in ETO settings. Further, RO1 relates to the third gap by
identifying contradictions within S&OP and RFQ practices in different ETO
settings using the paradox theory lens.

RO2: To examine what SCP performance measurement conditions are
required to enable and evaluate ML implementation in ETO settings.

This objective addresses the fourth gap, the measurement maturity gap. Before
ML can be meaningfully implemented, organizations need the measurement
infrastructure to either identify where improvement is needed or to recognize
the impact of implemented ML. This objective therefore treats performance
measurement not as an outcome of ML but as a precondition for it, a
distinction that has practical implications for organizations planning their
digital transformation journey.
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RO3: To identify ML techniques suited to the specific data and planning
characteristics of ETO settings.

This objective addresses the fifth gap, the fragmented state of ML research in
ETO settings where not all ML techniques are equally applicable. This
objective systematically covers the fit between ML capabilities and planning
challenges, and the fit between ML capabilities and contradictions
management in ETO planning, providing the technical dimension of the
foundation the thesis aims to build.

RO4: To develop practical guidelines for implementing ML in S&OP and
RFQ planning in ETO settings.

This objective ensures that the conceptual foundation built through RO1 to
RO3 translates into actionable guidance for practitioners. By connecting
contextual understanding, measurement readiness, and ML technique
selection into implementation-oriented insights, RO4 bridges the gap between
theoretical potential and practical implementation, which is the challenge this
thesis sets out to address.

1.3. Terminological Note about SCP, Tactical
Planning, S&OP and RFQ Planning

This thesis uses several related but distinct planning terminologies, and their
relationship to one another warrants explicit clarification. The conceptual
journey that shaped the terminology reflects the empirical realities
encountered during the research and is therefore worth tracing briefly.

This research began with a focus on Sales and Operations Planning (S&OP)
in ETO settings. However, empirical work quickly revealed that many
companies do not operate a formalized S&OP process, a finding consistent
with Kristensen and Jonsson (2018), who note that all companies make
S&OP-like tactical decisions even in the absence of formal S&OP structures.
Using “S&OP” as the sole framing concept would therefore have excluded
relevant cases and misrepresented actual planning practice. An initial shift
toward the broader term “tactical planning” addressed this, but introduced its
own imprecision that tactical planning and tactical decisions span a wide range
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of organizational activities beyond the supply chain area, and the term does
not adequately signal the supply chain focus of the research. Supply Chain
Planning (SCP) was subsequently adopted as the overarching framing
concept, which better captures the cross-functional, material-flow oriented
nature of the planning activities studied.

The result of this evolution is that the thesis and related papers use these terms
at different levels of generality, and readers will encounter them in different
combinations across chapters and papers. The hierarchy presented in Table 1
describes how they relate to one another and how they are used throughout the
thesis.

This terminological architecture reflects a conceptual tension in ETO planning
research. On the one hand, S&OP is the most widely theorized and
operationalized tactical planning process in the SCP literature (Grimson &
Pyke, 2007; Pereira et al., 2020), making it the natural reference point for this
research. On the other hand, the empirical reality of ETO settings, where
formalized S&OP is frequently absent and planning activities are fragmented
across functions, requires a broader framing capable of encompassing the full
variety of tactical coordination mechanisms in use. The hierarchy in Table 1
is intended to give the reader the tools to navigate this tension as it surfaces in
different parts of the thesis.
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Table 1. Planning terminology hierarchy used in this thesis

1.4. Scope of the Research
This research focuses specifically on SCP practices in ETO settings and the
studies are grounded in companies that operate in ETO settings located mainly
in Sweden but also in Germany, United Kingdom, United States of America
where all cases have a connection to Sweden. The scope encompasses both
current SCP practices and future ML implementation possibilities,

PLANNING TERMINOLOGY HIERARCHY (used in this thesis)

Supply
Chain
Planning
(SCP)

SCP is the broadest is the broadest term and serves as the overarching framing
concept. SCP encompasses strategic, tactical, and operational activities to
manage and optimize resources, materials, and information flows across demand
planning, production planning, supply management, and inventory management
(Jonsson & Holmström, 2016). When this thesis refers to 'SCP,' it refers to this full
scope.

Tactical
SCP

Tactical SCP refers to the medium-term (typically 12–24 month horizon) layer of
SCP, operating at the product or project level to address capacity, inventory,
supply, and demand balancing decisions. This is the primary planning level
addressed in this thesis. When papers refer to "tactical SCP," they refer to
planning at this horizon and level of aggregation,  though the specific processes
examined vary across papers.

Sales and
Operations
Planning
(S&OP), or
S&OP like
processes.

S&OP refers to the formalized, or informally equivalent, cross-functional process
through which tactical demand-supply balancing decisions are made and
integrated across functions. In companies without a formal S&OP process,
equivalent decisions are made through other coordination mechanisms; this thesis
treats these as S&OP-like and includes them in the scope of study. S&OP is the
primary tactical SCP process examined in Papers 1 to 4.

Request for
Quotation
(RFQ
planning)

RFQ planning refers to the pre-order planning activities through which delivery lead
times and costs are estimated based on required capacity, materials,
technologies, and customer specifications. In ETO settings, RFQ planning
operates at the tactical level and is closely intertwined with S&OP. It is examined
alongside S&OP in Papers 1 to 4.

The four
SCP
domains

The four SCP domains of interest (demand planning, production planning, supply
management, and inventory management) represent the full functional breadth of
tactical (and in some cases operational) SCP and are the specific focus of Paper
5 . Paper 5 therefore uses "SCP" and "tactical SCP" in the broadest sense,
whereas Papers 1 to 4 use these terms while empirically focusing on S&OP and
RFQ planning specifically.

Note of
consistency

In oher words, the use of "SCP" or "tactical SCP" in contexts where the empirical
focus is actually on S&OP and RFQ planning, appears across chapters and
papers, it reflects the evolution of the research framing described above. The
reader should interpret "SCP" in the context of Papers 1 to 4 as referring
specifically to S&OP, S&OP-like processes, and RFQ planning and their
interaction, unless the broader four-domain scope is explicitly indicated.
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recognizing that limited actual ML deployment in studied cases necessitates a
combination of empirical observation and theoretical exploration. The
research addresses ML applications relevant to SCP challenges and SCP
contradiction management commonly encountered in ETO settings, including
demand forecasting, resource allocation optimization, lead time estimation,
and cost estimation.

The research is explicitly scoped to ETO settings. While the result may have
relevance for other production settings, such as MTS or MTO, cross-setting
comparisons are outside the scope of this thesis. The work deliberately links
theory and practice by developing actionable insights for ETO practitioners
while contributing to academic knowledge on SCP and ML in complex
manufacturing settings.

1.5. Thesis Outline
To address these RO’s, the thesis draws on complementary theoretical lenses
that reflects the layered nature of the underlying challenge. Improving SCP
practices in ETO settings through ML is not only a technical question of
prediction accuracy, but also an organizational challenge involving
responsiveness, adaptability, and the management of inherent planning
tensions. Accordingly, Chapter 3, Frame of Reference draws on ML literature
alongside the frameworks and theories used across different studies. The
Triple-A framework is used to structure the analysis of tactical SCP
capabilities beyond traditional efficiency and effectiveness considerations,
while paradox theory and contingency theory provide lenses for understanding
how contradictions and contextual conditions shape SCP practices and ML
applicability in ETO settings. These theoretical perspectives are deliberately
employed across different studies within the thesis, with their specific roles
and operationalization explained in detail in the methodology chapter. This
upfront positioning is intended to orient the reader to the theoretical
foundations of the thesis and clarify their relevance to the research objectives,
before detailing how they are applied empirically.

This thesis consists of six chapters and includes, three annexes, and five
appended published papers. Chapter 1, Introduction provides a brief
background to the research area, setting the scene for this study. The problem
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area is then described to define the research gap followed by the purpose and
research objectives for this thesis. Finally, the scope of the research is
described and the outline of the thesis. Chapter 2, Context of the Research is
an important part since the thesis is grounded in practical problems in the Case
company. The chapter is describing ETO and processes related to SCP from a
literature perspective to be able to describe and relate the situation in the
company in which the author is employed, henceforth called the Case
company. Chapter 3, Frame of Reference is presenting the main concepts that
this thesis is built on, starting with a brief description of ML, the Triple A
framework, and finally the paradox and contingency theory. Chapter 4,
Research Method is presenting the research design, the research including the
three performed studies and its relationship to the purpose, research objectives
and the five papers. Research quality and ethical considerations are also a part
of this chapter. This is followed in Chapter 5, Summary of Papers, by a brief
description of the attached papers on which this thesis are built. Chapter 6,
Discussion and Conclusion is finally discussing and concluding this thesis
regarding the ROs, implications, limitations, conclusions, and future research.
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2. Context of the Research

This chapter aims to set the scene for this research from a practical
perspective. Considering that the author has been employed over 40 years at
an industrial global multi-national company, the Case company, which
operates in an ETO setting, the research presented in this thesis stems from
real-world problems. The author was involved when developing the S&OP
process in the Swedish part of the company twenty years ago and has hold
positions related to S&OP ever since. Further, the author is currently working
as a planning specialist in the S&OP-team and is since 2021 an industrial
doctoral student within the industrial graduate school, SMART Industry
Sweden, admitted to Production Systems at the School of Engineering,
Jönköping University. To be able to describe the empirical setting in an
understandable way, ETO and SCP are described from a literature perspective
followed by a case description connected to ETO and SCP.

2.1. Engineer-to-order

2.1.1. Engineer-to-order in Literature

Customization of products and customer-driven production have been seen as
a competitive advantage for years (Amaro et al., 1999; Lampel & Mintzberg,
1996). Using the customer order decoupling point (CODP) (Hoekstra et al.,
1992) where activities upstream CODP typically are performed before the
customer order on speculative and standardized basis and activities after
CODP are connected to known orders and customized according to a customer
specification (Olhager, 2003; Rudberg & Wikner, 2004). The extremes here
are MTS, where the products are standardized, repetitive and often connected
to high-volume, and ETO where order engineering, purchasing and
manufacturing are made after a customer order (Hoekstra et al., 1992;
Olhager, 2003). Figure 1 presents four common positions of CODP according
to Rudberg and Wikner (2004).
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Figure 1. Common positions of customer order decoupling positions
(based on Rudberg & Wikner, 2004)

The challenge in ETO settings stems from uncertainty in demand-driven
information requirements, including order quantities, sales revenue, and
technical specifications (Shurrab et al., 2020a). Unlike standardized
production environments, ETO usually requires customer collaboration
during specification phases and order engineering activities after an order and
before procurement and production can commence (Bertrand & Muntslag,
1993).

Resource allocation in ETO settings presents complexity due to the need to
balance engineering, supplier, and production capacity simultaneously across
multiple projects. This multi-capacity consideration creates complex
dependencies and constraints (Willner et al., 2016) that must be managed
within tactical and operative planning processes. Companies must contend
with difficulties in managing production-driven information requirements
such as product customizability, production capacity flexibility, and process
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quality (Birkie & Trucco, 2016) but also order engineering and supply chain
capacity flexibility (Shurrab et al., 2020a).

ETO products are often associated with attributes such as complex, high
variability, low volume, long lead time (Adrodegari et al., 2015), and
uncertainty (Alfnes et al., 2025). Typical industries in an ETO setting are
construction and capital goods industry (Christensen & Brunoe, 2018; Gosling
& Naim, 2009) and the maritime industry (Mello et al., 2015). Consequently,
ETO can mean different things in different settings and to distinguish the
different ETO settings, Gosling et al. (2017) introduced ETO categories and
ETO subclasses to distinguish from the depth of engineering that is performed
after (or before) an order, see Figure 2.

Figure 2. Engineer-to-order categories and subclasses (based on
Gosling et al., 2017)

Products considered as ETO products may however not be pure ETO where a
complete product is engineered to order (Bäckstrand, 2012). Johnsen and
Hvam (2019) argue that an ETO product may operate across the spectrum with
portions of MTS, MTO and ETO. For example, parts of an ETO product may
be based on configurable standard modules selected according to required
capacity and scale (configure to order) while other components may be
adapted to accommodate site-specific conditions (MTO), while certain aspects
may necessitate entirely new non-standard engineering solutions to fulfill
unique customer requirements (ETO). These portions might differ between
products but also between different projects with the same product.
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2.1.2. Engineer-to-order in the Case Company

The Case company operates in an ETO setting where the products are highly
complex, and each project is customized where a portion of the products are
engineered to order based on customer specifications. However, the other
portion of the product is well defined and standardized and categorized as
either MTS (material procured and produced on speculation before a customer
order, often due to long lead times) or MTO (configurations according to
customer specification procured and produced with already existing parts,
materials and bill-of-materials after a customer order).

The Case company produces complex and customized, high-value products
with long lead and delivery time. The set-up for new deliveries is project-
oriented, executing up to thirty projects a year with an annual volume of 80+
units distributed over five products. The project is built on ETO- MTO- and
MTS-portions with an in-house assembly before transporting to the customer.
The MTS and MTO-portions include own manufacturing while the ETO-
portion only relates to purchasing of components before going to assembly.
The ETO-portion can be separated into the subclasses Parts, Outline and
Integrate according to Figure 2. Figure 3 is schematically presenting how the
MTS-, MTO- and ETO-portions (including ETO sub-classes) of a typical
product builds up to a customized product according to customer specification
from a value and time perspective for the Case company.

The amount of order engineering hours in projects can differ from 6.000 hrs
to 20.000 depending on the degree of customization, which indicates that the
split between ETO-portion sub-classes can differ from project to project as
well as the ETO value portion compared to the MTS and MTO portions.
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Figure 3. Typical product build-up from a time and MTS- MTO- and
ETO- value portion perspective for the Case company

2.2. Supply Chain Planning

2.2.1. Supply Chain Planning in Literature

SCP includes strategic, tactical, and operational decisions that coordinate the
flow of materials, information, and financial resources across supply chain
networks (Jonsson & Holmström, 2016). This hierarchical planning structure
operates across these three levels, each with different time horizons and
decision scopes. Strategic SCP operates annually with a three-to-five-year
horizon, focusing on product families around decisions such as facility
locations and supplier selections (Jonsson & Mattsson, 2009). Tactical SCP
functions operate monthly with a 12-24 month perspective, concentrating on
products, inventory levels, and production planning to address medium-term
operational requirements (Jonsson & Mattsson, 2009). Operational SCP
involves continuous daily or weekly scheduling activities at a component level
for immediate planning needs (Hans et al., 2007).
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Modern SCP emphasizes hierarchical planning structures that cascade from
strategic to operational levels while maintaining coherence across different
planning horizons (Pereira et al., 2020). SCP typically incorporate core
processes such as demand planning, capacity planning, production planning,
supply planning, and network planning where all or some of these processes
can be coordinated through integrated processes such as S&OP.

In practice, planning is rarely a one-time activity. Rather, it is performed
iteratively using previous and forecast data between different connected
functions, and hierarchically with aggregate plans developed at the tactical
level and progressively refined into detailed operational schedules following
a rolling-wave approach (de Leon, 2011; Pender, 2001). More recent research
highlights the limitations of purely deterministic planning approaches,
particularly for large and complex projects characterized by uncertainty,
overlapping activities, and dynamic execution environments. Consequently,
project planning increasingly integrates probabilistic methods, risk analysis,
and resource buffering strategies to enhance schedule robustness and decision
quality (Herroelen, 2005; Pellerin & Perrier, 2018). This evolution reflects a
broader shift from static scheduling toward integrated planning approaches
that explicitly consider uncertainty, resource constraints, and the need for
continuous plan adaptation throughout the project life cycle.

S&OP is a tactical planning framework aiming at managing uncertainty and
trade-offs to produce executable plans that balance supply and demand
(Wallace & Stahl, 2008). Operating typically on monthly cycles, S&OP
addresses medium-term horizons of 12–24 months and focuses on products,
inventory, and production planning (Shurrab et al., 2020b). Its central purpose
is to reconcile conflicting functional objectives such as sales’ need for
responsiveness, operations’ pursuit of stability and efficiency, and finance’s
demand for predictability and low capital intensity (Wallace & Stahl, 2008).
As these objectives cannot be fully satisfied simultaneously, S&OP relies on
negotiated compromises rather than functional optimization. Extensive
research has examined S&OP, identifying coordination mechanisms
(Tuomikangas & Kaipia, 2014) and proposing maturity models that describe
evolutionary stages of implementation and effectiveness. Influential
frameworks, such as those by (Grimson & Pyke, 2007) and (Danese et al.,
2017), outline progression from basic functional alignment to highly
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integrated, analytically advanced, and strategically aligned processes. The
S&OP Integration Framework (Grimson & Pyke, 2007) presents a S&OP
maturity model moving from stage 1 to 5 in five different areas related to
Measurement, Meetings and collaborations, Information technology and
S&OP plan integration, and finally Organization. Practitioner-oriented
handbooks (e.g., Wallace & Stahl, 2008) emphasize executive sponsorship,
cross-functional collaboration, high-quality data, and continuous
improvement. Empirical studies link S&OP to improved operational and
financial performance and enhanced organizational coordination (Thomé et
al., 2012). However, research also shows that effective S&OP design must
align with organizational context, as no single configuration is universally
optimal (Donaldson, 2001; Ivert et al., 2015).

Performance measurement is central to evaluating and improving SCP
practices, translating strategic objectives into actionable metrics. Building on
established frameworks such as the Balanced Scorecard (Kaplan & Norton,
2009) and the supply chain operations model (Supply-Chain-Council, 2017),
effective SCP measurement must be comprehensive, aligned across functions
and strategy, comparable across financial and non‑financial dimensions, and
limited to a focused set of decision‑relevant indicators. Following Neely
(1998), SCP performance can be assessed along the two key dimensions
effectiveness and efficiency. Effectiveness reflects how well customer and
business requirements are met, while efficiency captures the effort and
resources required to achieve those outcomes. Within SCP, S&OP provides a
structured context for evaluating both dimensions presented by  Hulthén et al.
(2016), the S&OP performance measurement framework. S&OP effectiveness
is reflected in demand and supply plan quality, delivery performance,
inventory outcomes, and cross‑functional trade‑offs, while efficiency relates
to the quality of planning routines, data availability, organizational
coordination, and decision-making capabilities. Measuring both process
execution and planning outcomes enables organizations to identify
improvement areas and balance customer fulfillment with internal resource
efficiency.

In project-oriented companies, project planning is a core function of project
management and constitutes the foundation for effective project execution and
control. It encompasses a set of interrelated decision-making activities aiming
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at structuring the project, sequencing work, allocating resources, and
anticipating risks in order to achieve project objectives within given time, cost,
and performance constraints (Hazır, 2015; PMI, 2021). Traditionally, project
planning has been closely associated with the development of deterministic
schedules using network-based representations, such as Work Breakdown
Structures (WBS), Gantt charts, the Critical Path Method, and the Program
Evaluation and Review Technique (Pellerin & Perrier, 2018).

Resource allocation in ETO settings presents complexity due to the need to
balance engineering, supplier, and production capacity simultaneously across
multiple projects. This multi-capacity consideration creates complex
dependencies and constraints (Willner et al., 2016) that should be managed
within tactical and operative planning processes.

A critical aspect of planning in ETO settings involves RFQ planning, which
represent the interface between customer requirements and operational
capabilities. RFQ planning includes pre-order activities where delivery lead
times and costs are estimated based on required capacity, materials,
technologies, and customer specifications, representing part of the order
fulfilment process's first step (Day, 1994). The complexity of RFQ planning
varies significantly across manufacturing environments. In MTO and
assembly-to-order (ATO) settings, RFQ planning is relatively straightforward,
relying on standardized configurations and established routings that enable
systematic response procedures and reliable lead time estimations (Olhager,
2003; Stevenson et al., 2005). MTO and ATO settings benefit from structured
quotation systems with predetermined cost structures, focusing primarily on
capacity verification and standard cost calculations (Hendry & Kingsman,
1993; Kalantari et al., 2011). Hence, the complexities in ETO settings makes
RFQ planning a tactical rather than operational process (Carvalho et al., 2015).

Available-to-Promise (ATP) and Capable-to-Promise (CTP) are key concepts
in RFQ planning and order promising, particularly in capacity-constrained
manufacturing environments. ATP refers to the portion of on-hand inventory
and planned production that is not yet committed to existing orders and can
therefore be used to satisfy new customer demand (Higgins et al., 1996; Kilger
& Meyr, 2014). Traditional ATP logic is primarily material-oriented and
assumes that sufficient production capacity exists to fulfil promised orders.
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CTP extends ATP by explicitly incorporating finite capacity constraints into
the order promising process. In addition to checking material availability, CTP
evaluates whether sufficient production capacity is available to manufacture
or assemble the required components within the requested time frame
(Rudberg & Wikner, 2004). This makes CTP particularly relevant in
make-to-order and assemble-to-order settings, where delivery reliability
depends on both material and capacity feasibility. Advanced Planning
Systems (APS) increasingly integrate ATP and CTP with customer
segmentation and allocation planning to support reliable delivery promises
while improving overall profitability and resource utilization (Cederborg &
Rudberg, 2009; Kilger et al., 2008). In ETO settings traditional ATP has
limited applicability in pure ETO settings, since finished goods and even
standard components are typically not available at the time of order entry. CTP
is therefore a more appropriate tool in ETO. To be efficient in ETO, CTP
calculations must account for engineering lead times, dynamic bills of
materials, and resource availability across critical bottlenecks, making the
order promise inherently capacity- and time-driven.

2.2.2. Supply Chain Planning in the Case Company

The planning landscape at the Case company is complex considering the
hybrid product. The Case company implemented S&OP twenty years ago and
the MTS and MTO-portion of the product has always been managed via
S&OP, making decisions on the delivery ability for these parts considering
manufacturing and supplier capacity, critical components lead times,
inventory levels. Several attempts to include the ETO-portion into S&OP have
been made and the recent years the ETO-portion has been a part of S&OP
considering order engineering capacity. While S&OP focus on product family
output in number of units, engineering since number of projects are more
relevant for order engineering. There is a continuous challenge to relate output
volume with number of projects for forecasted volume in an understandable
way. According to the S&OP Integration Framework (Grimson & Pyke,
2007), the case company has a self-rated S&OP maturity as follows: stage 2
in Measurement, stage 3 in Meetings and Collaborations, Information
Technology and S&OP Plan Integration, and stage 4 in Organization.
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RFQ planning has been successfully incorporated into the S&OP-team at the
Case company who serve as coordinators for RFQ’s involving result from
S&OP and project specific deviations from standard regarding capacity and
lead time involving order engineering and quality specialists. A rough time
schedule is produced per RFQ that serve as a starting point once an order is
won. When an order is won, the S&OP-team formally transfers the planning
responsibility to the customer project and a project plan is set up via WBS,
considering relationships between different order engineering functions and
milestones for ordering customer specific material. The order engineering and
quality functions have the responsibility to man all customer projects and
report monthly report remaining work for each of the projects. Each project is
monitoring their progress and deviations from plan regarding time and cost.
A customer project is active from the customer order to the warranty period
starts after erection and commissioning at customer site. The duration for a
project might exceed two years so there are usually many active projects in
various stages simultaneously.

For complex products with around five thousand different materials and with
multi-level bill of materials, the use of ATP has not been easily used. Partly
since the existing processes does not allow to use ATP as configured in the
enterprise resource planning (ERP) system and partly since the long lead times
and amount of all known and unknown materials in the RFQ planning phase
are too many. The Case company does not have an existing CTP tool, however
some of the identified bottlenecks are used in the RFQ planning together with
rough planning rules along with meetings with specific functional expertise
roles to compensate for this.

The MTS and MTO-portion of the product is managed in a more traditional
way. The ERP system handle procurement and manufacturing based on the
monthly decided S&OP plan, where most articles are requirement-driven,
rather than consumption-driven. Detailed planning is managed by material
planners and the overall capacity in manufacturing is managed via capacity
planners. After-market volumes are managed in the same supply chain as for
new units which is also considered in the S&OP process and consequently via
the material and capacity planners. The set-up of the manufacturing facilities
is functional, i.e., product lines or strict material flows are rare, due to low
volume. Assembly is where all material flows, except after-market
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components, are compiled and assembly planners determine where and when
to start an assembly. Due to lumpy and heavy products, each unit is assembled
in one assembly pit from start to finish.

2.3. Overall Planning Situation in the Case
Company

Both on tactical and operational planning levels the main planning tool is the
ERP system with possibilities to transfer data to business intelligence (BI)
tools for visualization and to some extent analysis. However, Microsoft Excel
is a commonly used tool. Generally, none of the planning functions have
sophisticated tools such as optimization tools or prediction tools or
applications such as ML. The Case company has an outspoken strategic
direction to improve planning in general, overcome vertical and horizontal
disconnects, develop prediction tools in several SCP areas to become more
efficient, effective, agile, and adaptable. When severe operative supply chain
disturbances are identified, task forces are initiated with cross-functional
attendance and priority systems to bridge the challenges in a project-oriented
organization.

Most metrics related to planning are reactive in the Case company. Table 2
present different metrics used in the Case company regarding S&OP, RFQ
planning, Project and overall related to planning (other metrics covers e.g.,
cost build up, contractual project specific milestones per project).

Ohlson et al. (2022) identified challenges and tasks in the case company
connected to the S&OP process where ML could enhance the process. As a
result of the identified tasks, two projects were initiated to explore the
development of ML applications related to a “second opinion order intake
forecast” and “order engineering capacity requirement predictions”. These
projects have so far not resulted in any deployed ML applications but have
been especially important from a learning perspective. Hence, no ML
applications are currently deployed, nor within S&OP nor in any SCP area in
the Case company. Scarce data and data quality issues are some of the reasons
but also directions how to implement ML applications and how to build trust
for these applications.
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Table 2. Planning related measurements in the Case company

Area Measurement
S&OP  12 month rolling order intake

 Unallocated units
 Fill-rate, units
 Unit booking ratio
 Demand fulfillment ratio
 Total product lead time
 S&OP process milestone fulfillment

RFQ
planning

 Answering time fulfillment
 RFQ competition metric

Project  Project start on time
 Project milestone fulfillment
 Order engineering hours left per project

Other
planning
metrics

 Outbound on-time delivery
 Inbound on-time delivery
 Service level (inbound material to production

start)
 Assembly-start on time

Even though a willingness and strategic direction in the Case company to
improve planning processes there is a gap between literature and practical
implementation and use in the Case company, which aligns with Jonsson and
Holmström (2016), who states that high-maturity SCP practices that are
generally applicable across different contexts remain elusive in practice,
indicating the need for context-specific approaches. They continue to
conclude that the SCP research must be more relevant for practice and include
data-driven solutions. Here advanced and industry 4.0 technologies plays a
key role (Schlegel et al., 2021; Sengupta & Dreyer, 2023). Hence, the planning
situation in the Case company is the main driving force for performing the
studies presented in this thesis. With the experience the author holds,
especially related to S&OP and tactical planning, this will be the focus area
for this thesis.
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3. Frame of Reference

This frame of reference establishes the conceptual foundation for the studies
performed by bringing together literature on ML and complementary
theoretical perspectives used to examine SCP in ETO settings. Given the
complexity, uncertainty, and customization inherent in ETO settings,
understanding how ML can enhance SCP requires not only a technological
perspective, but also analytical lenses that capture development, contextual
conditions, and inherent tensions in planning practices. Accordingly, the
chapter is structured around ML, the Triple-A framework, paradox theory, and
contingency theory.

ML literature is used to introduce relevant techniques and typical applications
areas of SCP, providing a background for discussing organizational and
contextual conditions for ML implementation in ETO settings. The Triple‑A
framework (agility, adaptability, and alignment) is used to structure the
analysis of tactical SCP capabilities beyond traditional efficiency and
effectiveness considerations, offering a broader view of performance and
responsiveness. Paradox theory contributes a lens for understanding how
persistent contradictions and competing demands shape SCP practices and
influence the applicability of ML in ETO contexts. Contingency theory, in
turn, emphasizes the role of situational and contextual factors, highlighting
that the effectiveness of SCP practices and ML solutions depends on
organizational, environmental, and operational conditions.

These frameworks and theories are deliberately employed across the different
studies included in the thesis. While their specific roles and operationalization
vary depending on the study focus, together they provide a coherent
conceptual foundation for analyzing how ML can enhance SCP practices in
ETO settings.
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3.1. Machine Learning

3.1.1. Machine Learning Techniques and Applications

ML represents a subset of AI focusing on developing algorithms that improve
performance through experience and data analysis (Mitchell, 1997). As a
multidisciplinary field drawing from statistics, mathematics, and information
theory, ML provides methodological foundations for creating intelligent
systems capable of handling complex, data-driven applications.

ML is commonly categorized into three primary approaches. Supervised
learning trains on labelled data with known outputs, making it suitable for
predictive tasks such as demand forecasting, lead time prediction, and risk
assessment. Unsupervised learning discovers patterns in unlabelled data
(Russell & Norvig, 2010), supporting applications like customer
segmentation, anomaly detection, and clustering analysis (Alpaydin, 2020).
Reinforcement learning involves agents learning through environmental
interactions, receiving rewards or penalties based on actions, making it
applicable for optimization tasks like inventory management and resource
allocation (Sutton & Barto, 2018).

Within supply chain, ML applications can be used in multiple functional areas
such as demand forecasting, sales forecasting, and risk assessment.
Classification and pattern recognition enable customer segmentation and
anomaly detection in business processes. Genetic algorithms and particle
swarm optimization can be used for supply chain efficiency improvements
(Soni et al., 2019), inventory management, and route optimization (Qi et al.,
2023). Clustering and segmentation techniques support market analysis and
customer behaviour understanding (Zhu et al., 2021).

For ETO settings specifically, ML offers promising but rare approaches to
manage high variability and uncertainty, despite typically requiring large
datasets that may be scarce in project-based environments. ML techniques can
potentially improve cost estimation accuracy (Rapaccini et al., 2022), lead
time predictions by learning from historical project data (Burggraf et al.,
2020), and production capacity estimations (Mao et al., 2025) by
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demonstrating that well‑designed ML artefacts can feasibly and reliably
support early production capacity planning in ETO manufacturing contexts.

When integrated with existing SCP practices, ML techniques have the
potential to support more responsive and adaptive planning approaches,
particularly in environments characterized by variability and uncertainty such
as ETO settings. At the same time, realizing this potential depends on
organizational readiness and appropriate implementation conditions, which
are addressed in the following section.

3.1.2. ML Implementation in Organizational Contexts

Beyond technical feasibility, ML implementation in SCP is associated with
organizational challenges (e.g., Cannas & Gosling, 2021; Wyrembek et al.,
2025; Younis et al., 2022). Prior research highlights persistent issues related
to data quality, digital infrastructure, skills development, and organizational
culture (Kache & Seuring, 2017). Addressing these challenges requires more
than access to ML techniques. It necessitates robust data governance
arrangements, the development of analytical and application area‑specific
capabilities, and organizational cultures that support experimentation and
learning (Tiwari et al., 2018; Waller & Fawcett, 2013).

Dynamic capabilities theory Teece et al. (1997) argues that competitive
advantage stems from the ability in an organization to sense opportunities,
seize them through investment, and reconfigure resources over time. Applied
to ML, this implies that effective deployment is itself an organizational
capability rather than a direct outcome of technology access. In SCP practices,
sensing involves identifying planning problems suitable for ML and related
prerequisites. The knowledge management literature complements this view.
Nonaka (1994) distinguish between explicit and tacit knowledge, the latter
being embedded in experience and practice. In ETO SCP, critical planning
knowledge is often tacit and context‑specific. Effective ML implementation
therefore depends on organizational mechanisms, such as cross‑functional
teams and structured learning routines, which convert tacit planning
knowledge into forms usable by ML models. This conversion is a prerequisite,
not a by‑product, of deployment. The resource‑based view (Barney,
1991)further explains why such investments matter strategically. Integrated
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ETO data infrastructures and engineering-SCP collaboration capabilities are
valuable, rare, difficult to imitate, and not substitutable by technology alone.
Capability‑building must therefore precede ML deployment.

Even when ML capabilities are technically available and organizationally
enabled, adoption is not guaranteed. The Technology Acceptance Model,
introduced by Davis (1989), identifies two primary determinants of
technology adoption: perceived usefulness, the degree to which a person
believes that using the technology will improve their performance, and
perceived ease of use, the degree to which the technology is judged to require
minimal effort. In the context of ML-supported planning, perceived usefulness
depends heavily on whether the ML application addresses a planning problem
that practitioners experience as significant. This has a direct implication for
implementation sequencing. Early ML applications should target well-
recognised planning pain points where the value of improved accuracy or
speed is immediately visible to the planner, rather than starting with
sophisticated applications whose benefits are indirect or long-term.

Trust is widely recognised as a critical prerequisite for successful ML
adoption in organizational processes (Siau & Wang, 2018). Prior research
highlights that trust in ML extends beyond technical performance to include
cognitive and emotional dimensions, shaped by transparency, reliability,
purpose, and perceived control (Glikson & Woolley, 2020; Mayer et al., 1995;
Siau & Wang, 2018). Trust theory in technology adoption (Mcknight et al.,
2011; McKnight et al., 1998) suggests that initial trust in a new technology is
cognitive, based on structural assurance and perceived competence, rather
than experience-based. Building on this, Ohlson and Mohlin (2023) show that
trust in ML should be understood as an integrated construct encompassing
trust in the technology, trust in the existing process, and trust in their
interaction. Their findings emphasise the dynamic nature of trust, evolving
from initial trust, influenced by attitudes, perceived control, and expectations,
to continuous trust, grounded in demonstrated performance, understanding,
and organizational learning. This aligns with calls to view ML trust as
contextual, longitudinal, and socially embedded rather than a static property
of algorithms alone (Ferrario et al., 2020; Lockey et al., 2021). The ability to
appropriately calibrate human reliance on ML recommendations such as
decision support has gained academic interest. Neither over-trusting
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(automation bias) nor under-trusting (algorithm aversion) is desirable.
Dietvorst et al. (2015) shows that human experts tend to abandon algorithmic
forecasts (algorithm aversion) after observing single errors, even when the
algorithmic outperforms human judgements on average. Hence, trust is a
complex area connected to ML which require thorough attention when
implementing ML.

Successful pilots do not guarantee organizational adoption (Schulze &
Dallasega, 2023). The diffusion theory (Rogers et al., 2014) highlights
adoption barriers relevant to ML in ETO SCP, including low compatibility
with experience‑based planning, high technical and organizational
complexity, and limited observability of incremental performance gains.
Scaling thus requires governance structures that legitimize ML outputs,
performance metrics that make benefits visible, and leadership commitment.
Ambidexterity theory (O'Reilly III & Tushman, 2013) adds that organizations
must simultaneously exploit proven ML applications and explore new ones,
an enduring tension consistent with paradox theory (Smith & Lewis, 2011).

Long‑term ML value depends on organizational learning. Single‑loop learning
aligns with model retraining, while double‑loop learning involves reassessing
problem formulations as contexts change (Argyris & Schön, 1997). In ETO
settings, where projects and requirements evolve, double‑loop learning is
essential. The learning organization perspective (Senge, 2006) underscores
the need for mechanisms that retain and transfer knowledge across projects,
something standard ML methodologies such as CRISP‑DM (Wirth & Hipp,
2000) do not address. Without such mechanisms, ML cannot generate
cumulative value over time.

3.2. Triple-A Supply Chain Framework
The Triple-A supply chain framework, originally introduced by Lee (2004)
and subsequently revisited in later work, the framework challenges the
dominant emphasis on efficiency and cost reduction by arguing that
sustainable competitive advantage arises from balancing responsiveness,
structural flexibility, and coordinated incentives across the supply chain (Lee,
2004, 2021). The framework posits that superior supply chain performance
depends on the simultaneous orchestration of agility, adaptability, and
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alignment. Recent systematic literature reviews demonstrate that agility,
adaptability, and alignment represent distinct but interrelated capabilities
rather than independent constructs (Feizabadi et al., 2019). Agility addresses
short-term responsiveness to demand and supply disruptions and is enabled
by flexibility, speed, visibility, and information integration (Gligor &
Holcomb, 2014; Swafford et al., 2006). Adaptability, in contrast, focuses on
longer-term structural adjustments to market shifts, such as changes in
demand patterns, technologies, or global sourcing configurations, and is
closely linked to flexibility, visibility, and process integration (Christopher et
al., 2011; Feizabadi et al., 2019). Alignment refers to the coordination of
incentives, objectives, and decision rights across supply chain partners to
optimize overall system performance rather than local outcomes (Narayanan
& Raman, 2004; Wong et al., 2012).

Importantly, Feizabadi et al. (2019) show that alignment plays a central,
integrative role within the Triple-A framework, sharing antecedents and
consequences with both agility and adaptability. Their synthesis, grounded in
resource orchestration theory, highlights that sustainable competitive
advantage emerges not from excelling in a single “A,” but from deliberately
integrating all three capabilities. Empirical studies further support this view
by linking Triple-A capabilities to improved operational, financial,
innovation, and customer-value performance (Dubey et al., 2018; Dwayne
Whitten et al., 2012).

While the Triple-A framework is not originally developed specifically for
ETO settings, its underlying capabilities align closely with the structural
characteristics of ETO, such as high customization, complexity, long lead
times, and cross-functional interdependence (Feizabadi et al., 2019; Lee,
2004, 2021). Empirical ETO research further highlights the critical role of
agility, adaptability, and alignment in managing RFQ and S&OP planning
under uncertainty (Brabrand et al., 2021; Meechang et al., 2025; Shurrab et
al., 2022).

Taken together, the Triple-A framework helps explain how ETO
organizations can cope with inherent complexity and uncertainty. Agility
supports short-term responsiveness, adaptability enables structural evolution,
and alignment ensures coherent decision-making across functions. However,
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alignment is a central challenge in ETO due to the strong interdependence
between functions with different objectives and incentives. Rather than
eliminating the fundamental tensions of ETO, Triple-A capabilities provide
the means to manage them more effectively within integrated S&OP and RFQ
planning processes.

Recent research has increasingly linked digitalization and advanced analytics
to organizational agility and adaptability in supply chain contexts (Mak &
Max Shen, 2020; Sengupta & Dreyer, 2023). From a Triple‑A perspective,
ML can be viewed as an enabling mechanism that supports faster sensing of
demand and capacity signals, improved responsiveness in planning, and
enhanced adaptation to changing conditions. In ETO settings, where
uncertainty and variability are inherent, such capabilities are particularly
relevant. However, ML does not inherently generate agility or adaptability; its
contribution depends on how ML applications are integrated into existing SCP
practices and decision processes.

3.3. Paradox Theory
Organizations are inherently characterized by the coexistence of competing
demands, objectives, and requirements that cannot be fully eliminated but
must instead be navigated over time. Traditional management approaches
often frame such contradictions as problems to be resolved through an
“either/or” logic, implying that one alternative must be chosen at the expense
of another. In contrast, paradox theory advances a “both/and” perspective,
emphasizing the simultaneous presence and ongoing management of
contradictory elements (Smith et al., 2016). From this viewpoint,
contradictions are not anomalies but enduring features of organizational life.

Paradox theory conceptualizes paradoxes as “contradictory yet interrelated
elements that exist simultaneously and persist over time” (Smith & Lewis,
2011, p. 382). Smith and Lewis (2011) define three characteristics to
distinguish paradoxes. First, they are contradictory, involving tensions
between demands that appear mutually exclusive, such that the pursuit of one
seems to hinder the other. Second, they are interrelated, as the opposing
elements are embedded within the same system and influence each other,
making it impossible to address them independently. Third, paradoxes are
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persistent, meaning they do not disappear through short-term solutions but
instead require continuous attention and management.

Unaddressed or poorly managed paradoxical tensions can lead to
organizational dysfunction, conflict, and inefficiency. However, when
approached constructively, these tensions can also become sources of
adaptability, innovation, and learning. Paradox theory therefore shifts the
managerial focus from eliminating contradictions to developing the capability
to live with and leverage them productively. Smith and Lewis (2011) describe
this approach as a dynamic equilibrium, in which organizations continuously
balance competing forces rather than seeking permanent resolution.

Within this dynamic equilibrium model, four broad strategies for paradox
management are identified (Smith & Lewis, 2011, p. 385). Acceptance
involves acknowledging and sustaining contradictory demands while
recognizing the value of both poles. Spatial separation allocates opposing
elements across different organizational units or roles. Temporal separation
addresses tensions sequentially by emphasizing one pole at a time before
shifting attention. Synthesis seeks integrative solutions that reconcile
opposing demands into a higher-order understanding.

Smith and Lewis (2011) further categorize organizational paradoxes into four
overarching types. Performing paradoxes concern tensions between
competing goals, such as short-term efficiency versus long-term effectiveness.
Organizing paradoxes relate to contradictions between standardization and
local adaptation. Belonging paradoxes emerge from tensions between
individual identity and collective affiliation, while learning paradoxes reflect
the tension between exploiting existing knowledge and exploring new
capabilities.

In operations and planning contexts, paradoxes are particularly visible.
Examples include the tension between delivery reliability and inventory levels
in S&OP (Wallace & Stahl, 2008), or the challenge of estimating costs and
lead times in ETO settings without finalized specifications (Adler et al., 1999).
Similarly, the balance between standardization and customization remains a
persistent paradox even in highly customized production settings (Johnsen &
Hvam, 2019; Mello et al., 2015; Wikner & Bäckstrand, 2018).
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3.4. Contingency Theory
Contingency theory provides a foundational perspective for understanding
how organizational effectiveness depends on the alignment between
contextual conditions and organizational design choices. Rather than
assuming the existence of universally optimal practices, contingency theory
argues that appropriate structures, processes, and practices are contingent
upon situational factors (Lawrence & Lorsch, 1967). This perspective has
been widely applied in operations and supply chain management to examine
organizations, functions, and processes across varying contexts (Sousa &
Voss, 2008; Van de Ven & Delbecq, 1974).

The theory is structured around four central concepts: contingency factors,
organizational design, effectiveness, and fit (Tushman & Nadler, 1978).
Contingency factors refer to contextual variables that shape the
appropriateness of organizational responses. These include environmental and
structural characteristics such as task uncertainty, task interdependence, and
organizational size (Donaldson, 2001), as well as national context, firm size,
strategic orientation, and cultural conditions (Sousa & Voss, 2008). In
planning and operations contexts, relevant contingency factors may include
production strategy (e.g., MTO or ETO, product complexity and
customization, market characteristics, organizational capabilities, and
technological maturity.

Organizational design, sometimes referred to as the response variable,
captures how an organization structures and coordinates its activities.
Originally conceptualized through the dimensions of differentiation and
integration (Lawrence & Lorsch, 1967), organizational design has since been
extended to include operational practices such as planning methods,
information system implementations, and supply chain configurations
(Tenhiälä, 2011; Tenhiälä & Helkiö, 2015). In this context, practices such as
S&OP and RFQ planning can be viewed as key elements of organizational
design.

Effectiveness relates to how well organizational objectives are achieved and
can be conceptualized across multiple dimensions, including operational
performance (e.g., quality, delivery, flexibility), financial outcomes, and
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innovation or learning (Donaldson, 2001). Within complex production
environments, effectiveness may be reflected in the organization’s ability to
make reliable commitments, manage competing demands, and coordinate
planning processes across functions.

At the core of contingency theory lies the concept of fit, defined as the degree
of alignment between contingency factors and organizational design. A
central proposition is that better fit leads to higher effectiveness, whereas
misalignment results in inferior performance (Donaldson, 2001). Fit has been
conceptualized in multiple ways, including matching, moderation, mediation,
gestalts, and systems perspectives (Drazin & Van de Ven, 1985;
Venkatraman, 1989). This study primarily adopts fit as matching,
emphasizing consistency between contextual conditions and practices, and fit
as gestalts, which views organizational effectiveness as emerging from
internally coherent configurations of multiple variables.
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4. Research Method

4.1. Research Design
The purpose of this thesis (see Chapter 1.2) was to explore and justify how
and where ML can enrich tactical SCP practices such as S&OP and RFQ
planning in ETO settings. To respond to the ROs developed from the purpose,
three separate studies (D, E, and F) were initiated and conducted between
January 2024 and October 2025, see Figure 4. These studies are a continuation
of the three studies presented in the author’s Licentiate thesis. The resulting
papers of Studies D, E and F shall however be seen as a complement to the
papers in the licentiate thesis rather than a continuation. While the studies in
the licentiate focused on S&OP in ETO settings, as the main planning concept
in the Case company, the studies in this dissertation expand to include the
RFQ planning process and the interrelation between the two processes. The
research design for the licentiate and the doctoral (PhD) studies, the resulting
papers and their connection to the ROs, and eventually the overall purpose of
the Licentiate and the PhD studies are presented in Figure 5.

Figure 4. Scheduling of Studies D, E and F
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Figure 5. Research design from Licentiate to PhD
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Study D was inspired by Study A, a brief literature review on the use of AI
related to S&OP, and Study B, a case study in the Case company related to
challenges in their S&OP process to identify potential tasks for ML. Instead
of identifying challenges that hindered process speed (process efficiency) or
process output quality (process effectiveness), Study D focused on ML to
improve SCP agility and adaptability in a broader sense than just tactical SCP,
namely demand planning, production planning, supply management, and
inventory management. The reason for this was to increase the possibility to
find SCP areas with deployed or planned ML applications. Agility and
adaptability represent part of the Triple-A framework, where alignment
represent the third A, but alignment was intentionally excluded from the study
since agility and adaptability were areas where ML was the most likely to be
used or intended to be used.

Not all companies orchestrate formalized S&OP processes, yet all companies
must make S&OP-like tactical decisions (Kristensen & Jonsson, 2018;
Shurrab et al., 2020b), while RFQ planning is a central process, especially in
ETO settings. Therefore, Study E was set to explore how different companies
in ETO settings managed S&OP or S&OP-like processes together with RFQ
planning. Instead of a challenge focus as in Studies B and D, experienced
contradictions were chosen to be in focus by using the paradox framework.
To distinguish contextual differences, contingency theory was also chosen to
be used in Study E. The study also investigated how they used or intended to
use ML to improve management of the experienced contradictions.

Metrics are required to evaluate a process when implementing ML to improve
the process. Study F was introduced to distinguish how to relate to metrics
when introducing ML in SCP processes in ETO settings. As Jonsson and
Holmström (2016) states, companies with a high SCP maturity is hard to find
and metrics used to evaluate planning efficiency and effectiveness vary
significantly across organizations, with some employing comprehensive
metrics frameworks while others rely on limited performance indicators
(Hulthén et al., 2016; Pedroso et al., 2016).

The studies complement each other where Study D focused on different SCP
processes, their challenges, and possibilities to use ML to improve agility and
adaptability. Study E focused on two tactical SCP practices, S&OP and RFQ
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planning and their interrelation with paradox theory and contingency theory
lenses and the possible use of ML. Finally, Study F was intended to bridge
SCP practices in ETO settings and to explore how to evaluate deployed or
planned ML implementations. The findings in Studies D and E align with the
notion that the metrics maturity is generally weak (Jonsson & Holmström,
2016), which further justify Study F.

This research set out to explore tactical SCP practices in ETO settings and the
use of ML and how it impacted the SCP practices in the companies. However,
a striking finding emerged across all studied cases. Despite organizational
pressure to improve, identified challenges and contradictions, and ongoing
discussions about digital transformation, no concrete ML applications had
been implemented or deployed in SCP practices even though there were ML
applications in other organizational areas. Hence, the direction of the research
was somewhat re-directed along the way to explore the challenges and
underlying causes of this scarce use of ML.

4.2. Research Process, Research Quality and
Ethical Considerations

The research process, the research quality and the ethical considerations for
each of the three studies presented in this dissertation, Studies D, E and F, see
Figure 5, are presented separately below.

4.2.1. Study D

Study D, named “Explore how ML can enhance agility and adaptability in
ETO settings through SCP practices,” related to RO3 and RO4 but also
indirectly to RO1 since it gives insights to SCP practices in ETO settings.
Demand planning, production planning, supply management, and inventory
management were chosen as key SCP areas for Study D. Production planning
includes processes such as S&OP, master production scheduling, and capacity
planning. Supply management includes processes such as supply planning,
distribution planning, network planning, collaborative planning, forecasting,
and replenishment. Inventory management includes processes such as
material requirements planning and inventory planning.
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Study D employed a multiple case study approach which was justified by the
exploratory nature where case studies are suitable for investigating
contemporary phenomena within real-life contexts (Voss, 2010). This is
especially valid when the boundaries between the phenomenon and the
context are not clearly evident (Yin, 2009) and a multiple case study design
allows for a more comprehensive understanding of the complex relationships
that are experienced in ETO settings but also to identify common and case
unique patterns across different ETO settings (Eisenhardt & Graebner, 2007).
The research process overview valid for Study D is presented in Figure 6.

Figure 6. The research process for Study D and Study E

Five primary cases were selected using purposive criteria to ensure insights
into the focus area (Patton, 2023). The criteria addressed key planning roles
(i.e., the unit of analysis) across different ETO product lines and business units
related to the same global mother company as the Case company, with own
order engineering, complex supply chain networks, own manufacturing,
assembly, and SCP processes. The cases were set to have plans to implement,
have recently implemented, or have explored ML capabilities in their SCP
processes related to agility and adaptability. Study D was enriched by using
data from another earlier study, performed by another researcher, related to
uncertainties in SCP practices in ETO settings. This made it possible to
enhance the transparency and replicability of Study D. The cases are briefly
presented in Table 3.
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Table 3. Case descriptions for Study D
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Site visits preceded the development of the case study protocol which included
an interview guide (see appendix 1), developed from a conceptual framework
that served as the basis for data collection. The data collection combined semi-
structured interviews and archival data and was performed during spring 2024.
The interviews were recorded and transcribed verbatim and reverted to the
respondents for verification. Since there was always a risk of revealing
sensitive personal data, each respondent was informed before the interview
about the purpose of the interview, how the data would be stored and how to
anonymize the data, to create awareness of the ethical aspects of performing
an interview. In the discussion with the respondents, the risk of data leakage
was considered as very low. Still, by letting the respondents read the
transcripts, there was always a possibility to amend the data and remove
personal information.

The data analysis followed an iterative approach in which empirical data, the
conceptual framework, and emerging themes where continuously revisited to
refine theoretical understanding (Eisenhardt & Graebner, 2007). Primary and
secondary data were examined through within-case analyses to develop
detailed case narratives (Yin, 2009). Data organization was guided by the
interview protocol and the four SCP practice areas, demand planning,
production planning, supply management, and inventory management,
alongside a set of pre-defined challenges related to data quality, technological
infrastructure, skills, and organizational culture, as outlined by Kache and
Seuring (2017). In addition, the analytical process remained flexible, allowing
for the identification of new themes beyond those initially specified, thereby
extending the analytical framework (Braun & Clarke, 2006).

Study D adheres to ethical guidelines including informed consent from
participating companies and individuals, confidentiality of sensitive business
information, and transparency in data collection and analysis procedures. The
author was well-known by the respondents in the primary cases which can be
seen as ethically complicated. There could always be a risk of knowing “too
much” which could potentially affect the result. However, this was balanced
by involving another researcher without any connection to the respondents in
the data analysis phase of Study D.
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4.2.2. Study E

Study E, named “Explore tactical SCP practices and contradictions in ETO
settings and how ML can be used to improve contradiction
management and thereby SCP practices,” related to RO1 and RO3. Study E
aimed to explore how RFQ planning, S&OP, and the important interaction
between the two planning processes were managed in different ETO settings.
This was examined through the paradox theory lens to reveal inherent
contradictions and the contradiction management in their SCP practice in ETO
settings. The main reason for using the paradox theory was to extend questions
about problems and challenges related to specific SCP practices. By
identifying experienced tensions and contradictions, the focus shifted from
solving challenges to understanding how contradictions are managed. Along
with the paradox lens, the contingency theory lens was used to reveal
dependencies between SCP practices and specific contingency factors. An
additional intent was to seek understanding of whether ML could help manage
the identified contradictions. The unit of analysis was producing companies
in ETO settings.

Study E has a similar research process to Study D, as shown in Figure 6. The
cases were determined via purposive criteria. The criteria were established to
ensure that company activities in ETO settings are represented, and the cases
should encompass diverse types of industries and products, company sizes,
both local and global geographical representation, as well as various SCP
maturity levels. The differences were set to ensure that generalizability was
improved through increased variability. Study E comprised five cases,
representing five different companies, with the Case company representing
Case 1. The respondents held key planning roles, which were thoroughly
chosen to compensate for the lack of additional respondents, while still
providing a good chance to ensure in-depth insights into SCP practices in ETO
settings. There was no requirement for any current use of ML in their
respective SCP practice. The cases are briefly presented in Table 4.
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Table 4. Case descriptions for Study E

The data collection for Study E was conducted as for Study D, using a case
study protocol, see Appendix 2, utilizing semi-structured interviews, archival
data and complemented with a questionnaire. The focus of the questionnaire
was to identify contingency factors for each case and each questionnaire was
filled in jointly at the end of each interview. The interviews and questionnaires
were performed during February and March 2025. To raise awareness of the
ethical considerations that may arise during interviews, respondents were
informed about data handling, anonymization, and their right to amend
transcribed data.

The analytical process adopted an iterative strategy aimed at identifying
recurring themes and patterns within the data (Eisenhardt & Graebner, 2007;
Miles et al., 2020). The material was examined to uncover experienced
contradictions as well as the ways in which these were addressed in practice.
Each case was initially examined independently through an in-case analysis
to build a detailed understanding of its specific context (Yin, 2009). The
identification of contradictions was guided by the interview protocol, which
was structured around the four predefined paradox types (Smith & Lewis,
2011), also presented in chapter 3.3. Each paradox was explored sequentially
and identified contradictions were labeled. S&OP and RFQ planning practices
were categorized according to relevant markers so the cases could be related
to each other with differences or similarities. Measurement validity was

Case Case 1 Case 2 Case 3 Case 4 Case 5
Product Area Energy Industrial Industrial Lighting Building

Customization level
(MTS/MTO/ETO)* 34/20/46 75/0/25 80/10/10 0/40/60 0/10/90

Tactical Planning
Maturity** 3,6 2,4 3,2 3,2 2,2

Global/local footprint Global Global Global Global Local

Number of
Employees*** 2001-5000 >5000 2001-5000 501-2000 251-500

Respondent title,
SCP experience
(years)

S&OP-manager
>10

Operations
Development
Manager, 6-10

Operations
Development
Manager, <1****

Planning Team
Lead, >10

Tendering
Process
Manager, 1-5

*The value portion in % that a typical ETO product in each case consist of. The ultimate ETO product is 100% ETO but a
lot of companies only customize a part of the product.
**Average value: Stage 1-5 (no formal process, reactive, standard, advanced, proactive) (Grimson & Pyke, 2007)
***Number of employees represent the Swedish part of the company in pre-chosen span according to the questionnaire
****and in addition similar planning roles the last 10 years
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ensured through two mechanisms. First, data triangulation across interviews,
questionnaires, and archival data (Yin, 2009) and second, face validation
through respondent review of transcripts (Bryman, 2018).

Study E adheres to ethical guidelines, including informed consent from
participating companies and individuals, confidentiality of sensitive business
information, and transparency in data collection and analysis procedures.
Since the author of this thesis represented Case 1, which the respondents were
informed about, it could potentially lead to a risk connected to openness and
ethical complications, how the data should be used and what information they
could give. However, the chosen cases were not in a competing situation with
Case 1, and all respondents described this as a rare opportunity to share
experiences with other in similar situations.

4.2.3. Study F

Study F, named “Explore how efficiency and effectivity of SCP in an ETO
setting, enhanced with ML should be measured,“ related to RO2. Study F aims
to develop a framework for evaluating the efficiency and effectiveness of ML-
enhanced SCP practices in ETO settings, addressing the gap between
experience-driven ML implementation and metrics-based evaluation. The unit
of analysis was SCP practices in ETO settings where data could be used from
Studies D and E.

This study examines the relationship between performance metrics and ML
implementation in SCP practices within ETO settings. The methodology
began with a targeted literature review covering SCP practices in ETO
settings, performance metrics frameworks, and ML applications in SCP. From
this review, performed during spring 2025, an initial conceptual model was
constructed and subsequently validated against empirical findings from
Studies D and E. The model was then refined to incorporate insights from
these empirical observations. The research process overview for Study F is
presented in Figure 7.
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Figure 7. The research process for Study F

4.3. Research Quality and Ethical Considerations
The quality must be ensured by trustworthiness, which is closely linked to the
validity and reliability of the studies (Säfsten & Gustavsson, 2019). A careful
selection of research methods, combined with early and continuous reflections
on issues of validity and reliability, provides a solid foundation for the
research process. The main data collection method for the studies was
interviews along with archival data and questionnaires. Alternative data
collection methods for Studies D and E were discussed in the planning phase
of the studies. The limited access to people in the cases along with the
complexity of the questions, screened out other options such as performing
focus groups or surveys. In qualitative research, which the studies included in
this thesis represent, credibility and transferability are used in place of internal
and external validity, while dependability substitutes for reliability (Lincoln
& Guba, 1986; Wigren, 2007).

In the studies and the corresponding papers presented in this thesis, credibility
was maintained by data triangulation, method triangulation, or respondent
triangulation (Säfsten & Gustavsson, 2019). Using different data sources and
reverting results to participants have improved the credibility. Working with
different co-authors in the papers have also increased the credibility of the
papers.

Transferability relates to providing enough data to be able to generalize from
one case to another. The studies in the licentiate were conducted out in Case
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1 only, but Studies D and E, extend to further cases, which improves the
overall transferability. Still, the context was kept to ETO without any intention
to generalize further than that. However, the findings presented in this study
might be valid for other settings than ETO or even other digitalization tools
than ML. Having only one respondent per case was partly compensated with
archival data and questionnaire but could have been strengthened further by
involving other roles and perspectives such as operational planners and
finance representatives. A logbook has been kept to continuously
documenting relevant data through the studies.

Using research protocols (for Studies D and E) served for increased
dependability. Dependability can be improved, as for credibility, to be two
people in the interview sessions. This was however not the case for all
interviews. Performing the data analysis separately before compilation was
also improving dependability.

Within the engineering profession, ethical conduct is guided by a long-
standing engineering code of honour (Hederskodex (sverigesingenjorer.se)),
originally established a century ago. The aim is to ensure that technology is
applied in ways that promote human well-being, environmental sustainability,
and societal benefit. This code serves as an ethical compass for research
activities aimed at the common good. In the field of Operations management,
to which processes like S&OP can be situated, Karlsson (2010) highlight
several key ethical responsibilities for researchers. These include adhering to
informed consent procedures, ensuring that the anticipated benefits of the
research outweigh any potential negative consequences for affected parties,
and conducting risk assessments to balance harms against expected gains.
Together, the ethical principles outlined by Karlsson (2010) and the
engineering code of honor constitute the foundational basis for the author’s
ethical perspective.

Being an industrial PhD student employed by a company may question the
ethical standpoint related to the intent of the performed research. Continuous
bi-weekly discussions between the author, industrial and academic
supervisors have served for transparency and openness of what the author
want to achieve, what the company want and what was relevant for academia.
This have hopefully reduced any ethical doubts.
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5. Summary of Papers

5.1. Paper 1
Paper 1 has the title: “How Contradictions Impact Practices in Supply Chain
Planning in Engineer-to-order-Settings ̠  a Multi Case Study” and was a result
from Study E and addresses RO1. The purpose of Paper 1 was to contribute
to the understanding of how companies manage RFQ planning, S&OP or
S&OP-like practices and the interaction between the two in ETO settings.
Specifically, it examined how the cases account for inherent contradictions in
these processes and how that can affect their S&OP and RFQ planning
practice in ETO settings. The identified contradictions are presented in Table
5.

Paper 1 concludes that contradictions related to RFQ planning and S&OP
shape planning practices in ETO settings, which was the basis for the paper,
but also the other way around, see Figure 8, which requires sophisticated
management approaches that acknowledge their paradoxical nature. By
viewing these contradictions through the paradox framework (Smith & Lewis,
2011), it was revealed how companies in ETO settings can develop a dynamic
equilibrium, continuously cycling between acceptance and resolution to
achieve both short-term performance and long-term adaptability. The case
companies demonstrated varying approaches to paradox management and
represented together all proposed strategies, by Smith and Lewis (2011), for
managing contradictions, namely: acceptance, spatial separation, temporal
separation and synthesis strategies.
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Table 5. Identified contradictions in S&OP and RFQ planning practices
from Paper 1

P1 Short term efficiency versus long-term value creation
AC

P2 Flexibility versus standardization
AC

P3 Resource allocation across competing priorities
AC

P4 Technical vs. Commercial Risk Assessment
CU

P5 Extreme Market Orientation vs. Operational Constraints
CU

P6 Component Sourcing Geography vs. Delivery Expectations
CU

P7 Continuous Factory Production vs. Project-Based Sales
CU

O1 Local autonomy versus global standardization
AC

O2 Formal processes versus flexibility
AC

O3 Historical Relationship-Based vs. Future Process-Based Organization
CU

O4 External Building Regulations vs. Internal Standardization
CU

B1 Individual versus organizational priorities
AC

B2 Functional versus project loyalties
AC

B3 Guidelines vs. Manuals Terminology
CU

L1 Operational demands versus improvement initiatives
AC

L2 Exploitation versus exploration
AC

AC: Across cases
CU: Case unique
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Figure 8. The refined conceptual model, taken from Paper 1

5.2. Paper 2
Paper 2 has the title: “The Planning Paradox: Why Engineer-to-Order
Companies Must Embrace Contradictions”. It was a result from Study E and
was built on Paper 1 and addresses RO1. The purpose of Paper 2 was to
contribute further to the understanding of how companies effectively can
manage contradictions in S&OP and RFQ planning in ETO-settings while
accounting for contextual factors and inherent contradictions. Based on the
identified contradictions presented in Paper 1, Paper 2 concludes that rather
than contingency factors and contradictions independently influencing S&OP
and RFQ planning design, the evidence suggests a four-stage iterative process
in which contingency factors establish the operational context, which in turn
manifests specific contradictions that companies must navigate. These
contradictions then shape the design of S&OP and RFQ planning practices,
and the implemented practices become new contingency factors. This creates
a continuous evolution cycle. As concluded in Paper 1, where contradictions
shape S&OP and RFQ planning practices and vice versa, this adds another
internal cycle within the continuous evolution cycle, as shown in Figure 9.
Further, seven of the conceptual factors appeared to build a hierarchical order
where foundational contingency factors set the base, followed by the
mediating factors, the operational factors, and emergent factors.
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Figure 9. The refined conceptual model, taken from Paper 2

5.3. Paper 3
Paper 3 has the title: “Measuring Efficiency and Effectiveness Improvements,
when implementing Machine Learning in Supply Chain Planning Practices in
Engineer-to-Order Settings”. Paper 3 was a direct result of Study F and
addresses RO2. The purpose of Paper 3 was to explore the relation between
performance metrics and implementation of ML in SCP practices in ETO
settings. The empirical observations stem from Study D and Study E related
to SCP challenges and S&OP and RFQ planning contradictions. Paper 3
integrates perspectives from performance metrics, technology adoption, and
trust theory. For practitioners, it provides guidance on initiating
implementations of ML applications when performance measurement
maturity is low, emphasizing the importance of establishing appropriate
metrics, even when adoption is driven by challenges or contradictions, rather
than metrics that typically indicate a need for improvement. Four conclusions
were established regarding the role of SCP performance metrics when
implementing ML in an ETO setting:

1. SCP performance metrics for evaluating ML applications in SCP not
only validate a result but are one key factor to build initial trust to
reach acceptance for ML generated results.

2. Even though there are SCP performance metrics in place, re-
establishment when implementing ML applications is often required.
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3. The measurement framework for S&OP by Hulthén et al. (2016) can
serve as a base for establishing durable performance metrics when
implementing ML in any SCP practice in ETO settings.

4. Performance metrics can drive improvements via ML applications
but, especially when a company is in the explorative try-it-out-phase,
identified contradictions or less tangible challenges can also serve as
drivers for ML implementations.

Further, Paper 3 resulted in a refined conceptual model for the implementation
of ML in SCP practices in ETO settings, see Figure 10.

Figure 10. Conceptual model for implementing ML in SCP practices in
ETO settings, taken from Paper 3



50

5.4. Paper 4
Paper 4 has the title: “Managing Supply Chain Planning Contradictions in
Engineer-to-order Settings with Machine Learning” and was a result of Study
E and addresses RO3. The purpose of Paper 4 was to explore how ML can
impact or influence the management of contradictions in S&OP and RFQ
planning in ETO settings. The analysis stems from a conceptual model
implying that SCP-practices influence the management of contradictions in
S&OP and RFQ planning, presented in Papers 1 and 2, but also that these
contradictions shape S&OP and RFQ planning practices. Paper 4 concludes
that ML techniques were identified for all but one identified contradictions
from Study E (O3), representing all four paradoxes (Performing, Organizing,
Belonging and, Learning paradox (Smith & Lewis, 2011)), see Figure 11.
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Figure 11. Identified ML techniques for the identified SCP
contradictions summarized from Paper 4
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5.5. Paper 5
Paper 5 has the title: “From Reactive to Predictive: Unlocking Machine
Learning's Potential in Engineer-to-Order Supply Chains” and was a result
from Study D and addresses RO3 and RO4. The purpose of Paper 5 was to
explore how ML can enhance agility and adaptability in ETO settings through
SCP practices, addressing the challenges of high customization demands,
demand uncertainty, and complex supplier relationships. Paper 5 resulted in
an actionable framework developed to provide actionable guidance for
implementing ML applications in SCP practices in an ETO setting, see Figure
12. The actionable framework was however not tested or evaluated, which is
an area for future research.

Further, Paper 5 concludes three core and four area specific propositions, see
Table 6. The core propositions reveal how ML driven agility and adaptability
enables rapid responses to disruptions through predictive analytics and
support strategic planning through scenario analysis, and contingency factors
that moderate ML effectiveness, including data quality, organizational culture,
and supplier collaboration. The four area specific propositions reveal how ML
techniques can theoretically transform four SCP areas in ETO settings across
demand planning, production planning, supply management, and inventory
management.

Notable is that the agility and adaptability focus of SCP practices in ETO
settings was encouraged by the call for papers to the International Journal of
Operations & Production Management (IJOPM) special issue “Managing
Emergent Uncertainties through Adaptable Supply Chain Planning”. The final
manuscript was however rejected with insightful review comments that were
thoroughly considered when reframing the paper for the IPSERA conference.
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Figure 12. Actionable framework, taken from Paper 5
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Table 6. Summary of the three core and four SCP area specific
propositions from Paper 5

Proposition Agility Adaptability
Core Propositions

A ML-driven agility in ETO-
settings refers to the
capacity of an
organization to leverage
ML-algorithms for:

(a) generating accurate project-specific risk assessments
despite limited historical data by utilizing engineering
specifications and cross-project similarity analysis,
(b) facilitating real-time optimization of planning decisions
within project constraints and customer requirements, and
(c) continuously adapting planning processes across
project types through transfer learning, thereby enabling
rapid and effective responses to specification changes,
design modifications, and project-specific disruptions in
complex, low-volume environments.

B ML-driven adaptability in
ETO-settings refers to the
capacity of an
organization to leverage
ML-algorithms for:

(a) forecasting long-term technology trends and capability
requirements by analyzing engineering data and cross-
industry patterns,
(b) conducting comprehensive project scenario analyses
to inform strategic technology and supplier decisions, and
(c) continuously optimizing specialized supplier networks
and capability portfolios, thereby enabling proactive
adjustments to evolving customer technologies,
engineering capabilities, and specialized supply markets
in complex, project-based environments.

C Contingency factors
moderating the positive
impact of ML-enabled
SCP processes on agility
and adaptability in ETO
contexts:

SCP Area Specific
D ML-techniques for

enhancing Demand
Planning

Few-shot learning and transfer learning techniques can
improve short-term opportunity forecasting by identifying
patterns across product families and customer segments,
despite sparse historical demand data.

ML analysis of technology roadmaps, customer industry
trends, and market indicators can provide more accurate
long-term capability and capacity requirements,
facilitating strategic alignment of engineering and supply
chain resources with evolving market needs.

E ML-techniques for
enhancing Supply
Management

ML-based supplier performance monitoring using
regression analysis, anomaly detection, and network
analysis can enable early identification of and response
to potential supplier issues, despite limited transaction
volumes per supplier.

ML analysis of technology trends, supplier capability
evolution, and market dynamics can identify future
sourcing requirements and emerging supplier
opportunities, enabling proactive development of
specialized supplier networks and strategic sourcing
decisions.

F ML-techniques for
enhancing Production
Planning

Similarity-based learning and optimization algorithms can
improve capacity forecasting and resource allocation by
identifying patterns across comparable projects, enabling
dynamic production plan adjustments.

ML-enhanced predictive maintenance integrated with
project portfolio analysis can optimize asset management
strategies and inform capital investment decisions to meet
evolving project complexity and technology requirements.

G ML-techniques for
enhancing Inventory
Management

ML-based lead time prediction and project similarity
analysis can optimize inventory policies for project-
specific requirements, improving component availability
while minimizing excess inventory risks.

ML analysis of technology trends, component evolution,
and project pipeline patterns can inform strategic
decisions about inventory investment allocation,
component standardization, and supplier development to
meet evolving project requirements.

(a) Data quality and integration: Comprehensive integration of engineering, project, and supply chain data
(b) Organizational culture: Collaborative, technology-oriented culture emphasizing engineering-SCP integration
(c) Technical infrastructure: Advanced capabilities for processing complex, heterogeneous ETO data
(d) Talent and skills: Combination of data science expertise with deep ETO domain knowledge
(e) Leadership support: Strategic commitment to long-term ML capability development
(f) Engineering-SCP collaboration: Formal mechanisms for technical knowledge sharing and joint decision-making
(g) Project-based learning capabilities: Systems and processes for capturing and transferring learning across
projects
(h) Supplier ecosystem integration: Collaborative data sharing and planning with specialized suppliers

Abbreviations: ML = Machine Learning; ETO = Engineer-to-Order; SCP = Supply Chain Planning
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6. Discussion and Conclusion

The results from the three studies and the five papers will be discussed in this
chapter in relation to the four ROs presented in Chapter 1, followed by a
discussion summary. Practical and theoretical implications are then presented,
followed by limitations, a conclusion, and avenues for future research.

6.1. Discussion RO1
The first RO aims to identify how different ETO settings shape S&OP and
RFQ planning and the interaction between them. Papers 1 and 2 are primary
contributors, with Paper 5 providing complementary insights into broader
SCP practices.

6.1.1. Positioning Contingency Factors within Existing
Literature

The seven hierarchical contingency factors identified in Papers 1 and 2,
extended to eight when including a moderating factor from Paper 5, build on
and extend established contingency theory as applied in manufacturing and
SCP contexts (Sousa & Voss, 2008; Tenhiälä, 2011). Contingency theory
holds that no universally optimal practice exists. Rather, the fit between
contextual conditions and organizational design determines effectiveness
(Lawrence & Lorsch, 1967).

The two foundational factors from Papers 1 and 2, industry and product
characteristics, and organizational structure, mirror the contingency variables
of task uncertainty and organizational complexity (Donaldson, 2001; Van de
Ven & Delbecq, 1974). In ETO settings, prior studies similarly emphasize that
product complexity and low-volume, high-variability production conditions
constitute the primary contextual constraints shaping planning practice
(Gosling & Naim, 2009; Willner et al., 2016). The present findings support
and refine this view by showing that product regulatory requirements and
engineering depth, operationalized through the ETO sub-classes (Gosling et
al., 2017), constitute constraints to which all other practices must adapt. This
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reinforces the argument that ETO should not be treated as a single,
homogenous category, but rather a spectrum of contextually distinct settings.

The mediating factors, management involvement and organizational culture,
align with the literature on S&OP maturity (Grimson & Pyke, 2007;
Kristensen & Jonsson, 2018) and the role of top management support in
process formalization (Shurrab et al., 2020b). Cannas and Gosling (2021)
identified level of management attention and cross-functional culture as
persistent gaps in ETO planning research and the present findings provide
empirical grounding for these claims by demonstrating how management
involvement determines the degree of S&OP formalization achievable.

The operational factors, market uncertainty and dynamics, and planning
maturity, connect to the emphasis in S&OP literature on context-sensitive
design (Kristensen & Jonsson, 2018; Pereira et al., 2020). Specifically,
planning maturity here operationalizes what Jonsson and Holmström (2016)
describe as a gap between SCP research and practice where high-maturity
SCP processes are elusive, requiring context-specific approaches.

The emergent factor, cross-process integration capability, extends prior work
on RFQ/S&OP integration by Shurrab et al. (2020b), who conceptualized nine
tactical decisions bridging order screening and contracting but left the
organizational mechanisms enabling such integration empirically unspecified.
The current findings identify integration capability as an emergent area arising
from favourable combinations of foundational and mediating factors, rather
than an uncomplicated design choice.

Papers 1 and 2 identified seven hierarchical contingency factors influencing
the effectiveness of ML use in SCP practices in ETO settings, see Figure 9.
Building on this, Paper 5 identified eight contingency factors that moderate
the impact of ML on SCP outcomes, see the third proposition in Table 6. Five
of the moderating factors from Paper 5 correspond to either foundational,
mediating, or emergent factors within the contingency factor hierarchy
identified in Papers 1 and 2. The three remaining factors could not be fully
aligned with the hierarchical contingency factors from Papers 1 and 2 but is
compiled to a new contingency factor (Technological capability) as an
additional foundational factor. Consequently, the combined results yield eight
contingency factors, see Figure 13. This extends the existing contingency
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framework into the digital transformation area. Adding technological
capability aligns with calls by Jonsson and Holmström (2016) for data-driven,
technology-sensitive SCP research and with empirical evidence that Industry
4.0 adoption in ETO settings is constrained more by organizational and
process maturity than by technology availability (Schulze & Dallasega, 2023).

Figure 13. Integration of the contingency factors affecting RFQ
planning and S&OP practices and moderating contingency factors to
enable ML implementation

6.1.2. Differences Between Cases

Whereas prior ETO literature often treats the ETO category as broadly
homogeneous (Gosling & Naim, 2009), the cross-case analysis reveals inter-
case variation across three dimensions.

First, three distinct RFQ planning archetypes are identified that emerge from
different contextual factors. There is either a highly structured approach with
specialized technical evaluations and matching each RFQ with a production
slot (corresponding to Cases 1 and 4, see Table 4) reflecting high product
complexity and formalized S&OP integration. The other extreme represents a
more extreme market responsiveness (Case 3), allowing customers to change
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specifications at a late stage and even cancel orders even after material has
been sourced, reflecting low ETO depth and a competing environment
prioritizing agility over cost certainty. The third approach is represented by a
hybrid approach (Case 5), attempting to transition from project-based to
platform-based operations despite operating in an industry where
customization from a blank page is traditionally expected. These variations
reflect the contingency factor hierarchy, with foundational factors (industry
and product) establishing the strategic space within which companies can
manoeuvre.

Second, inter-case differences in S&OP maturity, self-assessed using the
Grimson and Pyke (2007) framework and ranging from 2.2 to 3.6 across the
five cases, correlate with the degree of RFQ-S&OP integration achieved.
Cases with higher planning maturity (Cases 1 and 3) demonstrate more
formalised integration mechanisms, including dedicated cross-functional
roles and structured handover protocols, whereas lower-maturity cases (Cases
2 and 5) exhibit acknowledged disconnects between tactical market
commitments and capacity planning.

Third, both generally shared, and case-specific contradictions appeared
systematically across cases. Nine of the sixteen identified contradictions
appear across all cases, indicating fundamental ETO tensions (e.g., short-term
efficiency versus long-term value creation; formal processes versus
flexibility). Seven contradictions are case-specific, arising from contingency
combinations such as the tension between external building regulations and
internal standardization (O4) which is unique to Case 5's construction-
adjacent industry context. This distinction has direct implications for SCP
design. General contradictions require structural solutions at the practice level,
while context-specific contradictions require targeted contingency
interventions.

6.2. Discussion RO2
The second RO aims to examine what SCP performance measurement
conditions are required to enable and evaluate ML implementation in ETO
settings. Paper 3 is the main contributor to this objective while the other has
been used to empirically support the conceptual model in Paper 3.



59

6.2.1. Standard Metrics vs Adapted Metrics in ETO Settings

Standard SCP performance measurement frameworks, including the
framework by Hulthén et al. (2016) distinguishing effectiveness and
efficiency dimensions were developed primarily for repetitive production,
stable demand patterns and large transaction volumes which complicate the
use in ETO settings. This can be one of the reasons why metrics maturity is
assessed low in the cases and in literature (Cannas & Gosling, 2021; Jonsson
& Holmström, 2016).

Effectiveness metrics like forecast accuracy, order fill-rates, and on-time-
delivery are examples where adaptations to ETO settings can be required.
Forecast accuracy becomes a category error when there is no stable product to
forecast. Instead, in ETO settings the measurement should be the probability
and timing of order conversion from an RFQ, the engineering hours required
for a specific configuration, or lead time for a supplier relationship that may
exist only for one single project. Cannas and Gosling (2021) identify the
absence of adequate specific ETO metrics as a persistent research gap. Paper
3 extends their observation by showing that the gap requires more of a
reframing than a measurement calibration. Rather than measuring absolute
plan adherence, metrics should capture the organization's ability to anticipate
and absorb project-specific deviations. Examples include engineering
variance per RFQ complexity class, lead time confidence intervals by ETO
sub-class, and capacity buffer utilization rates relative to planned buffers.
Cross-functional communication effectiveness metrics address the integration
imperative identified in RO1. Since effective RFQ-S&OP integration depends
on information flows between sales, engineering, and operations (Cannas &
Gosling, 2021; Shurrab et al., 2020a), metrics should capture the quality and
timeliness of cross-functional information exchange. Bid information
completeness at RFQ initiation, engineering input latency in RFQ processes,
and cross-functional sign-off cycle time are indicators that reflect the
integration quality on which ETO planning effectiveness depends. Learning
and knowledge transfer metrics are particularly relevant in ETO settings
where project-based knowledge risks being lost between projects. Metrics
capturing the degree to which insights from completed projects inform
subsequent RFQ estimates would measure an organizational capability that is
both a planning input and a strategic asset. Examples of project-based
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effectiveness measures are estimation accuracy improvement rates across
project teams, or the proportion of RFQ cost estimates derived from
systematic project similarity analysis versus experiential judgement.

Efficiency metrics that focus on process lead time, resource utilization, and
inventory turnover also require adaption to ETO settings. In hybrid systems,
the MTS and MTO portions, such as exemplified for Case 1 where 34% of the
value is represented by an MTS-portion and 20% the MTO-portion, can be
measured using conventional efficiency measures. The ETO-portion, ranging
from Parts through Outline to Integrate sub-classes (Gosling et al., 2017),
requires project-specific efficiency measures. Order engineering capacity
utilization across concurrent projects, bid response time per RFQ complexity
tier, and engineering re-work rate are examples of efficiency indicators better
suited for ETO-specific planning activities but absent from standard SCP
frameworks.

6.2.2. SCP Metrics when Implementing ML

A key contribution of Paper 3 is the identification of a bidirectional
relationship between performance measurement and ML implementation, a
finding that challenges the linear, metrics-driven improvement model
prevalent in the SCP literature (Kaplan & Norton, 2009; Neely, 1998). The
four conclusions from Paper 3, see chapter 5, are reaffirmed and elaborated
on here.

SCP performance metrics validate ML outputs and build initial trust. In the
studied cases, planners expressed scepticism toward ML-generated
recommendations precisely because they lacked the measurement
infrastructure to evaluate whether recommendations were better than human
judgements. Metrics provide the structural assurance mechanism to build
initial trust, as McKnight et al. (1998) suggest, when a planner can compare
an ML-predicted lead time against a project-specific benchmark and see that
the prediction falls within an acceptable range. The absence of such
benchmarks, which characterises the studied cases, thus explains in part why
ML adoption remains minimal despite organizational willingness. Even where
companies have SCP metrics in place, these are often reactive, consistent with
Jonsson and Holmström (2016), measurements require re-establishment when



61

implementing ML. ML applications optimised for predictive rather than
descriptive analytics require leading indicators and real-time data streams that
conventional SCP metrics do not provide. The transition from reactive to
predictive metrics is therefore not a prerequisite condition for ML adoption in
a strict logical sense, but rather a co-evolutionary process in which ML
implementation accelerates metrics maturity. Consistent with the paradox
theory framing of this thesis, contradictions and challenges can serve as
alternative drivers of ML implementation where metrics are absent.
Companies should not wait for full metrics maturity before exploring ML.
Instead, a challenge- and/or contradiction-driven adoption pathway, in which
ML is deployed to manage a specific planning contradiction or challenge, and
metrics are developed retrospectively to validate its impact represents a
pragmatic entry point for organizations with low measurement maturity.

6.2.3. Efficiency and Effectiveness vs Agility and Adaptability

RO2 refer to performance measurement and the main focus in Paper 3 is
measuring improvements regarding efficiency and effectiveness, while Paper
5 aims to improve agility and adaptability related to the Triple-A supply chain
framework (Lee, 2004), intentionally leaving out “alignment” as the third A.
Supply chain efficiency, i.e., the resources and lead time required for
activities, serves as an enabler for both agility and adaptability, even though
the relationship is not linear.

Agility might have the strongest relationship with planning efficiency because
both emphasize speed and responsiveness. Short process lead times and
streamlined planning efforts directly enable rapid response to market changes.
However, there is a tension here between “fast and roughly right” to “slow
and more accurate” since agility requires accepting less-than-optimal planning
efficiency to maintain speed.

Adaptability has a more complex relationship with planning efficiency. While
efficient planning processes can enable faster responses, adaptability
sometimes requires temporarily sacrificing efficiency during transition
periods. Adaptability requires planning processes that are not only efficient
but also flexible and robust enough to manage redesigns.
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Both agility and adaptability relate to and serve customer requirements, as
effectiveness, but with different time horizons. Agility addresses what
customer want now, while adaptability focuses on long-term customer value
as the market changes over time. In relation to this, planning efficiency does
not always translate directly to planning adaptability. The most efficient
process might not best serve the customer requirements, especially if the
requirements are changing unpredictably or rapidly. The goal is to achieve a
planning process that is efficient enough to enable agility while being flexible
enough to support adaptability, thereby maintaining effectiveness in meeting
customer requirements across different time horizons.

Hence, an efficient SCP process might harm both agility and adaptability and
thereby the SCP process effectiveness. Relating this to the unique challenges
in ETO settings with high customization, long lead times, complex
engineering requirements, and uncertain demand patterns, a planning paradox
appears. Efficiency is required to manage cost and complexity, and flexibility
to manage customization and uncertainty. Hence, foundationally, efficient
planning processes are necessary but not sufficient for success in ETO
settings. Agility and adaptability must still build on this foundation but with
additional capabilities to reach customer-focused effectiveness that emerges
from the right combination of efficiency, agility, and adaptability valid for a
specific ETO setting to become efficiently flexible. This positioning makes
efficiency a means to reach customer effectiveness through
agility/adaptability rather than competing with customer needs.

6.3. Discussion RO3
The third RO aims to identify suitable ML techniques to the specific data and
planning characteristics of ETO settings, where Papers 4 and 5 are the primary
contributors. Paper 4 focus on contradictions and how ML can improve
management of contradictions in RFQ planning and S&OP practices in ETO
settings, while paper 5 focus on challenges in four SCP areas in ETO settings
towards a more agile and adaptable situation.

The initial intent is to study cases that already adopted ML in different SCP
practices in ETO settings. In the case searching process it became soon clear
that the adoption of ML applications in SCP practices in ETO settings was
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minimal which limited the practical implementation guidance. Therefore,
Papers 4 and 5 were reframed which resulted in most insights representing
theoretical alignment rather than empirically validated implementations. And
instead, the studies recognized implementation realities, acknowledging the
gap between theoretical potential and practical adoption and resulted in
systematic mapping of ML techniques to specific identified SCP challenges
and contradictions in ETO settings. These presumptive ML techniques are
presented separately in Paper 4 (identified possible ML techniques for all but
one of sixteen identified contradictions) and in Paper 5 (which maps possible
ML techniques across demand planning, production planning, supply
management, and inventory management). The only contradiction not covered
or relevant to be managed with help of ML, related to a transformation towards
a future process-based organization, contradiction O3 in Figure 11. The
coverage is thereby substantial but almost entirely theoretical, reflecting the
minimal actual ML deployment observed in studied cases.

The opportunities for adopting ML techniques are significant, but it always
comes at a cost, spending time in exploring, gaining and securing
competences, securing data, and building an infrastructure that supports the
use of deployed ML applications. This needs to be considered when aiming
for ML as a tool for enhancing any practice. How much time and effort are a
company willing to spend on what improvement or is this necessary to stay or
become competitive? ML implementation in SCP practices requires not only
financial investments and technical infrastructure but also a specific
configuration of human competencies that is particularly demanding in ETO
settings. Hence, three competence dimensions deserve further elaboration,
which also relate to the moderating contingency factors, see the third
proposition in Table 6, and RO4.

First, planning area vs ML knowledge refers to the ability to translate ETO
planning problems into ML tasks and, to interpret ML outputs in planning
terms. The studies demonstrated that this competence is rare, even though the
interest in ML has increased over the years. This aligns with the opinion that
planning expertise is deep within SCP but data science capability is shallow
(Kache & Seuring, 2017).
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Second, data management competence encompasses the ability to identify,
collect, clean, and govern the data required for ML applications. In ETO
settings, relevant data is often distributed across different systems and isolated
spreadsheets, which is documented across all the studied cases. This challenge
collection, cleansing, but also introduction of data governance routines. Data
management is an ongoing organizational capability requiring designated
roles, governance frameworks, and cross-functional data access agreements.
This can be a fundamental barrier to ML adoption.

Third, adaptive trust management competence refers to the ability to calibrate
human reliance on ML recommendations. In ETO where each project is
unique and ML predictions are inherently probabilistic, this competence
requires planners to understand prediction intervals, to interpret ML outputs
as decision support rather than decision replacement, and to develop protocols
for when human override is appropriate. In ETO settings, exemplified by Case
1, hot projects and customers are commonly well-known to decision-makers
which can lead to an unwillingness to use ML as decision support, since they
already think they know what is required to decide.

6.4. Discussion RO4
The fourth RO aims to develop practical guidelines for implementing ML in
S&OP and RFQ planning in ETO settings. This objective is motivated by the
empirical findings of Papers 4 and 5, reveal a minimal adoption of ML
applications at the time of the studies. Rather than limiting the contribution,
this observed gap highlights a need for structured implementation guidance, a
need that is likely to be relevant beyond the studied cases. While not validated
across a broader population, the findings suggest that many companies in ETO
settings continue to rely on traditional planning approaches with limited
analytical sophistication, consistent with prior research by Jonsson and
Holmström (2016) and Cannas and Gosling (2021). Paper 5 serves as the
primary contributor to this objective by synthesizing implementation-related
insights into actionable guidance, while Paper 4 provides direct empirical
input that informs and grounds these guidelines.

Microsoft Excel emerges as the primary planning tool in the cases presented
in Papers 4 and 5 beyond enterprise resource planning systems, indicating
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significant technological maturity gaps. Self-assessed capabilities in Paper 4
consistently show low maturity in "Information Technology" and
"Performance Measurement" dimensions, creating barriers to implement ML
applications. This technological baseline in the cases from Paper 4 is
particularly problematic because ML effectiveness depends on robust data
infrastructure and systematic SCP performance measurement capabilities.
Companies cannot implement advanced predictive analytics without first
establishing reliable data collection, integration, and validation processes.

The striking finding that none of the cases had deployed ML in SCP processes
despite organizational pressure, identified challenges, and available
technology, indicates that ML adoption in ETO SCP represents an
organizational transformation challenge rather than a technology
implementation task. This finding is consistent with the Delphi study finding
that AI maturity, including the use of ML in S&OP is constrained more by
process maturity and organizational factors than by the technology itself
(Jazairy et al., 2024). It also aligns with the observation by Schulze and
Dallasega (2023) that Industry 4.0 adoption in ETO settings lags substantially
behind other manufacturing contexts.

RO4 has a practical focus, which resulted in three core and four SCP area
specific propositions in Paper 5, see Table 6, and the actionable framework,
see Figure 12. The propositions have inherent implementation challenges
based on the revealed gap between theoretical ML potential and the practical
implementation reality. While the theoretical alignment between ML
capabilities and ETO challenges appears strong, actual implementation faces
obstacles, and there lies a risk that companies underestimate. Organizational
culture as well as process changes required for effective ML implementation
might exceed the technological challenges and change management processes
are more valid than ever. Cross-functional collaboration, decision-making
processes, and performance measurements might also require fundamental
changes. The actionable framework, see Figure 12, represent a theoretically
grounded and practitioner-informed proposal awaiting empirical validation.
Each of the four phases in the actionable framework are individually discussed
further below from an implementation challenge and resource requirement
perspective.
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Phase 1. Data integration and cross-functional foundation. This phase is
divided into five stages. Goal definition is followed by ETO process
assessment, Engineering-SCP integration, readiness assessment, and team and
infrastructure. The focus of the first phase is to establish a data infrastructure
and collaborative environment and process. Phase 1 is grounded in
organizational capability theory (Teece et al., 1997), the knowledge
management literature (Nonaka, 1994), and the revealed findings of barriers
to cross-functional collaboration, particularly between engineering and
planning functions. The emphasis on cross-functional and process
prerequisites (phase 1) before technology deployment (phase 2) reflects the
insights by Barney (1991) that valuable resources must be rare, inimitable and
non-substitutable. Data infrastructure and engineering-SCP collaboration
mechanisms are organizationally embedded and difficult to replicate, making
them the appropriate foundation for durable ML capability. In ETO settings
specifically, the fragmentation of data across the organization means that data
integration is not a technical preprocessing step but a fundamental capability-
building activity requiring investments. This require organizational
commitment without immediate ML benefits and where there is a risk to
underestimate the time and resources required to create the required
capabilities.

Phase 2. Targeted applications with ETO specific ML techniques. The focus
is to identify areas for ML applications where the ETO setting provides
advantages rather than obstacles. This is grounded in the technology adoption
literature, specifically the technology acceptance model (Davis, 1989) and the
organizational trust literature (Mcknight et al., 2011; McKnight et al., 1998).
The technology acceptance model identifies perceived usefulness and
perceived ease of use. In SCP practices in ETO settings, usefulness is
maximized by targeting applications where data richness exists (engineering
specifications, project histories, supplier performance records) and where ML
result address acknowledged planning contradictions. Trust theory supports
the selection of applications with high interpretability, such as similarity-
based project cost estimations, for initial deployment since planners can
validate outputs against their area of knowledge and build cognitive trust
before extending reliance to more complex models. This connects directly to
the RO2 finding that metrics serve as trust-building mechanisms.
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Phase 3. Scaling and strategic integration. The focus here is to leverage ML
from successful applications across all SCP processes while developing
advanced supplier collaboration capabilities. This phase is grounded in the
innovation diffusion literature (Rogers et al., 2014) and the ambidexterity
literature (O'Reilly III & Tushman, 2013). Scaling ML from pilot applications
to company-wide integration requires formal governance structures,
performance measurement frameworks, and leadership commitment that
legitimizes ML-generated insights as input for strategic decision-making. The
ambidexterity literature adds that scaling requires simultaneously exploiting
proven ML applications and exploring new capabilities (a both/and
contradiction consistent with the paradox theory). It is critical that companies
develop capabilities to translate ML generated insights into actionable
strategic decisions while maintaining human oversight for complex trade-off
decisions.

Phase 4. Continuous improvements and learning systems. The focus lies in
establishing mechanisms that capture learning across projects and
continuously improve the performance of ML. This phase is grounded in the
organizational learning literature (Argyris & Schön, 1997; Senge, 2006).
Continuous improvement in ML systems require double-loop learning,
revisiting the underlying problem assumptions as the ETO setting evolves
(double-loop). In project-based ETO settings this requires deliberate
mechanisms such as CRISP-DM (Wirth & Hipp, 2000), which is designed for
iterative within-project learning rather than cross-project knowledge
accumulation.

To summarize, the actionable framework and supporting propositions provide
systematic guidance for the transformation to start to use ML in SCP practices
in ETO settings. Success in ML implementation requires realistic
expectations, resource commitment, and changes in organizational
capabilities and culture. Companies that successfully navigate this
transformation can achieve significant competitive advantages through
enhanced planning capabilities, improved supplier collaboration, and superior
responsiveness to market changes. This requires careful planning, systematic
capability building, and sustained leadership commitment to realize these
benefits in practice.
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6.5. Discussion Summary
The purpose of this thesis is to explore how and where ML can enrich tactical
SCP practices such as S&OP and RFQ planning in ETO settings. While
empirical evidence and examples of ML applications in use is scarce in the
investigated companies, the ML related propositions and identified examples
are primarily exploratory describing ML techniques and their potential
applications. Apart from potential ML applications, the papers presented in
this thesis resulted in an actionable framework for implementing ML
presented in Figure 12, propositions, and conceptual models, derived
theoretically from systematic alignment, not empirically confirmed
implementation outcomes. Figure 14 presents the relation between Papers 1-
5, the planning practices in focus, identification of contradictions,
identification of challenges, identification of contingency factors, potential
machine learning techniques, measurements, the actionable framework, and
reference to paper results.

By combining the results from the papers, a modified conceptual model can
be concluded. In the concluding conceptual model, the actionable framework
along with the propositions from Paper 5 serve as a practical guide on how to
implement ML in SCP practices in ETO settings. Potential identified ML
techniques for enhancing identified challenges identified in Paper 5 and
managing contradictions identified in Paper 4 can serve as a starting point for
ML implementation. Paper 1 showed that SCP contradictions shape SCP
practices but also that the SCP practices influenced the management of the
SCP contradictions and created a continuous evolution cycle. The conceptual
model from Paper 1 was developed further in Paper 2 implying that
contingency factors set the context which manifest SCP contradictions where
the contradictions then shape the SCP practices, and another continuous
evolution cycle evolved when the SCP practices itself become contingency
factors. In addition, Paper 5 added a fundamental contingency factor,
technological capability, to the list of contingency factors, related to
implementation of ML applications. Paper 3 resulted in a conceptual model
between SCP metrics and ML implementation drivers, where not only metrics
can drive ML implementation but also identified challenges and
contradictions.
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Figure 14. Relation between Papers 1-5, planning practices,
contradictions, challenges, contingency factors, machine learning,
measurement, actionable framework, and reference to paper results

To conclude a conceptional model where RFQ planning and S&OP, represent
the SCP practices in focus, can be developed. RFQ planning and S&OP have
different challenges that might and can drive implementation of ML. The
experienced contradictions can also drive implementation of ML. If relevant
RFQ planning and S&OP metrics are implemented, these metrics can also
result in a change where ML can be the solution. Implementation of ML
applications can then be supported by the actionable framework.
Implementation of ML applications requires evaluation which require relevant
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metrics either related to effectiveness or efficiency, which have a relation to
agility and adaptability. These metrics can then build initial and continuous
trust for the ML application. The concluding conceptual model is presented in
Figure 15. Note that the concluding model is a construct based on the result
of each of the papers and it is neither tested in practice nor validated but can
serve as a base for future research.

Figure 15. The Concluding Conceptual Model

6.6. Practical Implications
While the cases studied faced organizational pressure to improve SCP
practices through digital tools such as ML, none had implemented concrete
ML applications. The practical implications that follow address this
implementation gap, providing actionable guidance.

First, build foundations before pursuing ML. The most critical practical
implication concerns sequencing. Most ETO companies lack the foundational
capabilities required for successful implementation of ML applications.
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Robust data infrastructure in the SCP area, cross-functional collaboration
mechanisms between e.g., engineering and planning functions, and systematic
performance measurement are essential. Before pursuing advanced analytics,
they need to invest in establishing reliable data collection, integration, and
validation processes. Address organizational cultural barriers between
engineering and planning functions. Develop performance metrics that can
both validate technology investments and build organizational trust and
insights when implementing ML applications. The Phase 1 activities in the
actionable framework presented in Figure 12 (data integration and cross-
functional foundation) should be treated as a long-term capability building
program rather than a one-time technical configuration task.

Second, understand context before acting. No universal best practices exist for
SCP practices in ETO settings. Industry characteristics, product complexity,
organizational size, and current technological capabilities shape what
planning practices will work. The eight-factor contingency hierarchy provides
a diagnostic tool. Companies should begin by mapping their position across
foundational, mediating, operational, and emergent factors before addressing
improvements in SCP practices by implementing ML. This diagnosis prevents
costly misalignment between adopted practices and organizational reality and
avoids the error of applying ML applications developed for rich data in data-
scarce ETO settings.

Third, manage contradictions as strategic opportunities. ETO settings
inherently generate persistent planning contradictions that cannot be
simultaneously optimized, such as efficiency versus flexibility, or
standardization versus customization. Rather than treating these as problems
to eliminate, organizations should develop structural capabilities for
contradiction management. These mechanisms can be cross-functional
integration roles that hold both S&OP and RFQ planning responsibilities, and
formalized paradox acceptance mechanisms that acknowledge trade-offs
explicitly in governance structures. It could also be performance metrics that
capture both poles of key contradictions such as standardization and
customization rates simultaneously. By acknowledging contradictions on an
organizational level, unnecessary tensions between functions or even people
can be avoided. The research in this thesis have showed that there are potential
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ML techniques to improve contradiction management, see Figure 11, despite
no use in practice has been identified.

Fourth, develop the right competence portfolio. Beyond data and process
infrastructure, successful ML adoption in SCP practices in ETO settings
requires a specific competence configuration such as competence that bridge
functional requirements and ML technology (the ability to translate ETO
planning problems into ML formulations), data maintenance and governance
competences (the ability to govern complex, distributed ETO-related data),
and adaptive trust management competence (the ability to calibrate reliance
on ML outputs appropriately). Organizations should assess their current
competence portfolio against these requirements and develop targeted
capability-building programs, including training, recruitment, and partnership
with ML specialists who understand ETO settings.

Fifth, rethink SCP performance measurement. Traditional SCP metrics often
prove inadequate in ETO settings. Companies should develop project-centric
measures that reflect ETO-specific planning realities such as variability
indicators, cross-functional communication effectiveness measures, and
learning and knowledge transfer metrics. Crucially, these metrics serve as a
dual purpose. They measure operational performance, and they build the trust
necessary for ML adoption. Companies should therefore treat metrics
development as an investment in ML readiness, not just a reporting obligation.

Finally, maintaining realistic expectations and sustained commitment.
Successfully integrating ML into SCP practices in ETO settings requires an
organizational transformation that extends well beyond technology
deployment. Changes in organizational culture and process changes
frequently exceed technological challenges in difficulty and duration.
Leadership commitment must be sustained across the full implementation life
cycle, which the actionable four-phase framework suggests spans several
years from foundation-building through continuous improvement. Companies
that successfully navigate this transformation can achieve competitive
advantages through enhanced planning capabilities and improved market
responsiveness, but the journey requires realistic expectations about timelines
and resource commitments.
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6.7. Scientific Implications
This research advances understanding of SCP in ETO settings and the
integration of ML into these complex planning contexts. The contributions
span five interconnected areas.

First, contextualizing SCP practices in ETO settings. The identification of
eight hierarchical contingency factors, provides a systematic, empirically
grounded framework for understanding why specific SCP practices emerge in
ETO settings. This extends the general call from Sousa and Voss (2008) for
contingency research in operations management into the specific area of
planning in ETO settings. The dynamic rather than static character of the
context-practice relationship, whereby implemented practices become new
contingency factors, advances the contingency theory application to planning
by Tenhiälä (2011) by introducing a recursive temporal dimension absent
from prior static frameworks. This is particularly significant for ETO settings,
where the uniqueness of each project means that planning practice evolution
is continuous rather than episodic.

Second, advancing paradox understanding in SCP. The identification of
general and context-specific contradictions across ETO cases, see Table 5, and
their systematic categorization within the four paradox typology by Smith and
Lewis (2011) represents an extension into SCP practices in ETO settings. The
findings also demonstrate that different paradox management strategies exist
in hierarchical relationships. Acceptance of contradictions functions as a
necessary foundation for effective resolution strategies, rather than these
approaches being simply complementary. The identification of specific
organizational capabilities, such as planning ambidexterity, integrated
structures, and formalized communication mechanisms, enable sustained
management of persistent contradictions. This validates and extends the
dynamic equilibrium model (Smith & Lewis, 2011, p. 385) into the SCP area.

Third, reconceptualizing SCP performance measurement. The bidirectional
model of measurement and ML adoption, see Figure 10, in which metrics can
drive ML implementation but where ML implementation can also drive
metrics development, challenges the linear improvement model embedded in
performance measurement frameworks such as Balanced Scorecard (Kaplan
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& Norton, 2009). This reconceptualization is particularly relevant for ETO
settings, where e.g., standard efficiency and effectiveness metrics (Hulthén et
al., 2016) are structurally inadequate, and where development of appropriate
metrics is itself an organizational capability that must be built rather than
assumed. The connection between metrics and trust development identified in
Paper 3 (through cognitive trust-building in ML adoption) extends the
technology acceptance literature into the SCP area and provides a mechanism-
level explanation for why organizations with low metrics maturity resist ML
adoption even when they recognize its potential.

Fourth, extending established frameworks to complex contexts. The extension
of the Triple-A supply chain framework (Lee, 2004, 2021) to ETO settings,
see Table 6, reveals that efficiency in this context serves as an enabler of
agility and adaptability rather than a competing objective. A relationship
characterized here as an “efficient flexibility.” This refinement is empirically
supported by the case evidence and theoretically grounded in the time horizon
dependency of efficiency-effectiveness relationships. Short-term efficiency
enables agility while long-term efficiency enables the structural stability from
which adaptability investments can be made. This contribution refines
understanding of how fundamental supply chain capabilities interact in
complex, low-volume manufacturing environments, extending prior empirical
work on Triple-A capabilities (Feizabadi et al., 2019) into ETO settings.

Finally, integrating multiple perspectives. The overarching contribution of
this thesis lies in demonstrating the value of integrating paradox theory,
contingency theory, the Triple A framework, technology adoption theory, and
performance measurement theory into a coherent explanatory framework for
SCP practice formation and ML adoption in ETO settings. Each theoretical
perspective individually captures partial dynamics while their integration,
formalized in the concluding conceptual model, see Figure 15, provides
explanatory power that none would have achieved alone. This integrative
contribution supports the call for more theoretical ETO research by Cannas
and Gosling (2021) and provides a foundation for future empirical work.
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6.8. Limitations

While this thesis provides valuable insights into ML adoption and SCP
practices in ETO settings, several limitations must be acknowledged that
present opportunities for future research development.

Methodological and Temporal Constraints. The cross-sectional nature of
Studies D and E limits the ability to establish causal relationships and to track
the longitudinal evolution of practices. This limitation is significant given the
recursive, dynamic nature of the context-practice relationship identified in
RO1. A cross-sectional study captures the system as a single moment but
cannot observe the iterative cycles through which practices become new
contingency factors. This was partially addressed by having the Case company
as one of the cases in Studies D and E where data collection was performed
with one year difference. The limited actual ML deployment in studied cases
also constraints the empirical validation of proposed ML techniques and
implementation frameworks, which remain primarily at the theoretical
alignment stage.

Geographic and Contextual Scope. The research is geographically
concentrated, with Papers 1, 2 and 4 limited to companies located in Sweden.
This can potentially affect the generalizability of findings to other
organizational culture and regulatory contexts. This was partially addressed
since four of the cases had global presence of which the head quarter in two
of the cases are located outside Sweden. The ETO focus, while enabling deep
contextual understanding, limits direct applicability to MTS and MTO
settings. Paper 3 operates within ETO settings with characteristically low
information system and metrics maturity, which may not represent the full
spectrum of ETO organizations globally.

Data Collection and Respondent Limitations. Reliance on single respondents
per case creates respondent bias risks and limits the comprehensiveness of
organizational perspectives captured. The micro-level experience of
individual planners navigating planning contradictions is underrepresented
across all studies in this thesis. Even though not included in this thesis, this
limitation has being partially addressed by a parallel study, in which the author
was co-author, investigating paradox experiences across S&OP roles (Shurrab
et al., 2024).

Technology Implementation Context. The empirical validation of ML
applications remains limited across the studies, primarily due to the limited
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actual ML adoption observed in the studied cases. Claims about ML technique
applicability are thus theoretical alignments rather than empirically confirmed
recommendations, and the actionable framework has not been tested yet.

6.9. Future Research
The limitations identified across the five papers suggest six promising
directions for future research that would enhance both theoretical
understanding and practical applicability of the findings.

Longitudinal and Causal Research. A critical research priority involves
conducting longitudinal studies that track the actual evolution of ML
deployments, SCP practices, and contradiction management over time. Such
studies would enable stronger causal inference regarding how paradox
management strategies influence performance outcomes and how ML
implementation affects SCP maturity in companies in ETO settings.
Moreover, ML implementation should be understood not as the adoption of a
single technique, but as an iterative process involving the evaluation and
comparison of multiple ML algorithms to identify those most suitable for
specific SCP challenges and contradictions in ETO settings. Paper 3
specifically suggests tracking the evolution of performance measurements
before, during, and after ML implementation to provide valuable theoretical
and practical insights.

Empirical Validation and Effectiveness Testing. Future research should
prioritize empirical testing of the effectiveness of ML applications in
managing SCP contradictions, moving beyond theoretical frameworks to
validate practical impact. Hence, the actionable framework, Figure 12, and the
concluding conceptual model, Figure 15 should be evaluated and refined after
empirical testing. This includes developing industry-specific adaptation
strategies and investigating how ML implementation affects SCP maturity
trajectories in organizations operating in ETO settings which also can be
connected to evaluating the actionable framework developed in Paper 5.

Contextual and Comparative Studies. Research should expand beyond the
current geographic and operational context to examine how SCP
contradictions manifest and are managed in different manufacturing contexts,
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including MTS and MTO environments. Comparative studies across different
national contexts would help identify organizational culture variations and
context-specific factors that influence paradox management effectiveness and
ML adoption success. Cross-manufacturing setting comparisons would
enhance understanding of how companies in various operational
environments can effectively leverage ML to improve SCP processes,
particularly in contexts with data scarcity and high variability.

Measurement and Performance Framework Development. A significant
research opportunity involves developing ETO specific performance metrics
that accommodate the unique challenges of customization and low production
volumes. This includes investigating how the maturity of SCP performance
measurement systems influences ML adoption success and creating
measurement instruments for paradox management capabilities that would
enable larger-scale validation of current findings. Future research should also
explore the specific mechanisms by which performance measurements
contribute to different forms of trust (initial versus continuous and cognitive
versus emotional trust) in ML applications, providing deeper understanding
of trust-building processes in technology adoption.

Micro-Level and Individual Perspectives. Research into the micro-
foundations of paradox management could reveal how individual cognitive
frames, emotional responses, and behavioural patterns shape organizational
capabilities for addressing planning contradictions. This individual-level
focus would complement the organizational-level insights currently available
and provide a more comprehensive understanding of contradiction
management processes.

Quantitative Validation and Scaling. Future studies should investigate
quantitative relationships between contradiction management effectiveness
and organizational performance, moving beyond qualitative insights to
establish measurable impacts. This includes developing and validating
measurement instruments that could enable larger-scale studies and statistical
validation of the frameworks proposed across the papers.
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6.10. Conclusion
This thesis addresses the challenge of integrating ML into SCP practices
within ETO settings, a manufacturing setting that is fundamentally different
from the mass-production and repetitive manufacturing environments in
which most SCP literature and ML-in-SCP research has been developed. The
uniqueness of ETO settings relates to low volume, high customization, long
lead times, project-specific engineering, and the absence of stable demand
patterns. This creates a configuration of contextual conditions that renders
standard SCP practices inadequate and standard ML approaches challenging
without adaptions.

The central finding of this thesis, that ML adoption in SCP practices in ETO
settings remains minimal despite acknowledged need, is explicable precisely
by reference to this uniqueness. ETO settings are data-scarce, contradictions-
rich, metrics-immature, and organizationally complex environments in which
the standard prerequisites for ML deployment (large datasets, stable problem
formulations, established performance benchmarks) are systematically
challenging. Addressing this gap requires not a technical fix but an
organizational transformation that begins with contextual diagnosis,
progresses through capability building and targeted application, and
culminates in continuous learning systems adapted to the project-based nature
of ETO operations.

The four research objectives, addressed through five interconnected papers via
three studies involving nine ETO companies, have collectively established the
conceptual and practical groundwork that the field currently lacks for ML
adoption in SCP practices in ETO settings. The hierarchical contingency
framework, the bidirectional measurement-adoption model, the systematic
ML technique mapping, and the theoretically grounded four-phase actionable
framework, together constitute a coherent research contribution that is
simultaneously theoretically novel and practically actionable, even though not
yet tested in practice.

For ETO organizations, the path to ML-enhanced SCP is demanding but
navigable. It requires realistic expectations, sustained leadership commitment,
investment in data and organizational infrastructure, and a willingness to
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embrace the persistent contradictions of planning in ETO settings as
motivators for, rather than barriers to, technological innovation. Companies
that successfully navigate this transformation can achieve competitive
advantages through enhanced planning capabilities, improved delivery
reliability, and superior responsiveness to the high-customization, high-
complexity demands that define the ETO marketplace.
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Case Study Protocol for Study D
A case study protocol is a formal document capturing the entire set of procedures involved
in the collection of data for a case study. A complete protocol will include the following: (a)
The procedures for contacting key informants and making field work arrangements; (b)
explicit language and reminders for implementing and enforcing the rules for protecting
human subjects; (c) a detailed line of questions, or a mental agenda to be addressed
throughout the data collection, including suggestions about the relevant sources of data;
and (d) a preliminary outline for the final case study report.

Purpose:
The purpose of this research is to explore how machine learning can be leveraged within
supply chain planning processes to enhance agility and adaptability in engineer-to-order
operations.

Research Questions:
1. RQ1: How can suitable ML-techniques enhance agility and adaptability capabilities

for SCP-practices in ETO-settings
2. RQ2: What contingency factors moderate the positive impact for ML in SCP-

practices in ETO-settings?

Contributions to Theory:
Research Question 1: By addressing the first research question, the study contributes to
the theoretical development of adaptable SCP, Industry 4.0 in supply chain management,
and the Triple-A framework, while also providing novel insights into the specific challenges
and opportunities of ETO operations. The findings can help unlock new understanding of
how ML can transform SCP processes in complex and dynamic environments, beyond the
specific focus on ETO, and inform the development of more comprehensive and nuanced
theories on the role of advanced technologies in building agile, adaptable, and aligned
supply chains:
o Extends the concept of adaptable SCP by identifying specific opportunities for applying

ML in ETO contexts, which are underexplored in the current literature.
o Refines the understanding of how Industry 4.0 technologies, specifically ML, can

enable more agile and adaptable SCP processes, thus contributing to the ongoing
discourse on the role of advanced technologies in SCP.
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o Enriches the Triple-A framework by providing insights into how ML can support agility
and adaptability in the unique context of ETO operations, potentially identifying new
dimensions or contingencies.

o Expands the theoretical understanding of SCP in ETO settings by highlighting how ML
can address the specific challenges and requirements of these environments.

The first research question, which focuses on identifying opportunities for applying ML
within SCP to improve agility and adaptability in ETO contexts, contributes to several
established theories related to the special issue call:

1. Adaptable Supply Chain Planning:
o The study extends the concept of adaptable SCP by exploring how ML can enable more

dynamic and responsive planning processes in ETO environments, which are
characterized by high variability and uncertainty.

o By identifying specific ML applications that can enhance agility and adaptability in ETO
contexts, the research builds novel understanding of how established SCP theories and
practices can be augmented with advanced technologies to cope with the unique
challenges of ETO operations.

o The findings can inform the development of new theoretical frameworks or propositions
that capture the key enablers, mechanisms, and outcomes of ML-driven adaptable SCP
in complex and dynamic environments, beyond the specific focus on ETO.

2. Industry 4.0 and Supply Chain Management:
o The research contributes to the ongoing discourse on the role of Industry 4.0

technologies, specifically ML, in transforming SCP processes and enabling more agile
and adaptable supply chains.

o By examining how ML can be leveraged to address the specific challenges of ETO
contexts, such as demand uncertainty, customization requirements, and lead time
variability, the study provides new insights into the potential of Industry 4.0
technologies to revolutionize SCP in complex manufacturing environments.

o The findings can help refine existing theories on the impact of Industry 4.0 on supply
chain performance, by highlighting the context-specific factors that influence the
successful adoption and implementation of ML in SCP processes, and the resulting
improvements in agility and adaptability.
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3. Triple-A Supply Chain Framework:
o The study enriches the Triple-A framework (agility, adaptability, and alignment) by

exploring how ML can support the realization of these capabilities in the unique context
of ETO operations.

o By identifying the specific ML applications that can enhance agility and adaptability in
ETO supply chains, the research provides new insights into the technological enablers
and mechanisms that underpin the Triple-A framework.

o The findings can help extend the Triple-A framework by incorporating the role of
advanced technologies, such as ML, in building and sustaining agile, adaptable, and
aligned supply chains, beyond the specific focus on ETO.

o The study may also identify new dimensions or contingencies that influence the
e�ectiveness of ML in supporting the Triple-A capabilities, such as data quality,
organizational readiness, and supply chain complexity, thereby refining the theoretical
understanding of the framework.

Research Question 2: By addressing the second research question, the study contributes
to the theoretical advancement of adaptable SCP, Industry 4.0 in supply chain
management, and the Triple-A framework, while also providing novel insights into the
specific implementation challenges and strategies relevant to ETO operations. The findings
can help unlock new understanding of the critical success factors and best practices for
deploying ML solutions in complex and dynamic supply chain environments, beyond the
specific focus on ETO, and inform the development of more robust and practically relevant
theories on the adoption and implementation of advanced technologies in SCP:
o Deepens the understanding of adaptable SCP by identifying the barriers to

implementing ML solutions in ETO contexts and proposing strategies to overcome
them, thus extending the theory’s practical applicability.

o Contributes to the theoretical discourse on the adoption and implementation of
Industry 4.0 technologies in SCP by revealing context-specific challenges and solutions
in ETO settings.

o Refines the Triple-A framework by exploring how the implementation challenges of ML
may a�ect the realization of agility and adaptability in ETO operations, potentially 
identifying new boundary conditions or moderating factors.

o Advances the theory on SCP in ETO contexts by shedding light on the unique
implementation hurdles faced in these environments and proposing tailored strategies
to address them.
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The second research question, which focuses on identifying the main challenges in
implementing ML solutions for adaptable SCP in ETO operations and proposing strategies
to overcome them, contributes to several established theories related to the special issue
call:

1. Adaptable Supply Chain Planning:
o By identifying the barriers to implementing ML solutions in ETO contexts, the study

deepens the understanding of the practical challenges involved in realizing adaptable
SCP in complex and dynamic environments.

o The research extends the theory’s practical applicability by proposing strategies to
overcome these implementation challenges, thereby bridging the gap between
conceptual frameworks and real-world practice.

o The findings can help refine existing theories on adaptable SCP by highlighting the key
success factors, enablers, and contingencies that influence the e�ective deployment 
of ML solutions in ETO settings, and how these insights can be generalized to other
complex manufacturing environments.

2. Industry 4.0 and Supply Chain Management:
o The study contributes to the theoretical discourse on the adoption and implementation

of Industry 4.0 technologies in SCP by revealing context-specific challenges and
solutions in ETO settings.

o By examining the unique implementation hurdles faced by ETO firms when deploying
ML solutions, the research provides new insights into the organizational, technological,
and cultural factors that influence the successful integration of Industry 4.0
technologies into SCP processes.

o The findings can help extend existing theories on the adoption and implementation of
Industry 4.0 in supply chain management by identifying the specific barriers, enablers,
and best practices that are relevant to ETO contexts, and how these insights can inform
the development of more comprehensive and nuanced implementation frameworks.

3. Triple-A Supply Chain Framework:
o The research refines the Triple-A framework by exploring how the implementation

challenges of ML may a�ect the realization of agility and adaptability in ETO operations.
o By identifying the specific implementation hurdles that can hinder the e�ectiveness of 

ML in supporting the Triple-A capabilities, the study can help extend the framework by
incorporating the role of implementation factors as potential boundary conditions or
moderating variables.
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o The findings can provide new insights into how the successful deployment of ML
solutions can enhance the agility and adaptability of ETO supply chains, and how these
learnings can be applied to other complex manufacturing environments to build more
resilient and responsive supply networks.

Contributions to Practice
The study aims to bridge the gap between theory and practice by providing practitioners
with actionable insights, decision-making tools, and implementation guidance to
successfully leverage ML for enhancing agility and adaptability in ETO supply chains. By
addressing the unique challenges and opportunities faced by ETO firms, the research will
contribute to the development of evidence-based practices and support the digital
transformation of SCP processes in this complex and dynamic sector.

1. Actionable Insights for Leveraging ML in SCP:
o The study will provide practitioners with a comprehensive understanding of the

specific opportunities for applying ML within SCP processes in ETO contexts.
o It will o�er insights into how ML can enhance demand planning, supply 

management, production management, and inventory management in ETO
operations, enabling practitioners to make informed decisions about adopting ML
solutions.

o The research will highlight the potential benefits of ML in improving agility and
adaptability in ETO supply chains, such as more accurate demand forecasting,
optimized resource allocation, and improved responsiveness to changes in
customer requirements or market conditions.

2. Implementation Roadmap and Best Practices:
o The study will identify the main challenges and barriers to implementing ML

solutions for SCP in ETO operations, providing practitioners with a realistic
understanding of the potential hurdles they may face.

o It will o�er strategies and best practices for overcoming these implementation 
challenges, drawing on the experiences and insights of ETO firms that have
successfully adopted ML in their SCP processes.

o The research will provide guidance on the organizational, technical, and cultural
factors that need to be considered when implementing ML solutions, helping
practitioners to develop a comprehensive change management plan.

3. Decision-Making Frameworks and Models:
o The study will contribute to developing decision-making frameworks or models that

assist practitioners in evaluating the suitability and feasibility of ML solutions for
their specific ETO contexts.
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o These frameworks will consider factors such as the organization’s current SCP
maturity level, available data and technological infrastructure, and the complexity
and variability of ETO projects.

o By supporting structured approaches to decision-making, these frameworks will
help practitioners to prioritize ML investments and develop a phased
implementation roadmap aligned with their organizational goals and constraints.

4. Benchmarking and Performance Metrics:
o The research will provide insights into the key performance indicators (KPIs) and

metrics used by ETO firms to measure the success and impact of ML
implementations in SCP processes.

o It will o�er guidance on how to establish baseline measures and track 
improvements in agility, adaptability, and other relevant dimensions of SCP
performance following the adoption of ML solutions.

o By highlighting best practices in performance measurement and benchmarking, the
study will enable practitioners to build a strong business case for ML investments
and demonstrate the value generated by these initiatives.

5. Collaborative Learning and Knowledge Sharing:
o The study will contribute to the development of a community of practice around the

application of ML in SCP for ETO operations.
o By disseminating the research findings through industry forums, workshops, and

online platforms, the study will facilitate knowledge sharing and collaborative
learning among practitioners facing similar challenges and opportunities.

o This collaborative approach will foster the development of innovative ML solutions
and accelerate the adoption of best practices across the ETO sector.
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Interview Guide:
Introduction

o Brief introduction of the researcher and the study's purpose
o Assurance of confidentiality and anonymity
o Obtain consent for recording the interview (if applicable)

Background Information
1. Please describe your role and responsibilities within the organization.
2. How long have you been involved in supply chain planning (SCP) processes?
3. Can you provide an overview of your organization's engineer-to-order (ETO) operations?

Current SCP Practices and Challenges in ETO
4. What are the key challenges your organization faces in SCP for ETO operations?
5. How does your organization currently approach the following SCP tasks in ETO contexts?
   a. Demand Planning and Management

o How do you forecast resource requirements (materials, labor, etc.) based on
incoming orders?

o What methods do you use to analyze customer behavior and predict future trends?
o How do you incorporate market conditions and variability into your demand

planning process?
   b. Supply Management

o How do you identify and qualify suppliers for custom materials or components?
o What strategies do you employ to establish flexible contracts and maintain strong

supplier relationships?
o How do you manage quality assurance and compliance with suppliers?

   c. Production Management
o How do you assess production capabilities and allocate resources for ETO projects?
o What strategies do you use to optimize workflows and adapt production techniques

for custom products?
o How do you handle scheduling and prioritization of ETO projects?

   d. Inventory Management
o How do you determine optimal inventory levels for raw materials and components

in ETO operations?
o What strategies do you use to integrate suppliers and manage just-in-time delivery?
o How do you ensure real-time visibility and tracking of inventory levels?

6. What are the main limitations of your current SCP practices in terms of agility and
adaptability in ETO operations?
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ML Capabilities in SCP Tasks and Their Potential Applications in ETO (Explain each
capability and ask relevant questions)
7. Demand Planning and Management:

o ML techniques like decision trees, random forests, and neural networks can analyze
historical data, customer preferences, and market trends to predict resource
requirements and forecast demand for di�erent types of ETO projects.

o How could these ML capabilities enhance your demand planning process in ETO
operations?

o What are the potential benefits and challenges of applying ML in demand
forecasting and resource planning for ETO projects?

8. Supply Management:
o ML algorithms can optimize supplier selection, evaluate supplier performance, and

predict potential supply chain risks or disruptions.
o How could ML-driven supplier management improve your ability to source custom

materials and components for ETO projects?
o What are the potential advantages and limitations of using ML in managing supplier

relationships and quality assurance in ETO contexts?
9. Production Management:

o ML techniques such as constraint programming, genetic algorithms, and
reinforcement learning can optimize resource allocation, production scheduling,
and workflow management for ETO projects.

o How could ML-driven production management help in optimizing your ETO
operations?

o What are the potential benefits and challenges of applying ML in capacity planning,
scheduling, and quality control for custom ETO products?

10. Inventory Management:
o ML algorithms like demand forecasting, clustering, and classification can help

optimize inventory levels, predict lead times, and manage just-in-time delivery for
ETO projects.

o How could ML-driven inventory management improve e�iciency and cost-
e�ectiveness in your ETO operations?

o What are the potential advantages and limitations of using ML to optimize inventory
strategies and supplier integration for ETO projects?
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Implementation Challenges and Strategies
11. Considering the ML capabilities discussed, what are the main challenges you foresee in
implementing these solutions in your organization's ETO operations?
12. How do you think these implementation challenges could be overcome?
13. What organizational, technical, or cultural factors need to be considered when
implementing ML solutions for SCP in ETO contexts?

Future Outlook and Additional Insights
14. How do you envision the future of SCP in ETO operations, considering the potential of
ML and other Industry 4.0 technologies?
15. Are there any other insights or perspectives you'd like to share regarding the use of ML
for adaptable SCP in ETO contexts?

Closing
- Thank the interviewee for their time and valuable insights
- O�er to share the study's �ndings once the research is completed
- Provide your contact information for any follow-up questions or concerns
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Case Study Protocol - Study E

Background
Introduction: This Case Study Protocol relate to the overarching study E with the

below purpose. The intent is to write in total three papers related to
this study.

 One conference paper relating to the machine learning (ML)
part

 One conference covering part of the SCP practice study
including the paradoxes

 One journal paper covering the total study except ML (PPC).

Overall Purpose: Explore SCP practices and inherent contradictions in project-oriented
ETO settings and if ML is or can be used to improve SCP practices and
management of contradictions

Journal paper purpose:  Explore contradictions in SCP practices in ETO settings and their
specific manifestation in the ETO-related tactical SCP practices
Request for Quotation (RFQ) planning and overall tactical planning
practices, such as Sales and Operations Planning (S&OP)

Journal paper research questions:

RQ1: What are the tactical SCP contradictions in ETO settings and are they common or
context specific?

RQ2: �ow does contingency factors in�uence di�erent SCP practices in ETO settings?
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Procedures for contacting respondents
The purposive criteria aimed to find manufacturing case companies to ensure that all the
case companies acted in an ET� setting and were di�erent in the following criteria: (i) type 
of industry and products, (ii) company sizes, (iii) local or global geographical
representation, and (iv) SCP practice maturity levels. Investigating suitable companies were
made based on existing networks within industry and universities. Steps to contact
respondents:

1. Identifying suitable case companies via existing industry and university networks
2. Using the network as “door-openers”
3. Contact the persons contacted by the door-openers
4. Explaining the purpose of the study
5. Together finding key informants within the area of expertise (tactical SCP)
6. Contact the key informants via the company contact
7. Explaining

a. purpose of the study
b. the role of the respondents (that this is voluntary)
c. ethical considerations
d. the research process and timeline

8. Agree on time and place
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Interview guide
Definitions before interview

ETO: Supply chains which requires order engineering after a customer order to customize
the product according to the customer specification

SCP: SCP includes strategic, tactical and operational planning processes such as
demand planning, S&OP, capacity planning, supply planning, forecasting, material
requirements planning, inventory planning.

Expected duration: 100 minutes

Introduction (5 minutes)

 Tacka deltagaren för deras tid
Thank the participant for their time

 Beskriv kortfattat syftet med studien
Briefly explain the purpose of the study

 Försäkra konfidentialitet och beom tillåtelse atts pela in intervjun
Assure confidentiality and ask permission to record the interview

 Beskriv ETO och SCP kortfattat (frågor?)
Briefly explain SCP and ETO (any questions?)

 Referera till enkäten och fyll i den gemensamt – gärna före intervjun
Refer to the survey and fill it in together if possible (this can be good before the
interview is started).

Bakgrund / Background Information (5 minutes)

1. Kan du beskriva din nuvarande roll och ansvarsområden och hur dessa områden
relaterar till SCP och hur länge du har haft denna eller liknande roll.
Can you briefly describe your current role and responsibilities and how it relates to
SCP and for how long have you been working in your current or connected roles?
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Process and Activities (20 minutes)

Ta�tis� proje�t o�ertf�rfr�gnings process (RFQ-planeringsprocess)
Tactical Project request for quotation Process (RFQ-planning process)

2. �an du beskriva vad som händer när ni får en o�ertförfrågan (formell eller
informell?)?
Can you describe what happens once a RFQ is received?

3. Vilka roller är inblandade för att kunna svara på o�ertförfrågan?
Which roles are involved to answer the RFQ

4. Vilken/a roll/er beslutar vilken leveranstid (och relaterat pris) som erbjuds i o�erten?
Which role/s is/are finally deciding the stipulated delivery time (and related price) in
the resulting Quote?

5. Finns det ett särskilt team med ansvar att koordinera o�ertförfrågningar?
Is there a specific team for coordinating RFQ’s?

6. Hur hanteras resursbehov för en o�erförfrågan? Vilka roller är ansvariga för
resurser/kapaciteter relaterade till o�ertförfrågningar?
How are the required resources for a RFQ handled? Which roles are accountable for
capacities related to the RFQ?

7. Hur överväger dessa ansvariga roller det totala resurs/kapacitetsbehovet?
How are these accountable roles considering the total capacity requirement?

8. Har ni e�ektivitetsmått för någon eller några av processtegen för att besvara en 
o�ertförfrågan (e�iciency� process e�ort / ledtid� e�ectivity� output quality)? Om ja,
vilket och för vilket processteg?

9. Vilka teknologier och/eller verktyg används för att svara på, skapa o�ertsvar eller 
bedöma risk, leveranstider eller kostnader?
What technologies or tools do you use to answer, produce or judge risks, delivery
times or cost?

10. Används maskininlärning kopplat i denna process? Om ja, vad används de till?
Is machine learning used in this process? If yes, what are they used for?

11. Hur hjälper eller hindrar de verktyg ni använder de olika delarna i RFQ-
planeringsprocessen?
How do these tools help or hinder the di�erent parts of the RFQ planning process?
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Ledningsprocess för planering / Management Planning Process (Ledningsprocess)

12. Har ni en övergripande ledningsprocess för planering som tar hänsyn till
övergripande kapacitetsbehov av backlog och prognoser eller o�ertförfrågningar 
samt den totala volymen som företaget ska dimensioneras för?
Is there an overall management planning process in place considering the overall
capacity requirement and the volume the company should be dimensioned for?

13. Om ja / If yes:
a. Vad kallas ledningsprocessen?

What do you call that process?
b. Hur ofta körs ledningsprocessen (år, kvartal, månad, ad-hoc / vid behov)?

How often does this process take place (annually, tertiary, quarterly, monthly,
ad-hoc)?

c. Vilken roll “kör” ledningsprocessen och vilka funktioner är inblandade?
Which role/s is running this process, and which functions are involved?

d. Hur är finans inblandade i ledningsprocessen?
How is finance involved in this process?

e. Kan du kortfattat gå igenom ledningsprocessen?
Can you walk me through this management process?

f. Har ni e�ektivitetsmått för någon eller några av processteg (e�iciency: 
process e�ort / ledtid� e�ectivity: output quality)? Om ja, vilket och för vilket
processteg?

g. Vilka teknologier och/eller verktyg används i ledningsprocessen?
What technologies or tools do you use for the management planning
process?

h. Används maskininlärning i ledningsprocessen? Om ja, vad används de till?
Is machine learning used in the management planning process? If yes, what
are they used for?

i. Hur hjälper eller hindrar de verktyg ni använder i ledningsprocessen?
How do these tools help or hinder the di�erent parts of the management
planning process?

14. Om nej / If no:
a. Vad är grunden för rekrytering, kapitalbindning och investeringar för att möta

en viss volym?
What is the base for recruitment, inventory and capex for meeting a certain
volume?

b. Vad är grunden för företagets finansiella plan?
What is the base for the financial plan?
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Order Acceptance

15. Kan du gå igenom vad som händer när företaget får en kundorder?
Can you walk us through the steps when you get an order? 

Paradoxala spänningar / Paradoxical Tensions (30 minutes)

Genomförandeparadox / Performing Paradox
Balansera kortsiktiga resultat mot långsiktiga alternativt motstridiga resultat mellan 
olika funktioner (interna/externa resultatmått)
Balancing short-term performance pressures with the need for long-term development 
and
sustainability (internal/external KPI)
�xamples of performing paradoxes� balancing productivity with creativity, e�iciency with 
quality, and control with empowerment, best price vs total cost

16. Kan du beskriva någon typisk motsättning för ”genomförandeparadox” som har 
uppstått i processen för o�erförfrågningsprocessen, och hur den har hanterats?
Can you describe any typical performing paradoxical tensions in the tactical project 
order fulfillment process, and how these tensions have been handled / overcome?

17. Om företaget har en övergripande planeringsprocess…
Kan du beskriva någon typisk motsättning för ”genomförandeparadox” som har 
uppstått i den övergripande planeringsprocessen, och hur den har hanterats?
Can you describe any typical performing paradoxical tensions in the tactical 
management planning process and how these tensions have been handled / 
overcome?

18. Om företaget har en övergripande planeringsprocess…
Kan du beskriva någon typisk motsättning för ”genomförandeparadox” som har 
uppstått mellan de två planeringsprocesserna, och hur den har hanterats?
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Can you describe any typical performing paradoxical tensions between the two
planning processes paradoxical and how these tensions have been handled /
overcome?

ADD: BIDRAR DESSA PROCESSER TILL ATT TA HAND OM GENOMFÖRANDE-PARADOXER?
Does these processes contribute to how performing paradoxes are managed?

Organiserande-paradox / Organizing Paradox
Hantera motsättningar mellan standardiserade processer och behov av att vara
flexibel för att möta lokala behov och/eller situationer
Managing the contradiction between standardized processes and the need for
flexibility to adapt to local or unique situations (standard/adapted)
Examples of organizing paradoxes: Standardized global reporting / planning processes vs
locally adapted reporting planning processes

19. Kan du beskriva någon typisk motsättning för ”organiserandeparadox” som har
uppstått i processen för o�erförfrågningsprocessen, och hur den har hanterats?
Can you describe any typical organizing paradoxical tensions in the tactical project
order fulfillment process and how these tensions have been handled / overcome

20. Om företaget har en övergripande planeringsprocess…
Kan du beskriva någon typisk motsättning för ”organiserandeparadox” som har
uppstått i den övergripande planeringsprocessen, och hur den har hanterats?
Can you describe any typical organizing paradoxical tensions in the tactical
management planning process and how these tensions have been handled /
overcome?

21. Om företaget har en övergripande planeringsprocess…
Kan du beskriva någon typisk motsättning för ”organiserandeparadox” som har
uppstått mellan de två planeringsprocesserna, och hur den har hanterats?
Can you describe any typical organizing paradoxical tensions between the two
planning processes paradoxical and how these tensions have been handled /
overcome?

ADD: BIDRAR DESSA PROCESSER TILL ATT TA HAND OM ORGANISERINGS -PARADOXER?
Does these processes contribute to how organizing performing paradoxes are managed?
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Tillhörandeparadox / Belonging Paradox
Balansera behov av en enhetlig organisationsidentitet och samtidigt stödja mångfald
och individuell självständighet (individ/grupp).
Navigating the dual needs of promoting a unified organizational identity while
supporting diversity and individual autonomy (individ/group)

Examples of organizing paradoxes: individualitet vs gruppsammanhållning (individuality and
group cohesion), självuttryck och kollektiv tillhörighet (self-expression and collective
a�iliation)

22. Kan du beskriva någon typisk motsättning för ”tillhörandeparadox” som har uppstått
i processen för o�erförfrågningsprocessen, och hur den har hanterats?
Can you describe any typical belonging paradoxical tensions in the tactical project
order fulfillment process and how these tensions have been handled / overcome

23. Om företaget har en övergripande planeringsprocess…
Kan du beskriva någon typisk motsättning för ”tillhörandeparadox” som har uppstått
i den övergripande planeringsprocessen, och hur den har hanterats?
Can you describe any typical belonging paradoxical tensions in the tactical
management planning process and how these tensions have been handled /
overcome?

24. Om företaget har en övergripande planeringsprocess…
Kan du beskriva någon typisk motsättning för ”tillhörandeparadox” som har uppstått
mellan de två planeringsprocesserna, och hur den har hanterats?
Can you describe any typical belonging paradoxical tensions between the two
planning processes paradoxical and how these tensions have been handled /
overcome?

ADD: BIDRAR DESSA PROCESSER TILL ATT TA HAND OM TILLHÖRANDE-PARADOXER?
Does these processes contribute to how organizing belonging paradoxes are managed?
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Lärandeparadox / Learning Paradox
Balansera exploateringen av befintlig kunskap och förmågor med utforskande av nya
möjligheter, innovation och tillväxt (gammal/ny)
Balancing the exploitation of existing knowledge and skills with the exploration of new
opportunities for innovation and growth (old/new)

Examples of Learning paradoxes: krav på operativ prestation (exploit) och tid för
e�ektivisering (explore)

25. Kan du beskriva någon typisk motsättning för ”lärandeparadox” som har uppstått i
processen för o�erförfrågningsprocessen, och hur den har hanterats?
Can you describe any typical learning paradoxical tensions in the tactical project
order fulfillment process and how these tensions have been handled / overcome

26. Om företaget har en övergripande planeringsprocess…
Kan du beskriva någon typisk motsättning för ”lärandeparadox” som har uppstått i
den övergripande planeringsprocessen, och hur den har hanterats?
Can you describe any typical learning paradoxical tensions in the tactical
management planning process and how these tensions have been handled /
overcome?

27. Om företaget har en övergripande planeringsprocess…
Kan du beskriva någon typisk motsättning för ”lärandeparadox” som har uppstått
mellan de två planeringsprocesserna, och hur den har hanterats?
Can you describe any typical learning paradoxical tensions between the two
planning processes paradoxical and how these tensions have been handled /
overcome?

ADD: BIDRAR DESSA PROCESSER TILL ATT TA HAND OM LÄRANDE-PARADOXER?
Does these processes contribute to how organizing learning paradoxes are managed?
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Betydelsefaktorer Contingency Factors (15 minutes)

Flertalet betydande faktorer och deras inverkan på taktiska planeringsprocesser i ditt
företag uppskattades I enkäten. Här kommer ytterligare några frågor.
Several contingency factors and their impact on the tactical planning processes in your
company has been estimated in the survey. But here comes some additional questions.

28. Finns det någon särskild anledning till att era planeringsprocesser ser ut som dom
gör?
Are there any contingency factors or specific reasons why the SCP-design is as it is?

29. Hur påverkar företagets storlek och/eller era produkter och dess kundanpassning
hur tidigare diskuterade motsättningar hanteras?
How does the size of your organization and/or the products and its customization
influence how the previously discussed contradictions are managed?

30. Hur påverkar ledningens engagemang hur tidigare diskuterade motsättningar
hanteras?
How does the management involvement influence how the previously discussed
contradictions are managed?

31. Hur påverkar ständiga förändringar av till exempel komponentpriser,
kundpreferenser, avbrott I försörjningskedjan, ändringar av standarder hur tidigare
diskuterade motsättningar hanteras?
How do frequent changes in industrial conditions (e.g., prices, customer
preferences, supply chain disruptions, industrial standards/codes, etc.) influence
how the previously discussed contradictions are managed?

32. Hur påverkar omfattningen av kundanpassningar av era produkter hur tidigare
diskuterade motsättningar hanteras?
How does the level of product customization in your company impact how the
previously discussed contradictions are managed?
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Machine Learning (10 minutes)
Det finns ett ständigt ökande exempel på användningen av ML inom flertalet SCP-områden,
till exempel säljprognosticering, riskbedömningar, hitta konstigheter. Inom ETO är det inte
lika vanligt men det finns exempel på leveranstids och kostnadsprediktioner.
There are continuously increasing examples of the use of ML in several SCP-areas such as
demand forecasting, sales forecasting, risk assessment, anomaly detection. Within ETO-
settings it is not that common but there are examples of delivery time estimations and cost
predictions.

33. OM företaget använder ML idag:
Hur tror du att användningen av ML i processerna ovan påverkar hur de tidigare
diskuterade motsättningarna hanteras i ditt företag?
How do you think that the use of ML in the above processes a�ects how the 
previously discussed contradictions is handled in your company?

34. Hur tror du att (ytterligare) införande av ML i dessa processer skulle kunna påverka
hur tidigare diskuterade motsättningarna hanteras i ditt företag?
How do you think that a (further) use of ML in the above processes a�ects how the 
previously discussed contradictions is handled in your company?

35. Hur tror du att (ytterligare) införande av ML i dessa processer skulle kunna påverka
hur dessa processer är designade?
How do you think that a (further) use of ML in the above processes a�ects how these
processes are designed?

Closing Questions (10 minutes)

36. Vad ser du som de största utmaningarna i RFQ-planeringsprocessen är idag?
What do you see as the biggest challenges facing the RFQ planning process is
today?

37. Hur tror du att RFQ-planeringsprocessen kommer att utvecklas i framtiden?
How do you think the RFQ planning process will evolve in the future?

38. Om företaget har en ledningsprocess för planering…
Vad ser du som de största utmaningarna i den övergripande ledningsprocessen samt
kopplingen mot processen kring o�ertförfrågningar är idag?
What do you see as the biggest challenges in the management planning process and
its connection to the RFQ planning process is today?

39. Om företaget har en ledningsprocess för planering…
Hur tror du att den övergripande ledningsprocessen kommer att utvecklas i
framtiden samt kopplingen mot processen kring o�ertförfrågningar?
How do you think the management planning process will develop in the future
including its connection to the RFQ planning process?
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40. Är det något mer du skulle vilja tillägga till det vi har talat om kring processer och
hantering av motsättningar?
Is there anything else you’d like to add about the planning processes and how to
navigate through di�erent contradictions?

PERFORM THE QUESTIONNAIRE TOGETHER, (10 minutes)

1. Name (optional)
2. E-mail (optional)
3. How many years of experience do pyou have in Supply Chain Planning

a. Less than one year
b. 1-5 years
c. 6-10 years
d. More than 10 years

4. What is the highest level of education you have completed?
a. High School or equivalent
b. Bachelor’s Degree
c. Bachelor’s Degree
d. Doctorate or higher

5. Which of the following statements best describes your role connected to supply
chain planning within your organization?

a. My role relates to the management planning process within Supply Chain
Planning

b. My role relates to the request for quotation (RFQ) planning process
c. All the above

6. Type of Industry
a. Manufacturing
b. Technology
c. Healthcare
d. Automotive
e. Building
f. Other

7. How many employees does your organization have?
a. 1-10
b. 11-50
c. 51-250
d. 251-500
e. 501-2000
f. 2001-5000
g. >5000
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8. How many people are involved connected to your Supply Chain Planning 
process (RFQ planning process and Management planning process)? (All 
stakeholders)

a. 1-10
b. 11-50
c. 51-100
d. 101-500
e. >500

9. If you have a SCP coordination team, how many people are involved in that 
coordination team? (Individuals responsible for organizing the process)

a. 1-5
b. 6-10
c. 11-20
d. 21-50
e. >50

10. Is your organization’s SCP process focused on:
a. Corporate-Level SCP
b. Business-Unit SCP
c. Plant-Level SCP
d. Multi-Plant Level SCP
e. Unsure

11. How many RFQ's are yearly processed in you organization?
a. <10
b. 10-50
c. 51-100
d. >100

12. �udge the maturity of the RFQ's and SCP (if applicable) from di�erent 
perspectives.
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Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
People and Organization O O O O O
Process and Methodology O O O O O
Information Technology O O O O O
Performance Measurement O O O O O
Overall SCP O O O O O

13. Presumptive Contingency Factors and their estimated impact on the SCP-
design

Very
small
impact

Small
impact

Neither
small
or high
impact

High
impact

Very
high
impact

Type of Industry O O O O O
Company Size O O O O O
Order Project Size O O O O O
Planning Maturity O O O O O
Level of Customization O O O O O
Level of ETO (separate file) O O O O O
Market Uncertainty O O O O O
Market Requirement O O O O O
No of RFQ’s O O O O O
Supplier Complexity O O O O O
Other O O O O O

Level of ETO (separate file)

Wrap-up (5 minutes)

- Thank the participant for their time and insights
- Explain the next steps in the research process (and that they will be requested to see

and comment the transcripts)
- O�er to share �ndings when the study is complete

Please fill in the light blue cells in step 1 to 4 and continue with step 5, if ETO >0%.

1 Product Name
Enter a valid product name

2 Make-to-stock (MTS) [S] For further information see sheet:
How much of a typical customer product (% of the total value) are procured and produced on speculation before a customer order?

The value cannot exceed 100%

3 Make-to-order (MTO) [M] For further information see sheet:
How much of a typical customer product (% of the total value) are configured/specified for procurement and production with already existing parts, materials and bill-of-materials after a customer order?

The value cannot exceed 100%

4 Enginneer-to-order (ETO) [E] For further information see sheet:
How much of a typical customer product (% of the total value) require additional order engineering to specify new parts, materials and bills-of-materials for procurement and production after a customer order?

100% NOTE! Calculated value, based on the MTS-  and MTO-portion.
100%

5 Further Enginneer-to-order (ETO) - split For further information see sheet: ETO
Out of the ETO-portion (100%), what is the estimated split (total 100%) between: Finalized, Adapted, New and Integrate?

5.1 Finalized [E1] The customer specific design solution is built on existing and established parts with known characteristics

5.2 Adapted [E2] The customer specific design solution is using combinations of exising outlines and subsystem

5.3 New [E3] The customer specific design solution starts from a blank paper, but is using existing codes, standards and principles

5.4 100% Integrate [E4] The customer specific design solution is established by new or modified codes and standards NOTE! Calculated based on the ETO sub-categories: Finalized, Adapted, and New.
100% 100%

Hybrid Product Supply Chain Structure Categorization Tool

MTS, MTO, ETO

MTS, MTO, ETO

MTS, MTO, ETO NOTE!
[S]+[M]+[E] = 100%
[E1]+[E2]+[E3]+[E4]=100% which represents [E]
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From Reactive to Predictive

Enhancing Sales and Operations Planning in Engineer-To-Order 
Settings with Machine Learning 

Companies in engineer-to-order (ETO) settings face increasing pressure to improve the 
effectiveness and efficiency of supply chain planning (SCP) through digital transformation. 
Despite its recognized potential, machine learning (ML) adoption in SCP practices remains 
limited, creating a implementation gap that motivates this thesis. This thesis investigates 
SCP practices in ETO settings, with focus on sales and operations planning (S&OP) and 
request for quotation (RFQ) planning and explores how ML can be integrated to enhance 
these practices. Based on three complementary studies involving nine ETO companies, the 
research bridges the gap between ML’s theoretical potential and its practical application. One 
study maps ML techniques across key SCP areas to support agility and adaptability, while 
the other study applies paradox and contingency theories to examine S&OP, RFQ planning, 
and their interaction. A third study addresses how ML-enhanced SCP performance should be 
measured. 

The thesis identifies four key findings. First, ETO-specific contingency factors fundamentally 
shape SCP practices and generate recurring contradictions. Second, performance 
measurement systems must be adapted to support ML implementation, challenging 
linear improvement models. Third, specific ML techniques can address SCP challenges 
and contradictions across planning domains. Fourth, successful implementation requires 
structured frameworks for data integration, targeted use cases, scaling, and continuous 
learning. Theoretically, the thesis contributes by extending the Triple-A framework and 
advancing paradox theory in SCP, and practically by providing actionable guidance for ML 
adoption in ETO settings.
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