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Abstract

This study presents a systematic literature review of the recent scholarly literature on product complexity
(number, diversity, and interrelatedness of product variants and components) and manufacturing operational
performance (measured in cost, time quality, and delivery reliability), considering the manufacturing context
as well as the mechanisms behind the relationships. The results show that product complexity has a
consistently negative relationship with cost, time, quality, and delivery performance measures, though the
relationships with quality and delivery performance are less clear.
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Product complexity and operational performance: A systematic literature
review

1. Introduction

1.1 Background

Increased competition, globalization, and increasing customer demand for unique products have
led to a drastic increase in the number of product offerings in manufacturing firms (Bayus and
Putsis, 1999; Quelch and Kenny, 1995; Silveira, 1998; Stablien et al., 2011). Consumer packaged
goods firms growing their stock keeping units (Quelch and Kenny, 1995), Philips expanding into 60
product categories by 2011, and LEGO doubling the number of unique brick types from 1997 to
2004 (Mocker and Ross, 2017) are just a few manifestations of the effects of increased product
complexity on modern industry. This increase in product offerings can cause complexity in
organizations, damaging operational performance as measured in labor costs, factory overhead
costs, and productivity (Fisher and Ittner, 1999; Ittner and MacDuffie, 1995; MacDuffie et al.,
1996; Mocker and Ross, 2017; Wilson and Perumal, 2009). Since operational performance and
manufacturing strategy are keys to competitiveness and overall business performance (Fine and
Hax, 1985), it is critical that manufacturing firms understand the impacts of complex product
offerings on operational performance, such as time, cost, quality, and delivery. Understanding the
impacts on lead time and delivery reliability is even more imperative now in the era of competing
supply chains, in which companies must increase their flexibility towards the customer in terms of
logistics, lead time, reliability, and variety (Christopher, 2000).

Previous studies on the impact of product complexity on overall firm performance have not
focused on the effects on operational performance in manufacturing systems (Brun and Pero, 2012;
ElMaraghy et al., 2013; Ramdas, 2003). Silveira (1998) offered a short review of literature on the
operational impacts of product complexity, but it is constrained to dated studies from the late 1980s
to early 1990s. A more recent review on product variety management emerged in 2013 and
discusses management interventions intended to cope with increased product variants, but the exact
impact of product complexity in the absence of interventions is not explored (Reis et al., 2013).

As the literature on the product complexity—performance relationship has accumulated,
researchers have identified a set of strong linkages within the manufacturing and supply chain
contexts; however, there has been little effort to synthesize the overall trends in this literature using
a structured approach. As two authors studying production costs state, “the nature of [the product
complexity-cost relationship] is not clear, and empirical evidence about whether and how
production cost increases with variety is inconclusive” (Xia and Rajagopalan, 2009, p. 890). It is
not known which operational performance measures provide conclusive evidence of a trend and
which require further investigation. Furthermore, there is little understanding of how product
complexity impacts different production system designs. The need for more work in this area is
echoed by Stéblien et al. (2011), who stated that “in many ways we still have only a limited
understanding of how variety impacts on the manufacturing system, and how to counter this impact
effectively and efficiently” (Stablien et al., 2011, p. 351). To the best of our knowledge, there has
been no comprehensive overview of the literature assessing the relationships between product
complexity (PC) and measures of operational performance (OP).

1.2 Research Questions and Contribution

The objective of this research is to synthesize the relationships between PC and specific
measures of OP in the recent scholarly literature and reveal directions for future research using a



structured literature review. Systematized understanding of which product complexity—performance
relationships have conclusive evidence of a positive or negative tendency will form a basis of what
is known and what needs to be explored further. Additionally, practitioners will benefit from
knowing and anticipating the effects of increasing PC within their industry-specific manufacturing
systems so they can plan appropriate interventions. Such an overview would reveal where
manufacturers can expect increased PC to impact both internal and external performance measures,
allowing a tailored management approach based on competitive priorities.

This article builds on a previous work by Trattner et al. (2017) and advances the method in the
following ways. First, the search string was made more comprehensive to cover missing operational
performance measures. Second, the study was expanded from process manufacturing systems to all
types of manufacturing systems to increase generalizability. Furthermore, the terminology was
made more succinct by referring to all product variety- and product complexity-related terms as
product complexity. The authors believe these changes increase the relevance and simplicity of this
article for the academic community as well as for practitioners.

In this study, we seek to meet the research need using a systematic literature review. Exploration
of the literature is guided by a set of three research questions developed by the authors:

RQ1  Which PC—2OP relationships are most supported by the literature?

RQ2  Which PC 0P relationships still need further investigation?

RQ3 What are the most explored/underexplored types of production in the literature
discussing the PC 0P relationship?

The first and second research questions seek to identify the consolidated and fragmented areas of
research on the PC—>OP relationship to inform managers and guide future research. The third
research question will contribute to better understanding the PC—> OP relationships, considering the
industry context and respective production systems. This set of research questions responds to the
calls of Stéblien et al. (2011) and Xia and Rajagopalan (2009) for a synthesis of empirical evidence
supporting the PC—->OP relationships in different manufacturing systems.

1.3 Product Complexity

Defining constructs clearly is a necessary precursor to a systematic literature review. The term
product complexity has no consistent definition in the management and engineering literature,
making the operationalization of the construct difficult (Lindemann et al., 2010). Despite this lack
of clarity, PC has been described in the literature as having many dimensions, including the number
of components, the number of modules, the number of finished good variants in a portfolio, the
number of interrelations between components, the commonality of products in an assortment, and
the diversity of relations between components (Jacobs, 2013; Jacobs and Swink, 2011; Lindemann
et al., 2010). In this literature study, PC will be an umbrella term covering measures of the variety,
diversity, and interrelatedness of a single product or range of products in a production system. PC
will also encompass related terms, such as product customization, product diversification, and
similar terms. Product variety was also considered as the primary construct to study, but it was
found to be an element of PC. Thus, PC was chosen for analysis.

1.4 Operational Performance

OP has been defined in previous work to include measures of unit manufacturing cost, quality,
inventory turn, speed of new product introduction, flexibility, and delivery dependability (Ferdows
and De Meyer, 1990; Filippini et al., 1998; Fine and Hax, 1985; Squire et al., 2006). Within this



study, the performance of manufacturing processes is assessed and referred to as manufacturing OP,
defined as measures of cost, time, quality, and delivery reliability relating to the operations within
manufacturing companies. Flexibility was excluded from the study because it is a capability of a
manufacturing process and not an operational outcome (Swink and Hegarty, 1998). The rate of new
product introduction was also not explored, as it is more dependent on research and development
than on the operations organization. Further delimiting this paper, only studies providing empirical
evidence of a PC—>OP relationship in a manufacturing system, supply chain, or manufacturing firm
were included for review. This was done to isolate the effects of PC in the absence of managerial
interventions.

1.5 Trade-offs

The concept of trade-offs is key in discussions of product variety management. Authors have
long claimed that it is impossible to succeed in all performance measures simultaneously (Fine and
Hax, 1985; Skinner, 1974). However, others have countered this statement, showing that it is
possible to achieve high levels of performance across multiple measures (Schonberger, 1986). The
trade-off of offering a large product range is the need to balance the increased revenue gained from
higher variety with the decreasing unit costs gained from producing or stocking lower variety
(Lancaster, 1990). One of the key determinants of the PC—>OP trade-off is the flexibility of process
technology (Zipkin, 2001), with companies in automotive, apparel, and computer industries
producing high variety (EIMaraghy et al., 2013; Holweg and Pil, 2005; Zipkin, 2001), and
producers of food, textiles, paper, and oil producing less variety (Abdulmalek et al., 2006).

Other known methods for better coping with product variety and complexity include
postponement (Forza et al., 2008; Scavarda et al., 2010; Swaminathan and Tayur, 1998; Um, 2017),
production scheduling and sequencing (De Groote and Ycesan, 2011; Loveland et al., 2007,
Swaminathan and Nitsch, 2007), product architecture, platform, and component commonality
(Fisher et al., 1999; Fixson, 2005; Kim and Chhajed, 2000), product modularity (Salvador et al.,
2002; Um, 2017), flexible manufacturing systems (Gupta and Goyal, 1992; Handfield and Pagell,
1995), cellular manufacturing (EIMaraghy et al., 2013; Scavarda et al., 2010; Um, 2017; Yeh and
Chu, 1991), and product configurators (Trentin et al., 2012).

In examining the PC—>OP relationships, this study will review the literature to see if a trade-off
exists between the complexity of the assortment produced and the operational performance of the
firm. While it is possible that certain OP measures may impact decisions regarding the level of PC
in organizations (e.g., determining the product mix that provides the highest throughput on a given
production process), this study examines only the unidirectional impact of PC on OP.

This paper is structured as follows: first, the methodology behind the systematic literature review
is presented; second, the analysis and coding of the articles are described; third, emerging themes in
the literature are discussed; and finally, conclusions are drawn, and future research is suggested.

2. Methodology

The systematic literature review approach proposed by Tranfield et al. (2003) was used to
perform an unbiased and thorough search of the existing knowledge of the relationships between PC
and OP. Systematic literature review has long been an acknowledged method for ascertaining key
concepts within scholarly literature in the field of medicine, and it is becoming more widely used in
the field of operations management (Burgess et al., 2006; Marasco, 2008; Seuring and Muller,
2008). In contrast with a traditional narrative literature review, systematic literature reviews are
designed and reported to ensure replicability and exhaustiveness to reduce bias in the approach
(Tranfield et al., 2003).



A systematic literature review typically consists of three phases: planning, conducting, and
reporting (Tranfield et al., 2003). In the planning phase of this study, a search string was developed
to explore the body of literature regarding the two constructs of product complexity and
manufacturing performance. Two literature databases, Scopus and Web of Science (WoS), were
selected because they contain relevant management and engineering journals of high academic
quality and cover different sets of journals. Book chapters and conference papers were not included,
as the rigor of the peer-review process cannot be guaranteed for these publications.

To ensure a comprehensive and unbiased search, the search string was developed through
multiple iterations. The initial search string was constructed in collaboration with four researchers
to ensure a broad perspective and reduce the risk of omitting keywords and synonyms. Keywords
were added to the search string through an initial literature search until the additional terms did not
yield any new results. The search strings used for each database are shown in Table 1. The search
results were limited to journal articles written in English and published within the past 25 years to
obtain the most recent research. The basic article data, including title, author name(s), publication
name, publication year, and abstract, were extracted from the online WoS and Scopus databases and
further processed in a spreadsheet.



Table 1. Article search strings by database

Database Search String
Scopus (TITLE-ABS-KEY (“product complexity” OR “product vari*” OR “product diversi*” OR
(Elsevier) “product proliferation” OR “product portfolio complexity” OR “product customi*” OR

“product scope” OR “product hetero*” OR “product mix”) AND TITLE-ABS-KEY
(“performance” OR “time” OR “speed” OR “delivery” OR “dependability” OR “quality”
OR “defect” OR “scrap” OR “rework™ OR “reliability” OR “flexibility” OR “productivity”
OR “throughput” OR “efficiency” OR “cost” OR “inventory turn*”))

AND LANGUAGE (English) AND DOCTYPE (ar) AND PUBYEAR > 1991 AND TITLE-
ABS-KEY (“production” OR “manufactur*” OR “operation*”) AND (LIMIT-TO
(SRCTYPE, “j)

Web of (TS=("product complexity” OR “product vari*” OR “product diversi*” OR “product
Science proliferation” OR “product portfolio complexity” OR “product customi*” OR “product
(Thomson scope” OR “product hetero*” OR “product mix””) AND TS=(“performance” OR “time” OR
Reuters) “speed” OR “delivery” OR “dependability” OR “quality” OR “defect” OR “scrap” OR

“rework™ OR “reliability” OR “flexibility” OR “productivity” OR “throughput” OR
“efficiency” OR “cost” OR “inventory turn”) AND TS=(“production” OR “manufactur*”
OR “operation*”))

Additional filters applied: LANGUAGE: (English) AND DOCUMENT TYPES: (Article)
AND [excluding] DOCUMENT TYPES: (PROCEEDINGS PAPER), Timespan: 1992-2018

At the beginning of the review, journal quality criteria were applied to the initial sample to
narrow the literature and pinpoint the most relevant and thorough studies in the field. The journals
must have ranked in the first or second quartile of the Scimago Index in 2015 in operations
management or a related field (e.g., engineering or strategy and management) to pass through the
quality screening (Scimago Lab, 2017). Duplicate articles arising in both WOS and Scopus were
also removed at this step.

Next, abstract criteria were applied to the literature sample to identify articles that utilized the
variables PC and OP, as listed in the search string. Only articles that discussed PC and OP as central
constructs in a supply chain or manufacturing context within the abstract were assessed for full-text
reading. If it was unclear to the authors whether the abstract criteria were met for an article, the
article was included for full-text reading to ensure that a reasonable sample size was reached. This
screening process resulted in a sample of 284 articles.

A full-text screening was then performed to confirm that each article contained empirical
evidence of the relationship between PC and one or more OP measures. To include perspectives
from different methodological backgrounds, articles were selected if they had case-based evidence
from a qualitative study or numerical evidence from a quantitative study supporting the existence of
a PC—>OP relationship. If the relationship between PC and OP was discussed without offering any
empirical evidence, the article was excluded. Similarly, articles were excluded if they studied how
an intervention or solution for coping with increased PC more effectively impacted an OP measure.
Such articles were abundant in the sample but, if studied, would have shown the impact of the
intervention on OP instead of the isolated effect of PC on OP, which was the focus of this study.
The study of interventions and their effectiveness is covered in other literature reviews (EIMaraghy
et al., 2013; Reis et al., 2013). With regard to quantitative research articles, only relationships
between PC and OP which were statistically significant (p<0.1) were included in the analysis.

The full-text screening resulted in a final sample of 93 articles, which were then analyzed using
meta-synthesis, a technique for thematically analyzing and synthesizing literature (Tranfield et al.,



2003). Key variables were coded during the screening, including the PC and OP measures used, the
industry and production system type of any case examples in the text, and the direction of any
PC->OP relationships found in the text. Meta-analysis was not an option due to the diversity of the
literature sample. The thematic synthesis and discussion were focused on the trends seen in the
identified PC—>OP relationships with the purpose of presenting a set of facts rather than building
theory (Boer et al., 2015). Additionally, articles showing a quantitative correlation between PC and
OP were interpreted as a correlation and not a causation based on the limitations of the methods.

The result of the article screening process is summarized in Figure 1, where an initial search
result of 3,101 articles from both databases was reduced to 93 articles for in-depth analysis and
coding. The following sections detail the reporting phase of the literature study.

Articles identified through Web of
Science and Scopus
N =3101

Articles removed due to low quality
and duplicates
N = 1530

Articles after applying quality criteria
and removing duplicates
N =1571

Articles removed after applying
abstract criteria

N =1187
Articles after abstract screening
N =284
Articles removed after full-text
screening
N =191

Articles after full-text screening
N =93

Figure 1. Article selection process

3. Results

3.1 Publication Outlet and Trend

To understand the demographics of the final literature sample, each of the 93 articles was
analyzed by publication date, publication outlet, and industry covered. Furthermore, each article
was coded based on the nature of the relationships shown between the measures of PC and OP. As
can be seen in Figure 2, there has been a moderate interest in the impact of PC on OP since the mid-
1990s, with approximately four articles published per year on this topic and peak in publication in
2010. The results are limited to the last 25 years of research due to database restrictions and to
cover the most recent research in the area.

Journals publishing studies on the operational impact of PC came from the domains of business
strategy and management, operations management, operations research, engineering, and
economics. An overview of the journals appearing most frequently in the final article set is shown
in Table 2. The six publications in Table 2 reside in the operations management and operations



research domains, which is logical since the impact of complexity on product and business
processes has been a primary concern of top management in recent decades (KPMG, 2011). Apart
from the journals in Table 2, approximately 37 other journals were represented in the final article
set, with each journal having one or two articles in the sample.
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Figure 2. Published articles discussing the relationships between PC and OP, showing the absolute
number of articles per year and the cumulative number of articles per year

Table 2. Top publications in the literature search with more than two articles in the final article set

Publication Name Number of
Avrticles
International Journal of Production Research 13
International Journal of Production Economics 9
International Journal of Operations and Production Management 8
Management Science 7
Production and Operations Management 6
Journal of Operations Management 6

3.2 Industry Considered

The research detailing the PC—>OP relationship spans a range of industries, as can be seen in
Table 3. To classify the industries of the cases and examples used in the articles, the Standard
Industrial Classification (SIC) scheme was applied (OSHA, 2017). The articles that used cases or
examples to illustrate their purposes were classified using two-digit industry codes. Three-digit
codes were not available for the entire set of articles, so the two-digit codes were analyzed instead.



Avrticles with four or fewer cases companies appear multiple times in Table 3, with each case
company counting as one instance. Articles with five or more companies in the assessed literature
sample are counted in the code “Mixed.” Articles with no distinct industry group, such as a model
of a general flexible manufacturing system, are counted in the group “N/A.” To provide a view on
the nature of the manufacturing process in each article, the authors categorized the SIC codes as
using primarily job shop, batch production, assembly line, manufacturing cells, or continuous flow
systems based on the manufacturing system classification of Hayes and Wheelwright (1979).

The results of the industry analysis show a heavy representation of automotive manufacturers,
followed by electronics, machinery, and food and beverage manufacturers. Underrepresented in the
list are case companies operating with continuous flow processes in process industries, with a minor
representation in the food and beverage industry (three cases) along with two chemicals cases, one
glass case, and one primary metals case. Process industries typically reside upstream of the supply
chain and employ less flexible equipment than assembly systems relying on manual labor
(Abdulmalek et al., 2006; Fransoo, 1992).

Table 3. Article case examples grouped by industry code

SIC Code (two-digit) Production System Number of
Cases
37 Transport equipment (cars, motorcycles, bicycles)  Assembly line 21
36 Electronics (circuit boards) Assembly line 10
20 Food and beverage Continuous & batch 9
23 Apparel Batch production 3
35 Machinery and equipment (computers, hard drives)  Assembly line 3
28 Chemicals and allied products Continuous & batch 2
31 Leather Products (Footwear) Batch production 2
34 Fabricated Metal Products Manufacturing cells 2
22 Textile mill products Batch production 1
32 Stone, clay, glass (flat glass) Continuous 1
33 Primary metals (rolled steel) Continuous 1
39 Miscellaneous (hairbrush producer) Batch production 1
47 Transportation services N/A 1
50 Trade-durable goods (medical devices) Assembly line 1
59 Miscellaneous retail (sporting goods) Assembly line 1
Mixed N/A 18
N/A N/A 22

Note: an article may appear more than once in this list, therefore the sum > 94 articles.

3.3 Measures of PC

Examining the literature for insights into the PC->OP relationship revealed a range of
operationalization for PC measures (see Table 4). The measures used in the literature sample can be
organized in five categories: structural PC measures related to product architecture, composite PC
measures created with multiple structural PC measures or survey responses, demand distribution
measures, production measures, and the degree of product customization. Product variety, measured
in terms of the number of end items, or stock keeping units (SKUs), was used most frequently,
followed by the number of components. Some variations of PC measures incorporated individual



product features specific to the analyzed production system, such as model mix and parts
complexity for automotive production. Many of the PC measures are detailed variety measures,
whereas fewer address the interrelatedness of the components to make it a true complexity indicator
(Jacobs, 2013). One economics paper measures PC using the Herfindahl index, which captures the
distribution of the demand for a set of products or product segments (Gollop, 1997). Herfindahl
indices contain more information in a single value but are less understandable from an operational
perspective when examining production systems.

A study by Hu et al. (2008) on product variety-induced manufacturing complexity was added to
Table 4 as a measure of PC, although it does not appear in the final article set. This was done
because the study presents a concept critical to the discussion of the impact of PC on performance
in assembly processes.

3.4 Measures of OP

The measures of OP identified in the literature sample were highly fragmented, with over 42
different measures for time, cost, quality, and delivery performance. Due to length restrictions, the
final table of OP measures is presented in the Appendix. The OP measures are discussed in the
analysis section.
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Table 4. Product complexity (PC) measures identified in the literature sample

PC Measure | Definition | Publication | Count
Structural PC measures
Product variants The number of finished variants in the (Abbey et al., 2013; Abernathy et al., 2000; Ahmad and Shroeder, 35
production system and/or offered to the 2001; Alford et al., 2000; Alvarez et al., 2016; Anderson, 1995;
customer, SKU count in a warehouse or Appelgvist et al., 2013; Benjaafar et al., 2004; Berman, 2011;
distribution center, or product line depth, Berry and Cooper, 1999; Bozarth et al., 2009; Brabazon et al.,
also referred to as external variety 2010; Celano et al., 2012; Cusumano, 1994; Deane and Yang,
1992; Djassemi, 2005; Engstrém et al., 1995; Erens and Hegge,
1994; Gupta and Srinivasan, 1998; Gupta and Goyal, 1992;
Holweg, 2005; Lanza et al., 2010; Mapes et al., 1997; O’Reilly et
al., 2015; Pil and Holweg, 2004; Rajagopalan and Swaminathan,
2001; Scavarda et al., 2010; Silveira, 1998; Thonemann and
Bradley, 2002; Wan et al., 2012, 2014; Wan and Dresner, 2015;
Wan and Sanders, 2017; Ward et al., 2010; Zhang et al., 2007)
Components The number of components or the number (Bozarth et al., 2009; Brun and Pero, 2012; Closs et al., 2010; Er 15
of options for a specific component (e.g., and MacCarthy, 2006; Escobar-Saldivar et al., 2008; Holweg,
layers on a computer chip, options for 2005; Hsieh and Tong, 2006; Huang and Inman, 2010; Inman and
auxiliary parts, number of component Blumenfeld, 2014; Kadakia et al., 1994; Keil et al., 2014; Roy et
configurations, packaging type) al., 2011; Sardar and Lee, 2015; Shah et al., 2017; Zhang and
Tseng, 2007)
Product families The number of product families or product | (Moreno and Terwiesch, 2017; Nandkeolyar and Christy, 1992; 6
lines (e.g., car makes and models) Sardar and Lee, 2015; Shah et al., 2017; Wong and Eyers, 2011;
Zhang and Tseng, 2007)
Product platforms The number of product platforms (Van Den Broeke et al., 2015) 1
Commonality The number of similar parts (Nagarur and Azeem, 1999) 1
Variety (ranking) Product variety, measured as minimal, low, | (Koh et al., 2005) 1
medium, or high with a survey question
Complexity Ranking of 0 to 1 based on the complexity (Novak and Eppinger, 2001) 1
(ranking) of interacting components
Complexity (perceived) Perceived complexity of the product (Maruthi and Roshan Joseph, 1999) 1
Composite PC measures
Product complexity Varies but aggregates measures of the (Blome et al., 2014; Caniato and GroRBler, 2015; Christensen et al., 9
(survey measure) number of product families, the number of | 2007; Eckstein et al., 2015; Hegde et al., 2005; Helkit and
components, customization of products, Tenhiald, 2013; Koh et al., 2005; Thomé, Sousa and Scavarda do
average parts per BOM, the degree of Carmo, 2014; Tracey, 2004)
modularity, the ability to add new
products, etc.
Product complexity Composite measure of the number of (Anderson, 1995; Ding et al., 2007; Sun and Ding, 2010; Vilas 4
(composite) attributes, number of variants, weighted by | and Vandaele, 2002)
manufacturing cost, the relative demand of
a product, etc.
Model mix complexity Function of the number of car models, (Ittner and MacDuffie, 1995; MacDuffie et al., 1996) 2
body types, models; also corrects for the
number of assembly lines per plant
Parts complexity Function of the number of engine (Ittner and MacDuffie, 1995; MacDuffie et al., 1996) 2
transmissions, wire harnesses, exterior
paint colors, suppliers, parts in assembly,
and percentage of common parts
Options variability Standard deviation in the number of (Fisher and Ittner, 1999; MacDuffie et al., 1996) 2
options per car for 8 key options
Options content Average number of options per car ineach | (Fisher and Ittner, 1999; Ittner and MacDuffie, 1995; MacDuffie 3
month et al., 1996)
Demand distribution
Product mix skewness The distribution of demand across (Akkerman and van Donk, 2007; Jensen et al., 1996; Ruiz-Torres 6
products, where low skewness represents and Mahmoodi, 2007, 2008, Seifoddini and Djassemi, 1996,
equally distributed demand across products | 1997)
and extreme skewness represents demand
concentrated on a few variants
Herfindahl type d=1-Y; s? + 3 Yk=iSiSkOi, Where (Aw and Lee, 2009; Brahm et al., 2017; Gollop, 1997; Vachon 4
s; is the share of sales from productiand | and Klassen, 2002)
k, and gy, is a distance function between
products i and k, or similar variation
Entropy index Y5, * ln(si), where s, is the share of (Baldwin et al., 2012; Thirumalai and Sinha, 2011) 2
P
sales for product p
Demand interrelatedness | Correlation of the demand between (Akkerman and van Donk, 2009) 1
products and packaging type
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Table 4. Product complexity (PC) measures identified in the literature sample (continued)

PC Measure | Definition | Publication [ Count

Production measures

Batch size Production run length used as an indicator of (Berry and Cooper, 1999; Celano et al., 2012; Nazarian et 3
variety al., 2010)

Setups The number of setups as an indicator of variety (Anderson and Sedatole, 2012; Yang and Deane, 1993) 2

Product variety- Measures of the information entropy at a (Busogi et al., 2017; Hu et al., 2008) 2

induced workstation due to the choice of components, tools,

manufacturing work procedures, etc.

complexity

Degree of customization

Degree of Survey aggregate responses on the customization (Ahmad and Shroeder, 2001; Bortolotti et al., 2013; Bozarth 6

customization levels of products et al., 2009; Hegde et al., 2005; Rosenzweig, 2009; Squire et

(survey) al., 2006)

Degree of The degree to which the customer is involved in (Akinc and Meredith, 2015; Wong and Eyers, 2011; Wong 4

customization the production process, ranking, and other and Lesmono, 2013; Xia and Rajagopalan, 2009)

3.5 Analysis of PC-20P Relationships

Every relationship between PC and OP identified through the full-text literature review and coding
was mapped, with the collective work summarized in Table 5. The relationships received a primary
code based on the detailed OP measure used and a secondary code based on the direction of the
relationship: positive, no relationship, negative, U-shape, inverted U-shape, and other relationship.
Positive relationships between PC and OP were defined as being beneficial for business
performance, meaning increasing time-based performance (e.g., increased throughput or efficiency,
decreased cycle time, decreased lead time), decreasing cost, increasing quality or decreasing
rework, and increasing delivery reliability. Negative relationships imply a detrimental relationship
between PC and OP. The category “no relationship” was included to categorize the articles that
tested relationships but reported them as non-significant. Examples supporting the PC—>OP
relationships shown in Table 5 are discussed below.

Table 5. Relationships identified in full-text readings between product complexity (PC) and
operational performance (OP) measures

OP Measure Positive No Negative U-  Inverted Other
relationship  relationship  relationship ~ shape  U-shape

Costs

Operations costs 1 4 16 2 1

(general)

Direct labor costs 1 5 3

Manufacturing

4 5

overhead costs

Inventory costs 1 2 12 1
Time

Lead time 1 4 14 2

Processing time 1 3 14 1

Setup time 10

Productivity 1 7 1 1
Quality 10 12 1 2
Delivery 2 9 11 2
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3.6 PC is related to increasing operations and inventory costs, but no impact on labor

3.6.1 General manufacturing costs. There are numerous articles supporting the claim that increased
PC leads to increased manufacturing and supply chain costs (Alford et al., 2000; Berman, 2011,
Bozarth et al., 2009; Ding et al., 2007; Lanza et al., 2010; Mapes et al., 1997; Moreno and
Terwiesch, 2017; Roy et al., 2011; Sardar and Lee, 2015; Silveira, 1998; Squire et al., 2006; Sun
and Ding, 2010; Thonemann and Bradley, 2002; Wan and Dresner, 2015; Wong and Eyers, 2011;
Zhang and Tseng, 2007). Most of these studies suggest a linear relationship between the number of
finished products or product families produced and operations costs.

Two articles identified an inverted U-shaped relationship between PC and operations costs (Wan,
2016; Wan and Dresner, 2015), meaning that increasing PC becomes less costly the more PC a firm
produces, up until the point that costs decrease with added PC. Both studies identifying this
relationship were performed in soft-drink bottling facilities, with one study examining a measure of
pack size variety (Wan, 2016) and the other examining the total SKUs produced (Wan and Dresner,
2015). One explanation for the inverted U-shaped relationship is that variety can be added in a way
that has minimal impact on the production system. For example, a soft-drink company with a
standard pack size of 12 units adding a new packing variant of 24 units would incur less additional
operations and logistics costs than if they were to add a new packing variant of 30 units, presuming
that the packaging of the 12- and 24-unit variants was similar (Wan, 2016). The author argued that
“with higher pack-size variety, different packs are more likely to have similar shapes and size,”
thus, supporting a concave curvilinear relationship (Wan, 2016, p. 273).

In contrast, a U-shaped relationship was identified by Van Den Broeke et al. (2015), who studied
the relationship between the number of product platforms and total supply chain costs, showing that
too few platforms lead to high customization costs to make the end products unique, while too
many platforms (e.g., one platform per product line) lead to a higher purchasing price for the
platform due to the lower quantity ordered.

Four survey studies identified no relationship between operations costs and the number of
components, degree of product customization, and composite measures of product complexity
(Bortolotti et al., 2013; Bozarth et al., 2009; Caniato and GroRler, 2015; Helki6é and Tenhiala,
2013).

Only one study found that higher PC led to lower manufacturing costs (Eckstein et al., 2015).
Eckstein et al. (2015) measured PC as an aggregated result of responses to survey guestions about
the number of product components, number of new variants, customization degree, and value-added
services. Cost performance was a survey measure based on the costs of manufacturing, inventory,
transportation, handling, and purchased goods. This direct effect was found when building a
preliminary model to test the moderating effect of product complexity on the effect of supply chain
adaptability on cost performance (Eckstein et al., 2015). However, the authors did not explain the
reason for the positive impact of PC on cost performance in the preliminary model.

3.6.2 Direct labor. In assessing the impact of PC on direct labor, the results are mixed across three
automotive studies (Fisher and Ittner, 1999; Ittner and MacDuffie, 1995; MacDuffie et al., 1996).
Since many PC measures are used, each having unique impacts on direct labor costs, a summary of
the relationships is presented in Table 6. The studies show that parts complexity consistently
increases direct labor costs (negative relationship) while model mix complexity does not impact
direct labor hours. Measures of options complexity and variability show mixed results. Possible
reasons for the lack of a relationship between model mix and options-related PC measures are the
placement of slack labor at workstations with high PV (Fisher and Ittner, 1999), the presence of
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lean capabilities (MacDuffie et al., 1996), production line design for mixed model assembly
(MacDuffie et al., 1996), and options bundling (Ittner and MacDuffie, 1995). The counter-intuitive
finding that options variability decreases direct labor costs was particularly surprising to the study’s
authors, who suggest that the correlation could be linked to the capability of the analyzed
manufacturing plants to handle a high product mix (MacDuffie et al., 1996).

Table 6. Impact of specific PC measures on direct labor costs (grey indicates N/A)

PC Measure Ittner et al. MacDuffieetal.  Fisher & Ittner
(1996) (1996) (1999)

Model mix complexity no rel no rel

Parts complexity - -

Options content/complexity no rel - no rel

Options variability + no rel

3.6.3 Manufacturing overhead costs. The relationships between PC and measures of
manufacturing overhead (MOH) costs, such as indirect labor and fixed manufacturing expenses, are
summarized in Table 7. Articles finding an increase in MOH costs with increased PC (negative
relationship in this study) were focused on automotive firms (Fisher and Ittner, 1999; Ittner and
MacDuffie, 1995; Scavarda et al., 2010), household appliance firms (Brun and Pero, 2012), textile
manufacturers (Anderson, 1995), and a float glass manufacturer (Anderson and Sedatole, 2012). In
a study of three textile plants, only three of seven attributes were found to be negatively related with
MOH, with different variety measures being statistically significant in each plant, while the other
four had no relationship with MOH (1995). According to the author, “this research demonstrates
that, at least in some environments, attribute-based measures of [product complexity] achieve their
objective of providing improved estimation and greater understanding of [MOH] and its drivers”
(Anderson, 1995, p. 382). One of the key findings of these articles is that specific PC measures
significantly impact MOH in each industry and factory context, making it difficult to generalize the
PC->MONH relationship across studies.

One set of authors elucidated the PC->MOH relationship with a few key sentences, stating,
“With an increasingly complex product mix comes additional parts, greater inventory and material
handling, additional setups, more complex scheduling and task assignment, and increased
supervisory requirements” (Ittner and MacDuffie, 1995, p. 315), with the mentioned effects falling
under MOH costs. Another perspective is given by Scavarda et al. (2010), who found that PC
offered to the market can create more MOH in emerging markets due to the need for increased
training time (Scavarda et al., 2010). This reveals the importance of the country context and market
maturity when assessing the PC->OP relationship.
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Table 7. Impact of specific PC measures on manufacturing overhead costs (grey indicates N/A)

Fisher & Scavardaet Anderson & Brun & Pero Anderson
Ittner al. (2010) Sedatole (2012) (1995)
(1999) (2012)

Number of variants - (no rel)

Ittner et al.

PC Measure (1996)

Component options -

Model mix

. no rel
complexity

Parts complexity -

Options content/

. - no rel
complexity

Options variability -
Number of setups no rel

Textile factors (30f7)

Four studies in the literature set found no relationship between specific measures of product
variety and MOH. In the automotive sector, the complexity of main models had no relation to MOH
because model variety primarily affects the body shop and not the final assembly stage of car
manufacturing (Ittner and MacDuffie, 1995). The options content (or number of options) per car on
a production line showed no significant relationship with MOH; it was the variation in options
content created by both demand variation and production scheduling that proved to have a greater
effect on operations, complicating production scheduling (Fisher and Ittner, 1999). The third study
of a float glass manufacturer found that the number of setups (a proxy measures of product variety)
has no relationship with monthly MOH, which the authors attributed to the high level of automation
minimizing the need for surplus manning during changeovers (Anderson and Sedatole, 2012).

3.6.4 Inventory Costs. The impact of PC on inventory costs was found to be detrimental in eleven
cases within the literature sample, where inventory costs increase as PC increases (Abbey et al.,
2013; Abernathy et al., 2000; Benjaafar et al., 2004; Escobar-Saldivar et al., 2008; Fisher and Ittner,
1999; Moreno and Terwiesch, 2017; O’Reilly et al., 2015; Pil and Holweg, 2004; Rajagopalan and
Swaminathan, 2001; Seifoddini and Djassemi, 1996; Wan and Sanders, 2017; Ward et al., 2010).
The predominant PC measure used in the inventory literature was the number of products in the
system or in the product line. Many companies keep stock of each finished product variant to
improve lead times and service levels for the customer. Thus, if the number of product variants
increases, it is logical to assume that inventory levels and cost will also increase. This relationship
has been found to be largely linear (Benjaafar et al., 2004; Moreno and Terwiesch, 2017; Wan and
Sanders, 2017), although there is evidence of a U-shaped relationship between PC and inventory
costs (Brabazon et al., 2010).

Other factors affecting the PC—>inventory cost relationship identified in the literature are the
stocking strategy and forecast bias. First, Pil and Holweg (2004) explained that if a company builds
to stock or builds to forecast, more variants will be held in inventory, and inventory costs will rise.
However, if a firm builds to order and keeps no finished stock, the relationship of PC with
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inventory costs will not be negative unless the firm needs to keep a significantly higher number of
components and work in process inventory. Second, Wan and Sanders (2017) showed that the
number of SKUs affected inventory levels through forecast bias in a distribution center for
beverages. Furthermore, they demonstrated that vertical integration of the supply chain lessens the
impact of PC on inventory levels.

Two instances emerged where PC had no relationship with inventory costs in automotive plants
(Appelqvist et al., 2013; Fisher and Ittner, 1999). The lack of a relationship between options content
and inventory costs was not explained by Fisher and Ittner (1999). However, in a case study of
decreasing product variants in a sporting goods manufacturer, Appelqvist et al. (2017) found that
many of the products that were removed were not being sold, and therefore the reduction did not
affect inventory levels. The single article finding a positive relationship between the number of car
makes and inventory costs was that of Moreno and Terwiesch (2017), although the coefficient was
not very large and the authors did not offer a causal explanation.

3.7 PC is related to increasing lead time, processing time, setup time, and decreasing productivity

3.7.1 Lead time. Product complexity was related to increasing lead time (negative relationship with
respect to performance) in fourteen examples within the literature sample (Akinc and Meredith,
2015; Akkerman and van Donk, 2009; Berman, 2011; Feng et al., 2011; Holweg, 2005; Inman and
Blumenfeld, 2014; Mapes et al., 1997; Squire et al., 2006; Thonemann and Bradley, 2002; Vilas
and Vandaele, 2002; Ward et al., 2010; Wong and Lesmono, 2013; Xia and Rajagopalan, 2009;
Zhang et al., 2007). The negative PC->lead time relationships identified in the literature sample
were linear (Mapes et al., 1997; Zhang et al., 2007), concave, and increasing as an exponential
function (Thonemann and Bradley, 2002). Two U-shaped relationships were found in a simulation
study of the number of product variants of an automobile manufacturer (Brabazon et al., 2010) and
in a study on the product mix skewness of a food producer (Akkerman and van Donk, 2007).

Zhang and Chen (2007) provided evidence for both a “negative relationship” and a “no
relationship” classification (Table 5), where an increasing number of base models in an automotive
factory is related to increasing lead time, while the average number of car types per model (e.g.,
body, engine) is not related to lead time. Three other articles identified no relationship between PC
and lead time (Caniato and GroRler, 2015; Christensen et al., 2007; Vachon and Klassen, 2002), all
of which involved large sample populations and utilized survey-based measures of PC and lead
time.

One study in the literature sample identified a positive relationship between PC and lead time
(Gupta and Srinivasan, 1998). Applying queuing theory and using order backlog as a proxy measure
for lead time, Gupta and Srinivasan (1998) demonstrated that total backlog can decrease with
increasing product variants if the production rates are adjusted across the products and the
utilization of the factory is kept constant. Furthermore, the authors stated that if factory utilization
increases with increasing PC and no processing time adjustments are made to stabilize factory
utilization, it is likely that the backlog and lead time will increase. This relationship was coded as
positive because the management interventions of adjusting production rates and utilization were
seen to fall within daily operations management activities and not as extreme changes in production
strategy (e.g., investing in flexible technology, reconfiguring the supply chain).

Increasing the number of product variants in operations can cause complexity in production,
increase the likelihood of errors due to an increased number of transactions, increase the risk of a
disruption to the supply chain (e.g., a supplier’s failure to deliver critical components), create
unplanned delays, and increase the overall lead time to the customer (Inman and Blumenfeld, 2014;
Jacobs and Swink, 2011; Mapes et al., 1997). It was also found that increased lead times could be
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due to increased order processing time but not increased manufacturing processing time (Zhang et
al., 2007).

Variability in demand resulting from high product variety was also shown to be a key factor in
the PC->lead time relationship. Vilas and Vandaele (2002) found that lead time increased as the
variety within a manufacturing system became more differentiated or skewed in production times,
setup times, and batch sizes such that one product form was notably higher in these dimensions than
the others. Increased demand correlation between products was shown to increase lead times in a
food processing company because of the resulting imbalance in the production system, which
increased the machine blockage and starvation times (Akkerman and van Donk, 2009).

A further moderating factor mentioned in the literature was the choice of the customer order
decoupling point. Two papers argued that the choice of the customer order decoupling point also
affects lead time when comparing firms; for example, an engineer-to-order firm will have longer
lead times than an assemble-to-order firm (Akinc and Meredith, 2015; Holweg, 2005). Product
customization will automatically create a longer lead time than standard products due to the extra
time needed to design or configure the product, as can be seen in the lead times for custom Levi’s
blue jeans and other garments (Xia and Rajagopalan, 2009).

3.7.2 Processing time. Assessing the impact of PC on processing time in various manufacturing
contexts led to mixed results, with fourteen articles finding evidence of a negative relationship
(increasing processing time, queuing time, job waiting time, machine flow time, order tardiness,
etc.) (Busogi et al., 2017; Djassemi, 2005; Engstrom et al., 1995; Er and MacCarthy, 2006; Gupta
and Goyal, 1992; Jensen et al., 1996; Keil et al., 2014; Nagarur and Azeem, 1999; Nazarian et al.,
2010; Ruiz-Torres and Mahmoodi, 2008, 2007, Seifoddini and Djassemi, 1996, 1997; Yang and
Deane, 1993), three articles finding evidence of no relationship (Er and MacCarthy, 2006; VVachon
and Klassen, 2002; Zhang et al., 2007), and one article finding a positive relationship (Ruiz-Torres
and Mahmoodi, 2007). The one instance of a positive PC—>processing time relationship occurred
for a flexible manufacturing shop where cells designed to produce more product families had an
improved processing time with a more extreme product mix (Ruiz-Torres and Mahmoodi, 2007).

A few of the factors moderating the PC—>processing time relationship are the flexibility of the
manufacturing system, the skill level of the workforce, and the criticality of components being
diversified. Regarding machine flexibility, product mix variability was shown to have a greater
impact on cell shops than on job shops, which are known for their flexibility (Jensen et al., 1996).
Similarly, factories with dedicated manufacturing cells designed to produce one product family had
increased processing times under a more extreme product mix (Ruiz-Torres and Mahmoodi, 2007).
Regarding skill level, adding cross-functional workforce reduced the effect of added variety in both
cellular manufacturing and job shops (Djassemi, 2005). Er and MacCarthy (2006) appear in both
the “negative relationship” and “no relationship” categories, as they found that individual types of
variety in manufacturing influence processing time differently. As the number of critical materials
in an upstream manufacturing process increases from 1 to 5, the flow time increases 29% due to the
additional setups and material shortages, which cause production to stop. Contrastingly, the authors
found that downstream variety in terms of the amount of packaging materials was not related to
processing time, as the packaging materials were not as critical.

One of the most discussed mediation variables between PC and OP is product variety-induced
manufacturing complexity (PVIMC), or the information entropy provided to an operator at a
workstation that affects his or her choice of components, tools, fixtures, and work procedures (Hu et
al., 2008; Zeltzer et al., 2013). While six articles discussing PVIMC appeared in the full-text
screening phase of the literature study, only one of these articles included empirical evidence for the
relationship between PVIMC and OP. Busogi et al. (2017) demonstrated that having many similar
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yet unique components in a workstation increases the choice complexity and the reaction time
needed to distinguish between components and select the appropriate one.

3.7.3 Setup Time. While it is possible to logically deduce the impact of PC on setup times (greater
variety produced in the same amount of time increases product changeovers), ten articles in the final
literature set contained empirical evidence of this in apparel, chemicals, household appliance, sheet
metal, automobile, street scooter, and generic manufacturing systems as well as in mass
manufacturing surveys (Anderson, 1995; Baldwin et al., 2012; Berry and Cooper, 1999; Brun and
Pero, 2012; Celano et al., 2012; Cusumano, 1994; Escobar-Saldivar et al., 2008; Kampker et al.,
2012; Sardar and Lee, 2015; Vilas and Vandaele, 2002). No articles were found suggesting a
positive relationship (decreasing setup time) or an absence of a relationship between the variables in
question.

3.7.4 Productivity. Product variety led to decreased process productivity in every article that studied
the PC->productivity relationship (Anderson and Sedatole, 2012; Aw and Lee, 2009; Berry and
Cooper, 1999; Gollop, 1997; Nagarur and Azeem, 1999; Nandkeolyar and Christy, 1992; Silveira,
1998). Decreased productivity due to PC occurs due to the reduced line speeds, increased
downtime, and increased number of process adjustments that come with producing a higher variety
of products, especially on process lines (Berry and Cooper, 1999). However, more flexible
processes do not experience the same loss in productivity with increasing variety (Nandkeolyar and
Christy, 1992). A further contingency variable related to the effect of PC on process productivity is
the sequencing of production orders, where short orders planned in an optimal sequence show no
negative impact on process productivity (Berry and Cooper, 1999).

One study showing a lack of relationship between PC and productivity looked at the effect of
adding, dropping, or maintaining products on the total factor productivity of 3330 Chilean
manufacturing plants. Companies that only added products showed no statistically significant
changes in total factor productivity, but firms that added new products and dropped products in the
same year increased total factor productivity compared to companies that did not change product
variety or only added or dropped products (Alvarez et al., 2016). This study gives weight to the
portfolio review process and the “one-in, one-out” rule for managing product portfolios.

An inverted U-shaped relationship was identified between PC (Herfindahl type index) and
productivity (i.e., the natural logarithm of average drop size) in a transportation company (Brahm et
al., 2017). One of the mechanisms at play in the study was operational friction, which is created by
adding a variety that is dissimilar from the variety currently being offered (e.g., adding a
confectionary product line when the company mostly produces beverages). This friction takes the
form of modified work routines, increased communication, and a need to manage interdependencies
in the business, all of which can erode productivity. However, the authors found evidence that these
operational frictions could be reduced with more worker experience (Brahm et al., 2017).

3.8 PC 2 Unclear effect on quality performance

The literature investigating the impact of PC on quality measures, such as the rework percentage,
repair costs, error rate, and inspection costs, was equally distributed between the “no relationship”
and “negative relationship” classifications. Articles finding a negative relationship between PC and
quality measures assessed the impact of detailed variety measures, such as options variability, plant
build complexity, the number of component options, run length, and the degree of customization
(Berman, 2011; Brun and Pero, 2012; Celano et al., 2012; Fisher and Ittner, 1999; Hegde et al.,
2005; Huang and Inman, 2010; Mapes et al., 1997; Maruthi and Roshan Joseph, 1999; Novak and
Eppinger, 2001; Shah et al., 2017; Silveira, 1998; Thirumalai and Sinha, 2011). The line of
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reasoning for the negative PC—>quality relationship is that a higher number of products impedes
operational focus, resulting in manufacturing errors, order mismatches, and rework (Shah et al.,
2017). In process industries, increased variety leads to small batches, which result in increased
inspection costs due to the inability to adequately determine a steady-state mean and standard
deviation for the process (Celano et al., 2012). Novak and Eppinger (2001) found that the negative
PC->quality relationship is moderated by the make/buy decisions of the firm. Further, they
provided case evidence suggesting that companies that outsource complex components receive
lower quality components than those that make the more complex components in-house.

Avrticles that found no PC—>quality relationship mostly employed composite PC measures (e.g.,
options content, model mix, and survey PC measures) (Caniato and GroRler, 2015; Fisher and
Ittner, 1999; Helki6 and Tenhidld, 2013; MacDuffie et al., 1996; Mapes et al., 1997; Shah et al.,
2017; Squire et al., 2006; Thomé, Sousa and Scavarda do Carmo, 2014). One explanation that was
given for the lack of a PC—>quality relationship was the impact of relentless focus on improving
quality for manufacturers in OECD countries in the 1980s (Squire et al., 2006).

The degree of customization PC measure was a subject of disagreement in the literature sample.
Squires et al. (2006) found no relationship between customization and quality, while Hegde et al.
(2005) found support for both a negative, linear relationship and an inverted U-shaped relationship.
Looking closer at the studies, Hegde et al. (2005) performed a regression analysis of 322 iron and
steel foundries, whereas Squire et al. (2006) used an analysis of variance methods to examine 102
UK manufacturing industries, with a specific focus on firms affected by mass customisation. The
exact reason for the differing results is unknown, but it could be related to the difference in the
industry domains and the methods of operationalizing PC and quality variables in their large data
sets.

Two articles in the sample did not fit into a classification in Table 5, as they developed specific
mathematical relationships to predict the yield of an integrated circuit (IC) board and multi-chip
module process based on specific product features, such as the product surface area and number of
layers (Hsieh and Tong, 2006; Kadakia et al., 1994). These are two of three articles in the literature
sample discussing the impact of PC on yield for IC manufacturers.

3.9 PC 2 Unclear effect on delivery performance

The discussion surrounding the relationship between PC and measures of delivery performance was
roughly equally split between “no relationship” and “negative relationship,” with a few exceptions.
Articles categorized as showing a negative relationship included assessments of unit and order fill
rates (Closs et al., 2010; Mapes et al., 1997; Wan et al., 2012, 2014) and delivery reliability and
responsiveness (Ahmad and Shroeder, 2001; Appelqvist et al., 2013; Jensen et al., 1996; Koh et al.,
2005; Mapes et al., 1997; Rosenzweig, 2009; Ruiz-Torres and Mahmoodi, 2008). A few of these
cases were linear in nature (Ahmad and Shroeder, 2001; Appelqvist et al., 2013; Closs et al., 2010;
Wan et al., 2014). Increasing PC in manufacturing and supply chains can increase the uncertainty in
product demand (Koh et al., 2005) as well as in the number of decisions made by a company
towards suppliers, customers, and competitors, increasing the time needed to coordinate activities
(Ahmad and Shroeder, 2001) and the likelihood of errors in the value chain, including delivery
errors (Mapes et al., 1997).

Two cases of a U-shaped relationship between PC and delivery performance were identified in a
study examining the number of products of a beverage distributor (Wan et al., 2012, 2014). Wan,
Evers, and Dresner (2012) modeled the relationship between SKUs and fill rate as a convex and
decreasing U-shape with the inflection point, or threshold product variety level, being outside of the
feasible range. The authors tested this relationship with the idea that adding variety at low variety
levels, when products tend to have greater dissimilarity, hinders delivery performance more than at
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high levels of variety, when products are more similar to each other (Wan et al., 2012). The number
of products per line had a U-shaped relationship with the order fill rate (Wan et al., 2014). This
relationship likely results from difficulties in forecasting demand and managing inventory at
distribution centers. One explanation for this marginal effect is that high similarities exist between
new products and existing products when product line variety is already high, which could reduce
the negative operational impact.

Avticles classified as having no PC->delivery performance relationship mostly utilized
composite PC measures based on survey results and the degree of product customization (Ahmad
and Shroeder, 2001; Appelgvist et al., 2013; Bortolotti et al., 2013; Caniato and GroRler, 2015;
Eckstein et al., 2015; Helki6 and Tenhiéld, 2013; Koh et al., 2005; Squire et al., 2006; Thomé,
Sousa and do Carmo, 2014; Vachon and Klassen, 2002). One of the explanations for the lack of a
relationship between product customization and delivery performance is that many firms offering a
high variety of products employ methods such as variety reduction, modularity, and mass
customization, which can moderate the negative effects of product customization (Bortolotti et al.,
2013), thus making the effect of high PC less visible.

As for the two positive PC—>delivery relationships, PC led to higher outbound transport
effectiveness and delivery service in a survey of 180 manufacturing firms (Tracey, 2004) and
decreased backlog in a make-to-order manufacturing system (Gupta and Srinivasan, 1998). The
authors of the first article did not explain their results, while the results of the second study are
partially due to the regulation of product demand as variety increases.

4. Discussion

Based on the literature coding and analysis, it can be concluded that the overarching relationship
between PC and OP is negative. The literature coding and analysis summarized in Table 5 revealed
that cost and time OP measures were studied more frequently than quality and delivery measures.
The negative impact of PC on general operations costs, inventory costs, lead time, processing time,
setup time and productivity are the most conclusive relationships identified in the cost section of
this study, showing high agreement amongst scholars. Utilizing the five categories of product
complexity measures and the results from the coding analysis, Figure 3 was constructed to display
the PC—>OP relationships where a clear negative linear, U-shaped, or inverted U-shaped
relationship was identified. Structural PC measures were the most researched, and thereby, had
some of the most conclusive relationships with different OP measures.
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Figure 3. Summary of the relationships identified in the literature for various product complexity
(PC) and operational performance measures

When reflecting on the total literature set, it is logical that similar results for time and cost
performance were found as measures of time performance and cost performance are related. For
example, a product requiring more processing time or lower productivity will also likely have
higher manufacturing costs. This link between time and cost performance explains why some of the
mediating and moderating factors appear in both sections: demand variability and forecast bias
(Abernathy et al., 2000; Benjaafar et al., 2004; Koh et al., 2005), product and component similarity
(Brahm et al., 2017; Busogi et al., 2017; Wan, 2016), use of lean manufacturing (MacDuffie et al.,
1996; Squire et al., 2006), worker experience and skill level (Anderson, 1995; Brahm et al., 2017),
machine flexibility (Nandkeolyar and Christy, 1992), and production sequencing (Berry and
Cooper, 1999; MacDuffie et al., 1996). The discussion of increased supply chain coordination costs
(or transaction costs) arising from high levels of PC was also discussed in multiple studies as one of
the mechanisms underlying the PC—>OP relationship (Ahmad and Shroeder, 2001; Ittner and
MacDuffie, 1995; Jacobs and Swink, 2011). While quality and delivery performance measures are
more distinct from time and cost measures, the underlying mechanisms of time and cost
performance also apply to quality and delivery performance.
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The studies of PC’s impact on operational costs and time performance in manufacturing and
supply chain firms provide clear support for a unidirectional, negative, linear relationship, with
some authors finding more nuanced relationships such as an inverted U-shape relationship (Wan,
2016; Wan and Dresner, 2015). The difference between a linear and an inverted U-shape PC—>cost
relationship is important to understand as it changes the method of management. A negative linear
PC->cost relationship logically suggests that management should simply reduce PC and expect an
equivalent reduction in costs. In contrast, an inverted U-shape curve suggests that adding variety
beyond the vertex of the parabolic curve would be beneficial for the firm, generating economies of
scope. This echoes the idea from marketing literature of greater unrelated variety causing worse
performance and greater related variety improving performance (Palich et al., 2000; Wu et al.,
2012). The exact shape of the relationship is likely to differ across firms based on the homogeneity
or heterogeneity of their product assortments.

The few positive relationships that were identified were explained by the authors as either being
anomalies (Eckstein et al., 2015; MacDuffie et al., 1996; Moreno and Terwiesch, 2017) or
attributed to specific product variety management capabilities, such as machine flexibility (Gupta
and Srinivasan, 1998; Ruiz-Torres and Mahmoodi, 2007). Given the weight of observations
supporting a negative PC—>OP relationship, it is unlikely that increasing performance with
increasing product variety and complexity is the norm for most manufacturers.

Data for the cost analysis came primarily from case studies of production systems, such as the
two study triads which investigated automotive manufacturers (Fisher and Ittner, 1999; Ittner and
MacDuffie, 1995; MacDuffie et al., 1996) and beverage distribution firms (Wan, 2016; Wan and
Dresner, 2015; Wan and Sanders, 2017). The studies which had access to production data from
actual firms usually differentiated their PC measures to meet the needs of the specific production
contexts. Though detailed product variety and complexity measures led to the inconclusive,
ungeneralizable relationship between composite PC measures and costs in Figure 3, each case
offered rich knowledge of very specific cost drivers related to PC, giving practical guidance to
management on which types of variety which should be controlled.

The results of the industry analysis showed a dominance of the automotive and electronics
manufacturers in the studies, two of the first industries to experience mass customization and the
influx of product variants into assembly line manufacturing systems (Squire et al., 2006). This
explains why the two industries are represented most in the literature sample. The
underrepresentation of apparel, medical, and optical device manufacturers in the literature analyzed
is surprising given the rise in customized footwear and medical devices (EIMaraghy et al., 2013;
Mclintosh et al., 2010; Squire et al., 2006). Further, the results revealed process industries operating
with continuous production systems are underexplored in the product variety literature compared to
manual batch assembly processes. While their level of PC at process industry firms is not
comparable to that of the automotive industry, process industry firms are seeing rising levels of
variety in customer demand (William L Berry and Cooper, 1999; Denton, Gupta and Jawahir, 2003;
Tang and Huang, 2007; Mclntosh et al., 2010) which warrants research into the PC and OP
relationship in process industry firms. Anderson and Sedatole (2012) explore this in contextualizing
the key variety factors in float glass production and show how only certain parameters had longer
setup times (i.e. color and thickness). These insights illuminate the key features which impact
performance and represent the contextual factors that Bausch and Pils (2009) call for in the
diversity-performance literature. There is further opportunity for learning from the automotive
sector to be applied to process industries in the field of product complexity and variety
management.

Clustering studies in specific industries which use similar PC and OP measures makes it easier
to compare, contrast, and generalize findings on PC—>OP relationship. One industry-specific
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finding resulting from a clustered set of studies is that parts complexity in the automotive industry
has a consistent, negative effect on productivity while model mix and options content have very
little effect (Fisher and Ittner, 1999; Ittner and MacDuffie, 1995; MacDuffie et al., 1996). This
information helps managers to be careful in adding new parts, such as new wire harnesses while
being more open to additional car models or options.

The eighteen studies involving large production or survey datasets from many production firms
employed quantitative techniques where PC as either an independent or control variable in the study
and measures of OP as dependent variables. However, it was seen that where PC was used as a
control variable rather than an independent variable, the article was less likely to find a statistically
significant PC—>OP relationship (Bortolotti et al., 2013; Christensen et al., 2007; Eckstein et al.,
2015; Helkit and Tenhidld, 2013). The exact reason for this is unknown, but it could be due to
issues in designing PC constructs or that PC becomes less significant in the presence of more
dominant variables.

While authors argue that similarity in product and component variants may increase the
efficiency of supply chain operations due to synergies in production and logistics (Brahm et al.,
2017; Wan, 2016; Wan and Dresner, 2015; Zhang et al., 2007), others show that greater similarity
between components in assembly operations leads to greater choice complexity and higher
processing time (Busogi et al., 2017). Determining the right level of PC to offer which minimizes
the choice complexity and maximizes synergies in the supply chain is a future area of research.

This study has its limitations. Comparing studies from different academic domains with
differing methodologies, measurement methods, and industry cases should be done with caution
since access to the raw data used in each article is limited (Tranfield et al., 2003). Further, a high
frequency of occurrence for a given PC->OP relationship was interpreted as a trend, but the
generalizability of the relationships might not extend beyond the cases from which is drawn. A
further limitation of this study is the sample size of 43 articles. While the articles were thoroughly
screened and coded, it could be that the criteria were too stringent or that the relevant contribution
of the article was not reflected in its abstract. Finally, some papers contributing to this field were
written before 1992 which may have added richness to the study, including Kekre and Srinivasan
(1990) who found lower manufacturing costs linked to broader product lines in large US
manufacturers.

5. Conclusion

This study presents a systematic literature review of the recent scholarly literature on product
complexity and operational performance. Responding to manufacturers which must understand the
impact of expanding product lines on their systems, researchers have birthed a growing body of
insights regarding product variety and the mechanisms through product complexity affects
operational performance. In the final literature sample of 93 articles from the past 25 years of
research, product complexity showed a consistently negative relationship with manufacturing
operational performance across cost, time, quality, and delivery performance measures. However,
the evidence supporting the relationships with quality and delivery performance are not as strong as
the relationships with cost and time performance measures. Literature coding revealed near-
consensus on the negative impact of product variety on general manufacturing costs, inventory
costs, lead time, processing time, setup time, and process productivity. Delivery and quality appear
the most under-researched performance measures and have the most inconclusive relationships with
product complexity.

The negative impact of variety on most performance measures is a phenomenon experienced
across industries and is a word of warning for manufacturers seeking to expand product lines.
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Before a firm invests in a variety-enabling strategy in operations, such as postponement, the firm
could investigate the different levels of product complexity and how they affect their key
performance indicators. Firms should also consider adding product variants similar to existing
product variants, thus imposing a lower cost on the system. In the academia, researchers should
include detailed variety measures specific to the industry-context when assessing the impact of
variety on performance measures, as these revealed the most insightful findings in the literature
review. Future research areas include investigating the relationship between product complexity and
operational cost and time performance to understand when the relationship is linear and when it is
logarithmic or quadratic.
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Appendix A: Manufacturing Operational Performance Measures Identified in Literature

Table 5. Manufacturing Operational Performance Measures Identified in the Literature Sample

Manufacturing Operational
Performance Measure

Definition

Publication

Costs
Manufacturing costs (general)

Manufacturing Costs (general)

Manufacturing and logistics
costs

Direct manufacturing costs
(survey)

Manufacturing and other costs
(survey)

Added value (ranked)
Unit and inventory cost
Efficiency

Direct labour costs

Direct labour costs

Labour productivity

Manufacturing Overhead

Inventory costs

Inventory cost

Supply-Demand Mismatch
costs

Inventory and capacity costs

Cost of production for one product (e.g. costs of material,
labour and machine processing, and tooling)

Manufacturing and logistics costs (e.g. packaging,
inventory holding, distribution. logistics)
Manufacturing costs relative to competitors, normalized
5 or 7 pt. Likert scale

Costs relative to competitors, including design,
manufacturing, component, delivery, and servicing costs,
5 pt. Likert scale

Manufacturing cost - added value per GBP of employee
cost, ranked within sample

Unit costs at retailer, inventory holding costs, and
backorder costs

Survey measure of unit manufacturing cost, inventory
turns, and cycle time

Direct labour hours per unit produced, measure of the
value adding activities
Hours of working effort per part

Cost of indirect factory personnel

Sum of holding costs (some include backorder costs)

Cost of discounting inventory due to oversupply,
calculated as manufacturing spend on incentives

Costs of inventory, cycle stock, and capacity purchase
costs from external suppliers

(Alford et al., 2000; Berman, 2011; Lanza et
al., 2010; Moreno and Terwiesch, 2017;
Silveira, 1998; Sun and Ding, 2010; Wong and
Eyers, 2011; Zhang and Tseng, 2007)

(Ding et al., 2007; Roy et al., 2011; Wan,
2016; Wan and Dresner, 2015)

(Bozarth et al., 2009; Helki6 and Tenhiéala,
2013)

(Van Den Broeke et al., 2015; Caniato and
GroRler, 2015; Eckstein et al., 2015; Squire et
al., 2006)

(Mapes et al., 1997)

(Thonemann and Bradley, 2002)

(Bortolotti et al., 2013)

(Fisher and Ittner, 1999; Ittner and MacDuffie,
1995)
(MacDuffie et al., 1996)

(Anderson, 1995; Anderson and Sedatole,
2012; Brun and Pero, 2012; Fisher and Ittner,
1999; Ittner and MacDuffie, 1995; Scavarda et
al., 2010)

(Abbey et al., 2013; Abernathy et al., 2000;
Appelgvist et al., 2013; Benjaafar et al., 2004;
Brabazon et al., 2010; Escobar-Saldivar et al.,
2008; Fisher and Ittner, 1999; Moreno and
Terwiesch, 2017; O’Reilly et al., 2015; Pil and
Holweg, 2004; Seifoddini and Djassemi, 1996;
Wan and Sanders, 2017; Ward et al., 2010)
(Moreno and Terwiesch, 2017)

(Rajagopalan and Swaminathan, 2001)

Time
Lead Time

Lead time (general)

Lead time (quoted, ranked)
Lead time (expected)

Lead time (survey)

Time from order to delivery, includes design time if a
custom product

Avg. lead time quoted to customer, ranked within sample
Expected lead time for order fulfilment

Average lead time relative to competitors, questions
measured on Likert scale
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(Akinc and Meredith, 2015; Akkerman and
van Donk, 2007, 2009; Berman, 2011,
Brabazon et al., 2010; Christensen et al., 2007;
Holweg, 2005; Inman and Blumenfeld, 2014;
Vilas and Vandaele, 2002; Ward et al., 2010;
Wong and Lesmono, 2013; Xia and
Rajagopalan, 2009; Zhang et al., 2007)
(Mapes et al., 1997)

(Thonemann and Bradley, 2002)

(Caniato and GroRler, 2015; Squire et al.,
2006; Vachon and Klassen, 2002)



Responsiveness (backlog)
Flexibility

Process Time
Order and process time

Process time

Processing time (survey)
Setup Time
Setup Time

Run length / lot size

Batch size
Productivity

Process productivity

Downtime

Total factor productivity

Log of volume

Speed

Number of items currently being worked on by the
facility, used to indicate lead time

Survey measure including sub measures of ability to
adjust orders last minute and reduce lead time

Time from order to finish of manufacturing

Time to assemble or process a product in manufacturing

Processing time based on survey responses

Time used to set up machinery for product change

Production run length (e.g. total sales divided by number
products, or batch size)
The volume of product produced per batch

Throughput, saleable product produced per hour
production

Minutes producing non-saleable product per day

Reduction in average costs not accounted for by change
in input prices (i.e. labour and efficiency related)
Natural logarithm of production volume

Production speed

(Gupta and Srinivasan, 1998)

(Blome et al., 2014; Caniato and GroRler,
2015)

(Er and MacCarthy, 2006)

(Busogi et al., 2017; Deane and Yang, 1992;
Djassemi, 2005; Engstrém et al., 1995; Gupta
and Goyal, 1992; Huang and Inman, 2010;
Jensen et al., 1996; Keil et al., 2014; Nagarur
and Azeem, 1999; Nazarian et al., 2010; Ruiz-
Torres and Mahmoodi, 2007, 2008, Seifoddini
and Djassemi, 1996, 1997; Yang and Deane,
1993; Zhang et al., 2007)

(Vachon and Klassen, 2002)

(Anderson, 1995; Brun and Pero, 2012;
Cusumano, 1994; Escobar-Saldivar et al.,
2008; Kampker et al., 2012; Sardar and Lee,
2015)

(Baldwin et al., 2012; Celano et al., 2012)

(Berry and Cooper, 1999)

(Aw and Lee, 2009; Berry and Cooper, 1999;
Nagarur and Azeem, 1999; Nandkeolyar and
Christy, 1992)

(Anderson and Sedatole, 2012)

(Alvarez et al., 2016; Gollop, 1997)

(Brahm et al., 2017)
(Silveira, 1998)

Quality

Quality (general)

Product recalls

Product performance (survey)

Quality (survey)

Customer returns (ranked)
Product reliability

Human errors

Rework

Defects

Mismatch errors

Manufacturing errors

Repair costs
Inspection costs
Yield

Product quality

Number of product recalls

Product performance relative to competitors, 3 questions
with 7 pt. Likert scale, normalized

Quality durability, reliability, and others such as
conformance, % returns, and % final pass inspection,
relative to competitors, questions measured on 5 pt.
Likert scale

customer returns % of output, ranked within sample

Customer rank from consumer reports

Number of human errors in production

% or parts requiring rework

Number of defects per 100 vehicles due to assembly

Errors seen in the field by customers where
customization did not meet the performance desired by
the customer (design errors)

Errors where manufacturing process is not capable of
achieving the constraints set by the customer

Function of repair costs of products built

Costs of inspection

Percentage of good products coming from a process

(Berman, 2011; Silveira, 1998)

(Shah et al., 2017; Thirumalai and Sinha,
2011)
(Helkid and Tenhiéld, 2013)

(Caniato and GroRler, 2015; Squire et al.,
2006; Thomé, Sousa and Scavarda do Carmo,
2014)

(Mapes et al., 1997)

(Novak and Eppinger, 2001)
(Brun and Pero, 2012)
(Fisher and Ittner, 1999)
(MacDuffie et al., 1996)
(Hegde et al., 2005)

(Hegde et al., 2005)

(Huang and Inman, 2010)
(Celano et al., 2012; Huang and Inman, 2010)

(Hsieh and Tong, 2006; Kadakia et al., 1994;
Maruthi and Roshan Joseph, 1999)

Delivery

Delivery Performance (survey)

On-time delivery

Delivery performance relative to competitors, 3-7
questions with . Likert scale, normalized
% orders delivered on time
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(Bortolotti et al., 2013; Helkit and Tenhiald,
2013; Rosenzweig, 2009; Tracey, 2004)
(Ahmad and Shroeder, 2001; Appelqvist et al.,
2013)



On-time delivery (rank) % items delivered on time, ranked within sample (Koh et al., 2005; Mapes et al., 1997)

Delivery reliability (survey) Delivery reliability, speed, lead time, and % on time (Caniato and GroRler, 2015; Squire et al.,

relative to competitors, survey questions, Likert scale 2006; Thomé, Sousa and Scavarda do Carmo,
2014; Vachon and Klassen, 2002)

Lead time variability Variance in lead time, survey (Christensen et al., 2007)

Order fulfilment rate % of orders fulfilled completely (Closs et al., 2010; Wan et al., 2012, 2014)

Unit fill rate % of line items fulfilled completely (Appelqvist et al., 2013; Closs et al., 2010)

Quality and delivery Performance on product quality, service level, and on- (Eckstein et al., 2015)

performance time delivery compliance, 5 pt. Likert scale
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