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nities interested in the management of quality, and (3) to sketch out a research agenda for the area. The 

paper should not only be of interest to active researchers in the field, but also to a broader community 

of scholars and practitioners working in operations management, marketing, industrial engineering and 

operations research, who are interested in quality dynamics. 
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. Introduction 

During the three last decades or so, a large literature has devel- 

ped on product quality management, with one stream using a dy- 

amic model to reflect the idea that firms can improve the quality 

f their products over time. This paper surveys this dynamic liter- 

ture both in a one-firm framework and in a competitive setup. 

here are several reasons for adopting a dynamic model when 

ealing with product’s quality. First, consumers’ tastes change over 

ime and if the firm wants to remain competitive (not to say sur- 

ive) in the market, it must upgrade continuously the quality of 

ts products. Second, changing product’s quality requires constant 

nvestments over time to, e.g., improve production processes and 

se better materials. Third, environmental and safety regulations 

hange over time and so must the product’s quality about may 

mpose some. Finally, establishing a high-quality reputation needs 

ustained marketing as well as operations efforts. 

We all have probably witnessed two friends discussing a prod- 

ct quality or brand’s quality and ending in a deadlock. One likely 

eason for this outcome is that each party had her own personal 

efinition of quality. Such differences in opinion also occasionally 

nvolve consumers and firms. For instance, a new product can be 

 true marvel from an engineering and production point of view, 

ut be snubbed by consumers because it does not suit their tastes, 
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nd therefore be labeled a poor-quality product. Then, one can ask 

he following simple question: can quality be assessed through a 

eliable and valid measurement scale? In a seminal paper, Garvin 

1988) suggested the following eight dimensions to measure this 

onstruct: 

1. Performance corresponds to a product’s primary operating char- 

acteristics and involves measurable attributes. 

2. Features are additional characteristics and options that comple- 

ment the basic functions, and make the product more appealing 

and the service more useful. 

3. Reliability is the likelihood that a product does not fail within 

a specific time period. 

4. Conformance is the capability of a product or a service to meet 

the specified standards. 

5. Durability measures the length of a product’s life and may be 

defined as the amount of use a consumer gets from a product 

before it breaks down and replacement is preferable to repair. 

6. Serviceability refers to the consumer’s ease of obtaining repair 

service, the responsiveness of service personnel, and the speed 

at which the product can be put into service after it breaks 

down. 

7. Aesthetics indicates how the product looks, feels, sounds, tastes, 

or smells. This is a matter of personal judgement and a reflec- 

tion of individual preference. 

8. Perceived quality is an assessment of the quality of a good or 

service based on indirect measures. 

Clearly, Garvin’s dimensions integrate both the firms’ and con- 

umers’ points of view. Whereas the first six dimensions can be 
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Table 1 

Number of reviewed papers by source. 

Journal 

Number of 

reviewed papers 

European Journal of Operational Research 26 

Annals of Operations Research 5 

International Journal of Production Economics 5 

Journal of Operations Research Society 5 

Management Science 5 

Journal of Optimization Theory and Applications 4 

Computers & Industrial Engineering 3 

Decision Sciences 3 

Omega 3 

Operations Research Letters 3 

Economics Letters 2 

IIE Transactions 2 

International Game Theory Review 2 

Journal of Operations Management 2 

Marketing Letters 2 

Operations Research 2 

Other Journals 20 

Books and Book Chapters 11 
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onsidered, at least to some extent, as objectively measurable, the 

ast two are more judgement-based. From a managerial point of 

iew, a total quality management (TQM) approach means that all 

imensions have been addressed by the firm, in one or another 

ay. 

Two general observations can be made from the outset. First, 

e are not aware of a single contribution in the surveyed litera- 

ure that built a model integrating all of Garvin’s dimensions. Since 

haracterizing optimal strategies in a dynamic model, especially in 

 competitive environment, is never easy, it is understandable to 

im for a parsimonious model that focuses on the fundamentals. 

chematically, the reduction of the dimensionality has been done 

n two ways: either by selecting few of the eight dimensions in 

he analysis, or by aggregating them into few factors, e.g., objec- 

ive quality and perceived quality. To illustrate, a series of con- 

ributions only retained Garvin’s last dimension. Here, what mat- 

ers is how the consumer perceives quality, either before, or af- 

er consuming the product. Another example is the concept of de- 

ign quality , which is popular in the literature, and defined by Fine 

1986) as “.features, styling, and other product attributes that en- 

ance the fitness for use or utility for the consumers...” From this, 

ne can conclude that any investment made to increase the con- 

umer’s utility and, in turn, sales, qualifies to fall under the con- 

ept of design quality, which does not (exclusively) correspond to 

ny of the dimensions in Garvin (1988) . Kouvelis and Mukhopad- 

yay (1995a) further broaden the scope of design quality by let- 

ing it be “...a long way than the Garvin’s quality dimensions; be- 

ond including all the Garvin’s dimensions, it aims at increasing 

he product desirability in the market and then the firms’ prof- 

tability...”

Second, the terminology used in the literature is far from be- 

ng unique. For instance, the literature, at least in some instances, 

nterchangeably used design quality and quality improvement to 

escribe a state reached by a product through innovation, addi- 

ional features, and options. This has made the distinction between 

adical innovation (e.g., a first-generation mobile phone versus a 

mart phone) and incremental innovation (adding gadgets to a cell 

hone), become less clear. 

The objective of this survey is threefold. First, to give the reader 

 vantage point on the state of the art in this area. Second, to 

dentify the boundaries between the different concepts of quality 

o help building a bridge between the various communities inter- 

sted in the management of quality. And finally, to set what we 

elieve should be a research agenda in this area. In particular, we 

iscuss some possible extensions to Garvin’s scale to account for 

ome new trends and practices in the management of quality. We 

ention from the outset that this survey aims to be useful not 

nly to active researchers in the field but also to a larger commu- 

ity of scholars and practitioners working in operations manage- 

ent, marketing, industrial engineering, and operations research, 

ho are interested in quality dynamics. 

The survey includes 104 contributions, 1 whose sources are 

isted in Table 1 , which were selected according to a single crite- 

ion: quality must vary over time. Accordingly, static models were 

isregarded, as were multiperiod models where the quality deci- 

ion is made only once. In the retained set, quality can be a control 

or decision) variable whose intertemporal values result from the 

ptimization of a certain objective (typically profit), or a state vari- 

ble whose evolution over time depends on some control variables, 

.g., investment in quality improvement or advertising. The sur- 

eyed papers are described in the Appendix in terms of the type 

trategic interaction (horizontal (oligopoly), vertical (supply chain), 
1 In the Appendix, 71 papers are listed, the other references have been useful for 

roviding some background, mentioning an extension, reporting on related issues, 

tc. 

b

u

g

992 
r no interaction (single-agent problem), the model (deterministic 

r stochastic, finite or infinite planning horizon), the decision vari- 

bles (controls in optimization problems and strategies in a game 

etup), the dynamics, the functional form of the cost in quality in- 

estment, and the sales function. 

To give a broad idea about what the literature is after, we list 

ome of the main recurrent questions found in the different con- 

ributions: 

1. What is the optimal (equilibrium) investment in quality im- 

provement in single-firm (competitive) environment? 

2. What is the optimal (equilibrium) investment in quality confor- 

mance in single-firm (competitive) environment? 

3. How do strategic interactions affect quality decisions in a sup- 

ply chain? 

4. How do quality and pricing decisions interact? 

5. How does quality affect brand goodwill (or reputation)? 

6. What is the impact of reference quality on firm’s decisions? 

7. What is the impact of product’s quality on its demand? 

8. How do the main model’s parameter values influence invest- 

ments in quality? 

9. What is the impact of the costs for quality on firm’s decisions? 

The rest of the paper is organized as follows: Sections 2 

nd 3 present the parts of the literature that have considered 

uality as a control variable, or a state variable, respectively. 

ection 4 reports on the impact of quality on other variables, and 

ection 5 discusses the relationships between quality and sales. 

ection 6 summarizes how quality affects production cost, and Sec- 

ion 7 concludes. 

. The role of quality in dynamic models 

Throughout the paper, q will refer to quality as a control or de- 

ision variable, whereas Q will be used when it is a state variable. 

.1. Quality as a decision variable 

In this section, we report on the contributions that considered 

uality a control variable or a strategy that influences either sales, 

tate dynamics, or both. We will come back to this impact itself in 

he next sections. 

Denote time by t and let T be the planning horizon, which can 

e finite or infinite. In the literature, various variables have been 

sed to define quality, which can be categorized into four cate- 

ories: conformance quality q C (t) , design quality q D (t) , quality im- 
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rovement q I (t) , or quality experience q E (t) . We note from the

utset that only conformance quality corresponds, in a strict sense, 

o one of Garvin’s dimensions. The other measures were essentially 

btained by combining several of these dimensions into one. 

In Fine (1986) , investing in conformance quality helps in learn- 

ng to produce defect-free goods. In Chand, Moskowitz, Novak, 

ekhi, and Sorger (1996) , q C ( t ) corresponds to the effort spent 

n human resources and equipment to achieve the conformance 

uality goal. De Giovanni (2020) considers appraisal effort s, which 

nclude inspection, testing, and supervision related to these ac- 

ivities, and prevention efforts to account for quality engineering, 

raining, and related supervision costs. These efforts make it possi- 

le to reach a desired conformance level and enable firms to estab- 

ish and maintain high-level system performance. De Giovanni and 

ramontana (2016) propose a variation on traditional conformance 

uality effort s, whose amplitude depends on the gravity of the fail- 

res to be recovered. By using a Failure Mode and Effect Anal- 

sis (FMEA), nonconformities leading to catastrophic events (e.g., 

uman deaths and health issues) require sizeable investments in 

uality to quickly recover performance. However, a minor failure 

an be easily recovered via minimal investments in quality, com- 

lemented by an effective marketing campaign. Li and Rajagopalan 

1998) link conformance quality to investments in quality improve- 

ents for achieving high conformance quality, quality assurance, 

nd quality for external failures. Conformance quality refers to the 

pecifications met by goods; when specifications are not met, the 

oods are defective. Therefore, conformance quality can be mea- 

ured as the percentage of defect-free products made by a produc- 

ion process; therefore, quality improvements aiming at increasing 

he conformance quality seek to avoid and reduce defects, that is, 

nsuring that goods meet with the specifications. Quality assur- 

nce includes costs for inspections and internal failures as well as 

nvestments in external failures that are modeled as a function of 

he failures experienced by consumers ( De Giovanni, 2020 ). 

We synthesize the above various definitions as follows: 

Conformance quality is the firm’s capability to make goods that 

meet with the specifications. When goods do not meet the 

specifications are defined as defective or non-conform. This 

capability is acquired by investing in appraisal, inspection, 

prevention, failure recovery, quality assurance, and learning. 

emark 1. There is a literature dealing with product recall: events 

riggered by defective goods. The contributions in this area typ- 

cally looked at quality, pricing, and advertising decisions before 

nd after the recall; see, e.g., Lu and Navas (2021) ; Rubel (2018) ;

ubel, Naik, and Srinivasan (2011) , and Mukherjee and Chauhan 

2021) . 

We mentioned in the introduction the contributions of Fine 

1986) and Kouvelis and Mukhopadhyay (1995a) in defining design 

uality, a variable that plays a direct or indirect role in consumer’s 

tility and/or sales. Other authors linked design quality to: 

- Attributes that consumers always prefer more to less and that 

an be easily searched for ( Teng & Thompson, 1996 ); 

- R&D effort s f or upgraded material usage, production process 

ethods, product features, and tighter controls ( Mukhopadhyay & 

ouvelis, 1997 ); 

- Overall effect of multiple product attributes ( Mukhopadhyay 

 Setaputra, 2007 ). 

- Effort s to better underst and consumers’ needs and to design 

roducts accordingly ( De Giovanni, 2021c ). 

Based on the above, we propose the following definition: 

Design quality is the firm’s capability to engineer and make 

quality goods, in the sense of all of Garvin’s dimensions, that 

match consumers’ needs and maximize the firm’s outcome. 
993 
This capability is acquired over time by investing in product 

innovation, technology, methods, and processes. 

Although there is (by the choice of survey area) a consensus 

n the literature that the quality of an existing product can be 

hanged over time through costly investments, the authors took 

ifferent routes to operationalize this. For instance, Martín-Herrán, 

aboubi, and Zaccour (2012) refer to changes in the performance, 

unctionality, safety, and packaging of a product as quality enhance- 

ent . De Giovanni (2011, 2013) refers to investments to have a 

uperior good that strengthens the brand’s value as quality im- 

rovements . Differently from the earlier definition of quality im- 

rovement for conformance quality, these investments in quality 

mprovement seek to enhance the brand’s value. For Liu, Zhang, 

nd Tang (2015b) , it is the costly effort s to improve product per-

ormance. Regardless of the terminology used, these papers refer 

ainly to Garvin’s first dimension (Performance) in their descrip- 

ion of quality. Liu, Sethi, and Zhang (2016) refer to quality in terms 

f product features (Garvin’s dimension 2), while Lu and Navas 

2021) encompass Garvin’s dimensions 1 and 6 (Performance and 

erviceability) in their modeling of quality. Vörös (2019) sees qual- 

ty performance as the result of primary, or core, attributes, and 

ome secondary attributes, which encompass Garvin’s dimensions 

 and 2. Narasimhan and Ghosh (1994) adopt a things-gone-wrong 

easure with reference to customer satisfaction and product qual- 

ty. That is, a global measure of quality that includes reliability, 

onformance, and durability (Garvin’s dimensions 3, 4, and 5). Fi- 

ally, Wang and Li (2012) adopt a negative gauge, quality deteri- 

ration , i.e., the rate at which quality characteristics and features 

aturally decrease over time (Garvin’s dimension 5). 

In another series of papers, quality improvement is taken as 

ynonymous to product innovation . Hence, we refer to it as quality 

mprovements for product innovation, which must, in our opinion, 

e understood in an incremental sense; otherwise, if the innova- 

ion is radical, then we would be dealing with a situation where 

he firm sells different products (or versions of a product) over 

ime. For instance, Bayus (1995) considers that product/quality im- 

rovement is due to product innovation strategies, whereas Ni and 

hao (2021) state that product quality is achieved through product 

nnovation. For others, product innovation consists of investments 

ade to increase the quality of a good or to avoid obsolescence 

 Chenavaz, 2011; 2012; Chenavaz & Jasimuddin, 2017; Lambertini 

 Orsini, 2015; Li, 2021; Zhao & Ni, 2021 ). Also, the objective of 

uch investments could be to increase product differentiation to 

ain a competitive advantage ( Bao & Ma, 2017; Lambertini & Man- 

ovani, 2009; Li, 2017 ), to reduce emissions and environmental im- 

act ( Wang, Wang, Chang, & Kang, 2019 ), to improve green product 

uality ( Mukherjee & Carvalho, 2021 ), or to reach a quality certi- 

cation level ( Li & Ni, 2018 ). In general, we seek to uniform the

efinition of quality improvement, which should be thought as the 

ifference of quality levels at two different states, independent of 

hat the state is. 

One definition that captures the different points of view is as 

ollows: 

Quality improvement is the firm’s capability to raise the qual- 

ity of existing goods. This capability is acquired over time by 

investing in, e.g., R&D, (incremental) product innovation, up- 

graded materials, new production methods and safe proce- 

dures, tighter controls, packaging, capacity to adjust to con- 

sumer changes, lower emissions and environmental impact, 

and satisfaction of quality standards and regulations. 

Since several definitions of quality improvements have been 

iven, we will use the labels of such strategies associated to the 

elated dynamics. Considering the previous definitions, we will re- 

er to quality improvement for conformance quality (when it links 
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o conformance quality dynamics), quality improvement for good- 

ill enhancement (when it plays a role in the goodwill dynamics), 

nd quality improvements for product innovation (when it plays a 

ole in the product innovation dynamics). 

Finally, we aggregate under quality experience all effort s made 

y the firm to better serve the consumer. Li and Rajagopalan 

1998) call such effort s process improvements , while De Giovanni 

2021b) refers to them as quality investments needed to better un- 

erstand consumer needs and utility, and then make products that 

atch consumer expectations. Nair and Narasimhan (2006) define 

uality efforts as the investments required to deliver goods that are 

etter than their competitors. 

To make the above investments successful, the firm needs to 

nderstand how the consumer judges quality. One approach con- 

ists in assuming that the consumer benchmarks product quality 

gainst a reference quality , which is learned by a weighted average 

f past observed quality values ( Kopalle & Winer, 1996 ). (This dy- 

amic process is similar to the one used to define reference price.) 

hen the observed (or estimated) quality is equal to the reference 

uality, then it is termed perfect quality in Caulkins et al. (2017) . 

f the actual quality is higher (lower) than the reference quality, 

hen the consumer obtains a gain (loss) if she buys the product. A 

ain and a loss of the same magnitude need not be weighted in 

he same manner ( Gavious & Lowengart, 2012 ). We note that the 

oment at which a consumer can assess the quality of a product, 

hatever metric she has in mind, varies with the type of product. 

or instance, the quality of so-called experience goods, e.g., per- 

ume or meal in a restaurant, can only be determined after con- 

umption ( Kotowitz & Mathewson, 1979 ). The quality of a credence 

ood may not be precisely assessed even after consumption. Typ- 

cal examples include professional services, e.g., health and legal 

ervices. Here, the firm invests in quality to get recognition and 

ertifications from inspections by authorities and certification bod- 

es ( Hirschmann, 2014 ). 

Although the definitions of design quality and quality improve- 

ents are large, they do not include the idea of both parties (firm 

nd consumer) “learning” quality. We propose the following defi- 

ition to complete the picture: 

Quality experience is the firm’s capacity to understand the con- 

sumer’s needs and ensure a good’s high performance to 

achieve customer satisfaction, contribute to the firm’s rep- 

utation, and improve the consumer’s journey. This capabil- 

ity is acquired over time by investing in attributes, research, 

consumer satisfaction, features, options, and performance. 

While design quality, conformance quality, and quality improve- 

ents are “operational-based capabilities”, since they link to the 

uality of goods and/or production processes, quality experience is 

 consumer-based capability since it links to marketing levers that 

ink directly to consumers, like consumers’ expectations, satisfac- 

ion, and journey. 

.2. Quality as a state variable 

A large number of contributions considered quality as a state 

ariable, implying that the quality of the product currently offered 

o consumers is the result of a series of decisions made over time. 

or instance, a low percentage of defects at time t is due to all the

ast investments in conformance quality. The literature has given 

ifferent names to this state variable, which we categorize under 

he following headings: conformance quality, objective quality, and 

thers. 

As any typology, ours is not unique. We wanted to have groups 

hat are inclusive, i.e., all papers must find a home, and to stay 

lose to Garvin’s dimensions. Unfortunately, there is no way of hav- 

ng categories that are mutually exclusive because, e.g., perceived 
994 
uality mixes both objective and subjective dimensions of quality. 

aving only three categories, allows us to capture the essence of 

he literature in a parsimonious way. 

.2.1. Conformance quality 

Conformance quality, denoted by Q 

C ( t ) ∈ [0 , 1] , represents the 

ercentage of defect-free products that a firm is able to make. The 

ower bound means that all products are defective, while Q 

C ( t ) = 

 corresponds to the case where all manufactured products meet 

he specifications. Therefore, 1 − Q 

C (t) represents the fraction of 

efective goods made and sold in the market. 

Chand et al. (1996) and El Ouardighi, Feichtinger, and Fruchter 

2018) ; El Ouardighi, Feichtinger, Grass, Hartl, and Kort (2016) ; 

l Ouardighi, Jørgensen, and Pasin (2008, 2013) describe the evo- 

ution of the percentage of defect-free products by the following 

ifferential equation: 

˙ 
 

C ( t ) = q C ( t ) 
(
1 − Q 

C ( t ) 
)
, Q 

C ( 0 ) = Q 

C 
0 , (1) 

here q C ( t ) is the investment in conformance quality, and Q 

C 
0 

∈ 

0 , 1] is the initial conformance quality. The above dynamics show 

hat the improvement in conformance quality becomes slower as 

he firm approaches its target of zero defective items. El Ouardighi 

nd Pasin (2006) retain (1) in a duopoly where firms interact in 

he market, but not in their management of quality, that is, each 

rm’s rate of defect-free products is independent of other play- 

rs’ investments in conformance quality. This could be otherwise 

f the firms learned from each other, be it voluntarily (by sharing 

xpertise) or involuntary (by industrial espionage or reverse en- 

ineering). El Ouardighi and Kogan (2013) extend (1) to a supply 

hain where both the manufacturer (firm M) and the supplier (firm 

) contribute to the conformance quality dynamics by investing in 

 

C 
M 

( t ) and q C 
S ( t ) , respectively. The dynamics are then given by 

˙ 
 

C ( t ) = 

(
q C M 

( t ) + q C S ( t ) 
)(

1 − Q 

C ( t ) 
)
, Q 

C ( 0 ) = Q 

C 
0 . 

In (1) , the investment can be seen as a reaction to reduce the 

ercentage of defective items. De Giovanni (2020) builds on the 

odel of Chand et al. (1996) by incorporating an additional proac- 

ive term for a better quality management. A proactive approach 

onsiders the systematic variability within a production process. In 

act, the quality varies naturally with changes in circumstances and 

esources ( Crosby, 1979 ). For example, a worker who gets tired by 

he end of the day has a lower level of attention, which may in- 

rease the number of defects. Similarly, some maintenance has to 

e carried out on a machine after a certain number of hours of 

peration; otherwise, the number of defects increases. By investing 

n appraisal and prevention, the firm mitigates the decay in qual- 

ty. The evolution of conformance quality can then be modeled as 

ollows: 

˙ 
 

C ( t ) =ηq A · q A (t) + ηq C · q C ( t ) 
[
1 −Q 

C ( t ) 
]
−εQ 

C ( t ) , Q 

C ( 0 ) =Q 

C 
0 , 

(2) 

here q A ( t ) is the investment in appraisal and prevention; ηq A 

nd ηq C are the appraisal and conformance effectiveness param- 

ters, respectively; and ε is the decay in conformance quality if no 

nvestment is made in appraisal and conformance quality. 

Using a discrete-time model, De Giovanni and Tramontana 

2016) propose the following dynamics of conformance quality: 

 

C ( t + 1 ) = Q 

C ( t ) + s Q 
∂�M 

∂Q 

C ( t ) 
, (3) 

here �M 

is the manufacturer’s profit and s Q is a positive parame- 

er. Therefore, the manufacturer invests in conformance quality ac- 

ording to its marginal contribution to profit, scaled by s Q , which 

s interpreted as the speed of adjustment. 
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In the above references, the assumption is that the production 

ystem is a single-stage one. Kogan and Raz (2002) is the only pa- 

er that considers a system consisting of S stages, and I possible 

nspection activities that can be carried out in each stage. A de- 

ect that occurs at any stage of the production process is either 

etected and removed by inspection at that stage or escapes the 

nspection and propagates to the next stage, which induces an ad- 

itional cost. In other words, the state variable is the cumulative 

hange in the number of undetected defects in stage s at time t , 

nd its variation is given by the difference between the defects in- 

roduced in previous stages and those successfully removed. 

Making high-quality goods, in a defect-free sense, is a learning 

rocess. Using a discrete-time framework, Tapiero (1987) models 

xperience in manufacturing, which can be considered a proxy of 

onformance quality, as a state variable whose evolution depends 

n production (learning-by-doing effect) and on (random) quality 

nspections. Further, Fine (1986) proposes the following dynamics: 

˙ 
 

C (t) = ηS · S ( t ) + ηq C · q C ( t ) + q C (t) S(t) , (4) 

here S ( t ) represents sales at time t , and ηS is a positive scal- 

ng parameter. The dynamics in (4) state that conformance quality 

enefits from sales (learning-by-doing effect) and investments in 

aking defect-free goods, with an additional interaction term that 

mplifies these two benefits. Foster and Adam (1996) use the same 

pproach undertaken by Fine (1986) while letting the end of the 

lanning horizon be a function of the speed of quality improve- 

ents for conformance quality. Kogan and El Ouardighi (2019) also 

llows for learning conformance quality (not called as such, but 

t fits our definition). Here, each of the competitors in a Bertrand 

ame learns by doing, that is, from experience in production, and 

lso by investing in quality learning (called induced learning). 

.2.2. Objective quality 

In this category, we grouped together all the state dynamics in 

he literature whose right-hand side only involves effort s related 

o quality improvement. The general form of the state equation is 

s follows: 

˙ 
 

o (t) = f ( q (t ) , Q 

o ( t ) ) , Q 

o ( 0 ) = Q 

o 
0 , (5) 

here Q 

o ( t ) is the (objective) product quality at t , q (t ) is the in-

estment made to increase this quality, and Q 

o 
0 

is the initial value 

f the product quality. We reiterate that the labels given to Q 

o ( t )
nd q ( t ) are ours. To illustrate the variety of definitions used, we 

ote that q (t) has also been referred to as quality improvement 

or: conformance quality, brand enhancement, product innovation 

to make green goods or achieve quality authorization), quality fea- 

ures, quality enhancer, product improvement stock, and quality 

evelopment. Similarly, Q 

o ( t ) has been termed quality, quality de- 

ign, quality improvement, quality certification, and green quality. 

Additional details are provided in the Appendix.) 

In its simplest expression, (5) takes the form of a linear differ- 

ntial equation, i.e., 

˙ 
 

o (t) = ηq (t) − δQ 

o ( t ) , Q 

o ( 0 ) = Q 

o 
0 , (6) 

here η is a parameter measuring the efficiency of the investment 

 (t) , and δ is a decay rate capturing the obsolescence in qual- 

ty. The above specification has been very popular in the litera- 

ure and adopted in, e.g., De Giovanni (2021a) ; Lambertini, Orsini, 

nd Palestini (2017) ; Li (2021) ; Li and Ni (2016, 2018) ; Pan and Li

2016) ; Wang et al. (2019) ; Zhong and Zhang (2018) , and Ni and

hao (2021) . In a few papers, Q 

o ( t ) measures design quality as in, 

.g., Kouvelis and Mukhopadhyay (1995b) and Cohen, Eliashberg, 

nd Ho (1996) . In these last two references δ = 0 , that is, there is

o decay in design quality. See also Mukhopadhyay and Setapu- 

ra (2007) ; Vörös (2019) , and De Giovanni (2021c) . In Cohen et al.
995 
1996) , where the focus is on new product development, there is a 

ate at which the investment in design quality stops and an in- 

estment in quality process starts. It ends when the product is 

aunched. 

A series of modifications to (6) have been proposed. Vörös 

2019) considers that the product quality evolution depends on 

ome activities that require investments and have a long-term im- 

act, e.g., hiring researchers, and others that do not have cumula- 

ive effects. A special case of (6) is when η = 0 , that is, the quality

aturally deteriorates over time, which is the case for food. For in- 

tance, Wang and Li (2012) use ˙ Q 

o (t) = −δ( Q 

o (t) ) 
χ

, where χ cap- 

ures the chemical reactions involved in quality deterioration. De 

iovanni (2021d) added a given reference quality q R to (6) , that is, 

˙ 
 

o (t) = q (t) + ψ ( q (t) − q R ) − δQ 

o (t) , (7) 

here ψ is a positive parameter. Reference quality effect is also 

tudied in Chenavaz and Jasimuddin (2017) . 

To account for marginal decreasing returns in quality invest- 

ent (innovation), Chenavaz (2011) retains the following dynam- 

cs: 

˙ 
 

o (t) = η ln q (t) − δQ 

o ( t ) , Q 

o ( 0 ) = Q 

o 
0 , 

ith δ ∈ [ −1 , 1 ] . A positive (negative) value of δ corresponds to a 

eterioration (improvement) in the quality process. An interaction 

erm between the control and state variables has also been consid- 

red. For instance, Lambertini and Orsini (2015) proposes 

˙ 
 

o (t) = q (t ) Q 

o ( t ) − δQ 

o ( t ) , Q 

o ( 0 ) = Q 

o 
0 , 

hich means that the higher the current product quality, the 

igher the impact of the investment. On the contrary, Chenavaz, 

eichtinger, Hartl, and Kort (2020) assume that 

˙ 
 

o (t) = 

√ 

q (t) ( Q 

o ) 
−α

( t ) − δQ 

o ( t ) , Q 

o ( 0 ) = Q 

o 
0 , 

here the positive parameter α reflects the idea that it is harder 

o further improve quality, if it is already high. 

Mukhopadhyay and Kouvelis (1997) extend the approach used 

n Kouvelis and Mukhopadhyay (1995b) to a duopoly. Here, each 

rm invests q j (t) , j = 1 , 2 to make a superior quality good through

ore precise processes, expensive controls, product features, and 

ew materials. The dynamics of each firm depends only on its 

wn investment, while both firms’ quality design stocks affect 

oth firms’ demands. A supply chain is considered in El Ouardighi 

2014) ; El Ouardighi and Kogan (2013) , and El Ouardighi and Shni- 

erman (2019) , with the dynamics of (design) quality given by 

˙ 
 

o (t) = η( q M 

(t) + q S (t) ) − δQ 

o ( t ) , Q 

o ( 0 ) = Q 

o 
0 , 

here q M 

(t) and q S (t) represent the investment made by the man- 

facturer (firm M) and a supplier (firm S), respectively. Note that 

roduct quality here is a public good to which both partners con- 

ribute, and one expects the investments to be higher when both 

layers cooperate than when they do not (and both free ride). 

he same form is used in Lambertini (2018) , where, however, the 

wo players are divisions within a same firm. El Ouardighi and 

im (2010) extend the model to a supply chain with one supplier 

nd two competing manufacturers. Each manufacturer invests in 

ts own design quality, and the supplier contributes to both manu- 

acturers’ design quality stocks. 

.2.3. Other definitions 

In this section, the product quality is the result of either past 

ctions undertaken to improve its usability (performance, durabil- 

ty, etc.), or some signals to which the consumer has been exposed 

in particular, price and advertising). Schematically, the evolution 

f quality can be represented by the following differential equa- 

ion: 

˙ 
 (t) = f ( Q ( t ) , q (t) , p ( t ) , A ( t ) , X ( t ) ) , Q ( 0 ) = Q 0 , (8) 
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here p ( t ) is the price, A ( t ) is advertising, X ( t ) is a vector of 

ny other relevant variables, and, as before, q (t) is the investment 

n quality improvement whose definition depends on its purposes 

nd dynamics. 

In a series of papers, the state variable is defined as perceived 

uality , which we denote by Q 

P ( t ) . For instance, in Fruchter (2009) ,

he firm uses price and advertising to signal its product’s (per- 

eived or overall) quality. In this case, (8) takes the form 

˙ 
 

P (t) = αp(t) + βA ( t ) − δQ 

P ( t ) , Q 

P ( 0 ) = Q 

P 
0 , 

here α > 0 and β > 0 measure the marginal impact on quality 

f price and advertising, respectively. Here, the higher the price, 

he higher the perceived quality. In Martín-Herrán et al. (2012) , the 

erceived (brand) quality evolves as follows: 

˙ 
 

P (t) = q (t) + β( p(t) − p R (t) ) − δQ 

P ( t ) , Q 

P ( 0 ) = Q 

P 
0 , (9) 

here p R (t) is the reference price, a state variable whose evolution 

s governed by the following differential equation: 

˙ p R (t) = γ (p(t) − p R (t)) , p R (0) = p 0 R , 

here γ is the speed of adjustment of the reference price. In this 

odel, the perceived quality depends on the investment in qual- 

ty and on the price signal. If the price is higher (lower) than the 

erceived price, then consumer increases (decreases) her assess- 

ent of the product quality. Hirschmann (2014) uses a stochas- 

ic differential equation to model the evolution of perceived qual- 

ty, with the publicly observable quality being referred to as repu- 

ation. Narasimhan, Ghosh, and Mendez (1993) ; Narasimhan and 

endez (2001) ; Narasimhan, Mendez, and Ghosh (1996) model, 

mong other things, the process by which perceived quality (and 

uality reputation) is formed, with the objective of assessing its 

ffect on sales and, ultimately, on the firm’s profitability. 

Reference quality is another state variable that has been used 

n the literature. Like reference price, reference quality is the re- 

ult of a learning process. The consumer forms a belief about qual- 

ty, which could be called perceived quality, and adjusts this belief 

nce a new observation of quality is available; see, e.g., Gavious 

nd Lowengart (2012) ; Kopalle and Winer (1996) ; Liu et al. (2016) ;

ue, Zhang, Tang, and Dai (2017) , and Li, Cheng, and Li (2020) . To

llustrate, in Kopalle and Winer (1996) , the dynamics of reference 

uality are as follows: 

˙ 
 

R (t) = σ
(
q (t) − Q 

R ( t ) 
)

+ φ( p(t) − p R (t) ) , Q 

R ( 0 ) = Q 

R 
0 , (10) 

here σ and φ are the speed of adjustment of quality and price, 

espectively. In Gavious and Lowengart (2012) and Liu et al. (2016) , 

he reference quality is independent of the price, that is, φ = 0 . In

i (2021) ; Xue et al. (2017) , and Li et al. (2020) , φ is also equal to

ero, with the observed quality being a state (not control) variable 

hat evolves according to (6) . Therefore, in these papers, the model 

ncludes two state variables. 

The idea of the consumer learning product quality was already 

n Kotowitz and Mathewson (1979) . These authors assumed that 

uality has two aspects: an instantaneous verifiable quality and a 

uality variable that requires experience to be assessed. They mod- 

led quality experience as in () with φ = 0 . The model was also

xpanded to account for advertising as follows: 

˙ 
 

E (t) = σ
(
q (t) − Q 

E ( t ) 
)

+ F 
(
q (t) − Q 

E ( t ) , A 

)
, Q 

E ( 0 ) = Q 

E 
0 , (11) 

here Q 

E is quality experience and A is the persuasive advertising 

ffort. Different functional f orms of F ( ·) are discussed in the paper. 

emark 2. Quality experience has been used to describe the learn- 

ng of quality by the consumer, as in Kotowitz and Mathewson 

1979) , and to describe the firm’s learning of how to produce high- 

uality goods, as in, e.g., Carrillo and Gaimon (20 0 0) ; Li and Ra-

agopalan (1998) ; Vörös (2006) , Dawin et al. (2015) and De Gio- 

anni (2021b) . In this second sense, the drivers of quality experi- 

nce (or knowledge) are investments in product performance, in 
996 
rocesses, in R&D, in sales, etc. In Gaimon (1988a,b) , acquiring ex- 

erience is done by making adjustments to the production capac- 

ty (e.g., investing in new technology) and/or exploiting the salvage 

alue linked to the existing capacity. 

. The impact of product quality on different dynamic 

ariables 

.1. Goodwill 

A series of contributions let quality, as a state or control vari- 

ble, influence the evolution of another state variable. In particular, 

ome authors added quality to the goodwill dynamics in Nerlove 

nd Arrow (1962) . In its original form, the goodwill dynamics have 

he following form: 

˙ 
 ( t ) = γ A ( t ) − δG ( t ) , G ( 0 ) = G 

0 , 

here G ( t ) is the firm’s (or brand’s) goodwill at time t , A ( t ) rep-

esents the advertising effort, and γ and δ are positive parameters 

apturing the impact of advertising and the decay in goodwill due 

o consumer’s forgetting effects. 

De Giovanni (2011) extends the above dynamics to 

˙ 
 ( t ) = γ A ( t ) + εq ( t ) − δG ( t ) , G ( 0 ) = G 

0 , (12) 

here ε is a positive parameter. Later on, De Giovanni (2013) pro- 

osed 

˙ 
 ( t ) = γ A ( t ) + εq ( t ) 

√ 

G ( t ) − δG ( t ) , G ( 0 ) = G 

0 , 

hat is, the larger the goodwill, the larger the impact of qual- 

ty, with the effect being subject to marginal decreasing returns, 

aptured by the concave function 

√ 

G ( t ) . Cesaretto, Buratto, and 

e Giovanni (2021) adopt the following dynamics: 

˙ 
 ( t ) = γ A ( t ) + εq ( t ) 

√ 

G ( t ) − σ ( q ( t ) ) 
2 − δG ( t ) , G ( 0 ) = G 

0 . 

here σ captures the negative impact that an excess of quality 

e.g., features in this specific case) has on the goodwill, namely, 

eature fatigue effect. The latter leads to a reduction of goodwill 

nd, consequently, to lower sales when the quality exceeds a cer- 

ain level. Again, the marginal decreasing returns in quality effort 

re captured by the concavity of ˙ G ( t ) with respect to q ( t ) . 

Reddy, Wrzaczek, and Zaccour (2016) assume that the decay 

ate is a decreasing function of quality investment, that is, 

˙ 
 ( t ) = γ A ( t ) − δ( q ( t ) ) G ( t ) , G ( 0 ) = G 

0 , 

here 

( q ( t ) ) = 

2 δ

1 + e k ( q −q̄ ) 
, 

ith k and q̄ being positive parameters. The parameter q̄ is inter- 

reted as the average or expected quality. If the product quality 

s constantly equal to the expected quality, then the decay rate 

ecomes constant and given by δ( q ( t ) ) = δ. This means that the 

riginal Nerlove-Arrow model is a particular instance of the model 

roposed in Reddy et al. (2016) . Further, the function δ( q ( t ) ) is 

-shaped and is concave for q ≥ q̄ and convex for q ≤ q̄ . This asym- 

etry in curvature, depending on whether or not quality exceeds 

xpectation, is richer than having a monotone first derivative. 

Buratto, Cesaretto, and De Giovanni (2019) replaced advertising 

y the product price in (12) , that is, 

˙ 
 ( t ) = ϑ p ( t ) + εq ( t ) − δG ( t ) , G ( 0 ) = G 

0 , 

here ϑ is a positive parameter. Here, the higher the price, the 

igher the firm’s goodwill. Ni and Li (2019) conduct a general anal- 

sis without specifying the functional form of the dynamics and 

onsider 

˙ 
 ( t ) = f ( A ( t ) , q ( t ) , G ( t ) ) , G ( 0 ) = G 

0 , 
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ith f being an increasing function in its first two arguments. 

In the above papers, it is the investment in quality improve- 

ent for brand enhancement that enters the goodwill dynamics. 

n the next two contributions, it is quality as a state variable that 

oes. De Giovanni (2020) proposes 

˙ G ( t ) = γ A ( t ) − κ( 1 − Q ( t ) ) − δG ( t ) , G ( 0 ) = G 

0 , 

hat is, the goodwill evolution depends on quality conformance 

easured, as usual, by 1 − Q ( t ) . As κ is positive, then a firm with a

ower number of defects enjoys a higher reputation. Lu and Navas 

2021) assume that the impact of advertising on goodwill interacts 

ith the product quality, that is, 

˙ 
 ( t ) = γ A ( t ) 

√ 

Q ( t ) − δG ( t ) , G ( 0 ) = G 

0 . 

he square root is used to capture the marginal decreasing returns 

f quality on goodwill. 

Nair and Narasimhan (2006) consider a duopoly and assume 

hat each firm’s goodwill dynamics depend positively on its adver- 

ising and quality effort s and negatively on its rival’s advertising 

nd quality investments. Interestingly, whereas typically the liter- 

ture starts by looking at a single-firm setup using an optimal- 

ontrol model before extending the formalism to an oligopoly us- 

ng a differential game, here, the first paper that integrated quality 

o the Nerlove-Arrow model did it in a competitive setting. 

.2. Market share 

Another way to capture dynamic competition in a duopoly is by 

dopting a Lanchaster market-share model defined by 

˙ 
 ( t ) = f ( A 1 ( t ) ) ( 1 − x ( t ) ) − f ( A 2 ( t ) ) x ( t ) , x ( 0 ) = x 0 , (13) 

here x ( t ) ∈ ( 0 , 1 ) is the market share of firm 1, and hence 

he rival’s market is given by 1 − x ( t ) . In this model, each firm

ses advertising to attract the competitor’s consumers. Ringbeck 

1985) includes quality in the above model as follows: 

˙ 
 ( t ) = A ( t ) ( 1 − x ( t ) ) − δ( A ( t ) , q ( t ) ) x ( t ) , x ( 0 ) = x 0 . (14) 

n this variant, firm 1 uses advertising to increase its market share 

mong non-consumers (untapped market) and both advertising 

nd quality to keep its own customers. 

El Ouardighi and Pasin (2006) include conformance quality in 

he Lanchaster model in which the defective items are a driver 

f the market share. Specifically, firm 1’s market share evolves ac- 

ording to the dynamics: 

˙ 
 ( t ) = w 1 G 1 (t) ( 1 − Q 2 ( t ) ) ( 1 − x (t) ) 

− w 2 G 2 (t) ( 1 − Q 1 ( t ) ) x ( t) , x ( 0 ) = x 0 , (15) 

here w i reflects the firms’ attraction efficiency and G i ( t ) is the 

oodwill, in the Nerlove-Arrow sense, of firm i = 1 , 2 . Note that the

bove dynamics are highly nonlinear, which leads to a model that 

an only be solved numerically. 

.3. Product differentiation 

Finally, we mention that a series of papers have linked invest- 

ent in product and process R&D to product differentiation and 

arket proliferation; see, e.g., Cellini and Lambertini (20 02, 20 04) ; 

ambertini and Mantovani (2009, 2010) , and Li (2017) . These con- 

ributions would fit in our framework if investments in product 

nnovation was interpreted as investment in quality design. To il- 

ustrate, Lambertini and Mantovani (2009) and Li (2017) adopt the 

ollowing dynamics: 

˙ 
 ( t ) = d(t ) 

(
−q I ( t ) + δ

)
, d ( 0 ) = d 0 , (16) 

here d ∈ ( 0 , 1 ) is the degree of product differentiation, and δ is 

n exogenous technological decay rate. When d = 1 , the product 
997 
s homogeneous, i.e., there is no differentiation. In (16) , quality im- 

rovement for product differentiation is the driver of the dynamics 

f d. In Cellini and Lambertini (20 02, 20 04) , it is the investment in

&D (or product innovation or design quality) that intervenes in 

he dynamics, along with the effort conducted by the industry and 

enoted by Ind R & D ( t ) . Here, we have 

˙ 
 ( t ) = −d(t ) 

q I R & D ( t ) + Ind R & D ( t ) 

1 + q I 
R & D ( t ) + Ind R & D ( t ) 

, d ( 0 ) = d 0 . (17) 

. The impact of product quality on sales 

In this section, we report on the impact of quality on sales. As 

ll papers are described in detail in the Appendix, we only give 

he generic relationships that have been used in the literature and 

llustrate each one with few examples. Further, Greek letters are 

ositive parameters. 

First, a series of papers assumes that current sales depend on 

urrent quality improvement, which will take the name of qual- 

ty improvement for sales enhancement. For instance, El Ouardighi 

nd Kogan (2013) and Liu, Zhang, and Tang (2015a) propose the 

ollowing form: 

 ( q (t) , p(t) ) = q (t) ( α − βp(t) ) , (18) 

hich means that quality shifts up the total demand. Hereby, s ( t ) 
s the sales at time t, q ( t ) is product’s quality (control variable), 

nd p ( t ) is product’s price. Liu et al. (2016) retain an additive spec- 

fication, that is, 

 ( q (t) , p(t) , q R ( t ) ) = α − βp(t) + κq (t) + λ( q (t) − q R ( t ) ) , (19) 

here q R ( t ) is the reference quality (a state variable). Here, qual- 

ty increases the market potential α by the amount ( κ + λ) q (t) . 

opalle and Winer (1996) introduced the idea of reference quality 

see (10) ), and it has been used, in one way or another, in Gavious

nd Lowengart (2012) ; Li (2021) ; Li et al. (2020) ; Liu et al. (2016) ;

ue et al. (2017) , and Ni and Zhao (2021) . Finally, De Giovanni and

ramontana (2016) assume that sales depend positively on adver- 

ising and conformance quality as follows: 

 ( q (t) , A (t) ) = ρA ( t ) + κq C (t) , 

here q C (t) is the rate of defect-free products and A ( t ) is the ad-

ertising effort; 

Second, some contributions consider that what influences de- 

and is the stock of quality, that is, a state variable that sum- 

arizes all past investments in quality. One example is Chenavaz 

2012) , where the sales are given by a function s ( Q(t) , p(t) ) , which 

s increasing in Q(t) (stock of quality) and decreasing in p ( t ) . The 

nalysis is first conducted without assuming any specific forms, 

nd next the results are illustrated with specific relationships, e.g., 

 ( Q(t) , p(t) ) = α − βp(t) + γ Q ( t ) + η
Q ( t ) 

p ( t ) 
. 

he last term captures the interaction between quality and 

rices, which incidentally complicates the analysis. Li and Ni 

2016) set η equal to zero.) Another example is Martín-Herrán 

t al. (2012) where 

 ( q (t) , p(t) ) = α − βp(t) + γ Q ( t ) − ε( p(t) − p R ( t ) ) , 

ith p R ( t ) being the reference price at time t whose evolution 

s governed by a differential equation. Here, as expected, qual- 

ty has a positive impact on sales, while the differential term 

p(t) − p R ( t ) positively affects quality and negatively affects de- 

and. That is, if the price is larger than the reference price, 

hen the consumer perceives a higher quality, but this, at the 

ame time, hurts demand. In these contributions, quality is un- 

erstood in a global sense or as perceived quality. Hirschmann 
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Fig. 1. Economic conformance model. 
2014) selects quality experience as an independent variable in the 

ales function, whereas El Ouardighi (2014) ; El Ouardighi and Kim 

2010) ; Liu et al. (2015b) ; Mukhopadhyay and Kouvelis (1997) , and 

l Ouardighi and Shniderman (2019) let the demand depend on 

esign quality stock. To illustrate, El Ouardighi (2014) adopts the 

ollowing form 

 

(
Q 

D (t) , p(t) 
)

= μQ 

D (t) ( α − βp(t) ) . (20) 

e Giovanni and Tramontana (2016) propose a sales function that 

epends on both advertising and conformance quality strategies. 

herefore, when products are known by consumers to conform, 

ales increase as consumers trust the product quality. 

A third approach is to let quality indirectly affect demand, 

hat is, through another driver, typically goodwill. Here, the re- 

ained goodwill dynamics extend the model in Nerlove and Arrow 

1962) by assuming that it does not only depend on advertising, 

ut also on some measures of quality, that is, 

˙ 
 ( t ) = f ( A ( t ) , x (t ) ) , 

here x ( t ) is either a control variable q ( t ) or a state variable Q ( t ) ,

ith sales at time t being a function of G ( t ) and some other vari- 

bles (typically price). Examples of contributions belonging to this 

lass of model include the following: Buratto et al. (2019) analyze 

he impact of having a consignment contract in a supply chain; 

e Giovanni (2011, 2020) assumes that conformance quality Q 

C ( t ) 
ffects the goodwill dynamics, which in turn influences sales; in 

 competitive setting, Nair and Narasimhan (2006) assume that a 

rm’s goodwill as well as its rival’s influence sales, with the good- 

ill being dependent on investments in quality improvements for 

rand enhancement. 

Finally, we mention a series of contributions where the au- 

hors included in the model both the rate of sales, ˙ S ( t ) , and cu- 

ulative sales at time t, S ( t ) ; see, e.g., El Ouardighi et al. (2016) ;

l Ouardighi et al. (2008, 2013) ; El Ouardighi and Tapiero (1998) ;

ouvelis and Mukhopadhyay (1995b) ; Lin (2008) ; Mukhopadhyay 

nd Setaputra (2007) ; Narasimhan et al. (1996) ; Teng and Thomp- 

on (1996) , and Caulkins et al. (2017) . Cumulative sales should 

e considered the decision process when the unit production cost 

ecreases with cumulative production (learning-by-doing benefit), 

hen there is a word-of-mouth effect, or when the market size is 

xed and saturation effects are present. To illustrate, Narasimhan 

t al. (1996) propose the following sales dynamics: 

˙ 
 ( t ) = S ( t ) 

{ (
1 − p ( t ) 

p C ( t ) 

)α

+ 

(
q I ( t ) 

q I 
C ( t ) 

− 1 

)β

+ 

(
A ( t ) 

A C ( t ) 
− 1 

)δ
} 

, 

(21) 

here q I 
C ( t ) , p C ( t ) , and A C ( t ) represent competitors’ quality, price, 

nd advertising strategies, respectively. Here, the rate of sales ˙ S ( t ) 
s proportional to cumulative sales S ( t ) . Caulkins et al. (2017) as- 

ume that the rate of sales evolves as follows: 

˙ 
 ( t ) = ( α − βp ( t ) ) 

(
q I (t) − q R 

)
+ γ A ( t ) − δS ( t ) , (22) 

hat is, the sales dynamics are a function of the price p ( t ) , the

nstantaneous experience quality q I (t) , the (constant) reference 

uality q R , and the advertising rate A ( t ) . 

To wrap up, we note that the literature has taken different 

outes to model the impact of quality on sales, in terms of mea- 

uring quality itself (i.e., specific or general, control or state vari- 

ble), its direct or indirect impact, its role in the set of independent 

ariables, and the functional form of the (rate or cumulative) sales 

unction. Furthermore, we highlight that the quality increases the 

onsumers’ willingness to purchase a certain good and influences 

he optimal prices. In general, increasing the optimal quality lev- 

ls leads to increasing optimal prices, without deteriorating sales. 
998 
inally, all papers that we reviewed focus on sales functions and 

ever on (formal) consumers’ utility functions. 

. The impact of product quality on the marginal production 

ost 

The literature has distinguished between the investment cost to 

aise product quality and the production cost that may, or may not, 

epend on the quality level, modeled either as a control or a state 

ariable. The investment cost function to improve product (and oc- 

asionally process) quality has been assumed to be convex increas- 

ng. As not much can be added beyond that, there is no need to 

iscuss more specifically the contributions in this respect. Further, 

e disregard all papers where the marginal production cost is in- 

ependent of the product quality. Generally speaking, in these pa- 

ers, quality affects sales, but not (at least not directly) the produc- 

ion cost, which solely depends on the quantity produced (see, e.g., 

opalle & Winer, 1996; Lambertini & Orsini, 2015; Li et al., 2020; 

artín-Herrán et al., 2012; Nair & Narasimhan, 2006 , and Li & Ni 

2016) ). 

A good place to start the discussion on the cost of quality is 

he economic conformance model (ECM) represented in Fig. 1 ; 

ee Lundvall and Juran (1974) and Juran (1979) . According to this 

odel, the optimal level of conformance quality is the result of a 

radeoff between the prevention and appraisal costs, given by a in- 

reasing convex function c A ( q ) , and the cost of failures, given by a 

ecreasing convex function c F ( q ) . Although this model is intuitive 

nd has been influential, it has been criticized because of its static 

iew of quality and because it does not account for the revenues 

ide of quality. 

Fine (1986) is one of the first contributions to extend the ECM 

o a dynamic setup by considering two types of learning, namely, 

uality-based learning in manufacturing activities (model I), and 

uality-based learning in quality control activities (model II). In 

odel I, the marginal production cost is given by 

 ( q, z ) = c A ( q ) + c F ( q ) + c ( z ) , 

here c ( z ) is a decreasing function of z given by 

 ( t ) = z ( 0 ) + 

∫ t 

0 

s ( τ ) q ( τ ) dτ, 

ith s ( τ ) and q ( τ ) being the sales and conformance quality at 

ime τ , respectively. In model II, the unit production cost is de- 

ned as 

 ( q, z ) = f ( z ) c A ( q ) + c F ( q ) + α, (23) 

here f ( z ) is a decreasing function of z, and α is a constant. The 

ptimal quality paths are characterized for the two models, and 
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bviously they are different as they reflect two learning assump- 

ions. Foster and Adam (1996) extended Fine’s model by integrat- 

ng the speed of quality improvement for conformance quality. 

Li and Rajagopalan (1998) decomposes the total cost into dif- 

erent pieces representing (1) premanufacturing (which is by def- 

nition independent of production), (2) manufacturing, which in- 

ludes production and quality assurance effort s, and (3) postman- 

facturing, which includes customer returns, warranty, and repair 

ffort s. The manufacturing unit cost is specified as follows: 

 ( q + ( 1 − q ) g ( v ) ) , with 

∂C 

∂q 
< 0 and 

∂ 2 C 

∂q 2 
≥ 0 , (24) 

here v is the quality assurance effort, and g ( v ) ∈ [ 0 , 1 ] is a con- 

ave increasing function satisfying g ( 0 ) = 0 and lim v →∞ 

g ( v ) = 1 . 

The economic conformance model was integrated into a series 

f papers, with various specifications of the functional forms of 

 A ( q ) and c F ( q ) . For instance, Narasimhan and Ghosh (1994) re- 

ained 

 ( q ) = c A ( q ) + c F ( q ) = αq β + γ
1 − q 

q 
, 0 ≤ q ≤ 1 , 

hereas Chand et al. (1996) illustrated their fully general results 

ith the following example: 

 ( q ) = c A ( q ) + c F ( q ) = 

1 

1 + q 
. 

l Ouardighi, Jørgensen, and Pasin (2013) ; El Ouardighi and Pasin 

2006) , and De Giovanni (2019) adopted a linear conformance cost. 

So far, the quality cost has been defined in terms of confor- 

ance quality, and the assumption is that the marginal cost de- 

reases with the level of quality. This assumption, which is con- 

istent with the dominant paradigm asserting that non-quality is 

ostly, generally finds strong empirical support (e.g. Ittner, Nagar, 

nd Rajan (2001) ). 

In a long series of contributions, the focus has been on design 

uality or on generic quality, i.e., an unspecified type of quality, 

ssuming that the higher the quality, the higher the cost. In, e.g., 

ingbeck (1985) ; Teng and Thompson (1996) , and Mukhopadhyay 

nd Kouvelis (1997) , the total production cost is given by 

 ( q, s ) = c ( q ) s, (25) 

here c ( q ) is a convex increasing function. Here, quality is a 

ontrol variable chosen at each period of time, whereas in, e.g., 

ouvelis and Mukhopadhyay (1995b) , and Mukhopadhyay and Se- 

aputra (2007) , the total cost depends on cumulative quality, that 

s, 

 ( Q, s ) = c ( Q ) s, (26) 

here c ( Q ) is a convex increasing function. In (25) and (26) , the 

ost depends on current sales. In El Ouardighi and Tapiero (1998) , 

he marginal production cost is given by the function C ( S, q ) , 

here S is the cumulative sales and 

∂C 
∂S 

< 0 , that is, the cost de-

reases with experience in production. Lin (2008) let the cost also 

epend on current sales, which makes it possible to distinguish be- 

ween economies of scale (cost decreasing in output) and learning- 

y-doing (cost decreasing in cumulative sales). In Vörös (2006, 

019) , the cost depends on accumulated quality knowledge, cu- 

ulative productivity knowledge, and the level of so-called non- 

trategic quality attributes. 

One stream of the literature associates quality investments to 

nnovation investments. To our knowledge, Wang et al. (2019) is 

he only paper in the dynamic literature that considers quality a 

river for making green products. The quality investments aim at 

esign-for-environment, which lead to green and innovative prod- 

cts (e.g., product innovation). Hence, greener goods aim at de- 

reasing the marginal emission costs: the emissions induced by 

aking goods, ε, generate a cost for emissions given by c εε. By 
999 
nvesting in quality to ”green” goods, the marginal emission cost 

akes the form c ε [ ε − g εq o ( t ) ] . In this instance, investments in 

uality translate into emission abatement. 

Chenavaz (2011) introduces a production cost function that is 

 function of the process innovation investments, with the latter 

eing a proxy for quality. A firm has a certain R&D budget, B, to

e used for both product innovation, q o ( t ) , and process innova- 

ion, B − q o ( t ) . Therefore, Chenavaz (2011) allows a firm to set the 

roduct innovation effort s and then obt ain the process innovation 

nvestments. The marginal production cost c ( t ) is a state variable 

hose evolution depends on process innovation effort s, e.g., R&D 

nvestments, and product innovation investments. The implicit as- 

umption is that better production yields higher quality products. 

or more details on this stream of literature, see, e.g., Bayus (1995) ; 

ohen et al. (1996) ; Lambertini and Mantovani (2009) ; Lambertini 

t al. (2017) ; Li and Ni (2018) ; Pan and Li (2016) , and Li et al.

2020) . 

. Conclusion 

This paper surveyed the contributions on quality dynamics both 

n single-agent and in competitive situations. In this section, we 

ropose some ideas for future investigations, with some of them 

eing relatively straightforward extensions to what has been done, 

nd others being more conceptual (and sometime speculative) 

nes. 

Stochastic models: Looking at the “Model” column in the Ap- 

pendix, we clearly see that the literature has largely adopted 

a deterministic model. Given that one can hardly argue that 

e.g., future demands and costs are known with certainty, the 

choice of a deterministic setup is, at least partially, moti- 

vated by mathematical tractability. Still, this choice has al- 

lowed researchers to obtain a series of insights into the 

management of quality over time. Extending most of the 

proposed deterministic models to a stochastic environment 

is conceptually easy, but it will come with the cost of losing 

the opportunity of having closed-form solutions. Also, de- 

pending on how uncertainty is introduced, obtaining a nu- 

merical solution may be computationally challenging, espe- 

cially for multi-agent models with strategic interactions. One 

good place to start the analysis is to consider a two-stage 

model where quality decision is made once, while other de- 

cisions, e.g., pricing and advertising, are made in both pe- 

riods. This would allow one to gain intuition on how un- 

certainties in, e.g., demand or cost, affect the quality deci- 

sion in current and future periods. Next, one can move to 

a multistage model where quality decision is made in each 

period. 

Frequency of decisions: A common assumption in the literature 

is that quality can be changed continuously over time. Al- 

though it is easy to accept that some control variables, e.g., 

pricing and advertising, can be continuous, it is harder to 

consider that product quality, whatever to which Garvin’s di- 

mension(s) it refers, can be varied at the same pace. Reddy 

et al. (2016) argue that it may not be feasible to mod- 

ify frequently product quality, because of, e.g., the presence 

of a large fixed cost, and consequently proposed to adopt 

an impulse optimal control model to deal with this situa- 

tion. Here, the firm can invest in quality at some instants 

of time (impulse instants), while other control variables re- 

main continuous. This approach is attractive from method- 

ological and conceptual points of view, but the characteri- 

zation of the optimal and equilibrium solutions is demand- 

ing. If the timing and number of impulses are known, but 

not their levels, then the determination of the solution (of 
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course numerically) is relatively easy. The difficulty increases 

significantly when both the timing of impulses and the in- 

vestment in quality are endogenous. For recent advances 

on impulse optimal control models see, e.g., Chahim, Hartl, 

and Kort (2012) ; Perera, Gupta, and Buckley (2020) and 

Sadana, Reddy, Basar, and Zaccour (2021) ; Sadana and Za- 

ccour (2021) for differential games with one impulse player. 

Strategic consumers: In many industries, some brands introduce 

regularly new versions of their products (think about cell- 

phones, laptops, winter coat, etc.). Knowing this, a consumer 

may act myopically or strategically. A myopic consumer buys 

the product at the first period at which her utility is pos- 

itive, whereas a strategic consumer solves an intertempo- 

ral optimization problem and purchases the product at the 

period that gives the highest (positive) utility. The impact 

of consumer’s strategic behavior on the firm’s pricing pol- 

icy has been highlighted in the literature (see, e.g., Farshbaf- 

Geranmayeh and Zaccour (2021) and the references therein). 

It would be clearly of interest to incorporate strategic con- 

sumers in dynamic (discrete-time) models of quality man- 

agement to see the dual impact of their behavior on pric- 

ing and quality decisions. To proceed, one would need to 

make an assumption on the distribution of consumers’ will- 

ingness to pay (a uniform distribution will do), and another 

one on the relative importance of the two groups of con- 

sumers (myopic and strategic) in the market. 

Experience and credence products: The true quality of an 

experience good can only be assessed after consumption, 

whereas the true quality of a credence product may not be 

known even after consumption. For these types of goods, 

perceived quality plays a role in shaping the demand, and 

the literature has recognized it, essentially by looking at how 

the perception of quality evolves as function of price (also 

reference price) and advertising. In an era where consumers 

are getting more and more information from social medias, 

it is relevant to consider the impact of such source on per- 

ceived quality. In the process, one can also look at how so- 

cial medias affect imitation buying behavior. For an analy- 

sis of quality signaling and imitation behaviors, see the re- 

cent contribution in Zhang et al. (2020) and the references 

therein. 

Closing the loop: The literature in all its components, i.e., single 

firm, oligopoly, and supply chain, focused on sales, and ig- 

nored the backward flow, that is, the return of used products 

to the manufacturer (or to the retailer). Understanding the 

role of quality in determining the backward flows is more 

than necessary. The durability, performance, and reliability 

of a product, to name only these dimensions of Garvin’s 

scale, result from manufacturing decisions and have an im- 

pact on the return of used products for recycling, recondi- 

tioning or remanufacturing. Put differently, quality decisions 

do not only affect the forward flow, but also the backward 

one, and this has clearly an impact on the profitability of 

operations and emissions of pollutants. Keywords such as 

programmed obsolescence , green washing , and circular econ- 

omy have not yet entered the world of full-fledged dynamic 

quality models literature. 2 

R&D versus OM: A series of papers in our survey linked R&D 

investments to product quality. Investments in R&D aim at 

either developing a new product (product R&D in the liter- 

ature), whereas investments in process R&D aim at reduc- 

ing production cost. Back to our comment on the frequency 

of quality decisions, it is not realistic to assume that invest- 
2 One exception is Hartl, Kort, and Wrzaczek (2022) . 

10 0 0 
ment in product R&D leads at each instant of time to a new 

product, while still assuming the same demand function and 

cost structure. Consequently, the investment in product R&D 

must be interpreted as an effort aiming at improving the 

quality of an existing product. Further, the reduction in the 

production cost due to process R&D has been considered to 

have no impact on the product quality. This assumption may 

not hold true if a better process leads to less defects, or if 

it uses different combination of inputs, e.g., less plastic and 

more compressed cardboard. In any event, it is worth con- 

sidering the case where the investment in production pro- 

cess also affects the product quality. This could lead to con- 

ceptually richer and possibly more applicable class of mod- 

els. 

Beyond Garvin’s dimensions: Since Garvin’s seminal contribu- 

tion, new dimensions of quality have emerged, thanks to 

technological development and changing consumer’s prefer- 

ences. We invite practitioners and researchers to think about 

integrating these dimensions in future modelling effort in 

order to shed a light on how these dimensions affect con- 

sumer’s assessment of product quality, her buying behavior, 

and ultimately the demand. Also, how these dimensions im- 

pact the firm’s business model. Hereby, we give an overview 

of these new dimensions and make a (non-comprehensive) 

list of directions to be undertaken by future research in this 

field. 

1. Traceability is the ability to track products through all 

stages of production, processing, and distribution by ac- 

cessing to information at any point in the supply chain. 

Consumers evaluate quality by considering information 

regarding the origins of raw materials, the type of pro- 

duction and procedures adopted, and the transportation 

modes used. Can traceability make goods more attractive 

and increase the consumers’ willingness to purchase? Which 

quality-related information should firms allow consumers to 

access through traceability? 

2. Authenticity is the warranty offered to consumers to 

check the quality by verifying the product originality 

and identity, then preventing the purchase of counter- 

feit products. Digital technologies, like blockchain, can 

be extremely helpful to ensure the product authenticity 

to consumers. Which investments in digital platforms can 

firms make to guarantee the product authenticity and en- 

sure that consumers purchase goods having true quality? 

How can authenticity become a proof-of-quality? Can in- 

vestments in authenticity preserve (or even improve) the 

stock of goodwill? How can authenticity be a proof-of- 

quality when goods are sold in the secondary market? 

3. Customization is the firms’ capacity to make high qual- 

ity goods or services that are designed on specific con- 

sumers’ needs. While Garvin’s quality dimensions of 

“performance” and “features” are directly designed by 

the firms and offered to consumers, customized prod- 

ucts are fully engineered and designed by consumers 

and firms make them according to requests. At the same 

time, customization can imply high production costs due 

to the deviation from standardization. Which trade-offs 

does the quality due to customization imply for firms? How 

should firms solve such emerging trade-offs? 

4. Sustainability and ethics: Consumers appreciate and rec- 

ognize the value of high quality products made by using 

sustainable and ethical procedures and routines, materi- 

als and processes, people treatments, salaries, and safety. 

At the same time, the presence of reused and recycling 

parts of goods can make consumers feel that the goods 
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are of lower quality. How is the quality of products per- 

ceived when firms adopt sustainable practices and take care 

of ethical issues? Do sustainable practices decrease the level 

of perceived quality? 

5. Connectivity and compatibility: Connectivity is the good’s 

capacity to connect and communicate with other sys- 

tems. Hence, connectivity not only refers to the simple 

connection to a network like internet, but it also refers 

to the product’s capacity to connect with other devices 

thanks to a high level of compatibility among technolog- 

ical standards. Connectivity and compatibility allow firms 

to exchange information, optimize the eco-system’s deci- 

sions, and interact with the consumers. How is the quality 

of a product perceived according to the product’s capacity 

to connect to and be compatible with other goods? Do con- 

sumers evaluate the quality of a single good or the quality 

of all goods that can connect and be compatible? How do 

connected and compatible goods allow firms to better es- 

timate both the demand and the level of quality of future 

product releases? 

6. Upgrading: Changes in technologies and innovations 

stimulate the product and service upgrading. Consumers 

evaluate quality according to its capacity to rapidly up- 

grading on an ongoing basis, to adapt to new trends, and 

continuously be in line with the standards. Increasing the 

product quality by guaranteeing upgrades entails a prob- 

lem of cannibalization since consumers who can upgrade 

the goods do not purchase new ones in the future. How 

does the perceived quality change when consumers can eas- 

ily upgrade goods over time? How do firms set the level 

of quality according to the future possible upgrades vs. the 

future possible releases and versions of the same product? 

How can firms ensure upgrades while avoiding cannibaliza- 

tion at the same time? 

7. Accessibility is the extent to which a product or a ser- 

vice are usable by people with the widest range of ca- 

pabilities, limitations, and preferences, as well as con- 

sidering people’s diversity, disabilities, and cultures. Ac- 

cordingly, when goods and services are not accessible, 

firms are simply renouncing to a portion of the market 

potential and their offer turns out to be socially unsus- 

tainable. Implementing modern selling channels like e- 

commerce, omni-channel, or digital supply chain allows 

firms to increase the accessibility, provide a variety of 

selling options and translate into high service quality of 

the firms’ offer and market proposition. This avenue be- 

came very popular during the Covid-19 pandemic period 

as consumers could only use atypical distribution chan- 

nels to access to goods. Similarly, accessibility is the ba- 

sis of globalization that allowed people to access to high 

quality goods even without being close to the related 

market (e.g., HIV treatments in Africa). How can the use 

of alternative distribution channels (e.g., e-commerce, omni- 

channel, or digital supply chain) make goods more acces- 

sible to consumers and allow them to access and have an 

experience with the product quality? How can the firms in- 

vest in accessibility to guarantee high quality of services, in- 

crease the market potential, and attract consumers in their 

portfolio? 

8. Usability is the product’s capability to be easily used to 

achieve specified goals. As this survey highlights, increas- 

ing the product quality through “performance” and “fea- 

tures” may increase the product complexity that, in turn, 

may generate unwanted sentiments named feature fa- 

tigue. Those are linked to consumers who are attracted 

by the product quality during the purchasing phase but 
1001 
who also realize that the product is very complex during 

the usage phase, inducing frustration and regret feelings. 

While the literature has focused on treating the feature 

fatigue most likely through services, e.g., Vessal et al., 

(2022), Cesaretto et al. (2021) , and De Giovanni (2018), 

other research questions need to be addressed to con- 

tribute to this research framework. Are firms obliged to 

reduce the quality investments to reduce the risks of fea- 

ture fatigue? Can digital platforms (e.g., digital vision), dig- 

ital processes (e.g., digital twins), and digital technologies 

(e.g., augmented reality) support consumers during the pur- 

chasing phase to realize the true quality before deciding to 

purchase? How can social media and network get further 

information about the product quality and consumption ex- 

periences? 

9. Desirability is the extent to which ownership, even with- 

out an immediate and direct product usage, leads to 

pleasure and satisfaction. Desirability links to the brand 

value and is activated when the brands sell high qual- 

ity goods generating dreams, emotions, encouragement, 

surprise, and leadership. Desiring products of certain 

brands reflecting high quality enables social differenti- 

ation, sense of belonging to a community, and culture. 

Which strategies and actions based on quality should firms 

undertake to increase the product desirability? How can 

those complement the existing quality strategies? What is 

the risk that increasing the desirability leads purchasing a 

product to become a speculative investment? 

10. Efficiency links to the capacity to achieve the expected 

performance without wasting resources, time, and ef- 

forts. Also, it refers to a product or a service to per- 

form more using less resources. The product efficiency 

is a timely argument as consumers purchase products 

by evaluating the ratio performance/efficiency. For ex- 

ample, considering the same level of quality and perfor- 

mance, consumers prefer cars consuming less gasoline. 

Indeed, efficiency requires access to new technologies 

and/or R&D efforts to develop new technologies, prac- 

tices, and routines to make goods more efficient with- 

out decreasing their performance and, consequently, the 

perceived quality and the match between expected and 

real quality. Which are the technologies available and/or to 

be developed to make goods more efficient without decreas- 

ing the objective quality? What are the quality trade-offs 

emerging when making goods more efficient? How do the 

quality strategies modify? How can efficient goods attract 

new consumer segments? 

11. Pre-experiences and refund policies: Firms offer oppor- 

tunity for consumers to get a trial period for both prod- 

ucts and services; the trial period allows the consumers 

to appreciate the product quality and verify the match 

between expected and real quality before finalizing the 

purchase. Alternatively, firms offer refund policies, which 

ensure consumers to get either a partial or a full refund 

in the unfortunate case of a misalignment between ex- 

pected and real quality. Can pre-experiences and refund 

policies make consumers taste the product quality and at- 

tract them definitely to the firms’ portfolio? How should 

the terms and the conditions of pre-experiences and refund 

policies be fixed comparatively to traditional quality strate- 

gies? How should goods not purchased by consumers af- 

ter pre-experiences and subject to refund policies be treated 

and repositioned? 

12. Community and loyalty programs: Firms selling high 

quality products and services wish to create commu- 

nity of consumers, especially using online platforms. The 
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Table 2 

Summary of the literature review on dynamic quality models. 

Authors Strategic 

interaction O 

(Oligopoly) SC 

(Supply chain) S 

(Single agent) 

Model D (Deterministic) S 

(Stochastic) F (Finite 

horizon) I (Infinite horizon) 

Decision variables (strategies in games and 

control variable in single-agent problems) 

Dynamics Functional form of 

quality investments / 

effort s 

Sales depend on 

Bao and Ma (2017) O D, F Quality and Sales Sales Quadratic Quantity and quality competition 

Bayus (1995) S D, F Price, product improvement (quality or 

product innovation), process innovation 

Sales, product 

improvements, and 

process innovation 

Linear Stock of process improvement 

(quality) 

Buratto et al. (2019) SC D, I Quality improvement, price, advertising, 

cooperative programs, price discount 

Goodwill Quadratic Goodwill, which depends on 

quality 

Caulkins et al. (2017) S D, F Product quality, advertising, price Sales Quadratic Advertising, price, and quality 

experience. 

Carrillo and Gaimon 

(2000) 

S D, F Rate of process change, training, 

preparation change. 

Knowledge and production 

capacity 

General form Production capacity and 

knowledge change 

Cellini and Lambertini 

(2002) 

O D, I R&D investment (design quality), quantity Product differentiation Constant Design quality (via R&D) and 

industry R&D investments 

Cellini and Lambertini 

(2004) 

O D, I R&D investment (design quality), quantity Product differentiation Constant Design quality (via R&D) and 

industry R&D investments 

Colombo and Lambertini 

(2003) 

O D, I Quality (product innovation), advertising Sales Not considered Advertising 

Cesaretto et al. (2021) S D, I Quality improvements (technology), 

pricing, servitization 

Goodwill Quadratic Goodwill, which depends on 

quality 

Chand et al. (1996) S D, F Production rate, quality improvement 

effort s 

Conformance quality Linear Sales = production (decision 

variable) 

Chenavaz (2011) S D, F Product innovation (quality 

improvements), price 

Sales, quality, production 

cost 

Not considered Price and quality 

Chenavaz (2012) S D, F Product innovation (quality), process 

innovation, price 

Sales, quality, production 

cost 

Linear Price and quality. 

Chenavaz et al. (2020) S D, S, I Design quality, price, advertising Design quality Linear Quality, price, and advertising 

Chenavaz and Jasimuddin 

(2017) 

S D, F Quality (product innovation), advertising Quality Linear Advertising and quality 

Cohen et al. (1996) S D, F Design quality, process innovation Design quality and process 

innovation 

Linear Product performance (function of 

design quality and process 

dynamics) and competitor 

product’s performance 

Dawid, Keoula, Kopel, and 

Kort (2015) 

S D, I. Stochastic switching 

time between two epochs. 

R&D, production capacity Knowledge and capacity Linear and quadratic 

for knowledge and 

capacity 

Production capacity with 

horizontal and vertical (quality) 

differentiation between product 

versions 

De Giovanni (2011) SC D, I Quality improvements, advertising, 

pricing, cooperative advertising support 

Goodwill Quadratic Goodwill (function of quality) 

De Giovanni (2013) SC D, I Quality improvements, advertising, 

pricing, cooperative advertising support 

Goodwill Quadratic Goodwill (function of quality) 

De Giovanni and 

Tramontana (2016) 

SC D, F Conformance quality, advertising Conformance quality and 

advertising 

Quadratic Conformance quality 

De Giovanni (2020) S D, F Quality improvement, design quality, 

advertising, price 

Conformance quality and 

goodwill 

Quadratic Goodwill (function of quality) 

De Giovanni (2021c) SC D, I Quality improvements, price, advertising, 

advertising support 

Goodwill Quadratic Price and goodwill 

De Giovanni (2021b) SC D, I Quality improvements, price Knowledge Quadratic Price 

De Giovanni (2021a) SC D, I Design quality, green programs, wholesale 

price, price 

Design quality Quadratic Price and design quality 

De Giovanni (2021d) SC D, I Quality improvements, price Goodwill Quadratic Sales depend on goodwill and 

price 

( continued on next page ) 
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Table 2 ( continued ) 

Authors Strategic 

interaction O 

(Oligopoly) SC 

(Supply chain) S 

(Single agent) 

Model D (Deterministic) S 

(Stochastic) F (Finite 

horizon) I (Infinite horizon) 

Decision variables (strategies in games and 

control variable in single-agent problems) 

Dynamics Functional form of 

quality investments / 

effort s 

Sales depend on 

El Ouardighi and Tapiero 

(1998) 

S D, F Quality improvement, production Sales Not considered Quality improvements 

El Ouardighi and Pasin 

(2006) 

O D, F Quality, design quality, advertising, price Market share, conformance 

quality, and goodwill 

Quadratic Market share depends 

conformance quality and goodwill. 

El Ouardighi (2014) SC D, F Design quality, price. Design quality Quadratic Price and design quality 

El Ouardighi et al. (2008) SC D, F Quality improvement, purchasing rate, 

advertising, price 

Sales, conformance quality, 

and inventory 

Quadratic Conformance quality (sales 

decrease with defective items) 

El Ouardighi et al. (2013) SC + O D, F Quality improvement, purchasing rate, 

advertising, price 

Sales, conformance quality, 

and inventory 

Quadratic Conformance quality (sales 

decrease with defective items) 

El Ouardighi et al. (2016) S D, I Quality improvement, advertising. Sales and conformance 

quality 

Linear and quadratic 

for quality 

improvement 

Conformance quality and 

advertising 

El Ouardighi et al. (2018) S D, F Quality improvement, advertising, price Sales and conformance 

quality 

Quadratic Word-of-mouth 

El Ouardighi and Kim 

(2010) 

SC + O D, F Design quality, price. Design quality Quadratic Price and competition in design 

quality 

El Ouardighi and Kogan 

(2013) 

SC D, F Design quality, quality improvement, price Conformance quality and 

design quality 

Quadratic for both 

conformance quality 

and quality 

Price and design quality 

El Ouardighi and 

Shniderman (2019) 

SC D, F R&D, design quality Design quality 

improvement and R&D 

effort s 

Quadratic for design 

quality improvement 

Price and design quality 

Fine (1986) S D, F Conformance quality, sales Learning experience Not considered Sales = production 

Foster and Adam (1996) S D, F Conformance quality, sales Learning experience Not considered Sales = production 

Fruchter (2009) S D, I Price, advertising Perceived quality Quadratic for 

advertising 

Price and perceived quality 

Gaimon (1988b) S D, F Rate of acquisition of new capacity, rate 

of salvage value, price, production rate. 

Inventory, production 

capacity and process 

innovation 

All effort s are linear. 

Quadratic investment 

cost in new capacity 

Price 

Gaimon (1988a) S D, F Rate of acquisition of new capacity, rate 

of salvage value, price. 

Production capacity, level 

of attributes, and process 

innovation 

Linear Price and level of attributes 

(quality of outputs) 

Gavious and Lowengart 

(2012) 

S D, I Quality, price Reference quality Quadratic Price, quality, and reference 

quality 

Hirschmann (2014) S S, I Quality Design quality Linear Quality 

Jackson and Narasimhan 

(2010) 

O D, F Quality, price Quality attractiveness and 

consumers leaving the 

market 

Not considered Quality attractiveness, dynamic 

price-dependent market potential, 

and the ceasing market 

Kogan and Raz (2002) S D, F Quality inspection Defective items Not considered Not considered 

Kogan and El Ouardighi 

(2019) 

S D, F Quality (induced learning), price Hazard rate determining 

the conformance quality 

rate 

Quadratic Price competition 

Kopalle and Winer (1996) S D, F Quality, price Reference quality and 

reference price 

Quadratic Quality, price, reference price, and 

reference quality 

Kotowitz and Mathewson 

(1979) 

S D, I Quality experience, volumes, advertising Reference quality Linear Sales = production 

Kouvelis and 

Mukhopadhyay (1995a) 

S D, F Design quality, price Design quality Quadratic Price and design quality 

Lambertini (2018) SC D, F R&D effort Design quality Quadratic cost function 

for R&D efforts 

Price and quality 

( continued on next page ) 
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Table 2 ( continued ) 

Authors Strategic 

interaction O 

(Oligopoly) SC 

(Supply chain) S 

(Single agent) 

Model D (Deterministic) S 

(Stochastic) F (Finite 

horizon) I (Infinite horizon) 

Decision variables (strategies in games and 

control variable in single-agent problems) 

Dynamics Functional form of 

quality investments / 

effort s 

Sales depend on 

Lambertini and Mantovani 

(2009) 

O D, F Product innovation, quality improvement, 

process innovation, R&D 

Product innovation, 

process innovation, and 

market proliferation 

Quadratic for product 

differentiation, process 

innovation, and R&D 

Production level, product 

differentiation, and cost efficiency 

Lambertini and Mantovani 

(2010) 

O D, I Product innovation, process innovation, 

price/volume 

Product innovation and 

process innovation 

Quadratic for product 

and process innovation 

The type of competition (Cournot 

or Bertrand) 

Lambertini and Orsini 

(2015) 

S D, I Product innovation, quality improvements, 

R&D 

Quality improvements and 

production cost 

Quadratic for product 

innovation and R&D 

Quality and price 

Lambertini et al. (2017) S D, I R&D, process innovation Quality improvements and 

production cost 

Quadratic for product 

innovation and process 

innovation 

Quality and price 

Li and Rajagopalan (1998) S D, F Process improvement, production, and 

quality assurance 

Knowledge quality and 

knowledge productivity 

General convex form Sales = production 

Li and Ni (2016) S D, I Product innovation, process innovation, 

quantity 

Quality improvements, 

production cost, and 

learning-by-doing 

Quadratic for product 

innovation and R&D 

Quality and price 

Li and Ni (2018) S D, F, and I Product innovation, production Quality improvements Quadratic for product 

innovation 

Sales = production 

Li et al. (2020) S D, I Product innovation, price, reference 

quality 

Quality improvements, 

production cost, and 

reference quality 

Quadratic for product 

innovation, process 

innovation, and quality 

improvement 

Quality, price, and reference 

quality 

Li et al. (2020) S D, I Product innovation, R&D Quality improvements, 

reference quality and 

production cost 

Quadratic for product 

innovation and R&D 

Quality, price, and reference 

quality 

Li (2017) S D, F Product innovation, R&D Product and process 

innovation 

Quadratic for product 

innovation and R&D 

Production level, product 

substitutability, and cost efficiency 

Lin (2008) S D, F Quality, price, production rate Sales and inventory Not considered Quality, price, and cumulative 

sales 

Liu et al. (2015a) S D, F Quality improvement, price Design quality and 

inventory 

Linear Price and design quality 

Liu et al. (2015b) O D, I Quality improvement, advertising, price Design quality and 

goodwill 

Quadratic Price, goodwill, and design quality 

Liu et al. (2016) O D, I Product quality, price, wholesale price Product quality (features) Quadratic Price, quality, and reference 

quality 

Lu and Navas (2021) SC D, F. Time of crisis 

stochastic 

Advertising, quality improvements Quality and Goodwill Quadratic Goodwill, advertising, and quality 

Martín-Herrán et al. 

(2012) 

SC D, I Quality improvement, price, wholesale 

price 

Brand quality and 

reference price 

Quadratic Price, reference price, and brand 

quality 

Mendez and Narasimhan 

(2006) 

S D, F Quality, price Quality attractiveness and 

consumers leaving the 

market 

Not considered Quality attractiveness, dynamic 

price-dependent market potential, 

and the ceasing market 

Mukherjee and Carvalho 

(2021) 

SC D, I Green quality investments, wholesale 

price, retail price 

Learning, Green quality 

level 

Quadratic Price, greening quality level 

Mukherjee and Chauhan 

(2021) 

O S, I Advertising Goodwill Quadratic Goodwill 

Mukhopadhyay and 

Kouvelis (1997) 

O D, F Quality improvement, price Design quality and sales Quadratic Design quality and price. 

Mukhopadhyay and 

Setaputra (2007) 

S D, F Quality, price, refund value Design quality and sales Quadratic Quality, price, and refund policy 

( continued on next page ) 
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Table 2 ( continued ) 

Authors Strategic 

interaction O 

(Oligopoly) SC 

(Supply chain) S 

(Single agent) 

Model D (Deterministic) S 

(Stochastic) F (Finite 

horizon) I (Infinite horizon) 

Decision variables (strategies in games and 

control variable in single-agent problems) 

Dynamics Functional form of 

quality investments / 

effort s 

Sales depend on 

Nair and Narasimhan 

(2006) 

O D, I Quality improvement, advertising, price Goodwill Quadratic Firm’s goodwill and rival’s 

goodwill 

Narasimhan and Ghosh 

(1994) 

S D, I Quality improvement, advertising, price Sales Not considered Quality improvement, pricing, and 

advertising 

Narasimhan et al. (1993) S D, F Quality, price Quality attractiveness and 

consumers leaving the 

market 

Not considered Quality attractiveness, dynamic 

price-dependent market potential, 

and the ceasing market 

Narasimhan et al. (1996) S D, F Quality, price Quality attractiveness and 

consumers leaving the 

market 

Not considered Quality attractiveness, dynamic 

price-dependent market potential, 

and the ceasing market 

Narasimhan and Mendez 

(2001) 

S D, F Quality, price Quality attractiveness and 

consumers leaving the 

market 

Not considered Quality attractiveness, dynamic 

price-dependent market potential, 

and the ceasing market 

Ni and Li (2019) S D, F Price, R&D, product innovation Quality and goodwill Linear Price, goodwill, and quality 

Ni and Zhao (2021) SC D, I Product innovation, price Product quality and 

reference price 

Quadratic Price, quality, and reference price 

Pan and Li (2016) S D, F Product and process innovation, price Quality and production 

cost 

Quadratic Quality and price 

Reddy et al. (2016) S D, F Quality, advertising Goodwill, sales Quadratic Quality and advertising 

Ringbeck (1985) S D, F Price, advertising, quality Market share Not considered Price and market share (function 

of quality) 

Tapiero (1987) S S, F Quality control procedure, sample size Learning experience General form Sales = production 

Teng and Thompson 

(1996) 

S D, F Quality improvement, price Sales Not considered Price, quality, and cumulative 

sales 

Vörös (2006) S D, F Quality improvement, non-strategic 

quality attributes, process improvement, 

price 

Quality knowledge and 

productivity knowledge 

General cost function 

for design quality and 

process improvement 

Quality knowledge, price, and 

non-strategic quality attributes. 

Vörös (2019) S D, F Quality primary and secondary attributes, 

price 

Quality (design quality) General investment 

function for primary 

attributes 

Quality and price 

Wang and Li (2012) S D, F Price Quality (design quality) Not considered Quality and price 

Wang et al. (2019) O D, I Product innovation, process innovation, 

price, wholesale price 

Product innovation, 

process innovation, and 

learning by doing in both 

Quadratic for both 

process and product 

innovation 

Price and product innovation 

(green quality) 

Wang and Hu (2020) SC D, I Quality improvement, promotion Goodwill Quadratic Goodwill and promotion 

Xue et al. (2017) S D, F Quality improvement, price Reference quality and 

quality 

Quadratic for quality 

improvement 

Quality, reference quality, and 

price 

Zhao and Ni (2021) S D, I Quality, sales, emissions abatement Quality (design quality), 

cumulative sales, 

cumulative emissions 

Quadratic Quality, price, and reference price 

Zhong and Zhang (2018) S D, I Product innovation, process innovation Quality improvements, 

production cost, and 

learning-by-doing 

Quadratic for product 

innovation and process 

innovation 

Quality and price. 
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members of a community receive updates, news, and in- 

stantaneous support, while firms receive richer informa- 

tion, precise feedback, and updates on ongoing trends. 

This dual flow requires lower investments in traditional 

advertising and promotion campaigns. These programs 

allow consumers to become loyal and be retained, de- 

crease the dependency on pricing, and create new emo- 

tions directly linked to the social role they cover within 

the community. Indeed, quality is the prerequisite lead- 

ing consumers to wish being part of communities and 

loyalty programs. Does the creation of a consumer com- 

munity and loyalty programs support the strategies based 

on objective quality? How does the consumers’ journey and 

the evaluation of quality change when both community and 

loyalty programs exist? 
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