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ñThere will come a time, I am convinced, when 

tobacco will no longer be widely smoked, and 

people will marvel at this odd obsession of the 

past. And historians will puzzle over how and 

why nicotine captured as many people as it did, 

and for so long.ò 

 

ñGolden Holocaustò, Dr. Robert N. Proctor,  

 University of California, 2011 
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Abstract 
 
 This thesis describes a modeling project, performed by Oleksandr Ivanov, a student enrolled 

in European Master Program in System Dynamics, in cooperation with assistant professor Arielle 

Selya (University of North Dakota) and under the supervision of associate professor I. David Wheat 

(University of Bergen). 

 The fieldwork was conducted in Grand Fork, North Dakota, the USA in April-June 2015. 

 The main problem is devoted to the prevalence in smoking cigarettes among adolescents 

(middle school and high school students) in North Dakota. Despite the comprehensive anti-tobacco 

policies implemented since 1998, more than 20% of high school students are still exposed to a 

smoking habit. Among the reasons for this are high nicotine dependence level and the low state 

excise tax for tobacco products. 

  The thesis provides an overview of main driving forces and feedbacks within the system of 

smoking development, pointing out peer and parental pressure, nicotine dependence and other 

ambient factors (cigarette availability, exposure to second-hand smoking, etc.). Additionally, the 

research explores potential consequences of the boom in the market of e-cigarettes under different 

scenarios.   

 Particular focus is made on the policy analysis and implementation, testing tax, 

informational, compliance and ban on flavors policies towards meeting Healthy People 2020 

objectives. It was found that the increase in the state tobacco excise tax by 1.56 usd is the most 

promising policy. If implemented in 2016, it would benefit the society by 1381 lives saved from the 

premature death and total saved costs of 1204 billion usd by 2032.  

 The thesis is structured as follows. Chapter 1 provides an introduction to the problem, 

observes current trends in smoking, formulates research objectives and research questions, and 

discusses the research methodology. Chapter 2 describes the model structure in stock-and-flow and 

causal loop perspectives. Chapter 3 tests the initial hypothesis by model simulations. Chapter 4 is 

devoted to the process of model validation. Chapter 5 suggests policy options, analyses their cost-

effectiveness, and provides a detailed action plan.  

  

 Key words: smoking development, adolescents, nicotine dependence level, anti-tobacco 

policy, e-cigarettes, system dynamics 
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Chapter 1. Introduction 
 
 1.1. About this Project 
  

 The thesis project described below is written in accordance with the requirements of 

European Master in System Dynamics, representing modeling and analytical skills gained by me 

during my involvement into the study program in 2013-2015 years.  

 The project opportunity has been realized in terms of a wider collaboration between the 

University of Bergen in Norway (UiB) and the University of North Dakota (UND) in the United 

States (an associate member of EMSD Consortium) established in March 2013. The research 

initiative was supported by a funding assistance of the Norwegian Center for International 

Cooperation in Education (SIU).  

 The research topic was suggested by Arielle Selya, assistant professor at School of Medicine 

and Health Sciences, and Scott Johnson, principal advisor at the Institute for Energy Studies, who 

jointly teach a system dynamics (SD) course at UND. The motivation for the project originates 

foremost in the research activities of professor Selya, who has been working on the Social and 

Emotional Contexts of Adolescent Smoking Patterns (SECASP) Study since 2011. She provided 

supervision on the substantive aspect of my research while I was in Grand Forks, ND, during the 

period of April-July, 2015. My UiB thesis supervisor, associate professor David Wheat, provided 

SD modeling assistance.  

 Among stakeholders in the field, Eric Johnson, the head of Tobacco Free North Dakota 

(TFND), provided his expertise on the substantial interrelations within the model and up-to-date 

insights on current smoking trends. He has taken part in validating the modeling results as well.  

 The thesis is organized in a logical sequence, introducing the problem definition, research 

hypothesis, methodology used, literature review, model structure, simulation results, validation 

tests, policy analysis and conclusions. The thesis also includes a policy brief. 
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1.2 The Phenomenon of Smoking 
 

 Cigarette smoking is recognized as a popular practice of inhaling the tobacco mixture of 

aerosol particles and gasses for the purpose of recreation and relaxation. The smoke consists mainly 

of the pharmacologically active alkaloid nicotine and other substances that are absorbed into the 

bloodstream through the lungs. They affect the brain, providing a positive sensation effect. 

Traditionally the smoke is produced as a result of burning dried tobacco leaves in cigarettes, 

hookahs or other devices. Among alternative products for smoking are marijuana, flavored liquids 

and vaporized opium with the similar principle of use and effects.  

 According to its origin, first of all, smoking is considered a social phenomenon. Thus, 

among the main factors that cause the initiation of smoking is peer pressure (Schaefer, 2012), in 

which social interaction, desire to be attached to the community, and status motivate one to start and 

keep smoking. This causality has a reinforcing nature. There are other factors such as 

environmental, cognitive, and genetic influences (Reyes-Gibby, 2015) (SR, 2012) connected to 

second-hand and parental smoking; socio-demographic and behavioral factors that make people 

susceptible to this habit. 

 The development of smoking behavior is a dynamic process (SR, 2012). It combines several 

stages from initiation to progression to active smoking with different levels of intensity.  

 Smoking tobacco products has long historical roots, beginning long before the negative 

health consequences were identified by the researchers and have become more widely known. After 

the European exploration and conquest of the Americas, tobacco smoking spread around the world, 

gaining great popularity. In the USA, the peak of smoking epidemic was reached at the beginning of 

1960s, when more than 50% of the adult male population were classified as current smokers (SR, 

2012), and per capita consumption was 4166 cigarettes . At the same time, due to the improved 

methods of medical research, the Surgeon General's Report on Smoking and Health (1964) stressed 

the scientific evidence of negative health consequences of smoking and emphasized the necessity of 

immediate regulation. Since 1965, smoking has become a national public health issue and has been 

the focus of the scientific and policy making community.  

  

 Health consequences 

 Smoking is considered one of the ñleading causes of preventable death globallyò .  

 Firstly, the cigarette smoke consists of different tars that cause lung cancer (Doll, 1950), 

heart attacks, chronic obstructive pulmonary disease, erectile dysfunction and cardio vascular 

diseases (WHO, 2015), leading to a reduced life expectancy (appendix 1).   

 Secondly, the medical research identified nicotine as highly addictive. Regularity of 

smoking cigarettes forms a habit and stimulates the nicotine dependence that makes its impact on 

the organism. The main symptoms of nicotine dependence include withdrawal, tolerance and 

craving for tobacco. It is a complex and multidimensional characteristic that is measured by level of 

smoking, future relapses, and unsuccessful cessation (SR, 2012), and is represented by different scales 

(FTQ, HONK, CDS, NDSS (Sato, 2012)). 

http://en.wikipedia.org/wiki/Surgeon_General_of_the_United_States
http://en.wikipedia.org/wiki/List_of_preventable_causes_of_death
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 ñThe pharmacologic and behavioral processes that determine tobacco addiction are similar 

to those that determine addiction to drugs such as heroin and cocaineò (SR, 2012).  Because of their 

addictive properties, tobacco products are regulated by the U.S. Food and Drug Administration 

(FDA)  as recreational drugs.  

 Thirdly, secondhand smokers, people who breathe in the smoke exhaled by others, are in the 

same risk group as regular smokers. ñMore than 10% of all smoking-related deaths are the result of 

non-smokers being exposed to second-hand smokeò (WHO, 2015).  

 Finally, these general health effects of smoking contribute to ñincreased absenteeism, loss of 

well-being, and have implications for health care and its costsò (SR, 2012). 

 

 Anti-tobacco policies 

 Since the 1960s, the federal and state governments have designed and implemented a set of 

anti-tobacco policies intended to regulate the dramatic increase in smoking among the population. 

Mainly the policies were focused on increasing the federal, state and local excise taxes on 

cigarettes, assistance in quitting, health-related information campaigns, warning pictures on 

cigarette packs, clean indoor air laws, bans on tobacco advertisement, etc. The ongoing policy 

implementation process within the states is monitored and analyzed (NDSP, 2015). 

 There is also known nicotine replacement treatment (NRT) (patches and nicotine gum) that 

helps to cut down the quantity of cigarettes and quit smoking. Some researchers (SR, 2014) also 

consider smokeless tobacco as a potentially preferable alternative to conventional cigarettes.  

 Since the mid 1990s, attention to smoking in adolescence has increased, because that is the 

period when 95% of smokers initiate the habit (NDSP, 2015). For the purpose of preventing the 

tobacco use among teenagers, the Tobacco Master Settlement Agreement (1998) with the biggest 

tobacco companies was signed and the Family Smoking Prevention and Tobacco Control Act 

(2009) passed the US Congress. It helped to raise additional funds for anti-tobacco programs and 

restrict the tobacco advertisement. ñMany states also have passed laws against selling tobacco 

products to minors (establishing a smoking age)ò .  

 In the field of tobacco regulation the national objectives are set by FDA. Healthy People 

(2010, 2020), the nationôs disease prevention and health promotion plan, provides ñscience-based, 

10-year national objectives for improving the health of Americansò, highlighting tobacco use as one 

of the nationôs ñLeading Health Indicatorsò (SR, 2012). 

 The effectiveness of anti-smoking regulations is limited by significant policy resistance. 

This can be partly explained by the strong lobby of tobacco companies, the activity of smokersô 

communities and the general bureaucratic nature of policy implementation mechanisms.  

 

 Tobacco market 

 ñCigarettes are primarily industrially manufactured from loose tobacco and rolling paperò . 

The most famous brands of cigarettes include Marlboro, Newport, and Camel (2011-2013), that are 

owned by large tobacco companies that operate in the US market, such as Phillip Morris, Reynolds 

American, Lorillard (85% of market share in total), etc.  

http://en.wikipedia.org/wiki/Tobacco_Master_Settlement_Agreement
http://en.wikipedia.org/wiki/Smoking_age
http://en.wikipedia.org/wiki/Cigarette
http://en.wikipedia.org/wiki/Rolling_paper
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 Tobacco companies promote, produce and supply cigarettes to the market. The overall 

consumption of tobacco products reached 264 billion cigarettes in 2014 (CDC, 2014) that brought 

multibillion dollar revenues for the producers. This makes tobacco business very attractive for 

investors and intensifies the development of the new tobacco/ nicotine products.  

 The tobacco companies are also among the largest corporate taxpayers in several states. The 

overall tobacco tax (federal, state and local) paid in 2014 is 32.9 billion usd (Orzechowski, 2014). 

ñTaxes on tobacco provide revenue to governments at a relatively low administrative costò making 

these taxes especially appealing (SR, 2014). 

  

 Measures of Tobacco Use 

Monitoring programs track the tobacco epidemic and suggest how to improve existing 

policies. The main indicators of tobacco use include a variety of epidemiologic measures, such as 

frequency and quantity of smoking, current prevalence of cigarette smoking, trends in cigarette 

smoking over time, disparities in cigarette smoking and other tobacco use (SR, 2012), attempts to 

quit smoking, concentration of nicotine in the air, the age when cigarette smoking begins, etc. This 

kind of information is usually obtained by accomplishing the recurring national/regional surveys 

(National Survey on Drug Use and Health (NSDUH), National Youth Tobacco Survey (NYTS), 

Youth Risk Behavior Surveillance System (YRBSS), Monitoring the Future (MTF)) and from other 

surveillance systems. Statistics on the dynamics of smoking behavior are widely reported by 

specialized research institutions, national reporting initiatives, NGOs (Tobacco Free Kids), health 

departments, and media. 

 
 Smoking in the USA 

  Despite the medical evidence concerning harmful health consequences, smoking is practiced 

by over 1 billion people worldwide in the majority of human societies. Meanwhile each year, about 

4.9 million people worldwide die as a result of it (WHO, 2015), especially in Eastern European and 

Asian countries. At the same time the USA has demonstrated significant progress in tobacco 

control, by more than halving smoking rates since 1964 (from 43% to 18%) (Johnston, 2014). As a 

result of anti-tobacco policies per capita tobacco consumption is decreasing over time (Figure 1.1). 

 

Figure 1.1 Per capita consumption of different forms of tobacco in the USA, 1880-2011 (SR, 2012) 
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 The vast majority of smokers initiate smoking by the age of 16 (Johnston, 2015). This 

manifests the importance of studying this age group to prevent individuals ñthat are in the greatest 

risk of lifetime chronic smokingò (Selya, 2013) from developing smoking habit at its earlier stage. 

According to the statistics (SR, 2014), ñevery adult who dies early because of smoking is replaced 

by two new young smokers in the USAò.  

 In the USA the trend in the prevalence of ever cigarettes smoking shows a relative decline 

since 1976 with a slight increase in 1998 (Figure 1.2.). Among adolescent groups, cigarette smoking 

is more inherent to males of White and American Indian race, low-educated, living in the Midwest 

and the South, and adolescents from low-income families (SR, 2014).  

 

Figure 1.2 Trends in prevalence (%) of ever smoking among young people over time, by grade 

level; MTF, 1975-2010; the USA (Johnston, 2015) 

 It was interesting to find out that the prevalence in smoking among adults strongly correlates 

with smoking among adolescents (Figure 1.3.). This underlines the argument that ñserious diseases 

in adulthood have their roots in adolescenceò (SR, 2012), and encourages certain interventions. 

 
Figure 1.3 Prevalence of current cigarette smoking among 12- to 17-year-olds and those 26 years of 

age and older, by state; NSDUH 2008-2010; the USA  
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 Future trends and threats: E-cigarettes  

 There has been a decrease in the prevalence of use of conventional cigarettes since 1964, but 

there many other tobacco-related challenges facing the society.   

 For instance, increased taxation and regulation encourage tobacco companies to intensify 

their innovation process  and diversify their products as an alternative way of approaching 

consumers. There is certainly a new smoking revolution approaching, offering a range of alternative 

nicotine products such as e-cigarettes, smokeless tobacco, etc. All of them give birth to new product 

cycles. At the same time, new complex behavioral pathways are emerging in smoking such as 

diversification or dual use of multiple tobacco products. Despite the prohibition of cigarettes sales 

to minors in a majority of states, adolescents are still the most sensitive group to product 

innovations, among which new flavors, images, and style. The dynamics of market innovations 

fosters the changes in the system and makes the complexity of smoking development much greater.  

 During the last five years, the US market has experienced a boom in e-cigarettes (electronic 

nicotine delivery systems) consumption (HP, 2015), increasing from 0 to 15% prevalence. The new 

product is available in many flavors and design packages. It is actively advertised in media and 

weakly regulated by governments.  

 There is an active public debate about the problem of product classification: whether to 

consider e-cigarettes as a tobacco product or not, as they use nicotine liquid (not tobacco leaves). 

This raises a question of whether anti-tobacco policies, including taxation, should be extended to e-

cigarettes. In its latest report the Center for Disease Control and Prevention (CDC) (2014) 

recommends the state and local governments to consider e-cigarettes as a tobacco product. But so 

far only 10 states have recognized it.  

 There are various opinions regarding health consequences of e-cigarettes. Supporters of the 

product argue that they are less harmful in general than tobacco cigarettes, as they donôt contain tars 

found in the cigarette smoke , and there is an option of nicotine-free e-cigarettes available at the 

shops. However, nicotine-free vaporizing is preferred by less than 3% of consumers (SR, 2014). 

According to the supporters, e-cigarettes will help current smokers of conventional cigarettes quit 

smoking. Although by 2015 e-cigarettes havenôt been approved as a smoking cessation device by 

any government in the world . Opponents emphasize nicotine consumption by e-smokers, the 

potential nicotine overdose in case of dual use, and other unintended health hazards. Thus, users of 

e-cigarettes are less likely to quit than those smokers who never tried e-cigarettes. Additional 

research is required to justify those opinions.  

 Because of the uncertainty of health consequences, e-cigarettes are treated differently within 

the world and the USA ï from the absolute ban (Australia) to free purchase even for minors 

(Massachusetts, the USA) . Moreover, the variety of flavors and specific design make the e-

cigarettes popular among adolescents, even those who have never tried conventional cigarettes. This 

potentially serves as a gateway to later cigarette use (SR, 1994). 
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1.3 Smoking in North Dakota  

 Smoking patterns in North Dakota reflect the overall trends in the USA with their own 

particularities over time.  

 First of all, the geography of the region, rural vs urban, density of population, weather 

condition, etc. define the specifics of human interactions and susceptibility to smoking. Secondly, 

cultural features like religiosity (Christianity/ American Indian beliefs) have an impact on the social 

norms (SR, 2012) and smoking behavior, and limit or reinforce the initiation of smoking.  

 

Figure 1.4 Prevalence of current cigarette smoking (%) among adults in North Dakota and the USA, 

1992-2013 (SR, 2014)  

 The trend in current cigarette smoking among adults in the USA depicted on Figure 1.4. 

shows a steady decline over time with a slight increase in 2008. The similar trend in ND fluctuates 

with increases in 1996 and 2001, a drop in 1998, and a decline after 2001. The increase in 2011 is 

caused by changing the methodology for data collection (ND Report Card, 2014). In general, adults 

in ND smoke less than average in the USA.  

 The average retail price per pack of cigarettes in ND is lower than the US average because 

the state has one of the lowest tobacco excise taxes (0.44 usd/pack), and it hasnôt been changed for 

20 years . This significantly increases accessibility to tobacco.  

 On the other hand, ND is one of the fewest states that provides a funding assistance of anti-

tobacco programs in accordance with CDC recommendations (CDC, 2014), fulfilling 97% of the 

norm with 9,8 million usd per year. 

 ND laws related to smoking issues include the Century Code (ÄÄ12.1-31-03, 23-12-9 to 23-

12-11, 44-04-06, 51-32-01, 57-36-06), the Smoke-Free Law, the Tobacco Products Tax Law. There 

is also State Strategic Plan to Prevent and Reduce Tobacco Use 2009-2014 issued by the Health 

Department of ND (2007). 

 NDôs legislative policy makers are divided into House of Representatives and Senate in a 

state legislature that meets on a biennial basis. In the executive branch of power the ND 

Governmentôs Tobacco Prevention and Control Advisory Committee  has jurisdiction over tobacco-
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control bills and the Health Department of ND  implements the new regulations and monitors the 

overall smoking dynamics. There are a few interest groups such as TFND and Breathe ND that 

support to regulatory initiatives and communicate them to the society. 

 The 2015 legislative session displayed a quite conservative position concerning changes in 

the tax policy, defeating two bills that would have increased the excise tax from 0.44 to 2 usd per 

pack. At the same time, deputies didnôt recognize the e-cigarettes as a tobacco product, what keeps 

them out of taxation and makes them more available for consumers.  

 

1.4 Problem Description 

 Although tobacco use in adolescents has declined over the past 2 decades in ND, it remains 

a significant determinant of current and future health outcomes. The rapid decline in tobacco use in 

the early twenty-first century has not continued at the same pace. Tobacco use among youth 

remains unacceptably high, and national surveys show that ñdeclines in rates of current smoking 

have been slower and more sporadic in recent yearsò (SR, 2014). 

 

Figure 1.5 Percentage (%) of middle school and high school students who were current smokers of 

conventional cigarettes, North Dakota, 1992-2013, Youth Tobacco Survey (2013) 

 Unlike adults (Figure 1.4), adolescents in ND are more likely to smoke than adolescents 

nationwide (Figure 1.5).  

 After years of steady progress, ñdeclines in the use of tobacco by youth and young adults 

have stalled for smokeless and alternative tobacco useò (SR, 2012). Thus, the recent surveys 

(Johnston, 2014) monitoring trends in tobacco use indicate that the percentage of US middle and 

high school students who use new tobacco products (e-cigarettes, snuff) tripled between 2011 and 

2013 (from 3.3% to 9.8%).  The unregulated boom in distribution and promotion of the e-cigarettes 

raises concerns about the future of smoking behavior.  

Moreover, the goals set in the field of smoking regulation on the federal and state levels 

have been hard to achieve. For example, the Healthy People objectives 2010 (16% in high school 

students) , and North Dakotaôs Strategic Plan in Preventing Tobacco 2008-2013 (15%) (2007) 

havenôt been fulfilled. All of this requires more detailed system research.  
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 1.5 Research Objectives and Research Questions 

 According to the issues described in section 1.4, the research objectives can be formulated 

as follows. First, to develop a general understanding of smoking dynamics among adolescents, 

including development of nicotine dependence, in North Dakota since 1992. Second, to test existing 

anti-tobacco policies by experimenting with the applications of SD to gain new insights related to 

new alternative tobacco products. Third, to explore the impact of e-cigarettes on the system of 

smoking development.  

 These objectives were specified in the research questions. The first set of questions is related 

to the factors affecting smoking and their influence on the system: 

1. What are the main driving forces influencing the development of smoking behavior in 

adolescence? How does the initial level of nicotine dependence affect the system?  

2. What is the effect of parental smoking on the initial nicotine dependence level (genetic vs 

environmental contributions)?  

 The second set of questions is focused mainly on the existing policies and alternative 

tobacco products (e-cigarettes) that are booming in North Dakota and the USA: 

3. Is it possible to achieve the Healthy People goal by 2020? What is the possibility of a 

smoking-free society? 

4. What are the potential unintended consequences of the boom in e-cigarettes? 

5. What are the most effective policies in dealing with semi-regulated market of e-cigarettes? 
 

1.6. Research in the Field: Model-Based Analysis 

 Smoking as a social phenomenon is a focus of multi-disciplinary research in different 

scientific fields from medicine to sociology. As a complex system, smoking involves ñlayered 

social and environmental contextsò (SR, 2012), different factors and driving forces (mentioned in 

section 1.2). The plurality of scientific methods was implied to study smoking behavior, including 

modeling. The models of smoking development are classified according to the scope, the principle 

of construction, software used, etc. 

 Theoretical models that consider these multiple levels of neurobiological, sociocontextual, 

and environmental influence can be labeled ñintegrated biopsychosocial-ecological modelsò 

(Sussman, 2008). In these models, intrapersonal predictors of tobacco use are grounded within 

larger social and environmental structures. The main theoretical concepts are well-described in the 

editions of Surgeon General Reportôs 1994, 2012, 2014. 

  The stage model is a useful heuristic device (SR, 1994) and, as ñis true with other 

integrative models, helps to stimulate new research and guide efforts in preventionò. As newer data 

analytic techniques have become available, researchers have been able to empirically identify 

ñdevelopmental trajectories of tobacco use that more clearly capture this heterogeneityò (Mayhew, 

2000) (Chassin, 2000) (Bernat, 2009). Several studies have identified three to six discrete smoking 

trajectories (Bernat, 2009) in such models: four stages of smoking acquisition (Pallone, 2008), 

escalating stages (Colder, 2001), susceptibility model (Pierce, 1998), the stage of noncurrent 

experimenters (Gilpin, 1999), clusters of smokers (Soldz, 2002), etc. However, these stages are still 

based mostly on theory (Flay, 1993), with limited empirical evidence to validate them.  
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 Other quantitative modeling approaches were reflected in many deterministic models by S. 

Boker, J. Graham (1998) - linear models of drinking and smoking, D. Schaefer (2012) and J. 

Lospinoso (2010) - models of smoking and friendship formation, M. Turbin (2000) - normative 

transgression, A. Selya (2013) - structural equation and hierarchical linear models of risk factors. 

But all existing models fragmentally describe the main causes and effects related to smoking, 

showing correlations to other pernicious habits or conceptual representation of the existing theories. 

All mentioned approaches are event-oriented (Morecroft, 2007; Sterman, 2000) without providing a 

broader picture on the issue of smoking in adults and adolescents. 

 The growing complexity of the issue requires additional observation and empirical evidence 

interpreted with a systemic prospective. Moreover, a pluralism of human behavior within the social 

system creates the non-linearity that has to be discovered with alternative methods than linear 

modeling. Thus, multilevel modeling techniques (Figure 1.6) are commonly used to examine how 

factors such as intrapersonal characteristics, families, peer groups, schools, and communities, 

interact together to jointly influence adolescent tobacco outcomes (SR, 2012).  

 
Figure 1.6 Simplified dynamic model of protobacco and antitobacco forces on patterns of tobacco 

use; created by A. Villanti (SR, 2014) 

 In considering how to accelerate the end of the tobacco epidemic, models also serve as ñan 

essential tool for projecting the potential consequences of tobacco control strategiesò (SR, 2014). 

For instance, Levyôs model of cessation treatments (Levy, 2010) explored the effects of 

implementing a comprehensive tobacco control strategy with four components directed at reducing 

the prevalence of smoking in the population: ñ(1) price increases including those that result from 

cigarette tax increases, (2) smoke-free indoor air laws, (3) mass media/educational policies, and (4) 

evidence-based and promising new cessation treatment policiesò. Thus, ñsystems-level modeling 

will remain a needed tool for continually revising tobacco control strategies, reflecting the dynamic 

nature of the tobacco epidemic and its driversò (SR, 2014). 
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 There are a few smoking research projects conducted in the field of SD, focusing mainly on 

the issues of smoking in the USA, New Zealand, and Indonesia. The overview of these projects 

highlights the main conceptual (Ahmad, 2007) and quantitative models (Richardson, 2007). In 

general they represent dynamics of the main reinforcing feedback loops (ñsocial pressureò) and 

counteracting loops (restrictions in selling cigarettes, quitting programs) in smoking development. 

However they focused on the general population. The lack of consideration of smoking behavior 

during adolescence, when the nicotine dependence and smoking pathways occur constitutes a gap in 

the knowledge and requires further SD research devoted to this particular age group.  

 

1.7 Methodology Choice and Research Strategy 

 Methodology  

 Researchers in the field of smoking behavior use different research strategies to achieve 

their research goals. In most cases clinical experiments (Turbin, 2000), surveys, and statistical 

analysis (Selya, 2013) are widely used to elicit information and test the hypothesis. 

 Taking into account a practice-oriented focus of this research, the research strategy for this 

thesis can be characterized as a combination of grounded theory, and SD modeling and 

experimentation. Moreover, other tools will be used such as regression analysis for quantification of 

interrelations within the model. 

 The overall methodology used in the thesis embraces the logical sequence of the stages of 

problem definition, hypothesis formulation, analysis, policy design and implementation. It is widely 

applied in the field of SD projects (Moxnes, 2009a).  

 Thus, the first part of the research is devoted to exploration of the main historical patterns of 

smoking dynamics during adolescence, requiring the analysis of secondary data (previous reports 

and surveys) and elicitation of information from the mental models (Luna-Reyes, 2003) through 

interviews. Basing on those procedures, it was possible to describe the influence structure (Vennix, 

1996) and develop appropriate understanding of how the system works.  

 The second part is focused on the quantitative SD modeling and simulation based analysis of 

the dynamics of the system and testing different anti-tobacco policies. The tests are organized in the 

form of iterative simulations and experiments within the quantitative stock and flow SD model 

(built beforehand on the basis of assumptions formulated in the first part of the research). It enabled 

the understanding of the main structure of the development process (smoking initiation, 

progression, cessation, and relapse processes), identifying ñleverage pointsò (the most sensitive 

elements of the model) (Sterman, 2000), visualizing the results of the simulation on the graphs and 

fostering the discussion around the possible future scenarios.  

 The core of the model is represented as a diffusion model (Richardson, 2007), characterizing 

transition of potential smokers into the current smokers (who have smoked at least 100 cigarettes in 

their life). This process includes transition stocks of smokers in between with different symptoms 

and levels of addiction. The flow equations are in the focus of the research, capturing main driving 

forces (for example, social smoking concept or new cigarette products) and helping to understand 

the dynamics of smoking prevalence (Richardson, 2014).  
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 Data collection and analysis 

 Decisions related to the implementation of the described strategies required different kinds 

of information for analysis: both primary data (elicited from the interviews and simulation results) 

and secondary data (previous researches and surveys analysis). Moreover, qualitative data was 

needed to build the cognitive maps and quantify the non-liner relationships within the model (for 

instance, peer influence) to set up the stock and flow (SFD) structure and run the SD model. A set 

of interviews was conducted with G. Richardson (2014) and E. Johnson (2015). 

 Among sources of quantitative data in this case it is necessary to highlight: statistical time-

series data and graphs (health care reports), specific reports, a set of existing SD models (equations 

part), and assumptions made in the similar smoking behavior models (case study).  

 All the data collected creates several types of ñcollaborative knowledgeò (Saunders, 2012): 

explanatory (which factors influence the smoking behavior), evaluative (what is the effectiveness of 

existing anti-tobacco policies) and prescriptive (what kind of policies would amplify anti-tobacco 

effect in dealing with identified factors).   

 

1.8 Research process  

 The preliminary planning of research activities and the research proposal were delivered 

during the course of Research Methodology taken at Radboud University in Nijmegen, the 

Netherlands in September-January, 2014. Preliminary literature overview related to the main 

problem was carried out during the same period. 

 The conceptualization stage included modeling a causal structure of the issue within tight 

model boundaries, identification of main stocks, flows, and parameters, and analysis of feedback 

loops. The first draft of the preliminary model was tested in terms of different on-going anti-tobacco 

policies. The model was delivered at the end of GEO-SD308 ñPolicy design and implementationò 

course at UiB in February, 2015.  

 Another part of the modeling process was accomplished at UND during April -July, 2015. It 

was mainly based on the issue of NDL, quantitative estimation of parameters and simulations. The 

sensitivity analysis of driving forces was combined with identifying leverage points.  

 Finally, the most challenging part of the research was the comprehensive analysis of model 

behavior and model validation tests (structural and behavioral). Particularly challenging was 

producing credible results and conclusions concerning the hypothesis.   

 The research process was aligned with interim reporting to the supervisors, following 

discussions with the main stakeholder.  

 

 This chapter provided an overview of the phenomenon of smoking in the USA and North 

Dakota particularly, pointing out the distinctive features of smoking development and current trends 

among adults and adolescents. In section 1.4 the main problem was identified. Sections 1.5-1.9 

described research objectives and research questions, a comprehensive overview of the modeling 

initiatives and methodology chosen for the current research.  
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Chapter 2. Model Description 
 
 2.1 Model Overview 

 This part provides a highly aggregated overview of the stock-and-flow model. 

 Smoking is ña multidetermined behaviorò (SR, 2012) with a plurality of pathways. It is 

determined by ñthe interrelations of various risk and protective factorsò (SR, 2014). According to 

Forrester (1961), smoking development can be characterized as a multiloop, multistate, and 

nonlinear feedback system. All of this makes the development of smoking behavior very complex.  

 The SD modeling approach can be beneficial in this case. It provides a methodology that 

helps to formulate a dynamic hypothesis, portray it within the causal structure, and identify the 

driving forces in terms of major feedback loops.  

 The general view of the SD models described in section 1.6 includes the basic 

developmental epidemic structure. Usually it consists of several stages that represent different 

levels of the personôs involvement in smoking behavior. Thus, the core of the current SD structure 

contains such a stage model (SR, 1994) provided in Figure 2.1. Having analyzed the existing 

variants of the stage model, I chose the one suggested in (CDC, 2002) that is better suited for testing 

initial assumptions. Moreover, I extended the structure to the additional stage of former 

experimenters according to Gilpin (Gilpin, 1999). 

 
 

Figure 2.1 The stage model of smoking development 

 The target group that has been observed in this thesis includes adolescents, aged 11-18, split 

into two sub-groups of middle school (5
th
 -8

th
 grade) and high school (9

th
 -12

th
 grade) students. 

These two focus sub-groups are organized within an array in the model. They comprise the stocks 

representing different smoking modes. The transitions between them are modeled as flow rates 

(initiation (IR), progression (PR), cessation (CR), and relapse (RR)) that need to be controlled. The 

auxiliary variables (factors) described in section 1.2 affect certain flows. They are represented either 

separately or grouped into modules (smoking in adults, second-hand smoking, risk perception, 

NDL, alternative tobacco, marketing) with a certain level of detail. 

 As it is stated in section 1.2., the target variables in this case include the prevalence of 

smoking (the fraction of current smokers), the appropriate values of the stocks, the level of 

perception of health consequences, and parental smoking. Moreover the target model elements 

include NDL. All of these variables are endogenous within the model structure.  
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 The scope of the model is focused on the existing data in North Dakota. However the 

universal language of SD will easily allow reformulating the model to any similar cases in other 

regions within the USA if necessary. 

 The time scale for simulation is 1992-2014 (replication of reference mode) and 2015-2032 

(forecasting) years. The time horizon allows exploring the overshoot and collapse behavior in 1992-

2001 years, and the perspective for reaching the Healthy People objectives (HP, 2020).  

 The core tobacco behavior is related to smoking of conventional cigarettes, but the research 

also provides insights regarding the alternative tobacco patterns.  

 

2.2 Model Assumptions 

 The model hypothesis is based on the set of assumptions grounded in theory and practice. It 

determines the structure of the model, its boundaries and all interrelations between the variables. 

This section provides a more detailed discussion of the fundamental ideas, on which the research is 

based as well as arguments supporting them, and potential consequences of their use in the model.  

 The main sources of knowledge for conceptualization include a comprehensive literature 

overview, reports, interviews and benchmarking among similar SD models.  

 

 2.2.1 The Stage Model 

 The stage model (Figure 2.1) captures potential pathways of smoking development. It starts 

from non-smokers and goes along the chain, progressing in smoking experience. The first puff 

determines the initiation and brings the person to experimenters (smoked during last 30 days, but 

without an experience of 100 cigarettes in lifetime). At this stage an adolescent can progress to 

current smokers (with an experience of more than 100 cigarettes) or stop experimenting, and move 

to former experimenters.  Smokers are able to quit smoking although not easily; similarly ex-

smokers can relapse to regular use of cigarettes. It is not possible to move back from smokers to 

non-smokers or experimenters as this represents cumulative smoking experience (shown as 

uniflows within the structure).  

 The initial values for the stocks are calculated based on the epidemiologic measures for 

middle school and high school students in North Dakota in 1992. The sum of all the stages 

determines the total population of adolescents. The fraction of smokers is calculated as follows: 

Current_Smokers/TotAdoPop 

 ñAdolescence represents a time of heightened vulnerability for both the initiation of tobacco 

use and the development of nicotine dependenceò (SR, 2012). According to section 1.2 the 

susceptibility ratio and social factors are assumed to be the determinants of IR.  Perception of health 

risks, second-hand smoking, quitting attempts, price and NDL affect PR, CR and RR. 

 

 2.2.2 Maturing Dynamics 

 The number of people within the stocks is influenced by maturing processes. There are a 

few places within the model capturing these dynamics: 
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- From primary school to middle school students: 

The graduates of primary schools are assumed to be an input to non-smokers among 

middle school students as they have not had smoking experience yet. The number of 

people entering the stock of non-smokers is calculated as a replacement of students who 

matured to high school and relative growth in this cohort during the year; 

- From middle school to high school students 

It is assumed that in 4 years the cohort of middle school students 

becomes high school students. So, there is a transition from 

middle school to high school students within the array at all 

stages respectively (for instance, the outflow from middle school 

non-smokers is equal to the inflow to high school non-smokers, 

as it is shown on Figure 2.2);  

Figure 2.2 An example of the maturing structure 

- From high school students to adults 

Similarly to middle school students, it is assumed that in 4 years the cohort of high 

school students becomes adults, providing the input from the stage model to the certain 

module of Smoking in Adults.  

 The death rate was eliminated from the boundaries as it is not significant as in adults. The 

net change in adolescent population is calculated basing on the growth rate that is kept exogenous. 

 

 2.2.3 Smoking-Related Mortality in Adults 

 The health consequences of smoking described in section 1.2 lead to premature death. The 

surveillance system of Smoking-Attributable Mortality, Morbidity, and Economic Costs 

(SAMMEC) provides certain evidence on the potential mortality risks related to smoking.  

 It was found that the experience gained in smoking increases the death rate for smokers 

compared to non-smokers by the relative coefficient (relative risk). In case of current smokers, the 

value of this coefficient depends on the intensity of smoking. In case of former smokers, the 

coefficient is correlated with the age of quitting smoking (Figure 2.3).  

 
Figure 2.3 Relative coefficient for all-cause mortality among current smokers (left graph) and 

former smokers (right graph) versus non-smokers, adapted from the 2014 Surgeon Report 

 I assume the relative coefficient for current smokers is 2.7 (the median in Figure 2.3); for 

former smokers ï 1.2.  
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 2.2.4 Social Factors  

 As it is stated above there are different social factors that affect the flow rates. 

Understanding that they ñeither reinforce or interrupt progress along the smoking trajectoryò is 

crucial for intervention into smoking behavior (SR, 2012). Those factors can be classified according 

to Sussman (2008) as ultimate (pro-smoking culture), distal (social and physical environments), or 

proximal domains (perception of health risks).  

 It is assumed that ultimate and distal domains form the social pressure within the model and 

affect IR and PR. The social pressure combines three substantial influences from peer community, 

families, and media that artificially amplify the pro-smoking culture. The social pressure represents 

the variable with range from 0 to 1 (absolute pro-smoking culture).  

 The evidence is sufficient to conclude that there is ña causal relationship between peer group 

social influences and the initiationò (SR, 2012) as it was discussed in section 1.2. For instance, 

studies comparing schools with high versus low smoking rates have found that ñattending a school 

with a relatively high smoking rate increases susceptibility to smoking among nonsmoking 

studentsò (Leatherdale, 2006). Thus, the fraction of smokers is connected to social pressure. 

 Smokers among parents also have a social impact on their children, representing the 

smoking as a norm within a family. ñParental smoking has been consistently associated with 

smoking initiation in offspring, progression and nicotine dependenceò (Selya, 2012) through direct 

(permissiveness towards smoking) and indirect (positive attitudes towards smoking) influences. The 

parental smoking variable represents the probability that at least one parent within the family is a 

current smoker. The formula for calculations is based on the Bayesô theorem.  

 At the same time, studies (SR, 1994) find that parental smoking is less influential compared 

to peer pressure. In terms of relative coefficients it can be represented as 1 (parental smoking 

influence) to 2 (peer pressure influence). 

 The other component of social pressure is related to promotion of the smoking habit in 

media, movies, and other entertainment. The use of cigarettes is tied to ñglamour, wealth, sex 

appeal, popularity, power, and good healthò (SR, 1994). The evidence is sufficient to conclude that 

there is ña causal relationship between depictions of smoking in the movies and the initiation of 

smoking among young peopleò (SR, 2012). This eventually amplifies a pro-smoking environment. 

It was found that one-third of experimentation with smoking by adolescents is attributable to 

tobacco advertising . Thus, the tobacco in media amplifier was conceptualized as a value of 1.5. 

 Social factors are likely to be ñmore influential in low-level or early tobacco use, while 

intrapersonal factors tend to be strong predictors of later and higher levels of use, when addiction to 

nicotine is more strongly involvedò (Sussman, 2008). 

   

 2.2.5 Second-Hand Smoking 

 Exposure to environmental tobacco smoke that has been exhaled by the smoker is known as 

second-hand smoking. There is enough evidence to assume the causal relationship between second-

hand smoking and negative health consequences (SR, 2012) such as respiratory effects and nicotine 

addiction. Around 40% of non-smokers are exposed to these adverse effects (SR, 2014).  
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 Usually second-hand smoking occurs in a family when parents or other members smoke, in 

the peer community or accidently in public places. In all cases the percentage of second-hand 

smokers among non-smokers depends on the contact rate with smokers.  

 According to the survey (SHS, 2014), it is assumed that 40% of families where at least one 

parent smokes produce exposure to the second-hand smoking. At the same time the contact rate for 

the peer interaction changed in 2009-2010 after the implementation of clean air laws by a majority 

of states within the USA. In 2011 it was assumed to be at the level of 0.8 (compared to 1 before 

2009). Moreover, it was found that the percentage of young people who donôt mind being around 

people who smoke is approximately 35% (Johnston, 2015). 

 Exposure to second-hand smoking affects directly the NDL and susceptibility ratio.  

 

 2.2.6 Perception of health consequences 

 One of the factors that motivates adolescents to progression in smoking is related to the 

perception of negative health consequences. The level of awareness known as proximal domain 

(Sussman, 2008) affects the susceptibility to smoke. In general, the delay between smoking patterns 

and occurrence of smoking-related diseases makes adolescents less likely than adults to care about 

their lives. This is manifested in low levels of perceived health risks.  

 On the one hand, information campaigns and educational programs at schools and families 

help to raise awareness of smoking issues, thus increasing the perception by adolescents. There is 

adjusting time to perceive the new information that is assumed as 6 months. The level of perception 

ranges from 0 (no one is aware) to 1 (everyone is aware).  

 On the other hand, the perception can be decreased as a result of forgetting. For instance, 

new generations of adolescents are growing up, and they have to be informed and educated. In 8 

years the current adolescents will be completely replaced by others. If any of the tobacco awareness 

programs stop or receive less funding for that period of time, the new cohort would become much 

more susceptible to smoking. This feature is known as a ñcohort effectò (Johnston, 2014), 

characterizing the process of ñgenerational forgettingò (Johnston, 2015). 

 This concept of perception was used by A. Zagonel to explain the societal lifecycle of 

cigarette smoking in the period of 1900-2100 in the USA. The SD model was developed for this 

particular purpose. The analysis indicated that ñthe society is now in the beginning of a very long 

and gradual phase of losing awarenessò (Zagonel, 2012).  

 Contrary to those findings, the MTF report shows a steady increase in the level of awareness 

among high school students since 1975 (Figure 2.4). But the risks of a potential decline in the future 

hypothesized by A. Zagonel are growing as well.  

 According to the survey (Johnston, 2015), the perception of health consequences was on the 

level of 85% for high school students and 60% for middle school students in 2014. But is it 

hypothetically possible to reach 100% of awareness in the future, investing the same amount of 

money into the information and educational programs? There is always a resistance effect. Thus, 

people who do not perceive health risks will become more resistant to information delivered. Thatôs 
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why the policy makers should either find more sophisticated ways to approach this category of 

adolescents or invest additional funds into anti-tobacco campaigns.  

 The dynamics of perception affects the susceptibility ratio, CR, and RR. 

 

Figure 2.4 Trends in the percentage of high school students who believe that smoking represents 

serious health risks, and the percentage of high school students who have ever smoked; MTF 1975-

2010; the USA (Johnston, 2015) 

   

 2.2.7 Marketing 

 Tobacco business uses different marketing techniques to increase sales and gain market 

share. It has consistently denied that its efforts affect smoking behavior of adolescents. At the same 

time evidence (NDSCPPRT, 2008) demonstrates that over the last decade the industryôs marketing 

activities have been ña key factor in leading young people to take up tobacco, keeping some users 

from quitting, and achieving greater consumption among usersò.  

 According to the Tobacco Master Settlement Agreement (1998) the direct advertisement of 

tobacco products is not allowed, but the companies still actively approach the potential customers, 

including adolescents by influence their biology (or personality), social situation, and cultural 

environment (appendix 3) (SR, 2012). In this case, the availability of cigarettes (perceptional and 

physical) is considered as the environmental factor affecting smoking behavior.  

 Youth remain influenced by advertising and promotional efforts that can be considered 

under 4 ñPsò: Product, Price, Promotion, and Placement (Cummings, 2002). If the features of 

Product have been already discussed in section 1.2, there are more details related to Price and 

Promotion. 

 Price effect 

 The cigarettes price is a significant determinant of tobacco supply and demand. It comprises 

of the wholesale price, federal, state and local excise taxes, and sales tax. The tax rates are the 

subject of the tax regulation (section 1.2).  

 The US market for tobacco products was considered highly concentrated, with little price 

competition. But in recent years, the price-discounting has become a key marketing strategy in the 

tobacco industry as an intention to compensate the increasing pressure of taxes .  

  Some researchers believed (SR, 2014) that because of the addictive properties of nicotine, 

tobacco demand might be inelastic to the price. Contrary to this, numerous econometric studies 
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have confirmed that an inverse relationship indeed exists between the prices of cigarettes and their 

consumption (SR, 2012). For instance, Chaloupka (1999) states that a 10% increase in the cigarette 

price will result in a 3ï5% reduction in consumption. At the same time, Katzman (2007) argues that 

the total price elasticity for cigarette demand among adolescents ranges from -0.556 to -0.857; 

DeCicca (2008) found that it can be measured from -0.59 to -0.79. It is suggested that the actual 

price elasticity is characterized with the non-linear relationship depending on the prevalence in 

smoking, and ranges from -0.5 to -0.8. 

 Several recent studies also examined the impact of price on the initiation and cessation of 

smoking among adolescents. For example, Cawley (2004) found that the price elasticity of initiation 

can be represented as -1.12. At the same time Ross (2005) estimated the price elasticity of cessation 

as a range from 0.3 to 0.9. These values are taken for the SD model as well. 

 As a justification for the findings related to the price elasticity, it is possible to compare how 

the average price of cigarettes has changed over the last two decades with the similar patterns of 

prevalence in smoking among adolescents in the USA (Figure 2.5).  

 At the same time Figure 2.5 shows how the prevalence of smoking has continued to decline 

between 2002 and 2007, despite the steady development of cigarette prices during that period. 

Moreover, the significant increase in the federal tax in 2009 doesnôt seem to make an appropriate 

effect on the smoking behavior. This requires observing additional factors as well. 

 

 Figure 2.5 Average cigarette prices and prevalence among adolescents by grade, the USA, 

1991-2011 (Orzechowski, 2011) 

 It was found that the increase in cigarette prices affects not only the consumption, but also 

the average number of cigarettes smoked by smokers and the regularity of smoking with an average 

elasticity of -0.52 (Tauras, 2005). At some point the continuous decrease in cigarettes availability 

can also make an adverse effect, as adolescents are considered as risk-taking. A desire to obtain the 

ñforbidden fruitò can be a motivation for them to keep experimenting with smoking.  
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 There is some evidence that the cigarette industry uses its pricing promotion strategies to 

respond to tobacco control efforts other than tax increases. For example, in states with stronger state 

and local tobacco control policies, ñthe increased advertising partially offsets the effects of the 

higher prices, increasing cigarette consumption by 2.7 to 4.7%, and hence blunting the effects of the 

price increase by 33ï57%ò (Keeler, 2002). Similar characteristic is observed in North Dakota. 

 Promotion and distribution  

 The evidence is sufficient to conclude that there is ña causal relationship between 

advertising and promotional efforts of the tobacco companies and the initiation and progression of 

tobacco use among adolescentsò (SR, 2012).  The actual effects of tobacco advertising on tobacco 

use have been described in reports of the Surgeon General (SR, 2014) and NCI monograph (2008). 

The advertising influence on adolescents is complex and dynamic. It was conceptualized according 

to existing theories of health behavior (appendix 3). 

 Almost 30% of the tobacco companiesô revenue is spent on marketing efforts. In 2008, 

tobacco companies spent $9.94 billion on marketing of cigarettes which is 48% higher than in 1998, 

the year the Master Settlement Agreement was signed (SR, 2012).  

 Expenditures on price discounts accounted for nearly three-fourths of total expenditures 

compared to traditional marketing with less than 2% of total spending (SR, 2014). They mainly 

cover price discounts, coupons, bonus cigarettes, public entertainment (for adults). 

 Advertising, promotion, and smoking in movies (described in section 2.2.4) all directly 

influence distal-level factors (SR, 2014), such as exposure to other smokers, peer attitudes, cultural 

practices, and beliefs about smoking consequences. Thus, susceptibility can be increased as ña 

function of receptivity to promotional itemsò (SR, 2012). Pierce (1998) estimated that, 34% of 

experimentation with smoking by adolescents can be attributed to tobacco marketing.  

 The retail sales of cigarettes are prohibited to minors by the federal law (Family Act, 2009). 

But in fact, the compliance to this restriction is reported at the level of 70%. Moreover, the surveys 

(TRBHSS, 2011) show that shops (usually the gas stations) remain one of the main sources of 

cigarettes for adolescents.  

  
 2.2.8 Nicotine Dependence Level 

 Empirical evidence demonstrates that there is ña causal relationship between smoking and 

addiction to nicotineò (SR, 2012) Trials, experimentation, and conversion to regular smoking, 

develops nicotine tolerance. At the same time, as it is stated in section 1.2, NDL is one of the 

factors that reinforce the use of tobacco products. 

 NDL is affected by the desired blood nicotine concentration (BNC), the level of depression 

and second-hand smoking. NDL varies at all stages of smoking development. Even non-smokers 

can be initially addicted because of parental influence and other environmental factors. NDL is 

measured by NDSS scale ranging from 1 to 4. 

 Usually BNC is perceived by smokers differently compared to its actual level in blood 

(similar to alcohol models (Moxnes, 2009b)), because of the delays within an organism. Nicotine is 

supplied immediately to the bloodstream after the first puff (intake), and is eliminated during 
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metabolism processes, which introduces a delay. The time necessary to metabolize nicotine differs 

among tobacco products and NRT (appendix 4), but for the purpose of this research it is assumed to 

have a half-life of 2 hours (Benowitz, 2009).  

 The average cigarette in the USA contains 1mg of nicotine (DiFranza, 2005) that actually 

enters the body. A concentration in the body from 50mg/kg to 100mg/kg is considered an overdose 

for a human organism that can lead to death (SR, 2014). Therefore, this certain limit  is incorporated 

within the model, restricting the adverse effects of this factor.  

 The continuous increase in BNC updates the desired level of BNC, which changes the 

smoking behavior and influences the frequency (number of days in a month) and the intensity 

(number of cigarettes per day) of smoking. It affects the overall nicotine intake. In case of quitting 

smoking, for instance, with the Cold Turkey method (SR, 2014), it is assumed that in 1-3 months 

the ex-smoker can significantly decrease NDL (DiFranza, 2005) and recover from the addiction.  

 Smoking frequency can also be affected by the perception of cigarette availability, the 

contact rate with a peer community, available tobacco flavors (especially in case of adolescents), 

and NDL. According to the latest findings of A. Selya (2013) it is hypothesized that the quantity of 

smoking ñis a stronger predictor of increased regularityò at the stage of experimentation, while 

NDL dominates when smoking is more regular (Figure 2.6). This idea is reflected in the non-linear 

functions within the model.  

 

 

 Figure 2.6 Time-varying effect of NDSS on adolescent smoking regularity, A. Selya, 2013  

 Thus, NDL correlates with frequency of smoking as it is shown on Figure 2.8. 

 

 
 

 Figure 2.7 Indicators of cigarette smoking and NDL among 12- to 17-years-olds current 

smokers; NSDUH, 2007-2010 ; the USA 
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 At the same time smoking frequency has an effect on smoking intensity, increasing the 

number of cigarettes smoked per day (Figure 2.8). 

 

 Figure 2.8 Percentage distribution of smoking intensity among high school students, by 

number of cigarettes smoked per day during 30 days preceding the survey; YRBS , 2009; the USA 

 Adolescents that experience symptoms of depression are at higher risk of starting to smoke 

than non-depressed adolescents. For instance, high school students with depressive disorders are 

substantially more likely (28.3%) to smoke cigarettes and become nicotine dependent in North 

Dakota (Muus, 2012) than persons without disorders (16.0%). Thus, the level of depression affects 

NDL. It is associated with smoking behavior, though inconsistently, and is strongly associated with 

unsuccessful cessation attempts (Selya, 2013).  

 At the same time, it was believed that the nicotine helps to alleviate the depression 

symptoms. In contrast, some studies (Goodman, 2000) suggest that current smoking predicts 

depressive symptoms. Non-depressed nonsmokers among adolescents are more likely to become 

depressed if they started smoking. It is obvious that additional evidence is needed to justify the 

relationship between mental health and developmental disorders and smoking. 

 There is a suggestive evidence that NDL appear to be heritable, and parental smoking may 

partially influence offspring smoking of adolescents through NDL (Fergusson, 1998). Thus, it was 

found that parental smoking correlates with NDL among non-smokers through exposure to second-

hand smoking (Selya, 2012).   

  NDL influences the susceptibility ratio, progression, cessation and relapse flow rates.  

  

 2.2.9 Alternative nicotine delivery 

 Adolescence is a time of change and experimentation. Adolescents may be experimenting 

with different tobacco products as well as trying alcohol and other drugs. Therefore, the use of 

multiple nicotine delivery systems and subsequent smoking development is prevalent among youth. 

According to Figure 2.9, less than half of high school tobacco users reported using a single product. 

The statistics of tobacco use by grade is provided in appendix 5. Because young people associate 

the use of one form of tobacco with the use of other tobacco products, it is particularly important to 

monitor all forms of tobacco use in this age group (SR, 2012).  
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 Figure 2.9 Prevalence of current use of multiple tobacco products among high school 

students; YRBS , 2009; the USA 

 At the same time, the use of smokeless tobacco, e-cigarettes, their alternatives, and NRT 

also make their contribution to the intake of nicotine. Thus, the use of multiple tobacco products 

may reinforce addiction, as well as lead to greater health problems (SR, 2012). 

 The nicotine intake absorbed into blood during the smoking session is different for tobacco 

products. Therefore, it was assumed that nicotine intake varies in the range from 0.5 to 2 mg after 

such session. NRT was eliminated from the research as it is not so significant at this age.  

 E-cigarettes  

 According to section 1.2, e-cigarettes are becoming popular among adolescents in North 

Dakota. In 2014, e-cigarettes were the most commonly used tobacco products among middle (3.9%) 

and high (13.4%) school students (Johnston, 2015). The availability of flavors affects the frequency 

and intensity of smoking. The stylish design and relatively easy accessibility influence the 

susceptibility to initiation. E-cigarettes also deliver nicotine to bloodstream from 0.5 to 1 mg per 

one session, and as a result affect BNC and NDL.  

 There are different pros and cons of using e-cigarettes, and its potential consequences stated 

in section 1.2. But the following feedbacks are still ambiguous. To avoid the overconfidence in any 

of them, I hypothesized two possible scenarios of the effect of e-cigarettes on smoking conventional 

tobacco. This represents potential hopes and fears of stakeholders.  

 Optimistic scenario 

 Relying on the arguments of supporters, e-cigarettes are generally found to be lower in 

toxicants than traditional tobacco. Thus, they could bring potential harm reductions and help quit 

smoking conventional cigarettes. It is assumed that 15% of current smokers that experiment with e-

cigarettes will eventually quit. On the other hand, e-cigarettes can help to cut down the intensity of 

smoking cigarettes by 20%. 

 Pessimistic scenario 

 According to opponents of e-cigarettes, ñpeople who initiate nicotine exposure with e-

cigarettes might also be at risk for subsequent use of more toxic products, including cigarettesò (SR, 

2014). For instance, 14.6% of those adolescents, who had tried both cigarettes and smokeless 
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tobacco, started experimenting with smokeless tobacco first and then switched to cigarettes 

(Johnston, 2015). In 2012 it was found that among middle school student who have ever used e-

cigarettes 20.3% reported never smoking conventional cigarettes. This number constitutes 7.9% 

(SR, 2014) among high school users. According to Fremming (2014) ñstudents in North Dakota 

who have tried e-cigarettes are almost twice as likely to try conventional cigarettesò. I assumed that 

10% of those will initiate smoking cigarettes in one year. Moreover, the current advertisement of e-

cigarettes can revive the general smoking habit and make it effect on social pressure of 

conventional cigarettes.  

 Recently the research conducted by Al-Delaimy (2015) showed that smokers who used e-

cigarettes were 59% less likely to quit smoking compared to those smokers who never used e-

cigarettes. This finding is also incorporated in the pessimistic scenario. 

 The future growth in e-cigarette consumption depends on the evidence of negative health 

consequences and anti-tobacco regulations applied in this sector of tobacco market. But so far a lag 

in the perception by adolescents of true health risks of e-cigarettes and ñnaive enthusiasmò 

(Sterman, 2000) can still reinforce the prevalence in smoking among teenagers. For instance, 

according to MTF report (Johnston, 2015), the percentage of students who perceive ñgreat riskò in 

using e-cigarettes regularly at 8th, 10th, and 12th grades constitutes 14.5%, 14.1%, and 14.2% 

respectively. E-cigarettes have a lower perceived risk for regular use than any other drug in the 

survey, including alcohol.  

 The actual health risks of this category of products will be strongly determined by how they 

will be marketed and how they will be actually used (SR, 2014). 

 

 2.3 Model Structure 

 This section describes the model structure that is based on the model assumptions 

formulated in section 2.2. The structural representation of the model hypothesis explains how the 

system of smoking development works, and how problematic behavior occurs.  

 The detailed documentation of the model that includes equations, units of the parameters, 

and references to the sources of information used for quantification, is attached to Appendix 6. The 

IThink model with the appropriate guidelines can be found in the model file. The detailed 

explanation of the structure is provided on the story-telling layer of the model. 

 As it is stated in section 2.1., the model structure includes the stage model (Figure 2.1) and 

several factors organized either as separate parameters or in the modules. The simplified view of the 

general SFD model structure is depicted in Figure 2.10. 

 The interrelations between the model parameters form several feedback loops that drive the 

model behavior. The most substantial feedbacks are generalized in section 2.4. 
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Figure 2.10 The simplified view of the model structure, IThink software 

  

Smoking in Adults module 

 This sector primarily generates the number of smokers in adults, providing the output for 

calculation of parental smoking.  

  The sub-model of smoking development in adults incorporates more simplified structure 

compared to the adolescentsô model. There are only two main stocks: current smokers and ex-

smokers. The maturing rates from the adolescentsô structure flows into the appropriate stocks. There 

are transition flows in between, representing cessation and relapse flows.  

 It is assumed that 30% of smokers initiate their habit in adults (SR, 2012). 

 The relapse ratio is treated as exogenous in this case. The basic quitting ratio (the fraction of 

smokers who want to quit smoking) is equal to 0.55, and the relapse ratio ï to 0.44. However, it is 

found that only 46% of quitting attempts are successful (SR, 2014). There is a price effect that 

influences the cessation rate with an elasticity varying from 0.3 to 0.9 (Ross, 2005). 

 There are two balancing effects from smoking-related mortality and actual level of 

prevalence in smoking among adults. The first causality shows the constraint in the reinforcing 

nature of tobacco epidemics, when smoking leads to the increasing number of deaths and diseases. 

The second causality shows the constraint in the success of anti-tobacco policies, related to a 

resistance effect of those adults who continue smoking. 

 There is also the idea of health risks perception incorporated into the structure of the sector. 

Thus, it reflects findings used by A. Zagonel for explanation of the societal lifecycles of cigarette 

smoking (Zagonel, 2012). 
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Figure 2.11 The structure of Smoking in Adults module 

 Second-Hand Smoking module 

 This sector generates the fraction of second-hand smokers among non-smokers in 

adolescents. This variable serves as the input to NDL sector. The changes in the fraction also affect 

the susceptibility ratio.  

 

Figure 2.12 The structure of Second-Hand Smoking module 

 As it is stated in section 2.2, second-hand smoking can be observed mainly in a peer 

community and in a family. It depends on the current trends in smoking prevalence and the contact 

rates between smokers and non-smokers.  
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 Risk Perception module 

 This sector generates the level of perception of health consequences by adolescents (middle 

and high school students), that mainly affects the susceptibility ratio and motivates adolescents to 

make a decision on progression in smoking.  

 

Figure 2.13 The structure of Risk Perception module 

 The perception of health consequences is represented as a stock accumulating the overall 

experience and perceived information. It can be depleted as a result of forgetting. The structure 

contains the array with adolescent age groups.  

 The actual growth rate of awareness is conceptualized as the basic growth rate that is 

adjusted to smoking related morbidity and the effects of social campaigns. For instance, in case of 

increasing prevalence in smoking, the subsequent rise in smoking-related diseases will amplify the 

learning process and affect the perception of health consequences. On the other hand, federal, state 

or local anti-tobacco campaigns can stimulate this learning practice as well by informational and 

educational campaigns.  

 The actual level of perception has a resistance effect on the effectiveness of social 

campaigns. It means that after reaching some level of risk perception, it is more difficult to deliver 

information to people who havenôt perceived the health risks yet.  

 

 Nicotine Dependence Level (NDL) module 

 The most substantial sector within the model structure generates the actual NDL for 

different stages of smoking development and different groups of adolescents.  

 This sector represents the behavioral (decisions on progression in smoking) and 

physiological (actual level of nicotine in blood) sides of smoking development. It is focused on 

behavioral patterns of a person within each developmental stage. This structure shows how smokers 

progress in frequency of smoking and NDL.  

 NDL is represented as a stock that is changing over time and is influenced by the desired 

level of BNC, the level of depression, and second-hand smoking. 
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Figure 2.14 The simplified view of the structure of NDL module  

 The desired level of BNC is updated by the actual level of BNC. This process incorporates a 

delay. The desired BNC affects the NDL and the frequency of smoking as a result. Frequency and 

intensity of smoking are used for calculation of the nicotine intake that is delivered into 

bloodstream. This system feedback is described by J. Sterman (2000) as ñfloating goalsò.  

 During the modeling of this structure, I faced the problem of multicollinearity that was 

related to the effect of three interdependent variables on NDL. Closer examination of the issue 

helped to reformulate the previous misperception and avoid the double-counting in the model.  

  

 Alternative Tobacco Module 

 This sector generates the additional nicotine intake into the bloodstream as a result of the use 

of alternative tobacco products (smokeless tobacco, cigars, hookahs, etc.). In regard to the research 

questions formulated in section 1.6, the model is particularly focused on the issue of e-cigarettes 

and their potential influence on the use of conventional tobacco.  

 The Nicotine Intake from smokeless tobacco and e-cigarettes is calculated similarly to the 

NDL sector. The main determinants include the fraction of current smokers (conventional tobacco) 

who practice the multiple use of tobacco products, the quantity of smoking and an average nicotine 

concentration per one session. 
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Figure 2.15 The structure of Alternative Tobacco module 

  

Marketing Module  

 One of the most influential driving forces that amplify smoking development during 

adolescence is tobacco marketing. This sector generates the retail price per pack of cigarettes, 

cigarettes consumption among adolescents and adults, marketing expenditures on traditional 

advertisement and price discounts, and the tax revenue gained by North Dakota (Figure 2.16). 

 

Figure 2.16 The structure of marketing module 

 The total consumption includes the cigarettes consumption by adults and adolescents, and by 

non-residents from other states and countries, where the price is much higher than in ND. The total 

sales are the basis for calculating the sales revenue gained by tobacco companies and the tax 

revenue gained by ND.  

 According to Stewart (2006), it is assumed that 30% of income is spent on marketing 

activities by tobacco companies. Marketing is conceptualized as traditional advertisement and price 
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discounting (bonus cigarettes, coupons, etc.). The amount of investments into traditional marketing 

influences the tobacco in media amplifier. The price discounting campaigns offer free cigarettes to 

consumers that contributes to the overall nicotine intake. 

 
 2.4 Feedback Perspective  

 A feedback approach is different from ñevent-oriented thinkingò (Morecroft, 2007) that is 

incorporated in the regression models described in section 1.6. It assumes that decision and 

solutions, causes and effects are interrelated and interdependent within the system boundaries. This 

helps to have an endogenous focus of the problem. 

 Several substantial feedbacks were identified within the system of smoking development 

described in sections 2.1 - 2.3. The interrelations that are parts of the feedback loop within the SFD 

are painted in a red color with a distinct shape of an arrow.  

 A causal loop diagram (CLD) is a visualization tool of SD methodology that shows 

feedback processes and helps analyze ñthe main interdependencies in real-world problem 

situationsò (Morecroft, 2007). Thus, it can be insightful in understanding the roots of endogenous 

behavior produced within such structure. 

 

Figure 2.17 A Causal Loop Diagram for development of smoking behavior 

 In this research the CLD is used for a simplification of the SFD, interpretation of the 

identified driving forces and their communication to stakeholders. It tells the story of the system, 

pointing out how certain behavior emerges.  

 In Figure 2.17 seven major feedback loops are depicted. The epidemiologic nature of 

smoking incorporates several reinforcing loops (R) that intensify smoking habit among adolescents. 

There are three of them that represent main factors (social, environmental and behavioral) that 

cause the increase in prevalence. R1 feedback loop shows the influence of peer pressure. The more 

are the smokers among adolescents, the more non-smokers initiate smoking to interact with their 

friends. Similar logic works for parental smoking. R2 and R5 represent the environmental feedback 

loops driven by second-hand smoking. R3 describes how nicotine addiction amplifies smoking 

behavior.  
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 There are two counteracting loops (C) that attenuate the driving forces described above. C1 

shows how the nicotine intake decreases depression. C2, in turn, is devoted to alternative tobacco 

use that can potentially cut down the frequency of smoking. There are additional factors such as the 

retail price and risk perception that alleviate the tobacco epidemic and smoking development.  

 The reinforcing and counteracting loops interact within the system. For instance, at the 

beginning of tobacco epidemics the reinforcing drivers dominate. The awareness of health risks is 

not high enough to prevent people from dangerous practice, and the anti-tobacco policies are not so 

strong to deal with the emerging dynamics. All of this causes an increase in prevalence of smoking, 

similarly to what happened in the period of 1880-1964 among adults. Simultaneously health 

consequences occur, causing the smoking-related diseases and deaths. This problematic behavior 

accumulates the experience and the capacity for fighting the smoking problem. The tax regulation, 

informational campaigns, and other policy initiatives are reflected in counteracting loops that start 

dominating within the system. It leads to a decrease in prevalence. At the same time, new tobacco 

products are introduced in the market, reviving the dynamics described above.  

 There are other feedbacks within the system that are not represented in Figure 2.17. For 

instance, the resistance effect was described in section 2.2.6. The idea incorporates the following 

counteracting loop (C2) showed in Figure 2.18. 

 
Figure 2.18 A Causal Loop Diagram for Risk Perception 

  

 ñPeople responsible for strategy development and facing problem situations often have in 

mind partial and conflicting viewsò (Morecroft, 2007). An example of misunderstanding the real 

system by policy makers is presented in Figure 2.19 (to the left). It was found in the North Dakotaôs 

Strategic Plan to Prevent and Reduce Tobacco Use (2008-2013) that one of the goal includes 

increasing ñthe percentage of current smokers who have tried to quit to 75 percent, compared to 

65.1 percent in 2005ò by June 2010. According to the rationale behind this plan, the decrease in 

prevalence would stimulate those who continue smoking to quit. In fact, it happens the other way 

around (Johnston, 2015). Less resistant smokers quit first. But those who left are characterized as 

more resistant to anti-tobacco policies. This feature is represented as a counteracting loop in Figure 

2.19 (to the right). The misperception characterizes the ñevent-oriented worldviewò and ñopen-loop 

mental mapò. It evolves the illusion of control and leads to the subsequent policy resistance during 

the implementation of the policies towards those goals. Such small finding can be helpful in 

fostering ñdouble-loop learningò (Argyris, 1985) and lead to a potential ñshift of mindò (Morecroft, 

2007) for policy makers in the field. This idea is incorporated in the model structure. 
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Figure 2.19 A Shift of Mind on an example of Resistance to Anti-Tobacco Policies  

 Interactions between multiple reinforcing and counteracting loops, and non-linear 

relationships within the model structure create the uncertainty of smoking development that cannot 

be predicted mentally. Moreover, the attempts to do so can employ different heuristics and bias. 

This actually explains the limitation of mental models and shortcomings of qualitative modeling 

(Vennix, 1996). Referring to the initial research questions, the following quantitative SD simulation 

is required for empirical testing of described assumptions at the following stage of the research. 

 

 This chapter described the model hypothesis within the stock-and-flow structure. The 

supporting model assumptions provided an argumentation for all substantial causalities related to 

the problem behavior and quantification of variables. The causal loop diagram creates the basis for 

understanding the main driving forces within the system. The next chapter will discuss the results of 

model simulations and will test the model hypothesis.  
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Chapter 3. Model Behavior 

 

 This chapter provides an overview of the simulation results produced by the model structure 

(discussed in Chapter 2). Simulation is used to reveal smoking development over time, to test initial 

model hypothesis, and to analyze the resulting behavior. Each graph is supported by the appropriate 

explanation and conclusions. 

 The control panel for simulation is placed on the interface layer of the IThink model. It 

contains sliders, switches and the tables of inputs that allow accomplishing several tests step-by-

step. The respective informational guidelines are provided on the same page.  

 As it was stated in section 2.1, time horizon includes the retrospective simulation in the 

period of 1992-2014 and forecasting in the period of 2015-2032. The baseline includes the initial 

values of the stocks and model parameters in 1992.  

  

 3.1 Base Run: Explanatory Model 1992-2014 

 This section shows how the problematic behavior emerged in the past, and discusses its 

main symptoms. The investigation is focused on the comparative analysis of the resulting behavior 

with the reference mode formulated in section 1.4. The analysis is supported by the causal loop 

argumentation relying on Figure 2.17.  

 The behavior of several target variables is depicted in the simulation graphs. The focus of 

analysis is on the fraction of smokers (middle school and high school students, all adolescents), the 

flow rates, parental smoking, NDL, frequency and intensity of smoking, perception of health risks, 

and second-hand smoking (described in section 1.2 and 2.2).  

 

 Exogenous perspective 

 The first run is based on the initial values of the stage model and the auxiliary factors that 

are taken as exogenous (a data set and estimations for the period of 1992-2014).  

 
 

Figure 3.1 The base run: the fraction of smokers among adolescents (1- simulation, 2 ï data) 
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 As it is shown in Figure 3.1 the model is able to replicate an increase in the fraction of 

smokers for the period between 1992 and 1998, and then - a steady decline by 2014. Among the 

driving forces that caused the escalation in smoking development are: 

 - social pressure (R1) as the result of an increase in peer pressure and parental smoking, and 

the effect of traditional marketing;  

 - an increase in susceptibility of non-smokers to initiate smoking (R2); 

 - an increase in exposure to second-hand smoking among non-smokers (R2). 

 These factors caused an increase in the initiation and the progression rates.  

 In 1998 the Settlement Tobacco Agreement was signed, that resulted in banning tobacco 

advertisement, and restrictions in cigarettes sales to minors. This action influenced the alleviation of 

social pressure loop (R1) and a decrease in the perception of cigarettes availability. Simultaneously, 

those changes motivated adolescents to perceive the health risks related to smoking.  

 In 2006 a clean air policy was implemented in North Dakota. This regulation prohibited 

smoking in public areas. As a result, the actual contact rate between smokers was decreased by 30-

35%, alleviating R3 loop.   

 However, the exogenous perspective doesnôt show the actual inner causes of changes within 

the system. This fact motivates us to integrate the substantial modules to the stage model and 

explore the resulting endogenous behavior.   

 

 Endogenous perspective 

 The next set of simulations incorporates integration of the six substantial modules that create 

endogenous perspective of the model behavior. For this purpose, the outputs from the appropriate 

sectors are taken instead of data. This procedure is operationalized in several steps: 

 a) Integration of all substantial modules 

 
Figure 3.2 The base run: endogenous perspective (1- simulation, 2 ï data) 

 Figure 3.2 represents the model behavior after integration of modules into one solid 

structure. Compared to Figure 3.1 the modeling results reflect the patterns of historical prevalence 

in smoking, but with some deviations after 2000. One of the explanations that can be found for this 
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discrepancy relies on the price effects that are considered as significant determinant of tobacco 

regulations. However, the model in Figure 3.2 is inelastic to the price. 

 

 b) Implementation of the price effects 

 

 

 Figure 3.3 The base run: the price effect (1- simulation, 2 ï data) 

 The price influences the model behavior through the elasticity function described in details 

in section 2.2.7. In this case the modeling behavior has significantly changed (Figure 3.3) compared 

to the previous simulation. Analyzing the potential causes of the deviations portrayed in the 

resulting graph, I compared the growth in the retail price of cigarettes to the growth in an average 

annual wage in North Dakota (Figure 3.4). These observations motivated me to adjust the price to 

the annual wage and explore the resulting behavior. 

 

Figure 3.4 Comparison of the growth in annual wages (1) to the growth in the price (2) 

 

 c) The price adjustment to the average annual wage in North Dakota  

 According to the results portrayed in Figure 3.5, the initial hypothesis replicates the main 

trends in smoking development close to the reference mode. 
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Figure 3.5 The base run: model behavior after the price adjustment (1-simulation, 2 ï data) 

 As for other substantial parameters within the system, firstly, it is possible to analyze the 

impacts of marketing strategies on the NDL (Figure 3.6).  

 

Figure 3.6 Nicotine Dependence Level among middle school (1) and high school students (2) 

 After the ban on traditional advertisement was imposed in 1998, the marketing strategy of 

the majority of tobacco companies switched to the price discounting (described in section 2.2.7). It 

is possible that this change was made deliberately to keep the NDL high enough to prevent smokers 

from quitting the habit. In 2009 tobacco companies started investing in advertisement of smokeless 

tobacco and e-cigarettes that werenôt regulated by FDA. Thus, the graph (Figure 3.6) shows the 

decrease in the NDL by that period. 

 At the same time, it is possible to notice in the simulation results the gradual decrease in 

perception of cigarettes availability, frequency of smoking, and exposure to second-hand smoking. 

All of this alleviates R2 and R3 loops.  

 The income of tobacco companies has been growing since 1996 with drops in 2004 and 

2009 due to the changes in the federal tobacco excise tax. The profits are used by tobacco 

companies to foster the development of new products that targeted the market. Smokeless tobacco, 

cigars, e-cigarettes and other nicotine delivery system expanded the smoking habit to multiple use 

of tobacco widely practiced nowadays (Figure 2.10). All of them contribute to the nicotine intake 

that directly influences the NDL. 
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 3.2 Future Predictions 

 The 2014 Surgeon General Report states that modeling is widely used to ñproject future 

patterns of tobacco use, given various scenarios of tobacco control measuresò (SR, 2014). Several 

existing tobacco control simulation models are focused on providing future perspectives on the 

progress in quitting conventional tobacco use towards meeting the national health objectives. 

 For instance, the projections made by Mendez (2000) indicate that the prevalence in adult 

smoking could be above the Healthy People 2020 objective of 12% even by mid-century, if the 

current strategies are not changed. Figure 3.7 shows how the potential improvements in cigarette 

initiation and cessation can result in smoking prevalence by 2050.  

 

Figure 3.7 Predicted rate of smoking initiation and cessation for US adults, University of Michigan 

Tobacco Prevalence and Health Effects Model (SR, 2014) 

 Several what-if scenarios in the model of the societal lifecycle of cigarette smoking (Figure 

3.8) even show the potential risk to revive the tobacco epidemic if the level of awareness is not fully 

maintained and controlled.  

 

Figure 3.8 The four what-if scenarios of smoking development among adults in the USA,  

      created by A. Zagonel, 2011 
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 At the same time, there is a lack of experiments related to prediction of smoking behavior in 

adolescents when the smoking habit occurs. This particular section represents the forecast of 

epidemiologic measures by 2032, attempting to cover the described gap. It is based on the initial 

model hypothesis and current trends.  

 Figure 3.9 reveals the future development of smoking behavior among adolescents produced 

by the model simulations. The graph shows that a decline in the fraction of smokers slows down 

after 2010. However, there is a slight increase in 2030, similarly to the predictions in Figure 3.7.  

 

Figure 3.9 Prediction of prevalence in smoking among adolescents by 2032 

 The Healthy People objectives target 16% of prevalence in smoking among high school 

students and 12% - among adults by 2020. It is well seen in Figure 3.10 that it will not be possible 

to meet these goals if the system develops the same way. Therefore, the appropriate interventions 

are required to continue the decline in the tobacco epidemic.  

 

Figure 3.10 Comparison of smoking trends in adults (3) and adolescents (1) with the HP 2020 goals 

 To sum up, in the long-term perspective the possibility to get the next generation tobacco-

free in North Dakota is ambiguous. The main reasons for this might be ñgenerational forgettingò 

(Zagonel, 2012) of the true health consequences of smoking, the growing average annual wages in 
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contrast to the unchanged state excise tax, innovative marketing measures of tobacco companies, 

etc. In all of these examples, the reinforcing loops still dominate the system.  

 The multiple use of tobacco can be considered as an additional threat that leads to uncertain 

health consequences and potentially intensify the prevalence in smoking cigarettes. 

 

 3.3 E-cigarettes Scenarios 2015-2032 

 When referring the initial research questions described in section 1.4, it is possible to test 

how a boom in e-cigarettes can potentially affect the system. Relying on the preliminary findings 

and two scenarios developed in section 2.2.9, the model underwent additional simulations.  

 The optimistic scenario is based on the assumption that e-cigarettes are less harmful than 

conventional tobacco and, thereby, are recommended to be used as an alternative to quitting 

smoking. Contrary to this, the pessimistic scenario states that e-cigarettes donôt help quitting the 

habit and even intensify smoking.  

 

Figure 3.11 E-cigarettes scenarios: the fraction of smokers among adolescents 

 Relying on the assumptions formulated above, Figure 3.11 shows three main trends in the 

future development of smoking behavior. The first simulation (curve #1) is the model run for 

ñbusiness as usualò that serves as a base for comparison. The curve #2 represents the optimistic 

scenario with the decline in the prevalence and stabilization in 2020. The cut down in the intensity 

of smoking benefits the NDL (Figure 3.12), and alleviates nicotine dependence symptoms. 

Moreover, this optimistic scenario makes possible to meet the Healthy People objective by 2020.  

 The curve #3 is the result of the pessimistic scenario that leads to the gradual increase in the 

fraction of smokers among adolescents after 2015. It almost doesnôt make any change in the NDL 

(Figure 3.12), but increases the contact rate between smokers that potentially can amplify the 

frequency of smoking. 
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Figure 3.12 E-cigarettes scenarios: the effect on NDL  

(1-base run, 2 ï optimistic scenario, 3 ï pessimistic scenario) 

 

 This chapter provides the simulation tests of the initial model hypothesis in the historical 

perspective. It analyzes the main factors that actually drive the model behavior within the feedback 

system. According to the future trends, it will not be possible to meet the Healthy People objectives 

by 2020. These findings require the immediate anti-tobacco intervention on the policy making level 

in North Dakota. 
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Chapter 4. Validation 
 

 4.1 General Overview of Model Validation 

 This chapter considers the robustness of the model hypothesis and credibility of the results 

gained during the simulations. For this purpose, a set of validation tests were established to check 

how knowledge was obtained and confirmed.  

 Stakeholders are interested in useful insights about the real system they are involved in. 

Their future decisions have to be based on reliable and plausible information. Therefore, the results 

of modeling should be carefully validated. Validity of any conclusions in a model-based study are 

ñcrucially dependent on the validity of the modelò (Barlas, 1996), including its structure and 

behavior (Morecroft, 2007). This is also the requirement for further policy design, analysis and 

implementation. 

 Informal model validation took place at every stage along the modeling process. The 

development of model structure was accompanied with discussions with professor Selya and 

professor Wheat. The preliminary model was introduced to Eric Johnson, the head of TFND, who 

provided his expertise on the structural interrelations and gave a general feedback on the current 

trends. The final simulation results were also presented and discussed with the faculty members of 

Master in Public Health program at UND. The substantial findings were compared to similar SD 

case studies and modeling approaches. But this type of validation can not be entirely objective 

(Barlas, 1996) as it might incorporate the human bias, heuristics and certain level of subjectivity. 

 The formal validation procedure is described by Forrester (1974), Barlas (1996), and 

Sterman (2000). The selection of certain validation tests was based on the initial research objectives 

and questions. The main criteria included the specifics of the system under consideration and data 

available for analysis. Thus, this chapter provides an overview of several validations including 

behavior pattern, direct-structure, and structure-oriented behavior tests. The validation procedure 

follows the general logical order. First, the resulting behavior is compared to the reference mode in 

order to identify if the model replicates the historical patterns of the problematic behavior. This part 

is the most interesting for the clients.  Second, the validity of the structure has to be tested, and only 

after the structure of the model is perceived adequate, start testing the behavior accuracy.  

 

 4.2 Behavior Pattern Tests 

 These tests are served to evaluate whether the behavior generated by the model corresponds 

to the real system. The preliminary analysis is accomplished in section 3.2. It concludes that the 

model is able to replicate the main trends in prevalence in smoking among adolescents observed in 

the historical perspective (Figure 3.5).  

 Additionally, I had an overview of other parts of the system in regard to replicate the 

reference behavior of other parameters. For instance, in case of the prevalence in smoking among 

adults, Figure 4.1 shows how the resulting behavior reflects the actual changes in the fraction of 

smokers over time. It is important to notice that the spike in 2011 (curve #2) caused by the changes 

in the methodology of conducting surveys. This makes it difficult to further compare the subsequent 

data before and after 2011.  
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Figure 4.1 Prevalence in smoking among adults: modeling results, actual data and HP objective 

 Moreover, if to simulate the model by 2100 (in order to replicate the time horizon used by 

Zagonel (2011) and Mendez (2000)), the results (Figure 4.2) show the relative risk of an increase in 

prevalence in smoking. Similarly to Figure 3.7 and Figure 3.8, a decline in smoking among adults 

slows down after 2030 and starts a new rising cycle in the prevalence after 2045. This trend might 

be related to a decrease in the level of awareness (R2 loop) among adults, a growth in initiation to 

smoking (Figure 2.11) and a growth in smoking among adolescents. At the same time, according to 

Figure 4.2 the system is able to meet the HP objective only by 2039. These findings correspond to 

the patterns presented in the studies mentioned above, and validate the initial assumptions.  

 

Figure 4.2 Prediction of smoking development in adults by 2100 

 In case of risk perception, Figure 4.3 demonstrates how the variable generated by the model 

(1-2) corresponds to the actual data (3-4). In general, the simulation results replicate the historical 

patterns with moderate level of accuracy. The deviations make up 2.1-8.6%. However, the general 

trend in both graphs indicates a steady increase in risk perception over time. Referring to the 

resistance effect described in section 2.2, additional financial assistance is required in order to keep 

risk perception growing by addressing anti-tobacco programs towards smokers who do not believe 

in the harmfulness of smoking.  
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Figure 4.3 Risk Perception: simulation results vs data  

 If not time restrictions, additional family member test could be potentially conducted for 

other cases of smoking development in adolescents in other states or regions. Moreover, the similar 

model structure can be tested in the case of e-cigarette or other tobacco products. 

 

 4.3 Direct Structure Tests 

 Direct structure tests (or structure assessment tests (Sterman, 2000)) incorporate the 

evaluation of the model structure, comparing it to the available and discussed knowledge about the 

real system. There is no simulation involved.   

 The description of current smoking trends in section 1.2, the li terature overview in section 

1.6, and main assumptions made in section 2.1-2.3 are the basis for this analysis.  

 As it was stated above, the system of smoking development has the high lelel of complexity 

with the plurality of tobacco products, factors of influence, developmental pathways involved in. 

Thus, it is hard to replicate and mimic such a soft system. However, the tests conducted in section 

4.2 shows that it is possible to capture the general trend. According to J. Morecroft (2007), this 

structure would be classified as illustrative with plausible scaling and moderate level of fidelity. 

 

  Boundary adequacy test 

 Boundary adequacy tests assess the appropriateness of the model boundary for the research 

objective formulated in section 1.4. The model boundary determines which variables are treated 

endogenously, which are treated exogenously, and which are excluded altogether (Figure 4.4). 

According to Sterman (2000), there is no need to model the whole system of smoking behavior, 

instead I attempt to create a model to solve a particular problem (high prevalence of smoking) 

within that system. This motivated me to find a focus and create the boundaries.  

 As it was discussed in section 1.2 and portrayed in Figure 4.4, the target variables in the case 

include the prevalence of smoking (both in adolescents and adults), the appropriate values of the 

stocks, particularly the flow rates and perception of health risks. Moreover, the research objectives 

require focusing on NDL. All of these variables are generated as endogenous within the model. 
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Figure 4.4 Model boundary chart 

 The system boundaries also consist of exogenous variables that are used as a data set or 

constant parameters for simulation. There are variables relevant to the smoking development, but 

not so significant either for the case of North Dakota or for the initial research interests. Such 

parameters are excluded from the model. The reasons for doing this include the scope of the 

research, the availability of data, and a possibility to quantify soft variables.  

 

Structure-confirmation test 

 This test incorporates the comparison of the model equations used in the model with 

knowledge in the literature and in the real system. 

 For instance, ñquantity of smokingò for experimenters among middle school students is 

formulated within the model as: 

Frequency_OfSmoking[Experimenters,MiddleSchool]*AveNumber_OfCigsPerDay[Experimenters, 

MiddleSchool]/CigsPerPack*Months 

 Thus, frequency (days in a month) and intensity of smoking (cigarettes per day) make the 

direct effect on the quantity of smoking (packs per year). If any of these parameters increase, it will 

lead to immediate change in the quantity of smoking.  

  Another example can be focused on one of the flow rates within the stage model ï the 

initiation rate. It is determined by the following formula: 

NeverSmoked*Susceptability_Ratio*SocialEffect__OnIR 

 In fact, it is difficult to describe the process of initiation to smoking within a social system 

and to make an accurate numerical estimation of its value. But the general idea incorporates a 

certain logic. Adolescents base their decision of whether to make the first puff of a cigarette on the 
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general perception of health risks and benefits of smoking. The lack of perceived consequences of 

smoking or genetic influence makes some part of adolescents open to the idea of smoking in the 

future which is reflected in the susceptibility ratio. However, not all susceptible adolescents will 

initiate smoking (SR, 2014). According to the survey conducted in 2010 (MTF), 19,9% of 

adolescents aged 12-17 in the USA had never smoked, but were susceptible to starting to smoke 

cigarettes. Thus, additional factors influence the susceptible non-smokers to try the cigarettes, and 

social pressure is considered as one of the most important. The stronger the pro-tobacco culture, the 

more non-smokers will make their first puff.  

 Similar consideration processes were applied to other equations within the model, including 

progression, cessation and relapse rates, susceptibility ratio, parental smoking, consumption of 

cigarettes, and anti-tobacco budgeting.   

 

 Parameter assessment test 

 This test considers whether every model parameter has a clear, real-life meaning. It provides 

a confirmation of the numerical values with an appropriate accuracy. 

 There were a few ways how the parameters were verified. Some pieces of data for variables 

were taken directly from the literature or other ñfamily modelsò: the nicotine concentration in one 

cigarette, price elasticity, time to forget the health risks, etc. Other exogenous parameters were part 

of the relevant data sets taken from the statistical reports and surveys: price per pack, federal, local 

and state taxes, etc. The relative coefficients for social pressure, for example, were discussed and 

approved during the consultation with professor Selya. All parameters are provided with references 

that are placed in the information cell within the model file. 

 In SD validation however, there is very little use of statistical significance testing and SD 

has often been criticized for this (Sterman, 2000). As it is described in section 2.3, the 

multicollinearity found in the structure of NDL module was the challenging issue on the stage of 

formulating the hypothesis, as it made a multiplicative effect on the desired level of BNC.  

Therefore, the preliminary statistical data analysis can potentially give additional insights. 

 In general, the system of smoking development consists of many substantial soft variables 

which are hard to estimate. The behavior of smokers, their decision processes and the perception of 

health risks bring out complicated non-linear relationships. At the same time, the quantification of 

soft variables often yields important insight into the dynamics of a system (Sterman, 2000). For 

instance, the behavioral side of NDL development is one of them. The non-linearity within the 

subsequent module can be formulated based on such tools as content analysis, surveys, statistical 

analysis, and psychometrically validated measurement scales. Thus, the non-linear relationships, for 

instance, between NDL and its effect on frequency of smoking were estimated based on the 

regression analysis (Selya, 2013). 

 It is important to mention that during conceptualization of the baseline and estimation of 

initial values for the stocks in 1992 I faced the lack of data. The benchmarking comparative analysis 

was used for solving this problem. Thus, the epidemiologic measures of South Dakota which are 

geographically and socio-economically close to ND were adjusted to the case.  



54 
 

 Direct extreme condition test 

 By this test I evaluate the validity of model equations ñunder extreme conditions, by 

assessing the plausibility of the resulting values against the knowledge/anticipation of what would 

happen under a similar condition in real lifeò (Barlas, 1996). 

 The formula for parental smoking can serve as an example: 

(Fraction_SmokersAdu^2+2*Fraction_SmokersAdu*(1-Fraction_SmokersAdu))* 

ProbabilityBoth_ParentsInFamily+Fraction_SmokersAdu*(1-ProbabilityBoth_ParentsInFamily) 

 This parameter shows the probability that at least one parent within a family smokes. It is 

affected by the fraction of smokers among adults and the probability that both parents are in the 

family of an adolescent. It ranges from 0 to 1.  

 Let assume that the fraction of smokers is 1 (so, all adults smoke). In this case, the parental 

smoking would reflect this information, so it would equal 1 as well. Let assume that all families in 

North Dakota have both parents, so the certain probability is 1. In this case, the parental smoking 

would be equal to the fraction of smokers among adults. This extreme test shows that the equation 

is able to capture the changes within the system accurately.  

 Similar tests were accomplished for other equations within the model, including the most 

important ones that describe the fraction of smokers, risk perception, the fraction of secondhand 

smokers among non-smokers, the frequency of smoking, total nicotine intake, total consumption. 

  

 Dimensional consistency test  

 Dimensional consistency is one of the most basic validation tests. It incorporates the check if 

all units of the parameters are consistent.  

 IThink software provides automated dimensional analysis. Figure 4.5 shows that all units 

have real-world meaning and are consistent in the model equations.   

 

Figure 4.5 The results of unit check test, IThink software 

 

 

 

 


