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1 Basics and problem definition 
 

1.1 Basic definitions of system dynamics modeling 
Causal loop model 

A causal loop diagram (CLD) is used for qualitative modeling a dynamic system. It can be 
used to communicate a mental model and is the foundation for a quantitative model. A 
quantitative modeling without quantified parameters and connection is not meaningful. 
Human beings have no adequate sense to understand the behaviour of a complex system.  

The CLD aids us in visualizing how interrelate variables affect one another. It consists of a 
set of nodes representing the variables, connected together. Positive or negative labeled 
arrows represent the direction of the relationships between these variables be it reinforced 
(i.e. move in the same direction or balancing / move in the opposite direction). 

If the node in which the link starts decreases, the other node also decreases. Negative 
causal link means that the two nodes change in opposite directions. Reinforcing loops have 
an even number of negative links. After going around the loop, one ends up with the same 
result as the initial assumption.  

Balancing loops have an odd number of negative links. The result contradicts the initial 
assumption. They are important to identify the possible dynamic behaviors of the system. 
Reinforcing loops can be seen as exponential increases.  

Balancing loops are associated with reaching a plateau. Systems with delays might fluctuate. 
Each arrow represents time passing or delays. The length of a delay is important to 
understand the behavior of a system.  

Causal loop diagrams can also help to identify the lack of stabilizing loops and an 
approximation of the “system speed”. 
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System dynamics model 

System dynamics (SD) is an approach to understanding the behavior of a complex system 
over time. A fundamental principle is that the structure of the system gives rise to its behavior 
It deals with internal feedback loops and time delays that affect the behavior of the entire 
system. System dynamics uses feedback loops as well as stocks and flows. SD tries to 
capture nonlinearities of different feedback loops. Differential equations are the base of the 
model. The quantitative modeling followed with the Vensim software (Ventana Systems, Inc). 
Not quantifiable entities like happiness had been part of our fist model. In a discussion we 
decided to leave such entities out of our model. The thought was to choose only those 
entities that can be quantified. 

 

Stocks 

The stock and flow diagramming conventions were based on a hydraulic metaphor-  the flow 
of water into an out of reservoirs: 

Stocks can be imagined as bathtubs of water. The quantity of material in any stock is the 
accumulation of the material inflow and the outflow. Stocks have at any point in the time a 
certain value and can change over time. The stock rate change depends on the flow rate. 
Stocks integrate their flows. Their value shows the capacity or volume in the box at a certain 
point in time. All kinds of units are possible. They characterize the state of the system and 
generate the information upon which decisions and actions are based. Stocks give systems 
inertia and provide them with memory.  

In our system we have two stocks:  
 

Population 

Unit:   Person 

Initial value:  1,68 Mio 

 

 

 

Average cumulative saving of income 

Unit:   Euro 

Initial value:  1625 
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Flows 

Flows are changes of stocks per time step. They can be imaged as valves. Each flow 
describes an inflow or an outflow from a stock. Flows are also known as derivates or rates. 

alTimeInterv
Stock

Flow =
 

 
 
Inflows of our model 
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Outflows of our model 
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Exogenous variables: 

Variables coming from the outside of the system are for example the annual inflation rate, the 
birthrate, the death rate, the living costs, the minimum salary, the costs per car trip and the 
costs for environmental friendly trips. They can change over the time. The government can 
influence these entities. These entities are given through decisions from the outside. 

 

Endogenous variables: 

These entities are influenced by variables from inside of the system. Endogenous variables 
are for example: density of the city, household size, number of business opportunities, car 
modal split, number of car trips, number of environmental friendly trips, the monthly costs of 
transport, and the saving of disposable income. 

 

Auxiliary 

For clarity it is helpful to define auxiliary variables. They are functions of stocks. Auxiliaries 
can be constant variables or temporary variables in calculations. All relationships between 
the entities are marked trough arrows. They represent any kind of flows between them 
(information, material flows). 

 

External World  

Clouds represent the sources and sinks for the flows. A source represents the stock from 
which a flow originating outside the boundary of the model arises. Sinks are the stock into 
which flows leaving the model boundary drain. In reality, flows of material, people and money 
into a stock have to come from somewhere. The flows have to go somewhere. Sources and 
sinks are assumed to have infinite capacity and can never constrain the flows they support. 
In the real world stocks have finite capacity and do influence the flows. Truncating a stock 
and flow chain without a cloud you set the boundary of the model. All stocks and flows 
beyond this point are ignored. 

 

1.2 Social and mobility aspects - simplifications 
In the beginning, the team had the idea to create a causal loop diagram for modeling 
correlations between social aspects and mobility behaviour. Social and emotional factors are 
of high importance for mobility behaviour and often underrepresented in order to rational 
oriented aspects like time or energy. Unfortunately, these aspects are of a very high 
heterogenity and individual dependence and differentiate in several cities, cultures and 
environments.  

So we decided in a early stadium of the development process to concentrate on an 
exemplary city with highly available data: the City of Vienna.  
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After this simplification the first challange was to define the exact definition of social aspects 
and mobility behaviour. The aim is to find some usable and quantifiable entities for our 
model. Social aspects define a very wide range of entities and most of them are hard to 
quantify. During the brainstorming process we defined entities like happyness, quality of life 
or freedom as important social quality representing the social aspects. But we found no 
possibility for quantifying in order to use them as calculatable entities in a VENSIM model. 

So we decided to seperate the unquantifyable soft skills and concentrate on factors like 
family size, household income and population. 

 

1.3 Facts and trends by the example of Vienna 

Vienna is the capital of the Republic of Austria and one of the nine states of Austria. Vienna 
is Austria's primary city, with a population of about 1.7 million (2.3 million within the 
metropolitan area; more than 25% of Austria's population), and is by far the largest city in 
Austria, as well as its cultural, economic, and political centre. It is the 10th largest city by 
population in the European Union. Vienna is host to many major international organizations 
such as the United Nations and OPEC. 

Vienna has an extensive transportation network and a well developed public transport 
network. Buses, trains, trams and underground lines can take you almost anywhere in the 
city in no time at all. Vienna public transport Wiener Linien operates five underground lines, 
30 tram and 83 bus lines, of which 23 are night lines. Night lines only operate between 0.30 
am and 5 am. The Wiener Linien vehicle fleet currently consists of over 500 tramcars and 
almost 500 buses. Vienna is served by Vienna International Airport, located 18 km (11.18 mi) 
southeast of the city centre next to the town of Schwechat. The following figures give an 
overview of the city transport, population and quality of living aspects: 

 

Road traffic    

    

  2007 2008 2007/08 in % 

Road network in km 2,802.1 2,804.7 +0.1 

Bicycle traffic installations in km 1,090.2 1,138.8 +4.5 

Motor vehicles, total 802,209 805,539 +0.4 

Private car density     

   per 1,000 inhabitants          395.1  391.7 -0.9 

Newly registered motor vehicles 78,573 80,393 +2.3 

Source: MA 28, MA 46 and ST.AT. 
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Wiener Linien     

  
Total Under-

ground 
Trams Buses 

2008      

Length of network in km 933.8 68.9 214.9 649.9 

Number of lines 117 5 28 84 

Number of stations/stops 4,404 95 1,033 3,276 

     

Passengers in million     

  2007 2008 2007/08 in %  

Total 793.03 803.64 +1.3  

Underground 476.62 498.15 +4.5  

Trams 200.39 190.52 -4.9  

Buses 116.02 114.97 -0.9  

Source: Wiener Linien GmbH & Co KG - Controlling Department.  

 

Population - Status, development   

    

  2007 2008p 2007/08 in % 

Residents 1,677,867 1,680,266 +0.1 

Female 876,091 877,146 +0.1 

Male 801,776 803,120 +0.2 

Population development     

Live births 16,885 . . 

Deaths 15,825 . . 

Births minus deaths +1,060 . . 

In-migration 70,488 . . 

Out-migration 57,943 . . 

In-migration minus out-migration +12,545 . . 

New citizenships conferred 5,200 3,782 -27.3 

Source: ST.AT.    
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Average annual net earnings per employee 2007 

EUR    

    

  Total Female Male 

Eisenstadt 21,777 17,135 26,143 

Vienna 19,769 16,826 22,498 

Linz 19,600 15,599 23,211 

Klagenfurt 19,182 16,138 22,275 

Graz 19,005 15,561 22,164 

St. Pölten 18,797 15,127 22,066 

Salzburg 18,721 15,497 21,985 

Bregenz 18,131 12,784 22,751 

Innsbruck 17,492 14,348 20,597 

Source: ST.AT - Payroll tax statistics 2007.     

   

 

 

 

Fig. 1: Selected statistic data for transport, population and quality of living in Vienna1  

 

                                                
1 Stand 20.07.2010: http://www.wien.gv.at/english/politics/statistics/ 



UE 231.034, SS 2010 
Final Paper 
  

10 

 

Fig. 2: Targets of the Transport Master Plan Vienna 2003 for shifting modal split2 

                                                
2 Transport Master Plan Vienna 2003, Summary, english version, S. 11 
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2 System dynamics modeling 

2.1 Brainstorming process 

Before we agreed to a final causal loop diagram which could be developed further to a model 
in VENSIM we started a brainstorming process. The target was the creation of several causal 
loop diagrams which in the next step could be joined to a final diagram. The following figures 
should give an impression of this brainstorming process. 
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Fig. 3-8: Several Causal Loop Diagrams created during the brainstorming process 
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2.2 Final model visualised in VENSIM 
The main conclusion of the brainstormin process was, that we had to concentrate on a few 
central factors and their correlations. Most of the diagrams became pretty complicated and 
included less quantifiable factors. As a conclusion we reduced the complexity and 
concentrated on the following entities: 

• Density of the city  
• Population 
• Car modal split 
• Number of business and education opportunities 
• Household size 
• Monthly salary  
• Car trips Environmental friendly trips  
• Number of mobile person  
• Monthly living costs  
• Inflation rate  
• Costs of transport  
• Costs per car trip  
• Costs per environmental friendly trip 
• Birth rate 
• Death rate 

Population

Birthrate Deathrate

Densitiy of the
city

Car modal
split

Car trips

Total trips

environmental
friendly trips

No. of Business and
education opportunities

Household size

Monthly cost per
household

No. of mobile person
per household

Monthly cost of
transport per

household

Cost per car
trip

Cost per
environmental

friendly trip
Annual

inflatation rate

Salary increase
rate

Monthly salary per
household

-+

+

+
- +

+

+

-

+

-

+

+

+

+

+
+

+

-

+

+ -

 
Fig. 9: final Causal Loop Diagram with reduced entities 
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With these entities, the VENSIM model is able to operate but with a limited capability so that 
it only can show some trends and correlations in a very general way. For a higher level 
scientific requirements, the model need to be more simplified and specific with greater 
boundaries. But the model as it is can perform as a base work for further models with higher 
complexity. 

Beside this point, it is important to remember that this model is only suitable for urban 
environments similar to the City of Vienna. Other environments, infrastructures and cultures 
may lead to a totally different type of model with different correlations and main entities. 

 

 

 

 

 

Fig. 10: final model visualised wih VENSIM 
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2.3 Boundaries and simplifications 
To ensure the models functionality, we had to define the model boundaries and simplify the 
model. This was necessary because of the high heterogenity of social behaviour, 
infrastructure and urban environment. Following you will find the list of assumptions: 

 

• As an appropriate runtime for our Vensim- model we assume 20 years.  

• The time step is 1 year.  

• Our model is linked to the City of Vienna and all assumptions advert to Vienna.  

• Changes of the population are only caused by changes of birth and death rate. 

• The area of the city stays constant over the time. 

• Car modal split and the density of the city have a reverse relationship. 

• Car modal split depends only on the density of the city. 

• The number of Business opportunities increases just with the density of city (no other 
impacts). 

• The average household size is reduced by the number of business opportunities. 

• The average household size is two (urban area in a developed country). 

• In one household 2 persons are earning salaries i.e. all persons are active. 

• The minimum salary in Vienna is 1.647 € per person. 

• Subsidies are not included in the average salary. 

• The average salary increase rate is always 0,5% higher than the inflation rate. 

• All disposable income is going to saving. 

• Average costs per person per month include the costs for transport and have a constant 
value (1.000 €). 

• Costs per car trip include external costs as well as internal. 

• External costs are also considered by environmental friendly trips. 

• To get the number of mobile persons per household the number of salary earning persons 
is multiplied with the household size. 

• Everyone travels the same amount per day. 

• The trip rate is constant with 3,3 trips per day (mobile person). 

• A reduction by car trips means an increase in environmental friendly trips because the trip 
rate is constant. 
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2.4 Definition of entities 
Average number of total trips (Total trips per person and month)  

We assumed a constant daily trip rate with 3.3 trips per day (mobile person). This means 99 
trips per person per month. This value is nearly a constant. The number of total trips 
influences the transport cost of the households. The more trips, the higher are the costs for a 
household. In our model everyone travels the same amount per day per month3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 11: basis figures for the assumption of total trips  

                                                
3 Macoun, Transport & Siedlungswesen 
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Average number of car trips per month and person 

The average number of car trips is linked to the modal split of the city, which describes the 
percentage of travelers using a particular type of transportation. In Vienna 35% of travelers 
are using PT, 33% car, 5% cycling and 27% are walking. The modal split for cars is assumed 
to be dependent on the density of a city. A city with a high density has a low car modal split. 
There is a reverse relationship between these two factors. When the density of the city is 
growing, this means a downsizing of the percentage of travelers using cars. 

› Car modal split = Constant value for density of city impact / Density of the city 

  

 
 

 
 

Fig. 12: basis figures for the assumption of car trips  
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Average number of environmental friendly trips per month and person 

In our model the number of environmental friendly trips is calculated as the difference 
between total trips and car trips per month and person. As environmental friendly trips we 
signify walking, cycling and public transport. A high density of a city has a positive effect on 
the number of environmental friendly trips. A short walking distance causes a high 
percentage of pedestrians, cycling and public transport. This decreases the costs of transport 
because the lower usage of energy. 

› Average number of environmental friendly trips per month = Average number of total trips 
per person per month - Average car trip per person per month 

 

Number of mobile person per household 

To simplify our model, we assume that the ratio of mobile person per household is equal to 
the number of salary earning person in a household.  

 

Household size 

In Vienna the average household size is 2. In our Model we assume, that the household size 
is decreasing with an increasing number of business and education opportunities. There is 
considerable evidence of a strong negative correlation between household size and 
consumption (or income) per person. In cities with a huge number of business opportunities, 
people generally have a higher monthly salary.   

› Household size = Average household size - No. of Business and education opportunities 
(we assumed that each member travels independet) * 0.005 + 0.05 
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Fig. 13 - 14: basis figures for the assumption of houshold sizes and monthly salary  

 
Cost of transport per household 

Total costs of transport per household. They are going up with a rising number of mobile 
persons. Total costs of transport are the sum of cost for car trips and costs for environmental 
friendly trips. In our consideration costs of maintenance are also included as well as cost of 
insurances and operating. Because the costs per car trip are higher than those for env 
friendly trips, a huge number of env friendly trips is convenient. Transport spending is a 
significant part of the average monthly cost per household. All spending of a household 
reduces the possible saving of disposable income and the spending power4. 

 

 

 

 

 

 

 

 

Quelle: Verbraucherzentrale Bundesverband / Allianz pro Schiene e.V. 
 http://www.dolceta.eu/deutschland/Mod5/IMG/jpg/Durchschnittskosten.jpg 
 

Fig. 15: basis figures for the assumption of costs of transport 
                                                
4 http://www.dolceta.eu/deutschland/Mod5/IMG/jpg/Durchschnittskosten.jpg 
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Cost per trip environmental friendly traffic 

In Vienna the costs per trip are 2 €. Costs can be divided in amortization costs 
(Infrastructure), costs for maintenance, labor costs, and energy costs. These costs are 
covered by buying a ticket. The price includes states assistance.  

 

Cost per trip car 

For our calculation we assume costs per trip with 5 €. Drivers pay to buy and maintain a car, 
including tune-ups, oil and tires, as well as for insurance, registration, and parking. Indirect 
costs of driving, such as road construction and maintenance, add to drivers’ financial burden 
through taxes and fees. In addition, there are quality of life costs that drivers and non-drivers 
alike pay to support automobile transportation. Though challenging to quantify, these added 
impacts include air pollution, traffic congestion, and health care. 

 

Number of business and education opportunities (economic power) 

The number of education opportunities increases the level of education, with it the monthly 
salary and the spending power of a household. In our model we assume that people with a 
higher education earn more money than those who have only a basic education. The density 
of a city is one of the most important impacts on the availability of jobs. Cities with a high 
density of infrastructure are very attractive for business companies. Therefore the density of 
companies and available jobs will also high. To get a system of equations, the density of our 
city is multiplied with the factor 0,001. 

› No of business and education opportunities = Density of the city * 0,001 

 
 

Fig. 16: basis figure for the assumption of business and education opportunities 
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Minimum salary per household 

A salary is a form of periodic payment from an employer to an employee, which may be 
specified in an employment contract. It is contrasted with piece wages, where each job, hour 
or other unit is paid separately, rather than on a periodic basis.In Vienna the minimum salary 
per person is 1.647 € (19.769 € per year). We assume that the number of salary earning 
person is two. 

 
 
Fig. 17: basis figure for the assumption of minimum salary per houshold 

 
Average salary per household per month 

The average monthly salary per household is a function of the salary increase rate, the 
number of business opportunities and the minimum salary. We assume that the salary 
increase rate is 1,52% and the annual inflation rate is 1.02%. The inflation is a rise in the 
general level of prices of goods and services in an economy over a period of time. When the 
price level rises, each unit of currency buys fewer goods and services. It means a loss of real 
value in the internal medium of exchange and unit of account in the economy.  

For a household it means to able to afford fewer goods and services. The living costs are 
getting the biggest part of the spending of the household. A decrease in disposable income is 
occurring. Therefore the cumulative savings are also decreasing. High inflation rates can be 
caused by excessive growth of the money supply. Low inflation may be attributed to 
fluctuation in real demand for goods and services, or changes in available supplies such as 
during scarcities, as well as to growth in the money supply.  

Inflation is estimated by calculating the inflation rate of a price index, usually the Consumer 
Price Index. The price index measures prices of a selection of goods and services purchased 
by a typical consumer. The inflation rate is the percentage rate of change of a price index 
over time. 
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Fig. 18: basis figure for the assumption of avarage salary per houshold 

 

Average cumulative saving of disposable money 

The saving of disposable income has a central, important position in our model. Disposable 
income is an indicator for the prosperity of a society.  This prosperity is a quantitative, 
measureable output of our model. It can be depicted as the main variable in the scenario 
analyses, where we want to show how the prosperity of a society changes with different, 
realistic scenarios.  

Disposable income is the amount of money that households have available for spending and 
saving after income taxes have been accounted for. It can be monitored as one of the many 
key economic indicators used to gauge the overall state of the economy. In our model 
disposable income is the monthly salary per household reduced by the monthly cost per 
household. We assume that all disposable income goes to saving5. 

 

                                                
5 http://www.treasury.govt.nz/publications/research-policy/wp/2001/01-19/twp01-19-030.gif 
  http://businomics.typepad.com/.a/6a00d8341cd0c953ef01157072f560970c-800wi 
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http://www.treasury.govt.nz/publications/research-policy/wp/2001/01-19/twp01-19-030.gif 
 
 
 
 
 
 
 

 
 

http://businomics.typepad.com/.a/6a00d8341cd0c953ef01157072f560970c-800wi 
 
 
 
Fig. 19 - 20: basis figures for the assumption of avarage cumulative savings 
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Average cost per household per month 

Cost of living is the cost of maintaining a certain standard of living. Changes in the cost of 
living over time are often operationalized in a cost of living index. The following expenditures 
are part of the living costs: food, housing, clothing, education and entertainment. The costs 
for transport are excluded, they are considered individually. We assume that the average 
spending is 1000€ per person per month in Vienna. The monthly costs per household are 
increasing with a growing household size and inflation rate. High costs of transport lead also 
to an increase in the monthly costs. 

› Average cost per household per month = ((Monthly cost of transport per household + 
Average cost per person per month) * Household size * Annual Inflation rate) / Household 
size 

Density of the city 

Population density is a measurement of population per unit area (people per km²). To 
simplify our model we assume a constant area of the city. For Vienna this is 414 km². The 
population is variable over the time and depends on the birth and death rate. The density of 
the city is growing with an increasing population, when the area is constant.  

It has impacts on the number of business opportunities and the car modal split. A high 
density leads to a low car modal split and a huge number of business and education 
opportunities. To model the shift of the modal split over the time caused through a change of 
the density of the city, we introduce a constant value for the density of city impact. 

› Density of the city = Population/ area of the city 

› Constant value for density of city impact= 121710 

› Modal split = Constant value for density of city impact / Density of the city 

 

Population 

As initial value we took the population of Vienna with 1.68 Mio inhabitants. The population is 
influenced by many factors like migration, birth rate, death rate, life expectancy and some 
indirect impacts (education, family planning,..). To keep our model simple, the impacts on the 
population are only the birth rate and the death rate. Both are variable over the time. We 
expect that the birth rate is 2% and the death rate is 1% of the population6. A growth of 
population causes a growing density of a city. 

› Population = Birth – Death 

› Birth (Death) = Population * Birth (Death) rate  

                                                
6 trend of population in Vienna (Wikipedia) 
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Fig.: trend of population in Vienna (Wikipedia) 

Fig. 21: basis figure for the assumption of population in Vienna 
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3 Scenario analysis 
Here, we have to consider alternative possible outcomes in the future. We can play on 
different parameters and looking through the different impacts the can have on the 
development of this social-economic concept. 

 

Density and birth rate 

Increasing the birth rate (from 0.02 to 0.20) improves the system. The No. of 
Business/Education opportunities, the average cumulative saving of income, the No. of 
environmental trips/month are increasing: the prosperity is increasing and the quality of life 
with it. If the birth rate is falling down, all the parameters are falling down. The growth of 
population is needed for the prosperity. 
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Density and death rate 

As the death rate is decreasing from 0.1 to 0.02, all the different items of our model are 
staying constant. The only thing which is increasing is the average saving of income. 

If the death rate is going to 0.5 (in case of a war for example), every items which are 
describing our model are falling down. 
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Annual inflation rate 

When the inflation rate is growing, the directly concerned parameter is the average income: it 
is falling down and the numbers of trips are decreasing and staying quite constant. 
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Area of the city 

When the area of the city is increasing, the average  environmental friendly trip per month is 
increasing. All the other parameters are staying quite the same. 
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Those four parameters influence the most the development of this model. The increase of 
the inflation rate and the area of the city is what is changing the fastest. The probability that it 
is coming up is higher than a real increase of the birth rate or death rate: those one are more 
exceptional.  

We can also draw a graphic which compare the probability that it happens and the impact it 
could have on the model: 

 

 

 

 

 

Fig. 22: graph for the correlation of impact and probability 
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4 Appendix 
 
4.1 Auxiliaries in our model: 
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No. of salary earning person in household
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Average daily trip rate
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