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Abstract 
Cost-Benefit Analysis (CBA) is a common tool used when determining whether to invest or not in new 

public transport infrastructure by weighing the costs of the object in question against the benefits it is 

expected to bring about. If the benefits exceed the costs, the recommendation would be to invest. 

Usually, however, the cost exceeds the benefit which makes it difficult to motivate new public 

transportation investments.  

This does, however, not necessarily indicate that most public transportation investments are 

unprofitable but rather that there exist deficiencies in the tool. Usually a CBA does not include all aspects 

necessary for a proper appraisal and one of those aspects specifically may be the perceived on-board 

crowding. 

This thesis presents a method for incorporating the effects of perceived on-board crowding into a CBA 

via an implementation of a seat-occupancy based crowding multiplier approximation into the 

generalized travel cost function of a static transit assignment model (TAM).  

A problem with static TAMs is that the underlying travel demand is fixed throughout the analyzed time-

period. Consequently, only average passenger loads are obtained after an assignment procedure which 

means that only the average perceived on-board crowding can be observed. A direct implementation 

would thus not be sufficient for representing how travelers perceive crowding in real life as travel 

demand is highly variable but also due to other load-impacting phenomena such as bus bunching.  

The solution to this problem was to make the TAM consider the actual perceived on-board crowding by 

deriving mode-wise expressions of the weighted crowding multiplier as a function of the average 

crowding multiplier. These expressions were further implemented into the generalized travel cost 

function imbedded in the static TAM. 

The enhanced model was applied to a case being the proposed plan of building a new metro between 

Älvsjö and Fridhemsplan in Stockholm. The results proved that the travel time savings were 70 % larger 

when crowding was considered in the TAM than when it was not. Moreover, the CBA resulted in a 

positive outcome when crowding was considered as opposed to the CBA in which it was not, which 

indicated a negative outcome.    
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Sammanfattning 
Samhällsekonomiska kalkyler utgör ett vanligt verktyg vid utvärderingen av en ny kollektivtrafiksatsning 

genom att väga dess kostnad mot nyttan satsningen förväntas medföra. Om nyttan överstiger kostnaden 

vore rekommendationen vara att genomföra satsningen. I vanliga fall överstiger dock kostnaden nyttan 

vilket gör det svårt att motivera nya kollektivtrafiksatsningar.  

Detta behöver dock inte indikera att de flesta kollektivtrafiksatsningar är olönsamma utan snarare att 

det finns brister i verktyget som sådant. I vanliga fall beaktas inte samtliga relevanta aspekter i en 

samhällsekonomisk kalkyl som är nödvändiga för en ordentlig värdering och en av de faktorerna är 

ibland den upplevda trängseln ombord. 

Denna uppsats presenterar en metod för att implementera effekterna av upplevd trängsel ombord i en 

samhällsekonomisk kalkyl genom att implementera en sittplatsbeläggningsbaserad trängselfaktors-

approximation i den generaliserade reskostnadsfunktionen inbäddad i en statisk nätutläggningsmodell.  

Ett problem med statiska nätutläggningsmodeller är att reseefterfrågan vilken utgör indata till modellen 

är fix över den studerade tidsperioden. Konsekvensen av detta är att enbart den genomsnittliga 

passagerarbeläggningen erhålls efter en nätutläggning vilket innebär att enbart den genomsnittliga 

upplevda trängseln kan beaktas. En direkt implementation vore då inte tillräcklig för att representera hur 

resenärer upplever trängsel i verkligheten då reseefterfrågan är variabel men även på grund av andra 

belastningspåverkande fenomen som kolonnkörning.  

Lösningen till detta problem var att få nätutläggningsmodellen att beakta den faktiskt upplevda trängseln 

ombord genom att estimera färdmedels-specifika uttryck av den viktade trängselfaktorn som en funktion 

av den genomsnittliga trängselfaktorn. Dessa uttryck implementerades sedan i den generaliserade 

reskostnadsfunktionen vilken finns inbäddad i nätutläggningsmodellen.  

Den förstärkta modellen applicerades på en fallstudie vilken innefattade förslaget att bygga en ny 

tunnelbana mellan Älvsjö och Fridhemsplan i Stockholm. Utfallet visade att restidsvinsterna blev 70 % 

större när trängsel beaktades i nätutläggningsmodellen än när trängsel inte beaktades. Vidare 

resulterade den samhällsekonomiska kalkylen på ett positivt utfall när trängsel beaktades till skillnad från 

kalkylen i vilken trängsel inte beaktades vilken visade på ett negativt utfall. 
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1 Introduction 

1.1 Background 
The metropolitan region of Stockholm is one of the fastest growing metropolitan regions in Europe (SLL, 

2017).  Between 2005 and 2015, the Stockholm County has experienced an annual population growth of 

nearly 34 000 inhabitants (SCB, 2016). Furthermore, it is projected that by the year 2025, the population 

in the County will increase by an additional 379 000 inhabitants (SLL, 2016). An expansive population 

growth as such leads to more people demanding to travel with public transportation, which if not well 

accommodated, will result in severe crowding conditions. 

The impact of severe crowding conditions is important to consider from a traveller’s perspective as it 

results in an increased disutility due to the discomfort of crowding, denied boardings due to overcrowded 

vehicles and lowered service reliability. Though these consequences may be reduced by certain public 

transport investments, they are usually not considered in the Cost-Benefit Analyses (CBA), resulting in an 

underestimation of the benefits to be gained from investments aiming towards crowd relief. (Cats, et al., 

2016) 

As shown by Cats, et.al. (2016), great benefits can be achieved by including the disutility of crowding in 

the transit assignment models (TAM). In a case-study concerning the partial replacement of an 

overcrowded bus network in Stockholm with a metro extension, the CBA based on a TAM not considering 

the effects of crowding, missed more than a third of the benefits. 

Furthermore, failing to consider crowding in the CBA can lead to misleading and paradoxical results as 

shown by Eliasson (2016). In an example concerning the adjustment of the headway of a line, the CBAs 

show that the more the headway of a line is reduced, the more the social benefits increase when crowding 

is not explicitly considered. 

In some cases, the increased benefits can be justified due to the public transportation service in question 

not being socio-economically motivated. In other cases, however, the increased benefits are paradoxical, 

especially in cases when the headways of intensely crowded lines are reduced. (Eliasson, 2016) 

The adjustment of the headway of a line means having to trade-off between operational costs and the 

generalized travel cost for the users. Lengthening the headway of a line reduces the operational costs but 

increases the generalized travel cost as the waiting times and crowding increase. However, due to the 

crowding discomfort not being considered in the CBA, the outcomes are skew and thus misleading. 

(Eliasson, 2016) 

This thesis presents a method for making the CBA consider perceived on-board crowding by implementing 

crowding functions into a transit assignment model. The method is further applied to a case with the 

purpose of identifying the added benefits (or losses) obtained from including crowding in the CBA.  

1.2 Objective 
The purpose of this thesis is to present a method for incorporating the effects of the perceived on-board 

crowding into a CBA via implementing measures of perceived on-board crowding in a static transit 

assignment model.  
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1.3 Scope 
The thesis is limited to study public transportation trips made within the Stockholm County and due to 

data availability, crowding experienced on local ferries are excluded.  

1.4 Research question 
There is one important research question to be answered in this thesis, namely: 

How much greater (or smaller) are the benefits estimated from a CBA when perceived on-board crowding 

is considered than when it is not? 

2 Literature review 
This chapter initiates with a description of the general structure and functionality of transit assignment 

models with a special focus on the static PTV-developed software Visum.   

The chapter continues with a literature review of methods other researchers have applied to introduce 

perceived on-board crowding in transit assignment models and a review of studies aiming to identify how 

travelers perceive and value on-board crowding.  

The literature review concludes with a justification of the choice of modelling approach and on-board 

crowding valuations upon which the outcomes of this thesis are based.  

2.1 Transit network representation 
Before deepening into a specific TAM, a brief explanation of the network representation in the TAMs 

follows.  

The transit network in a TAM mainly constitutes nodes (N), links (L) and transit lines (TL), see Figure 1. The 

nodes represent the transit stops on which travelers can board, alight or transfer to other vehicles. The 

links connect the nodes. The transit lines are characterized by vehicle type and headway and operate on 

the links. Finally, a transit route is defined as a sequence of nodes where the initial node is the traveler’s 

origin and the final node is his/her destination. 

 

 

  

 

 

 

The simple example above illustrates six nodes of which three enables transfers to other lines (orange 

nodes). Moreover, there are six links on which up to two different transit lines (TL1 and TL2) operate. Not 

included in the illustration are connectors which connect travelers to the transit network from their origins 

or destinations. 

L4, TL1 

L6, TL2 

L2, TL1, TL2 L1, TL1 

N4 N5 

N6 

N3 N2 N1 

 

Figure 1 A small network representation example with nodes (N), links (L) and transit lines (TL). Orange 
nodes enable transfers to other lines. 
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2.2 Visum 
Transit assignment models are widely used by transportation planners and researchers with the purpose 

of (a) predicting the link volumes on various lines based on the prediction of individuals’ route choices and 

(b) for analyzing the effectiveness of the transit operation schemes. The top two macroscopic TAMs used 

in Sweden are Emme and Visum. Visum is used by the Stockholm County Transport Administration and is 

developed by Karlsruhe-based PTV. The software contains the entire Stockholm County public 

transportation network on which transit assignment is made.  

2.2.1 Static vs. dynamic transit assignment 
The assignment methods in Visum are static which means that both the supply (the network) and the 

travel demand are constant. Hence, the link volumes are derived after an assignment of the travel demand 

which is fixed over the analyzed time-period.  

Some static models fail to take capacity constraints into account which means that travelers choose paths 

without considering the on-board crowding. In other words, an assignment may result in unrealistic results 

as the model over-assigns travelers to vehicles far beyond their practical capacity. Moreover, due to the 

model not containing a temporal dimension, all resulting characteristics generated from an assignment 

are averaged out over the specified period, which makes them inappropriate for analyzing and identifying 

bottlenecks, congestion and crowding. 

Dynamic TAMs are more realistic as they rely on a time-varying travel demand, which allows for a better 

appraisal of the analyzed transit system. On the other hand, the route choice predictions require more 

information such as individuals’ departure and arrival times and are based on schedule-based assignment 

(see 2.2.2). Furthermore, a time-dependent transit network needs to be adopted in the model. 

Historically speaking, the application of dynamic TAMs to large scale networks has not been as common 

as static TAMs due to theoretical, practical and modelling issues with the method. (Bouzaïene-Ayari, et al., 

1998)  

2.2.2 Assignment methods 
The way individuals are assigned to the network depends on what assignment method is used. There are 

three assignment methods contained in the software Visum: timetable-based, headway-based and 

transport-system based. Only the two first assignment methods are further elaborated as the latter is 

purely based on shortest path and is only used for highly simplified analyses.  

The timetable-based assignment is a more complicated approach to computing route choice than the 

headway-based assignment as it is based on a detailed timetable. Individuals choose routes based on the 

departures presented in the timetable. This approach allows for more fine-tuned analyses as complex 

connections and transfers are included.  

In a headway-based assignment there is no timetable. Instead, the transport services are assigned 

constant headways and travelers choose departures and routes according to optimal strategy. This 

method is more appropriate to use when it is desirable to analyze impacts of planning scenarios in the 

long term such as transport and land-use development strategies.  

When modelling scenarios with the purpose of including them in cost-benefit analyses, the Transport 

Administration applies the headway-based assignment. Since most CBAs carried out by the Transport 

Administration concern projects which lie farther in the future, 10-30 years, it becomes difficult to predict 
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the future timetables. The presented modelling approaches in this study are therefore only concerned 

with headway-based transit assignment.  

2.2.3 Generalized travel cost function 
A trip carried out by public transportation has an actual travel time and a perceived travel time, or 

perceived journey time (PJT) as it is called in Visum. The PJT expresses the travel time of a route expressed 

in terms of its generalized cost. Why it becomes relevant to estimate the perceived travel time of a route 

rather than its actual travel times connects to the disutility of travelling in the first place.  

Travelling with the public transportation is not carried out effortlessly as it involves engaging in activities 

such as walking, waiting and sometimes transfers. The activities are therefore assigned time-multipliers or 

weights to reflect the added disutility of engaging in them. Table 1 illustrates the variables (activities) and 

their respective time-multipliers included in the PJT function in Visum. 

Table 1 Variables included in the PJT function 

Variables Brief description Time-multiplier 

In-vehicle time [Inv] Time spent in a vehicle 1.00 

Access time [Acc] Time spent on a connector from an origin 2.00 

Egress time [Egr] Time spent on a connector to a destination 2.00 

Origin wait time [OWT] Wait time at the first stop, determined by the 
headway of a line 

2.00 

Transfer walk time [Walk] Time spent walking to a transfer 2.00 

Transfer wait time[Wait] Time spent waiting for a connecting line, 
determined by the headway of the connecting 
line 

2.00 

Number of transfers [NoT] The number of transfers an individual makes 5 min 

 

The walk- and wait times are doubled compared to in-vehicle time in the PJT function. Furthermore, five 

extra minutes are added to the PJT as a penalty of for each transfer included in the journey. The PJT is 

expressed as the weighted sum of all the above presented variables, see Equation 1. 

PJT = In-vehicle time ∙ WInv + Access time ∙ WAcc + Egress time ∙ WEgr + Origin wait time ∙ WOWT

+ Transfer walk time ∙ WWalk + Transfer wait time ∙ WWait + Number of transfers

∙ WNoT 

Equation 1 The perceived journey time function in Visum 

In TAMs, it is generally assumed that individuals aim to choose a cost-efficient route when carrying out a 

journey (Fu, et al., 2012). The underlying hypotheses concerning passenger behavior vary from model to 

model. Some models assume that individuals seek to minimize their own travel cost and will choose paths 

accordingly. Other models assume that individuals choose paths with the least number of transfers (e.g. 

(Andreasson, 1977)) or paths which minimize the travel cost for all passengers (e.g. (Sharp, 1973), (Schéele, 

1976)). Either way, the cost of the chosen path should be either minimized or optimal depending on what 

strategy underlies the decision-making process (Fu, et al., 2012). In Visum, travelers are rational and 

choose the route with the shortest PJT. 
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2.2.4 Modelling approach 
The modelling approaches in TAMs depend on what underlying implicit or explicit assumptions are made 

(Bouzaïene-Ayari, et al., 1998). The assumptions can be related to the passenger information (e.g. poor or 

good information) or to the coordination of transit lines (e.g. uncoordinated or coordinated) (Jansson & 

Ridderstolpe, 1992).  

Poor information means that passengers are uninformed about the departure times but are informed 

about the in-vehicle times and headways. Good passenger information implies the information of all three 

aspects. Moreover, if the departures of the various lines are independent of each other they are said to 

be uncoordinated, otherwise they are coordinated. (Jansson & Ridderstolpe, 1992) The coordination of 

lines leads to shorter waiting times as the lines can be treated as a larger line with a shorter headway. 

Most models, however, assume that both individuals and lines arrive randomly which implies that 

individuals are poorly informed and that lines are uncoordinated. (Bouzaïene-Ayari, et al., 1998)  

Earlier works (e.g. (Dial, 1967), (Tong & Richardson, 1984), (De Cea & Fernández, 1993)) apply the simple 

“all-or-nothing” assignment which seeks to assign all individuals to the shortest path but most models (e.g. 

(Spiess & Florian, 1989), (Cominetti & Correa, 2001), (Cepeda, et al., 2006), (Hamdouch & 

Lawphongpanich, 2010)) are based on the concept of strategy. A strategy, as laid out by Spiess and Florian 

(1988), is a set of rules which allows an individual to reach his/her desired destination from any node (with 

a non-empty set of relevant lines) when they are applied. It constitutes sequential decision-making 

between attractive lines at each intermediate stop along the journey. Whether a path is optimal or not 

depends on the arrival time of the services forming the paths and the lines’ in-vehicle times. The concept 

of strategy presupposes that passengers have information about in-vehicle times and headways of the 

attractive lines but no information on their departure times. (Spiess & Florian, 1989)  

When using the headway-based assignment in Visum, the underlying assumptions, adopted by the 

Transport Administration and in this thesis, are that some transit lines are coordinated according to 

coordination groups and that passengers have complete information. In real life, certain routes 

intentionally operate with equal intervals to work in favor of its passengers. This feature is enabled when 

coordination groups are implemented in Visum.  

The second assumption states that all passengers are well-acquainted with the entire timetable. Users 

know the headways, in-vehicle times as well as the scheduled departures of all transit lines in the network. 

Though travelers are aware of the scheduled departure times, they are unknowing of the exact departure 

times on beforehand.  

Each individual in Visum has an OD-pair corresponding to the zone from which they originate to the zone 

they desire to reach. An individual thus initiates his/her journey at the origin zone. Once at the origin 

transit stop, the individual sorts out a set of attractive lines, which he/she is likely to board. The 

attractiveness of a line depends on its remaining journey time and headway. By remaining journey time 

means the remaining perceived journey time (or generalized travel cost) which thus includes impedances 

and penalties. (PTV AG, 2017) 

Understandably, the lines contained in the set of attractive alternatives may have different impedances 

and headways that impact the user shares. Furthermore, it is the stochasticity contained in the model 

(lines and passengers arrive randomly and independent of each other) which results in a distribution of 

shares between all relevant lines in the first place. Consequently, even the least attractive alternative due 
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to its high impedance is assigned a small share. Such cases may be explained by the instances in which the 

“slower” line arrives so much sooner to the transit stop than the alternatives that it makes up for its large 

impedance. (PTV AG, 2017) 

The route search in the model generates so-called decision graphs (or paths) directed towards the 

destination zones. The nodes in these decision graphs are treated as “decision points” on which users can 

choose between relevant alternatives. In other words, each time a traveler reaches a stop, he/she decides 

how the journey continues based on a probability graph. (PTV AG, 2017) 

2.3 Modelling crowding in TAMs 
Transit assignment models deal with the passenger assignment problem. The problem relates to the ability 

of modelling the passenger behavior to predict route choices and to ultimately derive network volumes. 

Over the past five decades, several studies have been published on how to deal with the assignment 

problem and especially on approaches of how to incorporate the effects of crowding into TAMs.  

As laid out by Bouzaïene-Ayari, et al. (1998), the function on which congestion-including TAMs are based 

can be characterized by the following features: (1) how individuals perceive congestion and response to 

it; (2) supply (network and services) characteristics, (2) passengers’ information about the supply before 

and during the trip execution, (3) how individuals adjust their decisions based on the provided information 

about existing traffic conditions and service arrivals at transit stops. This shows that there are many 

different assumptions that can be made in congestion-considering TAMs which also explain the variety of 

approaches adopted in different models. A few of those models are further elaborated upon in this sub-

chapter. 

The first to introduce congestion in a TAM was Gendreau (1984) who developed a frequency-based model 

which modeled congestion on bus stops based on queuing theory. A few, more recent, studies (e.g. 

(Bouzaïene-Ayari, et al., 2001), (Cominetti & Correa, 2001), (Cepeda, 2002)) built up on his work by 

modelling the waiting processes at stops. It became evident from this research that congestion not only 

increases the waiting times but also impacts the user-shares of the attractive lines (Cepeda, et al., 2006). 

A highly-recognized issue with static TAMs is that they do not ensure that link-capacities will not be 

exceeded. In other words, passengers might be assigned to lines without considering their actual capacities 

which result in infeasibly high passenger loads. Furthermore, while some lines experience loads beyond 

their practical capacities, other lines serving the same route sections might be greatly unused. Especially 

during peak periods, the risk of oversaturated links and thereof denied boardings are high, which is why a 

few studies (e.g. (Cepeda, et al., 2006), (Nuzzolo, et al., 2001)) considered an infinite penalty in the cases 

of capacity exceedance.  

The frequency-based model, developed by Cepeda, et al. (2006), considered the increase of waiting times 

and the impact on the flow shares while also explicitly considering the transit network capacity-

restrictions. However, when applied to a large-scale network, the resulting volume distributions were 

infeasibly high. Even after 70 iterations with the application of a smoothing algorithm there still existed 

links with volume/capacity ratios larger than one. 

Nuzzolo, et al. (2001) developed a schedule-based doubly dynamic assignment model for high-frequency 

networks. The idea behind their modelling development was to consider the change in traveler behavior 

due to the introduction of ITS-technologies in the public transport environment. The fact that the user-
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information is improving poses a conflict towards strategy-based TAMs, which presuppose low user 

information. 

The model developed by Nuzzolo, et al. (2001) assumes that users are intelligent adaptive as opposed to 

indifferent adaptive (as assumed in strategy-based TAMs) which allows users to compare the attributes of 

different alternatives (especially the waiting times) rather than simply boarding the first arriving line. 

Moreover, the model considers both the day-to-day and within-day transit system variations which, when 

applied to a large-scale test-network, resulted in more exact link volumes and level of service attributes. 

Using the approach, however, means having to implement a more complex load computation algorithm 

and requires a more detailed transit service description.  

Rather than focusing on node-based penalties, Spiess and Florian (1989), Lam, et al. (1999), Hamdouch, et 

al. (2011) and de Palma, et al. (2015) focused on adding the discomfort of the on-board crowding onto the 

links in proportion to their flow/capacity ratios. The attractiveness of choosing various lines thus depends 

on the existing on-board crowding which, in a more realistic manner, reflects individuals’ route choices.  

Lam, et al. (1999) developed a stochastic user equilibrium model applicable to crowded transit networks. 

Their aim was two-folded, namely to develop a model which explicitly considers network capacity 

restrictions and to model a heterogeneous passenger behaviour, hence the term stochastic. The first aim 

was realized by only allowing a proportion of the passengers to board the first arriving line while remaining 

passengers either wait for the next arriving vehicle or transfer to alternative routes. The latter aim relates 

to the issue that many user-equilibrium models (e.g. (De Cea & Fernández, 1993), (Wu, et al., 1994)) 

assume that all passengers have the same perceptions about the generalized travel cost, suggesting that 

all users have perfect information.  

A user-equilibrium refers to the notion that each individual seeks to minimize his/her own generalized 

travel cost. Equilibrium is reached when no individual has an incentive to alter the route choice as all 

alternative routes have equal PJT. (de Palma, et al., 2015) This assumption is unrealistic as passengers, 

especially due to stochastic effects such as weather and disturbances, perceive routes differently. The PJT 

on the various routes were therefore handled as random variables. The model is, however, solely 

applicable to long-term planning scenarios due to some necessary assumptions and can thus not be used 

for planning short-term operations. (Lam, et al., 1999).  

Hamdouch, et al. (2011) developed a schedule-based TAM which incorporated the discomfort effects 

experienced by both seated and standing passengers, a detail neglected in previous schedule-based 

models. When a vehicle is loading at a station/stop, the strategy-based TAM prioritizes the already 

standing passengers on board to have a seat if they continue to the next stop. Passengers waiting to board 

are served according to the First-Come First-Served principle. Furthermore, when a vehicle is fully loaded, 

the passengers unable to board must await the next arriving vehicle. This dynamic, schedule-based, model 

requires more detailed information such as individuals’ arrival and departure times. Moreover, as it 

includes a temporal dimension, a time-dependent network needs to be adopted to model the time-

dependent choices.  

2.3.1 Chosen modelling approach 
The modelling approach in this thesis is inspired by the previously presented, link-based penalty models. 

It relies on a user-equilibrium headway-based assignment which incorporates the effects of crowding by 

including an additional weight to the in-vehicle time variable in Equation 1. The idea is to depict the added 
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discomfort related to the on-board crowding by incorporating a volume/capacity-dependent time-

multiplier. This way, the added discomfort is directly reflected in the perceived journey time function 

which will influence individuals’ route choices.  

The motivation underlying the choice of modelling approach mainly relates to its simplicity. If the method 

proves to be successful, it should be relatively easy to reproduce by any other interested party as it applies 

for most, if not all, TAMs. Furthermore, the purpose of this thesis is mainly to present a method for 

depicting and analyzing the effects of crowding onto a CBA and not so much focusing on providing a 

contribution to the transit assignment problem. 

2.4 Crowding valuations 
There are various factors affecting the attractiveness of the public transport e.g. departure time, travel 

time, simplicity and crowding (Dickinson & Wretstrand, 2015). How travelers’ value the different factors 

are usually derived from stated preference (SP) or revealed preference (RP) studies. In stated preference 

studies, individuals are asked to answer questions on how they think they would act in a hypothetic 

scenario. In revealed preference studies, the actual act or decision is observed and registered.  

There are advantages and disadvantages with each method. The answers in an SP study contain a factor 

of uncertainty as a respondent may or may not act as according to the respondent’s answer in the study. 

This is often referred to as strategic or hypothetical bias (Björklund & Swärdh, 2015). 

One powerful advantage of SP studies is the fact that the surveyor can construct scenarios in a way which 

enables preference estimation in line with the study objectives without the consideration of real data 

availability (Björklund & Swärdh, 2015). This is the reason to why most studies which seek to define a 

crowding disutility measurement are based on SP-studies as an RP-study would require more innovative 

and less conventional measures to obtain a truthful valuation of crowding. 

In this thesis, the results from two SP-based and two RP-based studies which seek to obtain a crowding 

disutility measurement are presented in the following sections.  

2.4.1 British meta-analysis on crowding valuations 
Wardman and Whelan (2011) performed a meta-analysis of 208 valuations assembled from 15 British SP 

studies with the purpose of better understanding rail-crowding valuation. The resulting crowding 

valuations are expressed in terms of time-multipliers and are depicted in Table 2. 
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Table 2 Crowding multiplier results (Wardman & Whelan, 2011) 

 

As depicted in Table 2, the crowding multipliers vary depending on load factor (seat occupancy), journey 

purpose and on whether the passenger is seated or standing. A load factor (LF) of 100 % indicates that all 

seats are occupied while a LF above 100 % implies the existence of standing passengers.  

The minimum LF depicted in the table is 50 % as the study found that crowding first appears as a discomfort 

when the seat occupancy is around 50 %. Furthermore, the analysis concluded that commuting passengers 

are less sensitive to crowding than leisure travelers and standing passengers are more sensitive to the on-

board crowding than seated passengers. In addition, the multiplier values increase with an increased load 

factor. 

2.4.2 A crowding multiplier approximation 
For practical reasons, it is desirable to express the crowding multiplier as a function of the load factor in a 

single expression. Eliasson (2017) approximated a function based on the time-multipliers derived by 

Wardman & Whelan (2011), see Equation 2.  

𝐶𝑟𝑜𝑤𝑑𝑖𝑛𝑔 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟 = 0.85 + 0.35 ∙ (
𝑥

𝑐
)

2

 

Equation 2 Crowding multiplier approximation (Eliasson, 2017) 

Where the ratio of x over c is the seat occupancy (x is the number of passengers in the vehicle and c is the 

number of seats in the vehicle). Furthermore, the approximated function considers both the experience 

of seated and standing passengers and the two travel purposes (commute and leisure).  

The multipliers are approximated with respect to the travel purposes by assuming the travel purposes to 

have equal shares of all trips generated in the Stockholm County on an average winter-week day. This 

assumption is reasonable when comparing it to the Stockholm County Travel Behavior Service (2016) 

which resulted in the following public transport trip purpose shares: 

Table 3 Public transport trip purpose shares in the Stockholm County (Trafikförvaltningen, 2016) 

Work School Business Leisure 

41 % 12 % 4 % 43 % 
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Furthermore, when the load factor is below or equal to 100 %, it is assumed that there are no standing 

passengers. When the load factor is over 100 % the standing multipliers are weighed in with the seated 

multipliers by adding the average of the standing multipliers for both purposes multiplied by the load 

factor minus one.  

2.4.3 Multiplier limitations  
Different modes and vehicle types offer different numbers of seats and standing room surfaces. Such 

variations can depend on how the interior is arranged, the number of doors and their locations around the 

vehicle. In mass-transit vehicles, such as metro cars, the aim is often to increase the vehicle capacity in 

terms of the number of passengers. In such cases, generous standing space is prioritized over a large 

number of seats.  

Direct buses or buses with relatively long distances between stops, on the other hand, often prioritize a 

larger number of seats and fewer surfaces for standing as they are usually characterized by travelling at 

higher speeds. In conclusion, there are many ways to configure the seating and standing space in a vehicle 

which is why the time-multipliers ought to be applicable to all modes and vehicles, independent of the 

interior.  

The seat-occupancy dependent crowding valuation is thus not an entirely appropriate measure when the 

vehicle interior constitutes too few or too many seats in relation to the standing space. In the following, a 

simple example is presented to elaborate further on why this measure can lead to misleading results. 

Imagine two metro cars, A and B, each with a single seat. There is a single commuting passenger in car A 

and two commuters in car B with the same in-vehicle time of ten minutes. The details of the example are 

illustrated in Table 4.  

Table 4 Seat-occupancy multiplier example 

 Metro car A Metro car B 

Number of seats 1 1 

Number of passengers on-board 1 2 

Load factor 100 % 200 % 

Actual in-vehicle time 10 minutes 10 minutes 

Trip purpose Commute Commute 

Multiplier 1.05 (seated) 1.55 (seated), 2.44 (standing) 

In-vehicle time (impedance incl.) 10.5 minutes 15.5 minutes (seated), 24.4 minutes (standing) 

 

Due to the large difference in seat-occupancy levels, the on-board crowding in car B is valued five minutes 

more for the seated passenger and almost 14 minutes more for the standing passenger compared to the 

passenger in car A. Moreover, a continuing increase of passengers in the above stated vehicle design would 

result in infeasibly high time-multipliers, making this method unsuitable.  

Evidently, the above presented vehicle design is highly unusual, but the example is used to prove that 

when applied to real-life cases, the limitations of the approach ought to be considered.  

2.4.4 Crowding valuations based on a Swedish SP-study  
Crowding multipliers can also be expressed as a function of the number of standing passengers per square 

meter rather than seat-occupancy. This approach, as also stated by Wardman and Whelan (2011), is more 
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suitable than the first as it is applicable to a variety of vehicle interiors which thus eliminates the limitations 

previously discussed in 2.4.3.  

Björklund and Swärdh (2015) published a study constituting the estimation of on-board-crowding time-

multipliers based on the number of standing passengers/square meter. They conducted an SP-study and 

received data based on a little over 2000 responses. The survey was handed out to both frequent and 

infrequent travelers using the public transportation in the three largest cities of Sweden: Stockholm, 

Gothenburg and Malmö. Moreover, the study covered the modes local bus, metro, tram and commuter 

train. The multipliers are presented in Table 5. 

Table 5 Value of travel time savings (VTTS) multipliers dependent on the number of standing passengers/square meter (Björklund 
& Swärdh, 2015) 

 

There are separate crowding multipliers for seated and standing passengers which vary depending on 

travel condition (zero to eight standing or seated passengers/square meter). Similar to Wardman and 

Whelan (2011), the multipliers increase with an increased crowding condition and standing is always 

valued as worse than sitting.  

Compared to the results from Wardman and Whelan (2011), the standing-space based crowding 

multipliers are consistently lower. Even in the worst crowding conditions of eight standing 

passengers/square meter, the highest multiplier is 2.13, which is approximately equivalent to crowding 

multiplier obtained with a load factor of 125 % for leisure travellers and 175 % for commuters in Wardman 

and Whelan (2011).  

A similar study conducted by Haywood and Koning (2015) resulted in similar results to the one of Björklund 

and Swärdh (2015). They studied crowding experienced on the Parisian transit network and argued that 

the difference in multiplier values might relate to the scale of the studied network. Both Björklund and 

Swärdh (2015) and Haywood and Koning (2015) focused on metropolitan transit networks while Wardman 

and Whelan (2011) mainly considered a regional transit network in their analysis. 

2.4.5 RP-study based on metro users in Singapore   
A revealed preference study carried out by Tirachini, et al. (2016) estimated the variations in willingness 

to pay for sitting and standing by observing metro travellers in Singapore. Valuations were obtained by 

observing travellers willing to travel backwards or in the opposite direction to ensure themselves a seat 

on their route to towards their destination. The result from their study was a standing multiplier based on 

both the load factor as well as the number of standing passengers per section and time-period.  
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Figure 2 depicts a comparison of crowding multipliers obtained from Wardman and Whelan (2011) and 

Tirachini, et al. (2016).  

 

Figure 2 Crowding multiplier comparison between the results from Wardman and Whelan (2011) and results from Tirachini, et al. 
(2016). (Tirachini, et al., 2016) 

Similar to the comparison made between the study of Björklund and Swärdh (2016) and Wardman and 

Whelan (2011), the results obtained from the RP study by Tirachini, et al. (2016) are consistently lower 

than the results obtained from the British meta-analysis.   

Again, the large differences in multipliers might relate to differences in the scale of the studied networks. 

Tirachini, et al. (2016) elaborated further upon this difference in geographical scope by relating it to 

differences in sitting and standing configurations in the vehicles. Normally, regional trains contain more 

seats than metro trains which may explain why the crowding multipliers obtained in the British study are 

larger than multipliers obtained in the other above-mentioned studies.  

Moreover, regional train travelers might, in general, be more sensitive towards not obtaining a seat than 

metropolitan travelers.  

2.4.6 Density-based crowding cost function based on RP 
Hörcher, et al. (2015) used a density-based crowding cost function to present a method for an optimal 

demand-dependent transit fare adjustment, useful for authorities and operators to minimize crowding.  

The basic assumptions of their density-based crowding cost function were that seated passengers are less 

sensitive to crowding and occupy more floor space than standing passengers which have a higher user 

cost. Moreover, the disutility of the density-based crowding is assumed depend on three factors being the 

number of seats, the available in-vehicle floor space and the number of passengers. 

By using real smart card data containing users’ origins and destinations of their journeys, they found the 

daily social costs of crowding on a single direction of a metro line to be equivalent to an additional 

58 789.13 hours. This equaled to an added 48 % of the time passengers spend travelling on the same 

stretch.      
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2.4.7 Choice of multiplier valuation 
There are clear advantages of utilizing a standing-space based crowding valuation over a seat-occupancy 

based valuation. One of them being its applicability to a variety of vehicle designs which makes it a 

consistent measure.  

Another advantage of using particularly the study of Björklund and Swärdh (2015) rather than the other 

presented studies relates to the origin in which the preferences have been studied. As this thesis focuses 

on Swedish and more importantly, Stockholm preferences, it might be recommended to stick to the more 

local studies. As pointed out by Björklund and Swärdh (2015), results from willingness to pay (WTP) studies 

from different parts of the world differ remarkably. Circumstances such as income levels, culture and 

preferences vary between different countries, which may explain the variation in WTP.  

Connecting to the previous section, the risk of the benefit transfer problem may be reduced if the use of 

more locally conducted WTP study is applied. The benefit transfer problem may arise when a willingness 

to pay study is applied to another area other than the original study area in which local preferences have 

been deduced. The issue was highlighted by Björklund and Swärdh (2015) who argued that the application 

of WTP preferences in a CBA ought to originate from the area in which changes in public transport supply 

are analyzed. 

In conclusion, local users’ WTP for crowding relief in the public transportation might be a prerequisite for 

an efficient planning of it. It is for this reason the Singapore-based study conducted by Tirachini, et al. 

(2016) is excluded from the choice set. Moreover, as it is unclear of how Stockholm traveler valuations 

differ from Singapore traveler valuations, it is considered uncertain to proceed with the aforementioned 

RP- study.   

The method provided by Hörcher, et al. (2016) relies on the availability of complete travel demand data 

on an origin to destination level, which is easily obtained from a check-in check-out ticket validation 

system. In the Stockholm County, however, travelers only check in to access the transit services which 

results in an incomplete tracking of the users. Even if it still is possible to derive a complete travel demand 

matrix on an OD-level, it is deemed to be time-consuming which is why the approach of Hörcher, et al. 

(2015) is set aside in this study.  

An advantage of using the British seat-occupancy based valuation is the increased accuracy when basing 

the results on the on-board seat capacity as opposed to the standing space capacity. This relates to the 

issue of the relatively fluent definitions of standing space capacities of the wide range of vehicles operating 

in the Stockholm County public transportation. 

Moreover, in contrast to the seat-occupancy based valuations there are fewer studies focusing on the 

estimation of travelers’ valuations of the on-board standing space. This is recognized when studying the 

overview of research related to WTP for crowd relief in both Wardman and Whelan (2011) and in Li and 

Hensher (2011). 

All in all, the British seat-occupancy based valuation is deemed to result in more accurate results as the 

existing definitions of the on-board standing space capacities are uncertain. Furthermore, as there already 

exists a proper approximation of Wardman and Whelan’s (2011) time-multipliers, already adjusted for 

Stockholm conditions; it seems more practical and time-efficient to continue the study with an application 

of it. Furthermore, the limitation of its applicability to more extreme vehicle designs is an issue assumed 
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to arise farther in the future if the number of seats to the number of standing space-ratio becomes more 

extreme.   

3 Method 
As mentioned earlier, the travel demand matrix used as an input to a static transit assignment model is 

fixed which, when performing a network assignment, will result in average passenger loads on all links in 

the network. A direct implementation of the crowding multiplier approximation found in Equation 2 into 

a static TAM will thus only aid to reflect the average perceived on-board crowding on each link.  

Understandably, an implementation as such will not result in a representative reflection of how individuals 

actually perceive the on-board crowding as travel demand varies over time. Furthermore, a direct 

implementation means failing to neglect other phenomena which influence the link load variability such 

as bus bunching. 

An idea of getting around this issue is to force the static model to consider the actual perceived on-board 

crowding by expressing it as a function of the average perceived on-board crowding. This expression is 

possible to generate by studying the correlation between the weighted crowding multiplier and the 

average crowding multiplier for each link on the various transit services in the Stockholm County. If a clear 

correlation exists between the weighted and the average crowding multipliers, an approximation of a 

more representative crowding multiplier can be derived and implemented to a static TAM. 

This chapter continues by introducing the crowding multiplier functions followed by the data required to 

proceed with the presented approach. The chapter concludes with an elaboration of the analysis strategy 

which has been adopted in this thesis.  

3.1 Crowding multipliers 
A link, i, is defined as the segment between two stations/stops along a transit line on which crowding 

occurs, see Figure 3. 

 

Figure 3 Link i is the segment between two stops (orange dots) 

To obtain representative values of perceived crowdedness, passenger loads on each link needs to have 

been observed more than once. In this thesis, links with at least ten passenger load observations have 

been included in the calculations. More about the data filtering process is found in subchapter 3.2.2.   

The average crowding multiplier (ACM) on link i is calculated according to the following formula: 

𝐴𝐶𝑀𝑖 = 0.85 + 0.35 (
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 𝑙𝑜𝑎𝑑𝑖

𝑆𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑖
)

2

 

Equation 3 Average crowding multiplier 
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The ACM reflects the average perceived on-board crowding from a passenger perspective as it is based on 

the average passenger load of all link observations. It therefore neglects to consider a variation in 

passenger load between different departures which may either result in less or more severe crowding 

conditions.  

The weighted crowding multiplier (WCM) on link i is calculated according to the following formula: 

𝑊𝐶𝑀𝑖 =  

∑ 𝑃𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 𝑙𝑜𝑎𝑑𝑖,𝑚 ∙ (0.85 + 0.35 (
𝑃𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 𝑙𝑜𝑎𝑑𝑖,𝑚

𝑆𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑖,𝑚
)

2

)𝑛
𝑚=1

∑ 𝑃𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 𝑙𝑜𝑎𝑑𝑖,𝑚
𝑛
𝑚=1

 

Equation 4 Weighted crowding multiplier 

where n is the number of observations and is at least ten.  

The WCM considers the variation in passenger loads and thus crowding levels experienced from a 

passenger perspective. A simple example follows to depict the difference between the average and 

weighted crowding multiplier further: 

Table 6 depicts a synthetic sample of the passenger loads on five consecutive departures on a metro link. 

The table also contains the crowding multiplier calculated according to Equation 2 for each observation. 

The assumed seat capacity is 378 seats.  

Table 6 Passenger load observations and the corresponding crowding multiplier on five consecutive metro departures on a link 

Departure Passenger load Crowding multiplier 

1 240 1.0 

2 500 1.5 

3 50 0.9 

4 600 1.7 

5 150 0.9 

 

With the provided data it is possible to estimate the ACM and the WCM by applying Equation 3 and 

Equation 4: 

𝐴𝐶𝑀 = 0.85 + 0.35 ∙
308 

378

2

= 1.1 

Equation 5 Average crowding multiplier based on a synthetic sample 
 

𝑊𝐶𝑀 =
240 ∙ 1.0 + 500 ∙ 1.5 + 50 ∙ 0.9 + 600 ∙ 1.7 + 150 ∙ 0.9

1540
= 1.4 

Equation 6 Weighted crowding multiplier based on a synthetic sample 

Based on the observations found in Table 6, the ACM is estimated by using the average passenger load 

while the WCM is weighted by the amount of passengers exposed to different levels of crowding observed 

in the different departures. The WCM is higher than the ACM as it considers the fact that there are many 

passengers in departures 2 and 4 exposed to severe crowding conditions which is why the WCM more 

accurately reflects the perceived on-board crowding than the ACM from a passenger perspective.  
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If enough observations for as many links possible are obtained it may be possible express the weighted 

crowding multiplier as a function of the average crowding multiplier. Furthermore, if the expression 

appears to be linear, the multiplier relationship can be approximated with simple linear regression.  

Simple linear regression can be applied when it is useful to study the relationship between two-

dimensional samples. The theoretical regression line is expressed as the following: 

𝑦 = 𝛼 + 𝛽𝑥 

Equation 7 Simple linear regression line 

Where y, the dependent variable, is the weighted crowding multiplier and x, the independent variable, is 

the average crowding multiplier. α and β are coefficients which describe the y-intercept and the slope of 

the line, respectively. 

3.2 Data 
RUST is a database governed by the Stockholm County Council Transport Administration and contains data 

from various sources. The data sources used for computing the on-board crowding in the transit vehicles 

are load scale data and Automatic Passenger Count (APC) which connects to a Bus PC.  

Travel data recorded on the metro lines are measured via on-board load scales installed in each sole-bar 

pair in all cars. The passenger load at each link along the metro lines is approximated by dividing the total 

load weight (measured by the load scale) by an assumed average weight of an individual. The average 

weight is assumed to be 75 kg. 

The APC is carried out by sensors installed in the vehicles which register the number of legs boarding and 

alighting at each stop/station. Around a tenth of all vehicles, excluding the metro, are equipped with the 

APC technology.  

The APC communicates with a Bus-PC which is a computer tracking the vehicle along its journey. The 

computer is installed in all vehicles owned by the TA and registers both vehicle-specific data such as vehicle 

type and seat capacity as well as journey-specific data such as departure times and travel times between 

links. 

3.2.1 Potential errors in the data 
Ideally, the vehicle equipped with the APC sensor should circulate and operate on different lines as often 

as possible to generate relatively equal amounts of travel data for all lines. The TA does not carry out an 

official check to ensure that this is carried out. This may result in skew data registrations for the various 

lines as the passenger loads on some lines are measured more often than other lines. Some lines might 

not be measured at all.  

This issue is, however, not a highly severe problem as the amount of data used in the study is large and 

has a high coverage in terms of service frequencies and vehicle types in various areas.  

Furthermore, the APC sensors have a +/- five percent accuracy under “normal” conditions which is 

approximately 15 people on a passenger load of 300. 

3.2.2 Data filtering process 
The following sub-chapter presents the data filtering process that has been carried out before the actual 

crowding multiplier computation. 
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Capturing the most representative travel pattern is important as it will determine the shape of the 

crowding functions. The TA has defined the term “winter weekday”. The weekdays on which the public 

transport services operate on regular timetables, excluding summer and holiday timetables, are defined 

as winter weekdays. The aim is to capture the trips carried out during these winter weekdays as they are 

thought to result in the desired travel pattern. Therefore, trips carried out between Monday-Friday during 

all months except January, June-August and December are included in the analysis.  

Furthermore, from a crowding perspective it is interesting to study the most extreme conditions in terms 

of passenger loads during a day. Figure 4 depicts the number of trips (y-axis) carried out over an average 

winter-weekday in the Stockholm County. The trips are categorized by various purposes and are carried 

out by the modes public transportation, car, bike, walk and other.  

 

Figure 4 The number of trips carried out with various purposes during an average weekday in the Stockholm County 
(Trafikförvaltningen, 2016)  

As shown in the Figure 4, the morning peak period occurs between 6.00 and 9.00, making it slightly shorter 

than the afternoon peak period (15.00 – 19.00).  Even though the trip distribution covers all modes, it can 

be assumed that the trips carried out by public transportation are distributed in the same way over an 

average weekday.  Trips carried out during the morning peak period are thus analyzed as it is believed that 

the specified time will contain the most extreme crowding conditions.  

Data registered on the metro is limited. On the other hand, the number of observations is high and is 

considered to result in reliable and representative outcomes. In total, there is travel data registered during 

21 weekdays in October in 2016. All other data used in this study was recorded during 2014.  

The crowding multiplier analysis has been carried out entirely in Microsoft Excel and with the help of the 

Add-in Power Pivot. The following bullet list presents two more data filtering steps carried out in Excel.      

• Only links with at least ten observations are included in the calculations 

• Links which have a passenger load of zero are removed from the estimation process as the 

weighted crowding multiplier becomes undefined due to division with zero 

3.3 Analysis strategy 
In this thesis, functions of the actual perceived crowdedness are derived for the mode categories bus, light 

rail, commuter train and metro. The correlation analysis concerning the rail-bound modes has been carried 
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out in the same way. Initially, the crowding multipliers are analyzed line wise and then an aggregated 

analysis of all lines is carried out.  

For the mode category bus, the analysis is more extensive because there are more attributes to consider. 

The reason for this is that the characteristics of bus lines, in contrast to other modes, can differ widely 

within the category. Feeder buses, direct buses, local buses, urban buses, express buses and bus rapid 

transit are some of the service types available and are designed to suit a certain kind of demand. Such 

differences in services may have significant impact on the correlation between the average and the 

weighted crowding multiplier which is why the bus lines have been categorized by geographical coverage, 

frequency and vehicle type.  

The Stockholm County has been divided into nine geographical divisions which are: Inner city, Local 

suburban area, Lidingö, Ekerö, Nacka/Värmdö, Northwest, Northeast, Southwest and Southeast. In each 

division, the bus lines are sorted into the three frequency classes: low, medium and high. The minimum 

number of departures, counted over the morning peak period (6.00-9.00), for all bus lines in the County is 

three and the maximum is 46.  

Equal intervals are used when determining the range in each class. Lines which have a total number of 

departures between 3 and 14, counted over the morning peak hours, are classed as low frequency lines. 

Similarly, lines with a total number of departures between 15 and 30 are classed as medium frequency 

lines. Lines with a total number of departures between 31 and 46 are classed as high frequency lines.  

Furthermore, the bus lines in each division are categorized according to vehicle type: articulated, tandem 

and normal bus. Within each vehicle category there are several vehicle sub-types with varying seat 

capacities. For the sake of simplicity, an average value of seat capacity is used when computing crowding 

multipliers within the three vehicle type categories.  

In the SL-traffic, there are double decker buses operating on the northeastern line 676, between 

Stockholm and Norrtälje. This line is handled separately from the other lines as its characteristics differ in 

terms of stop distances, average speed and seat capacity. 

4 Results and analysis 
The following chapter presents the process of deriving functions of actual perceived crowding and the 

results for each mode.  

It needs to be mentioned that the inclusion of a line when studying the crowding multipliers involves 

combining both directions of that line. Exceptions are made for the mode bus when the directions of a line 

belong to different frequency classes. In those cases, the links for the respective directions are sorted apart 

and studied individually.    

4.1 Bus 
Initially, the bus lines in each geographical division were analyzed separately. The lines were categorized 

by headway and vehicle type. Appendix 1 – Bus link tables presents tables with the number of links in each 

category and for each study area. After finishing the data filtering process, the crowding multipliers were 

computed for all 42 samples, using equations Equation 3 and Equation 4.  

The following figures illustrate the results from plotting the average crowding multipliers against the 

weighted crowding multipliers of a few selected areas. 
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Figure 5 The relationship between the average and weighted crowding multiplier for inner city, high frequency, articulated bus 
lines 

 

Figure 6 The relationship between the average and weighted crowding multiplier for medium frequency lines in Nacka/Värmdö 
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Figure 7 The relationship between the average and weighted crowding multiplier for low frequency lines in the southwest 

The relationships between the crowding multipliers, illustrated in the figures above, appear to be either 

of a linear or logarithmic structure. The weighted multipliers are over-all higher than the average 

multipliers which is expected. All sample plots are found in Appendix 2 – Crowding multiplier plots.  

4.1.1 Outliers 
Sample points with deviating relationships between the average and the weighted crowding multiplier 

could be identified as outliers. The occurrence of outliers may be traced back to various explanations. An 

error in measuring devices, deviations in transit operations due to e.g. incidents, accidents, cancelled 

departures, planned or unplanned maintenance work and many other factors may cause deviations in 

sample points.  

Some of these outliers could be directly detected and removed from the data set. In some cases, however, 

it is more difficult to determine whether the relationship between the weighted and average crowding 

multiplier is abnormal or not. Therefore, there may very well exist outliers in the underlying data.  

4.1.2 Significance tests 
The following sub-chapter does not concern the double decker vehicles due to their characteristics 

differing from the other bus lines in the County. Instead, they are handled separately and have a separate 

function expressing the actual perceived on-board crowding.    

It may seem impractical to have a total of 42 crowding functions explaining the actual perceived 

crowdedness for various kinds of vehicle types, frequencies and geographic coverage. Therefore, a 

significance test was conducted with the intent of analyzing which study areas could be merged and which 

areas that could not.  

With the assumption that all samples show a linear relationship, simple linear regression lines were 

approximated for all 42 samples. Appendix 3 – Simple linear regression results illustrates some results 

from the sample line approximations.  

Noteworthy is that the α-coefficient is a calibrating constant which ensures that the minimum value of the 

weighted crowding multiplier is approximately equal to 0.85. For this study it is therefore only necessary 
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to statistically compare the slope-coefficients to each other to determine statistical significance. According 

to Brame, et al. (1998), the recommended test statistic for conducting a statistical test of this kind is the 

following: 

𝑍 =
𝛽1 − 𝛽2

√𝑆𝐸𝛽1
2 + 𝑆𝐸𝛽2

2
 

Equation 8 Test statistic for testing significance between slope-coefficients (Brame, et al., 1998) 

where SEβ1 and SEβ2 are the standard errors of the slope-coefficients.  

The null (H0) and alternative (HA) hypotheses are stated as follows: 

H0: β1 – β2 = 0 –> β1 = β2 

HA: β1 – β2 ≠ 0 –> β1 ≠ β2 

The samples included in the test are assumed to be independent of each other and the sample mean 

differences are assumed to follow a normal distribution. With a level of significance equal to 0.00001 in a 

two-tailed, standard normal distribution, the critical regions are Z ≥ 4.2649 and Z ≤ -4.2649. 

 The level of significance is chosen due to the objective of avoiding to reject the null hypothesis in as few 

instances as possible. In other words, for practical reasons it is convenient to merge as many areas and 

categories as possible to reduce the number of crowding functions.  

4.1.3 Significance test analysis 
The test statistic was computed for all 42 samples and the results are presented in Appendix 4 – 

Significance tests. Important here is not to focus on the numbers presented in the appendix per se but 

rather the pattern the table illustrates. There is no point in analyzing the statistical significance of 

differences between bus lines within the same area and the same frequency class. Conducting such tests 

entail the risk of inbound correlation to appear because different vehicle types might operate the same 

line, in the same frequency class.  

Visible in the table is that all other areas and categories are significantly different from the articulated 

high-frequency bus lines. In other words, the trunk lines 1-4 operating mainly in the inner city ought to 

have a separate crowding function. The slope coefficient is steeper for this particular area and category 

than the coefficients for all the other areas and categories which can be seen in Appendix 3 – Simple linear 

regression results. 

The second finding is that slope-pairs in various categories (except the Inner-city trunk lines) are not 

statistically different even though they belong to different vehicle and frequency categories. This goes 

against the initial hypothesis that lines within the same category (in terms of frequency and vehicle type) 

would prove not to be statistically different from each other.  

Furthermore, the test results in Appendix 4 – Significance tests fail to illustrate distinct patterns which give 

the indication that samples with certain frequencies or certain vehicle types ought to be combined. Hence, 

the slopes of crowding multiplier functions are not necessarily affected by the frequency of a bus line 

and/or the vehicle type. 
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Narrowing down the number of crowding multiplier functions means having to trade-off between 

simplicity and accuracy. The option of defining a single crowding multiplier function for each category was 

rejected due to its impracticality. The fewer crowding functions included in the model means having a 

simpler yet less accurate model. As this study aims at generating a simple and less complex model, the 

decision was made to generate a single crowding function for the inner-city trunk lines and one function 

for all other bus lines in the County.  

4.1.4 Crowding functions – Bus 
By merging all samples, except the inner-city trunk line sample, a weighted crowding multiplier function 

could be approximated for the bus lines. The function is thus independent of geographical coverage, 

frequency and vehicle type.  

Figure 8 illustrates the crowding multiplier relationships for the inner-city trunk line sample and for the 

sample including all the other bus lines in the County. The curved functions depicted for the two samples 

are their respective logarithmic approximations.  

 

Figure 8 Crowding multiplier relationships for trunk lines and all other bus lines in the County 

The orange sample shows a more distinct and clear relationship than the blue sample. Furthermore, the 

orange sample points are more in alignment with the approximated function than the blue sample points. 

Although the spread of the blue sample is relatively wide, the logarithmic approximation is not contained 

in the center but rather in the lower right of the cluster as it is where most blue sample-points are located.  

There is the possibility that some of the blue sample points located further away from the approximated 

function can be regarded as outliers. The deviating sample point results can be explained by various 

occurrences such as the shutting down of a road, traffic accidents or other instances that can cause 

irregularities and disturbances in operations.  

Though it is unclear whether the abnormal sample points are outliers or not, they are not believed to have 

a strong impact on the approximated function, which can otherwise affect the reliability of the function. 
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However, if these abnormal sample points are not outliers, the approximation will underestimate the 

actual perceived crowdedness on these links.  

Either way, a single approximation for all lines other than the trunk lines is sufficient for explaining the 

crowding multiplier relationships on them. The question is, however, what type of function fits the samples 

best. Tables Table 7 and Table 8  illustrate the results from approximating the samples with a linear and a 

logarithmic function.  

Table 7 Crowding function approximations for the inner-city trunk lines 

Trunk lines Function R2 

Logarithmic Y = 2.50ln(x) + 1.28 0,96 

Linear Y = 2.60x – 1.33 0.96 

 

Table 8 Crowding function approximations for all other bus lines in the County 

All other lines Function R2 

Logarithmic Y = 1.45ln(x) + 1.10 0.83 

Linear Y = 1.50x – 0.41 0.83 

 

The different approximations show the same R2-value for both categories suggesting that they fit the 

sample equally as good. The functions are studied more closely in Figure 9 and Figure 10. 

 

Figure 9 Crowding approximation comparison for all lines except inner city trunk lines  
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Figure 10 Crowding approximation comparison for the inner-city trunk lines 

Figure 9 and Figure 10 depict how the linear and logarithmic approximations behave when the seat 

occupancy levels increase. The red dots indicate the breaking point at which the values of the weighted 

crowding multiplier and the average crowding multiplier meet in the logarithmic approximations. After 

the breaking point the average crowding multiplier becomes higher than the weighted crowding 

multiplier, resulting in an invalid function.  

The breaking points, however, occur when the seat occupancies are equal to 2 in the first plot and 3.6 in 

the second plot, levels far beyond the highest measures of seat occupancy observed in the data. After the 

breaking points, it can be assumed that the logarithmic approximations should transcend into a linear 

function.  

Mathematically speaking, up until the breaking points of the logarithmic approximations, the logarithmic 

approximations are more realistic in explaining the phenomenon of perceived crowdedness than the linear 

approximations. Imagine the most extreme travel demand scenario for a specific link, such that there is 

not room for all passengers on each departure operating on that link. A consequence of this scenario is 

that the passenger load variation along the extremely crowded departures is very low, if not non-existent. 

When computing the average and weighted crowding multiplier for this link, the multiplier values ought 

to be similar because of the small passenger load variation. A simple example follows. 
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Table 9 illustrates passenger load observations for six consecutive metro departures (seat capacity = 378) 

on a specific link. 

Table 9 Passenger loads along six consecutive metro departures on a specific link 

Departure number  Passenger load 

1 1005 

2 980 

3 995 

4 1010 

5 1000 

6 990 

 

Even though the passenger loads are high, they do not exceed the total capacity of 1 242. Furthermore, 

the passenger load variation along the departures is low. When computing the average and weighted 

crowding multiplier for the studied link they result in the same value of 3.28.   

The presented phenomenon is captured in the logarithmic approximations as the passenger loads increase 

and the passenger load variations grow smaller. The linear approximations, on the other hand, neglect this 

phenomenon which is why the logarithmic approximations are chosen to describe the crowding multiplier 

relationships in this thesis. 

Finally, a crowding function was approximated for the double decker buses operating on the northeastern 

line, 676, between Norrtälje and Stockholm, see Figure 11. 

 

Figure 11 Crowding multiplier relationship and approximation concerning line 676 operated with double decker buses 

There is a clear relationship between the multipliers and as depicted in Figure 11, the perceived 

crowdedness is only slightly higher than the average perceived crowdedness. Out of all the studied bus 

lines, the 676 resulted in the smallest slope-coefficient which is explained by the low passenger load 
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variations. Furthermore, vehicles have the highest seat capacities and a relatively low passenger load, 

resulting in low seat-occupancy levels. 

4.2 Light rail 
The results presented in this sub-chapter are based on data from four out of six light rail lines. The studied 

lines are Nockebybanan, Tvärbanan, Saltsjöbanan and Roslagsbanan. Lidingöbanan (line 21) and Spårväg 

City (line 7) are not included in the estimations as Lidingöbanan was closed during 2014 and Spårväg City 

was not included in data set. Appendix 5 – SL Rail network map depicts the rail network coverage in the 

Stockholm county transit services. 

Figure 12 illustrates the crowding multiplier relationships concerning the studied light rail line samples.  

 

Figure 12 Crowding multiplier relationship for all light rail lines including a logarithmic approximation of the sample 

Saltsjöbanan appears reach to the lowest crowding levels and Tvärbanan the highest. All lines seem to 

have approximately the same crowding multiplier relationship meaning that a single function 

approximation considering all light rail lines might be enough. Before concluding this, a significance test 

was carried out the same way as for the bus lines and the results are presented in Table 10.  

Table 10 Significance test results for the light rail lines 

 

Although they are not extreme, there are a few instances of statistical differences between various lines 

and directions.  
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Line Tvärbanan N Tvärbanan S Ros lagsbanan N Ros lagsbanan S Nockebybanan W Nockebybanan E Salts jöbanan W Salts jöbanan E

Tvärbanan N 0,00 6,42 4,45 1,63 0,42 0,08 3,05 5,57

Tvärbanan S -6,42 0,00 1,03 -4,39 -4,66 -6,95 -2,25 3,30

Ros lagsbanan N -4,45 -1,03 0,00 -3,52 -3,88 -4,53 -2,38 2,29

Ros lagsbanan S -1,63 4,39 3,52 0,00 -0,87 -1,73 1,57 4,96

Nockebybanan W -0,42 4,66 3,88 0,87 0,00 -0,39 2,18 5,21

Nockebybanan E -0,08 6,95 4,53 1,73 0,39 0,00 3,20 5,60

Salts jöbanan W -3,05 2,25 2,38 -1,57 -2,18 -3,20 0,00 4,19

Salts jöbanan E -5,57 -3,30 -2,29 -4,96 -5,21 -5,60 -4,19 0,00
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In general, most lines are not statistically different from each other which justify the approximation of a 

single function for all light rail lines in the County.  

The logarithmic approximation, based on all samples combined, has an R2 value of 0.97 and is the 

following: 

𝑦 = 1.55 ln(𝑥) + 1.11 

Equation 9 Crowding multiplier function for all light rail lines in the County 

4.3 Commuter train 
Studying the registered data sets for the commuter train lines reveals that not all APC-sensors are working 

properly most of the time. Consequently, passenger loads on a link for a specific departure is sometimes 

incomplete as one or more sensors fail to record the events. Furthermore, it is almost impossible to put 

together the registrations on a link that make out a specific departure. The latter limitation is more severe 

as it is essential for this study to know the passenger load on a specific departure to be able to understand 

the passenger load variation between different departures.  

Due to incomplete data registrations and the impossibility of distinguishing the loads for specific 

departures, car positions were studied individually. Each car position has six door pairs and 187 seats (half 

the seat capacity of a single vehicle). Furthermore, for each registered observation it is assumed that there 

are equal amounts of passengers registered in all other door pairs. In other words, each observation is 

multiplied by six to obtain an approximation of the passenger loads for each car position.  

All commuter train lines except line 37 (no data available) have been included in the analysis, see Table 

10. Line 37 operates on a short stretch between Södertälje centrum and Gnesta in the farther south and 

is assumed not to have a significant impact on the results. The average and weighted crowding multipliers 

were computed, and the results are illustrated in Figure 13. 
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Figure 13 Crowding multiplier relationships of the car positions for the commuter train lines 

It appears as the various lines and directions take on a similar shape. Furthermore, the crowding 

multipliers reach extremely high values as a result from the assumption of the passenger loads. However, 

it needs to be mentioned that despite the risk of overestimating the passenger loads in some cases, there 

is also risk of underestimating the passenger loads in other cases. If the observations registered by the APC 

are random enough to cover a representative spectrum of the on-board crowding, there is reason to 

believe that the results are somewhat realistic. Moreover, even though the passenger loads contain 

extreme values, it is the crowding multiplier relationship that is of highest interest for this study.  

A significance test was carried out to spot statistical differences and the results are presented in Table 11. 

Table 11 Significance test results based on the commuter train line approximations 

Line/Direction 35 S 35 N 36 S 36 N 38 S 38 N 

35 S 0,00 2,68 0,94 4,58 7,30 3,52 

35 N -2,68 0,00 -1,72 0,62 4,59 2,31 

36 S -0,94 1,72 0,00 2,97 6,32 3,13 

36 N -4,58 -0,62 -2,97 0,00 4,77 2,15 

38 S -7,30 -4,59 -6,32 -4,77 0,00 -0,33 

38 N -3,52 -2,31 -3,13 -2,15 0,33 0,00 

 

As depicted in the table, most lines do not show a statistical difference. Line 38 in the southbound 

direction, however, proves to be statistically different from all other lines, even from the other southbound 

commuter train lines.  
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A possible explanation for this phenomenon is that line 38 operates on a shorter stretch in the southbound 

direction than the other lines. While line 35 and 36 operate all the way to Nynäshamn and Södertälje 

Centrum respectively in the southbound direction, line 38 operates mainly until Älvsjö with a few trains 

continuing to Tumba. Älvsjö, as depicted in Appendix 5 – SL Rail network map , is an important node and 

the final station on which all lines meet before separating into separate branches in the southbound 

direction.  

Furthermore, it is generally known that that fewer people commute to the southern parts of the County 

than to the northern parts during an average winter-weekday. Hence, the demand for commuting further 

south from Älvsjö station during the morning peak period is relatively low, resulting in dissimilar passenger 

load characteristics between line 38 and the other lines. 

There are a few instances of statistical differences between northbound and southbound trains of various 

lines. This result is not surprising as the passenger loads in the two directions are different for the same 

reason mentioned earlier. The demand for travelling to the northern region is in general higher than the 

demand for travelling to the southern region during the morning peak period on an average winter-

weekday. The southern region is known for containing mainly housing and relatively few activities such as 

work places, institutions, universities etc. while there are more activities in northern region.  

However, as the statistical differences are not extreme and as the crowding multiplier relationships for all 

lines seem to take on a similar structure, a single crowding multiplier relationship is approximated for all 

commuter train lines in the County. The logarithmic approximation has an R2-value of 3.97 and is expressed 

as the following: 

𝑦 = 2.08 ln(𝑥) + 1.10 

Equation 10 Crowding multiplier approximation for all commuter trains 

4.4 Metro 
As mentioned earlier, load scale measurements were used for approximating the number of passengers 

travelling on each link along the metro lines. The data used was recorded during 21 days in October in 

2016. All travel data included was registered on the C20 vehicle types with 126 seats in each car. A full-

length train constitutes a total of three cars.   

The average and weighted crowding multipliers were computed for all metro lines, see Figure 14. 
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Figure 14 Crowding multiplier relationship for links along all metro lines (symbol colors represent the line colors) 

All metro samples reach high crowding levels which are explained by their many users and the large 

passenger load variations along different departures. Both the red and green line in the northbound 

direction show extremely high weighted and average crowding multiplier levels which is explained by the 

many passengers using the lines in this direction.  

Altogether, the lines and directions seem to adopt approximately the same function. A significance test 

was carried out the same way as presented in previous subchapters and the results are presented in Table 

12. 

Table 12 Significance test results for all metro lines and their different directions 

Line Green N Green S Red N Red S Blue N Blue S 

Green N 0,00 16,97 1,50 13,66 3,11 -3,73 

Green S -16,97 0,00 -9,61 -1,20 -6,99 -19,64 

Red N -1,50 9,61 0,00 8,14 1,43 -3,43 

Red S -13,66 1,20 -8,14 0,00 -5,81 -16,04 

Blue N -3,11 6,99 -1,43 5,81 0,00 -4,80 

Blue S 3,73 19,64 3,43 16,04 4,80 0,00 

 

Interesting here is that the red and the green line in the southbound direction proved not to be statistically 

different from each other but are statistically different from all other lines and directions.  
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The red line in the northbound direction starts from two separate branches, from Fruängen and from 

Norsborg, see Figure 15.  

 

Figure 15 The number of boarding passengers during an average winter-weekday in 2015 (ÅF-Infrastructure AB, 2016) 

The characteristics of the northbound red and green lines from the southern ends are similar to a feeder 

line as the destination for most of the travelers on-board is located somewhere in the northern parts of 

the County. The on-board crowding on the northbound trains is successively increasing after each stop 

along the path until it starts reaching the more central parts of the County. Once the regional core is 

reached, the crowding situation on-board becomes more severe.  

In the southbound direction on the red line, however, the on-board crowding escalates quicker than the 

northbound trains, even though the numbers of stops are fewer (before reaching the main node T-

Centralen). This phenomenon is caused by the many passengers who originate from the northeastern parts 

of the County and continue their path on the red line. Hence, the crowding situation differs greatly 

between the two directions contained in the red line which is a possible explanation to why the significance 

test between the two directions showed a statistical difference.  

As depicted in Figure 15, the southbound trains on the green line start to operate from the stops Hässelby 

strand, Åkeshov and Alvik (a few trains operate from Vällingby). The northern end-stations along the green 

line are located along the same path. Consequently, the crowding situation in the northern parts of the 

green line varies depending on where the train started its operations.  
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Trains originating from Hässelby strand are more often more crowded than trains originating from Åkeshov 

or Alvik due to the additional stops the branch contains. The crowding situation between the two 

directions on the green line have therefore different characteristics in terms of crowding which might 

explain why they are statistically different from each other. 

The southbound trains on the green and red line proved not to show a statistical difference. The two lines 

are similar to each other in terms of passengers’ origins and destinations. After stopping at the important 

node Slussen, the on-board crowding is relatively low because of the relatively few activities located in the 

southern parts of the County.  

Similarly, the northbound trains on the red and green line are similar in terms of crowding. There are many 

people originating from the southern parts of the County with a destination located in the more central or 

northern parts of the region. This may explain why the northbound trains on the red and green line did 

not indicate a statistical difference.     

The two directions on the blue line also proved to be statistically different from each other. A similar 

reasoning as the one elaborated for the red line is valid. Most passengers travelling on the southbound 

trains departing from the end-stations Akalla and Hjulsta alight the trains somewhere in the inner city. The 

on-board crowding on the southbound trains is successively increasing with each stop and even though 

many passengers alight at the important node Fridhemsplan, most passengers continue to T-Centralen. 

The southbound trains are thus severely crowded just before the end-station, Kungsträdgården, is 

reached.  

The northbound trains of the blue line are almost instantly crowded during operation as the main node T-

Centralen is the second stop on the line. Although Kista is a popular node for many due to it containing 

many workplaces, the crowding situation in the northbound trains is not as severe as the in the 

southbound trains. The statistical difference between the two directions might thus be explained by their 

different crowding characteristics.  

The blue line, no matter the direction, did not show a statistical difference from the northbound trains 

operating on the red and green line. The southbound trains on blue line share the same crowding 

characteristics as the red and green northbound trains. As explained earlier, the characteristics of these 

lines and directions resemble more of a feeder line with a successive increase of passengers along each 

stop which may explain the significance test results.  

Furthermore, the commonality that most passengers using the red, blue and green line in the northbound 

direction have their end-destinations in the northern half of the County may explain why these directions 

proved not to be statistically different from each other. 

Although statistical differences exist between various lines and branches, the samples depicted in Figure 

14 do not deviate abnormally from each other. Therefore, a single crowding function was approximated 

for all metro lines and directions.    

With an R2 value of 0.97, the crowding function approximation is found to be the following: 

𝑦 = 1.74 ln(𝑥) + 1.12 

Equation 11 Weighted crowding multiplier approximation for all metro lines 
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4.5 Crowding function summary 
The following table illustrates all crowding multiplier approximations derived in this study. 

Table 13 All crowding multiplier approximations 

Mode Approximation R2 

Inner-city trunk lines Y = 2.50ln(x) + 1.28 0.96 

Double decker lines Y = 1.04ln(x) + 1.03 0.99 

All other bus lines Y = 1.45ln(x) + 1.10 0.83 

Light rail Y = 1.54ln(x) + 1.11 0.97 

Commuter train Y = 2.08 ln(x)+1.10 0.97 

Metro Y = 1.43ln(x) + 1.10 0.96 

 

The slope-coefficients for the approximations vary from 1.04 for the double decker lines to 2.50 for the 

inner-city trunk lines. The values of the slope-coefficients directly reflect the magnitude of the passenger 

load variations between different departures, which indirectly provide hints of the severity of the 

bunching-phenomenon. In other words, a low slope-coefficient indicates a relatively even passenger load 

distribution along the consecutive departures of a line, while a high coefficient indicates more extreme 

load variations.  

The inner-city trunk lines partially operate on reserved lanes to enable a proper availability. However, 

especially during peak periods, the services are strongly influenced by the surrounding motorized and non-

motorized traffic. Due to the close interaction with other modes, the risk of delays increases which 

ultimately increases the risk of the bunching phenomenon. The high slope-coefficient is therefore 

motivated by the circumstances in which these lines operate.      

The commuter trains also have a relatively high slope-coefficient which indicates large passenger load 

variations along consecutive departures. Despite the assumptions made to obtain the commuter train 

approximation, the commuter train operators, MTR, confirm the high slope coefficient.  

As the commuter trains partially operate on the national railway network, the available slots for scheduling 

the commuter train operations are limited. Other train operators such as long-distance, regional and 

freight trains also apply for slots and due to the severe capacity limitations within the Stockholm region, 

compromises are necessary.  

For the commuter train operators, this means that the provided slots, which are granted by the Swedish 

Transport Administration, are not necessarily optimal with respect to the travel demand which results in 

large passenger load variations.   

The double decker lines have the lowest slope-coefficient which indicates relatively even passenger load 

distributions. This may be explained by the high seat-capacity the vehicles provide combined with its high 

service frequency during peak-periods.  

Finally, all other bus lines, the tramlines and the metro lines have approximately the same slope-

coefficients which lie in between the more extreme values. The coefficients indicate that the operations 

are not entirely optimal with respect to the travel demand, but the load variations are at the same time 

not abnormally high. Understandably, these outcomes are not merely a consequence of the schedules but 

also the infrastructure on which the lines operate and the level of interaction with other modes. 
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5 Visum implementation 
The crowding multiplier approximations, presented in Table 13, were implemented into the Visum model 

as an additional weight assigned to the variable In-vehicle time in the perceived journey time function, see 

Equation 12.  

PJT = In-vehicle time ∙ Winv ∙ Wcr + Access time ∙ Wacc + Egress time ∙ Wegr + Origin wait time

∙ Wowt + Transfer walk time ∙ Wwalk + Transfer wait time ∙ Wwait

+ Number of transfers ∙ Wnot 

Equation 12 Perceived journey time function with crowding impedance included 

5.1 Iteration analysis 
When a component such as the crowding multiplier is implemented into a TAM, more than a single 

assignment procedure needs to be carried out as it impacts the route choices of the individuals in the 

model. This is because travelers in the model seek to minimize their travel cost which is achieved by 

selecting the route with the shortest perceived journey time. The most cost-efficient route in one 

assignment procedure may thus not be the same route in the next assignment procedure, due to travelers 

avoiding paths with severe crowding conditions. 

The assignment procedure needs thus to be iterated and the number of iterations required is determined 

once a user-equilibrium is reached. A user-equilibrium is reached when no individual has an incentive to 

alter their route choice as all alternative routes have equal PJT (de Palma, et al., 2015). Figure 16 illustrates 

the assignment procedure scheme. 

 

 

 

 

 

 

 

 

 

The number of iterations to be run is possible to specify on beforehand by altering a setting in Visum. A 

total of 14 iterations were run and the obtained results from each iteration were compared against each 

other to spot convergence in individuals’ route choices.  

The appropriate indicator to analyze is the time profile item (TPI) as it contains line-specific information 

such as link volumes when an assignment is carried out. Figure 17 depicts the largest percentage change 

in terms of the number of passengers of a TPI between consecutive iterations.  

User-equilibrium 

reached? 

Yes! No 
Iterate assignment 

procedure 

Assignment 

completed 

Figure 16 The assignment procedure scheme 
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Figure 17 Time profile items with the largest volume changes between two consecutive iterations 

As presented above, the link-load changes are unrealistically large with changes ranging from 200 % to 

over 17 500 %. A closer inspection of these abnormalities revealed that the crowding multipliers on the 

concerned links shifted from being extremely high to extremely low between different iterations.  

As a means of minimizing this issue, a smoothing algorithm called Method of Successive Averages (MSA) 

was implemented to the TAM. The functionality of MSA is to force the crowding multipliers to take on less 

and less extreme values with each iteration. (AB Storstockholms Lokaltrafik, ÅF Infrastruktur, 2015) This is 

enabled by letting each crowding multiplier estimated from a previous iteration be replaced by the average 

of all previously computed crowding multipliers.  

Including MSA in the TAM proved, however, not to be a solution for the previously presented issue. 

Although the smoothing algorithm worked on most links, a few links still experienced large fluctuations in 

loads between consecutive iterations and thus failed to converge.  

The volume/capacity (V/C) ratios on the links in the base case without crowding were studied, see Figure 

18. Capacity refers to the total number of seats and standing space supplied by all vehicles operating on 

all links.  
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Figure 18 Volume/capacity ratios when crowding is not considered in the TAM 

Although most links had a ratio below one, a few links had mild to severe V/C ratio exceedances.  

A possible reason to these large fluctuations in link-volumes may be that there exist few or no alternative 

routes attractive enough for individuals to choose differently and to thus induce more equally spread 

loads. Choosing a different path than the chosen one may result in a significant increase of the PJT due to 

it e.g. involving a longer waiting time and/or transfers. Consequently, the passenger loads oscillate 

between the limited alternatives, iteration after iteration, without the possibility to converge. 

Nevertheless, a closer inspection revealed that out of all TPI’s it was only a few which failed to converge 

(load change larger than 10 %) while convergence is reached on the majority of the TPI’s already after the 

first iteration, see Figure 19.  
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Figure 19 Percentage of TPI’s on which a maximum load change between two consecutive iterations is larger than 10 percent 

With around 11 400 TPI’s, 4 % of the TPI’s had a maximum load change larger than 10 % after five 

iterations. Furthermore, it appeared as if the share stabilized after three iterations and was sustained at 

around 3-5 %.  

Figure 20 depicts the median and mean load changes between different iterations.  

 

Figure 20 Median and mean load changes between consecutive iterations 

The median remains at a constant 0 % load change already after the second iteration while the mean 

change is sustained at around 3 %. This shows that though the TPI’s with extreme load changes exist, they 

seem to have only little influence on the overall average load change. 

In conclusion, five iterations are considered as optimal to reach user equilibrium in the network.   
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5.2 Validity check 
Before applying the enhanced model to a real case, a validity check was conducted. The purpose of the 

validity check is to identify how well the amount of trips, generated from the adjusted model, resembles 

the actual amount of trips in the County. The number of boarding passengers has been selected as an 

indicator of the validity check and the estimated figures were compared to travel statistics from 2014 

administered by the County Transport Administration.  

Initially, the number of boarding passengers generated from base case, without crowding, was compared 

to the TA travel statistics, see Table 14. 

Table 14 Difference between the number of boarding passengers in the base case and the TA travel statistics (AB Storstockholms 
Lokaltrafik, ÅF Infrastruktur, 2015) 

Mode No. of boardings – 
Base case  

No. of boardings – 
TA travel statistics 

Difference (%) 

Inner city trunk lines 22 000 32 400 -32 % 

Double decker lines 1 400 1 900 -26 % 

All other bus lines  201 100 281 400 -29 % 

Metro 218 000 262 700 -17 % 

Commuter train 60 600 79 400 -24 % 

Light rail 28 300 41 000 -31 % 

 

The two data sources show that the underlying travel demand matrix, which is used as an input in Visum, 

is overall underestimated and poorly calibrated with respect to the TA travel statistics. Because of this 

inconsistency in travel data, it becomes more difficult to draw any precise conclusions regarding the 

modelling outcomes which are presented further.  

Table 15 depicts the difference in boarding passengers between the crowding-including model and the 

base case scenario. 

Table 15 Difference in boarding passengers between the crowding-including model and the base case scenario 

Mode No. of boardings – 
Base case 

No. of boardings – 
With crowding  

Difference (%) 

Inner city trunk lines 22 000 26 500 20 % 

Double decker lines 1 400 8 400 602 % 

All other bus lines 201 100 206 400 3 % 

Metro 218 000 205 700 -6 % 

Commuter train 60 600 63 900 5 % 

Light rail 28 300 25 700 -9 % 

 

Including crowding in the TAM generated both minor and larger shifts in mode shares compared to the 

base case. With crowding, the double decker lines experience an extreme increase in number of boarding 

passengers, when comparing to the base case as well as reality. Due to these abnormalities in passenger 

loads, the double decker lines were merged with the other bus lines in the County with the intention of 

generating more accurate outcomes.  
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Merging the double decker lines with all other bus lines in the County, resulted in an unchanged crowding 

approximation, which means that conducting a new significance test as presented in 4.1.3 is unnecessary.  

Table 16 depicts the difference in boarding passengers between the base case model without an exclusive 

vehicle category for the double decker lines and the TA travel statistics. 

Table 16 Difference between the number of boarding passengers in the base case and the TA travel statistics (AB Storstockholms 
Lokaltrafik, ÅF Infrastruktur, 2015) 

Mode No. of boarding pax. – 
Base case 

No. of boardings – 
TA travel statistics 

Difference (%) 

Inner city trunk lines 22 200 32 400 -46 % 

All other bus lines  201 700 281 400 -40 % 

Metro 218 200 262 700 -20 % 

Commuter train 61 200 79 400 -30 % 

Light rail 28 300 41 000 -45 % 

 

The same percentage differences between the base case and the TA travel statistics were obtained even 

with the merging of the double decker lines. An overall underestimation is observed for all modes which, 

as elaborated earlier, is connected to an inconsistency between the travel demand matrix used in the 

model and reality.  

Compared to the TA travel statistics, including crowding in the TAM resulted in a shift in mode shares, see 

Table 17. 

Table 17 Difference between the number of boarding passengers in the crowding-including model and the TA travel statistics (AB 
Storstockholms Lokaltrafik, ÅF Infrastruktur, 2015) 

Mode No. of boarding pax. – 
With crowding 

No. of boardings – 
TA travel statistics 

Difference (%) 

Inner city trunk lines 26 500 32 400 -22 % 

All other bus lines  206 400 281 400 -36 % 

Metro 205 800 262 700 -28 % 

Commuter train 63 900 79 400 -24 % 

Light rail 25 700 41 000 -59 % 

 

An improvement in mode shares is found on the bus and commuter trains while the metro and the light 

rail line shares are deteriorating when crowding is considered. It should however be reminded that it is 

difficult to draw any exact conclusions of the impacts from including crowding in the TAM due to the 

underlying demand matrix being poorly calibrated with respect to reality.  

Figure 21 depicts the link load change between the base case in which crowding is considered and the base 

case in which crowding is not considered. 
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Figure 21 Link load change when crowding is considered compared to when crowding is not considered 

When crowding is considered, the passenger loads on most commuter train links and a on a few bus links 

are larger than when crowding is not considered. Moreover, the passenger loads on most metro links and 

a few light rail links are smaller when crowding is considered in the TAM than when it is not. 

As depicted in Table 14, the metro lines have the largest number of boardings compared to all other modes 

operating in the Stockholm County. Consequently, the most severe crowding conditions are found on 

these lines, especially during peak periods. Thus, when crowding is considered in the TAM, the disutility of 

traveling by metro will increase which results in a lowered link load as some passengers have chosen a 

path with a shorter perceived journey time.  

Similar to Figure 18, Figure 22 illustrates the volume/capacity ratio on a link level when crowding is 

considered in the TAM.  
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Figure 22 Volume/capacity ratios when crowding is considered in the TAM 

The outcome depicted in Figure 22 compared to the outcome presented in Figure 18 shows that the 

crowding-including model has been successful in reducing crowding on a few links which previously 

depicted V/C ratios above one. However, there still exist a few links which experience V/C ratios above 

one. Again, a possible reason to why travelers choose to travel in such severe crowding conditions is due 

to them having few or no other alternative paths to choose from. 

6 Case Study 
A case study was conducted with the purpose of identifying and comparing the expected benefits of 

considering crowding in a TAM and in a cost-benefit analysis. This chapter presents the chosen case, the 

studied scenarios and concludes with a comparison of two CBAs, one in which crowding is not considered 

and another in which it is. 

6.1 The case – New metro between Fridhemsplan and Älvsjö 
The chosen case concerns the proposed plan of extending the metro network with an additional line 

operating between Fridhemsplan and Älvsjö. The case constitutes the thicker red line depicted in Figure 

23. 
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Figure 23 The chosen case (thicker red line) is the proposed plan of constructing a new metro line between Fridhemsplan and 
Älvsjö with six new stations (Heick, 2017)  

6.2 Scenarios and approach 
The following four scenarios were constructed in Visum: 

1. B0: A base case without crowding and no new metro line 

2. S0: A scenario without crowding and a new metro line 

3. B1: A base case with crowding and no new metro line 

4. S1: A scenario with crowding and a new metro line 

In total, two CBAs were carried out. CBA 1 is based on the travel time effects generated from scenarios B0 

and S0 in which crowding is not considered, to identify the benefits from building the new metro. CBA 2 

investigates the benefits of the added metro extension based on the travel time effects from scenarios B1 

and S1, in which crowding is considered.  

6.3 Results 
The CBA-model used in this thesis is the TA-governed SAMS-model. To simplify the calculation, a fixed 

travel demand matrix was used which means that possible mode choice alterations were not considered.    

6.3.1 CBA 1 – Crowding not considered 
The travel time effects obtained due to the new metro line resulted in a total travel time saving of 3 192 

hours between 6.00-9.00 AM on an average winter-weekday. 

Translating these effects to total savings per day and to monetary values equals to an annual travel time 

saving of 255 MSEK and a consumer surplus of 8 555 MSEK over a calculation period of 60 years. The net 

present value (NPV) of this investment equals to -2 508 MSEK. 

If the realization of this investment would solely depend on the outcomes of this CBA, it would not be 

advised to proceed with the proposal.  
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6.3.2 CBA 2 – Crowding is considered  
The travel time effects obtained due to the new metro line and with crowding taken into consideration 

resulted in a total travel time saving of 5 131 hours between 6.00-9.00 AM on an average winter-weekday. 

Comparing these effects to when crowding is not considered shows that the travel time savings are 70 % 

larger when crowding is considered compared to when it is not.  

Translating these effects to total savings per day and to monetary values equals to an annual travel time 

saving of 332.2 MSEK. The consumer surplus equals to 11 153 MSEK over a calculation period of 60 years 

which is 30 % higher than in CBA 1. The net present value (NPV) of this investment equals to 91 MSEK.  

If the realization of this investment would solely depend on the outcomes of this CBA, it would be advised 

to proceed with the proposal.  

7 Discussion and recommendations 
As revealed in the case study, there are great potential benefits to be gained from including perceived on-

board crowding in the TAM and in the CBA. There are however a few potential issues and uncertainties 

mostly related to the method underlying the final outcomes of this work to be discussed before concluding 

with the final recommendations.  

7.1 Discussion 
Regarding the CBAs, it is worth mentioning that the surrounding transit supply was left unchanged in the 

scenarios with the new metro line. Usually during investment appraisal some lines may be removed from 

the transit supply, assigned a reduced headway or an alternative routing. The level of alterations in 

surrounding transit supply strongly depends on how many travelers the new line has attracted from the 

other lines and their expected profitability after realization of the added supply. Because of this, the 

operational costs in the CBAs may be overestimated and if so, the new investment might be more 

profitable than stated in CBAs presented in the previous chapter.   

Moreover, it is worth highlighting that the outcomes from the presented case have been based on a fixed 

travel demand matrix. Due to the added disutility which comes from including crowding in the TAM, the 

transit travel demand may be reduced and thus reduce the benefits stated in the CBAs found in the 

previous chapter.  

The following paragraphs discuss the uncertainties of the British meta-analysis on crowding valuation. 

First, there is the benefit transfer problem, an issue highlighted in section 2.4.7. Applying the results from 

a willingness to pay study onto an environment other than the one in which the valuations have been 

deduced is not advised as valuations may differ. Even though it was argued that British valuations are 

assumed not to differ substantially from Stockholmer valuations, it remains unclear of how much the 

valuations differ.  

Second, the obtained valuations relate to how travelers perceive the on-board crowding on rail-bound 

modes only. In this study, crowding multiplier functions have been approximated for almost all modes 

contained in PT services in the Stockholm County, including buses. The perceived on-board crowding on a 

rail bound mode may, however, very well differ from the same crowding situation on a bus.  
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Based on travelers’ experiences with the different modes there are reasons to believe that travelers on 

their way to work in the AM peak have a higher acceptance towards crowding on a metro than the same 

crowding on a bus. Compared to the mode bus, a metro usually does not operate in mixed traffic which 

reduces the risk of the bunching phenomenon and simultaneously the travel time uncertainty. Such 

differences in “hidden” characteristics may have a significant impact on travelers’ valuations of the 

perceived on-board crowding.    

Third, the meta-analysis underlying the outcomes of this study is based on stated preference studies. There 

is an inherent uncertainty with SP studies which directly connects to the notion of asking people how they 

would choose between two hypothetic scenarios to ultimately deduce their valuations of the matter in 

question. Respondents may not act the way they have responded in a survey when reality strikes which 

makes it difficult to entirely rely on the responses of a survey.  

The studies conducted by Björklund and Swärdh (2015), Haywood and Koning (2015) and Tirachini et al. 

(2006) all resulted in multipliers lower than the ones obtained in the British meta-analysis. As argued by 

Haywood and Koning (2015), differences in multiplier values might relate to the different scales of the 

studied areas. The first three studies were concerned with smaller, metropolitan networks, while the 

British study mainly considered a regional transit network.  

Tirachini, et al. (2006) brought this argument further by relating the large differences in crowding 

multipliers to differences in average number of seats in the studied vehicles. Regional trains, on an 

average, contain more seats than metro trains which may explain why the crowding multipliers in the 

British meta-analysis are higher than the ones obtained in the other above-mentioned studies.  

Furthermore, it is reasonable to assume regional train travelers to be more sensitive towards not obtaining 

a seat than metropolitan travelers. If so, the perceived journey time in the TAM considering crowding 

might be overestimated.   

Fourth, the approximated multiplier functions depend on the seat occupancy. Understandably, the 

functions per se are not suitable to apply onto vehicles with more extreme interiors regarding the number 

of seats in relation to its total capacity. Even though it has not been thoroughly examined, there are 

reasons to assume that too few or too many seats in a vehicle in relation to its total capacity may result in 

unreasonable crowding multipliers. 

While the above-mentioned issue is not yet found among the Stockholm County transit modes, the 

approximations may no longer be valid further in the future if the number of seats are reduced as a means 

of increasing capacity. The solution to this problem is to adopt perceived on-board crowding valuations 

based on the number of standing passengers per square meter. 

7.2 Final recommendation 
As there are potentially large benefits to be gained from new PT investments when crowding is considered 

in the TAM and the CBA, it is strongly advised to include this additional variable in the calculations. 

The following actions may be taken if a higher level of accuracy in estimations is desired:  

• Conducting a local, preferably a revealed preference, willingness to pay study related to crowd 

relief to obtain valuations in close relation to the study area 
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• Conducting further research on if and how much the perceived on-board crowding varies between 

modes with different characteristics, e.g. between rail-bound modes and bus 

• Deriving crowding valuations based on the number of standing passengers per square meter 

rather than seat occupancy to obtain a more flexible measure regarding differences in vehicle 

interiors 
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Appendix 1 – Bus link tables 
The larger table illustrates the number of links in each category (after the data filtering process), for each study area. In cases with blank cells, data 

is non-existent.  

The smaller table illustrates data concerning the double decker buses operating on the northeastern line, 676, between Stockholm and Norrtälje. 

 
Frequency Low Medium High 

Vehicle type Articulated Tandem Normal Articulated Tandem Normal Articulated Tandem Normal 

A
re

a 

Inner city 53 - 299 86 - 486 223 - - 

Local suburban area 348 325 451 269 278 256 - 40 40 

Lidingö 83 - 98 64 - 67 - - - 

Ekerö 233 - - 33 - - - - - 

Nacka/Värmdö 448 210 - 96 68 - - - - 

Northwest 847 309 1098 272 193 38 - - - 

Northeast 449 689 373 84 63 - - - - 

Southwest 671 1171 215 - - - - - - 

Southeast 424 95 321 73 71 - - - - 

Northeast, line 676 

Direction Vehicle type Frequency Number of links 

Norrtälje – Stockholm Double decker Medium 16 

Stockholm – Norrtälje Double decker Low 16 
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Appendix 2 – Crowding multiplier plots 
The following plots illustrate the estimated relationship between the average and weighted crowding 

multiplier for all bus line samples.  
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The following plots illustrate the estimated relationship between the average and weighted crowding 

multiplier for all light rail samples.  
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Appendix 3 – Simple linear regression results 
The following table illustrates some results generated from approximating the 42 samples with simple 

linear regression models. The column SEβ presents values for the standard error of the β-coefficient. n is 

the number of links included in the estimation.   

ID Area Frequency Vehicle type α β SEβ n 
1.1 Ekerö Low Articulated -0.45 1.53 0.03 233 

1.3 Ekerö Medium Articulated -0.77 1.92 0.08 33 

2.1 Lidingö Low Articulated -0.29 1.36 0.09 83 

2.2 Lidingö Low Normal -0.48 1.60 0.06 98 

2.3 Lidingö Medium Articulated -0.72 1.87 0.05 64 

2.4 Lidingö Medium Normal -0.47 1.57 0.07 67 

3.1 Nacka/Värmdö Low Articulated -0.26 1.32 0.03 448 

3.2 Nacka/Värmdö Low Tandem -0.28 1.35 0.04 210 

3.3 Nacka/Värmdö Medium Articulated -0.32 1.39 0.04 96 

3.4 Nacka/Värmdö Medium Tandem -0.43 1.52 0.06 68 

4.1 Northeast Low Articulated -0.31 1.38 0.06 449 

4.2 Northeast Low Tandem -0.25 1.31 0.04 689 

4.3 Northeast Low Normal -0.60 1.73 0.09 373 

4.4 Northeast Medium Articulated -0.52 1.62 0.04 84 

4.5 Northeast Medium Tandem -0.41 1.50 0.07 63 

5.1 Northwest Low Articulated -0.42 1.52 0.09 847 

5.2 Northwest Low Tandem -0.22 1.28 0.04 309 

5.3 Northwest Low Normal -0.27 1.34 0.01 1098 

5.4 Northwest Medium Articulated -0.45 1.54 0.05 272 

5.5 Northwest Medium Tandem -0.58 1.69 0.04 193 

5.6 Northwest Medium Normal -0.70 1.84 0.04 38 

6.1 Southeast Low Articulated -0.22 1.29 0.04 424 

6.2 Southeast Low Tandem -0.27 1.35 0.09 95 

6.3 Southeast Low Normal -0.79 1.93 0.04 321 

6.4 Southeast Medium Articulated -0.29 1.35 0.02 73 

6.5 Southeast Medium Tandem -0.24 1.29 0.03 71 

7.1 Southwest Low Articulated -0.39 1.47 0.03 671 

7.2 Southwest Low Tandem -0.34 1.42 0.02 1171 

7.3 Southwest Low Normal -0.23 1.29 0.03 215 

8.1 Inner city  Low Articulated -1.00 2.20 0.17 53 

8.2 Inner city  Low Normal -0.60 1.74 0.07 299 

8.3 Inner city  Medium Articulated -1.16 2.39 0.05 86 

8.4 Inner city  Medium Normal -0.43 1.57 0.03 486 

8.5 Inner city  High Articulated -1.33 2.60 0.04 223 

9.1 Local suburban area Low Articulated -0.27 1.34 0.02 348 

9.2 Local suburban area Low Tandem -0.57 1.68 0.05 325 

9.3 Local suburban area Low Normal -0.52 1.63 0.05 451 

9.4 Local suburban area Medium Articulated -0.43 1.51 0.03 269 

9.5 Local suburban area Medium Tandem -0.40 1.49 0.03 278 

9.6 Local suburban area Medium Normal -0.32 1.40 0.05 256 

9.7 Local suburban area High Tandem -0.70 1.84 0.06 40 

9.8 Local suburban area High Normal -0.41 1.50 0.04 40 
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Appendix 4 – Significance tests 
The smaller table explains the abbreviations used in the larger table. The larger table illustrates the 

results from computing the test statistic for each slope-coefficient pair. The red-colored cells show the 

cases in which the test statistic is in the rejection region (-1.96 ≤ Z ≥ 1.96). 

Abbreviation Word 

ID Identification  

A Area 

L-ö Lidingö 

E-ö Ekerö 

N/V Nacka/Värmdö 

NE Northeast 

NW Northwest 

SE Southeast 

SW Southwest 

IC Inner city 

LSA Local suburban area 

F Frequency 

L Low 

M Medium 

H High 

T Vehicle type 

A Articulated 

T Tandem 

N Normal 
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ID 1.1 1.3 2.1 2.2 2.3 2.4 3.1 3.2 3.3 3.4 4.1 4.2 4.3 4.4 4.5 5.1 5.2 5.3 5.4 5.5 5.6 6.1 6.2 6.3 6.4 6.5 7.1 7.2 7.3 8.1 8.2 8.3 8.4 8.5 9.1 9.2 9.3 9.4 9.5 9.6 9.7 9.8

A E-ö E-ö L-ö L-ö L-ö L-ö N/V N/V N/V N/V NE NE NE NE NE NW NW NW NW NW NW SE SE SE SE SE SW SW SW IC IC IC IC IC LSA LSA LSA LSA LSA LSA LSA LSA

F L M L L M M L L M M L L L M M L L L M M M L L L M M L L L L L M M H L L L M M M H H

ID A F T A A A N A N A T A T A T N A T A T N A T N A T N A T A T N A N A N A A T N A T N T N

1.1 E-ö L A 0,00 -4,53 1,72 -0,93 -5,93 -0,54 5,25 3,46 2,70 0,17 2,31 4,77 -1,99 -1,71 0,36 0,15 5,36 5,95 -0,10 -3,27 -6,50 4,86 2,02 -8,21 4,93 5,75 1,45 3,22 5,42 -3,94 -2,85 -15,16 -0,81 -22,60 4,95 -2,74 -1,92 0,37 1,09 2,34 -4,36 0,64

1.3 E-ö M A 4,53 0,00 4,51 3,15 0,55 3,34 7,06 6,24 5,81 3,90 5,42 6,93 1,55 3,31 3,82 3,43 7,26 7,11 4,09 2,56 0,87 7,02 4,86 -0,15 6,85 7,32 5,26 6,07 7,22 -1,53 1,74 -5,02 4,04 -7,76 6,89 2,55 3,06 4,70 5,08 5,58 0,79 4,64

2.1 L-ö L A -1,72 -4,51 0,00 -2,07 -4,78 -1,81 0,44 0,09 -0,31 -1,38 -0,14 0,52 -2,75 -2,50 -1,18 -1,22 0,84 0,22 -1,65 -3,23 -4,75 0,74 0,11 -5,61 0,16 0,68 -1,13 -0,61 0,69 -4,37 -3,27 -9,73 -2,06 -12,32 0,23 -3,05 -2,62 -1,55 -1,27 -0,40 -4,19 -1,32

2.2 L-ö L N 0,93 -3,15 2,07 0,00 -3,39 0,29 4,00 3,20 2,67 0,86 2,52 3,93 -1,15 -0,29 0,97 0,75 4,34 3,95 0,75 -1,26 -3,32 4,11 2,33 -4,50 3,69 4,33 1,79 2,67 4,25 -3,38 -1,54 -9,93 0,41 -13,69 3,76 -1,09 -0,50 1,15 1,58 2,47 -2,68 1,29

2.3 L-ö M A 5,93 -0,55 4,78 3,39 0,00 3,61 9,88 8,03 7,45 4,35 6,40 9,29 1,32 3,89 4,14 3,57 9,71 10,59 4,86 2,86 0,41 9,21 5,27 -1,05 9,76 10,22 7,11 8,71 9,88 -1,93 1,58 -7,65 5,10 -12,12 9,72 2,76 3,47 6,16 6,81 6,98 0,36 5,76

2.4 L-ö M N 0,54 -3,34 1,81 -0,29 -3,61 0,00 3,49 2,76 2,25 0,55 2,16 3,45 -1,36 -0,62 0,68 0,49 3,85 3,39 0,41 -1,56 -3,56 3,64 2,05 -4,70 3,17 3,80 1,36 2,18 3,74 -3,50 -1,78 -9,96 0,04 -13,58 3,24 -1,38 -0,81 0,75 1,16 2,07 -2,90 0,91

3.1 N/V L A -5,25 -7,06 -0,44 -4,00 -9,88 -3,49 0,00 -0,66 -1,49 -2,88 -0,88 0,22 -4,16 -6,00 -2,33 -2,21 0,91 -0,74 -3,93 -7,83 -11,26 0,66 -0,31 -12,91 -0,78 0,62 -3,96 -3,13 0,62 -5,19 -5,84 -19,30 -5,72 -27,87 -0,55 -6,72 -5,92 -4,79 -4,26 -1,58 -7,46 -3,57

3.2 N/V L T -3,46 -6,24 -0,09 -3,20 -8,03 -2,76 0,66 0,00 -0,69 -2,18 -0,34 0,78 -3,63 -4,49 -1,77 -1,73 1,34 0,25 -2,88 -5,90 -8,67 1,12 0,05 -10,12 0,11 1,13 -2,39 -1,49 1,12 -4,91 -4,90 -16,19 -3,98 -22,30 0,26 -5,25 -4,55 -3,13 -2,65 -0,82 -6,34 -2,45

3.3 N/V M A -2,70 -5,81 0,31 -2,67 -7,45 -2,25 1,49 0,69 0,00 -1,65 0,22 1,53 -3,24 -3,83 -1,29 -1,30 2,09 1,21 -2,25 -5,24 -8,02 1,84 0,48 -9,49 0,98 1,96 -1,59 -0,60 1,91 -4,67 -4,40 -15,66 -3,25 -21,77 1,11 -4,63 -3,92 -2,37 -1,86 -0,16 -5,84 -1,77

3.4 N/V M T -0,17 -3,90 1,38 -0,86 -4,35 -0,55 2,88 2,18 1,65 0,00 1,63 2,87 -1,83 -1,31 0,17 0,02 3,28 2,74 -0,22 -2,30 -4,36 3,08 1,60 -5,53 2,54 3,21 0,67 1,49 3,16 -3,81 -2,38 -10,89 -0,67 -14,73 2,62 -2,07 -1,49 0,05 0,47 1,48 -3,53 0,27

4.1 NE L A -2,31 -5,42 0,14 -2,52 -6,40 -2,16 0,88 0,34 -0,22 -1,63 0,00 0,98 -3,14 -3,32 -1,32 -1,35 1,43 0,59 -2,08 -4,41 -6,61 1,26 0,28 -7,82 0,47 1,25 -1,45 -0,70 1,24 -4,63 -4,05 -13,22 -2,78 -17,52 0,58 -4,04 -3,44 -2,07 -1,66 -0,35 -5,28 -1,66

4.2 NE L T -4,77 -6,93 -0,52 -3,93 -9,29 -3,45 -0,22 -0,78 -1,53 -2,87 -0,98 0,00 -4,15 -5,63 -2,36 -2,25 0,63 -0,85 -3,79 -7,23 -10,28 0,42 -0,41 -11,81 -0,89 0,32 -3,62 -2,80 0,34 -5,20 -5,69 -18,00 -5,25 -25,15 -0,70 -6,35 -5,61 -4,39 -3,90 -1,62 -7,22 -3,42

4.3 NE L N 1,99 -1,55 2,75 1,15 -1,32 1,36 4,16 3,63 3,24 1,83 3,14 4,15 0,00 1,05 1,88 1,65 4,45 4,07 1,80 0,36 -1,13 4,29 2,98 -2,01 3,92 4,39 2,60 3,20 4,36 -2,48 -0,09 -6,26 1,60 -8,68 3,98 0,43 0,87 2,14 2,45 3,09 -0,98 2,22

4.4 NE M A 1,71 -3,31 2,50 0,29 -3,89 0,62 6,00 4,49 3,83 1,31 3,32 5,63 -1,05 0,00 1,37 1,07 6,13 6,40 1,29 -1,26 -3,97 5,70 2,84 -5,50 5,72 6,41 2,93 4,39 6,16 -3,38 -1,52 -12,07 0,96 -17,65 5,74 -1,01 -0,28 2,00 2,62 3,48 -2,87 2,03

4.5 NE M T -0,36 -3,82 1,18 -0,97 -4,14 -0,68 2,33 1,77 1,29 -0,17 1,32 2,36 -1,88 -1,37 0,00 -0,13 2,73 2,16 -0,39 -2,26 -4,11 2,57 1,37 -5,17 2,02 2,63 0,38 1,08 2,60 -3,82 -2,38 -10,08 -0,80 -13,39 2,10 -2,06 -1,54 -0,16 0,20 1,14 -3,44 0,05

5.1 NW L A -0,15 -3,43 1,22 -0,75 -3,57 -0,49 2,21 1,73 1,30 -0,02 1,35 2,25 -1,65 -1,07 0,13 0,00 2,58 2,04 -0,20 -1,85 -3,49 2,44 1,40 -4,43 1,93 2,47 0,50 1,11 2,46 -3,64 -2,04 -8,91 -0,55 -11,71 2,00 -1,70 -1,23 0,02 0,34 1,18 -3,01 0,20

5.2 NW L T -5,36 -7,26 -0,84 -4,34 -9,71 -3,85 -0,91 -1,34 -2,09 -3,28 -1,43 -0,63 -4,45 -6,13 -2,73 -2,58 0,00 -1,65 -4,28 -7,73 -10,74 -0,17 -0,75 -12,24 -1,61 -0,38 -4,25 -3,52 -0,32 -5,37 -6,07 -18,32 -5,81 -25,38 -1,40 -6,82 -6,09 -4,98 -4,51 -2,15 -7,60 -3,95

5.3 NW L N -5,95 -7,11 -0,22 -3,95 -10,59 -3,39 0,74 -0,25 -1,21 -2,74 -0,59 0,85 -4,07 -6,40 -2,16 -2,04 1,65 0,00 -3,95 -8,63 -12,74 1,29 -0,07 -14,59 -0,23 1,51 -4,40 -3,81 1,40 -5,11 -5,89 -21,13 -6,34 -32,44 0,06 -7,10 -6,22 -5,34 -4,77 -1,32 -7,64 -3,59

5.4 NW M A 0,10 -4,09 1,65 -0,75 -4,86 -0,41 3,93 2,88 2,25 0,22 2,08 3,79 -1,80 -1,29 0,39 0,20 4,28 3,95 0,00 -2,50 -5,01 3,97 1,92 -6,41 3,57 4,33 1,16 2,27 4,20 -3,81 -2,46 -12,53 -0,52 -17,61 3,64 -2,18 -1,50 0,37 0,90 2,01 -3,77 0,60

5.5 NW M T 3,27 -2,56 3,23 1,26 -2,86 1,56 7,83 5,90 5,24 2,30 4,41 7,23 -0,36 1,26 2,26 1,85 7,73 8,63 2,50 0,00 -2,81 7,20 3,64 -4,41 7,66 8,24 4,60 6,37 7,88 -2,98 -0,62 -11,30 2,40 -17,05 7,63 0,14 0,91 3,55 4,26 4,79 -1,98 3,36

5.6 NW M N 6,50 -0,87 4,75 3,32 -0,41 3,56 11,26 8,67 8,02 4,36 6,61 10,28 1,13 3,97 4,11 3,49 10,74 12,74 5,01 2,81 0,00 10,05 5,27 -1,67 11,30 11,63 7,96 10,21 11,08 -2,10 1,37 -8,96 5,45 -14,46 11,17 2,67 3,47 6,76 7,58 7,42 0,05 6,10

6.1 SE L A -4,86 -7,02 -0,74 -4,11 -9,21 -3,64 -0,66 -1,12 -1,84 -3,08 -1,26 -0,42 -4,29 -5,70 -2,57 -2,44 0,17 -1,29 -3,97 -7,20 -10,05 0,00 -0,64 -11,50 -1,30 -0,16 -3,79 -3,04 -0,12 -5,29 -5,80 -17,50 -5,32 -23,98 -1,11 -6,41 -5,70 -4,51 -4,05 -1,91 -7,28 -3,62

6.2 SE L T -2,02 -4,86 -0,11 -2,33 -5,27 -2,05 0,31 -0,05 -0,48 -1,60 -0,28 0,41 -2,98 -2,84 -1,37 -1,40 0,75 0,07 -1,92 -3,64 -5,27 0,64 0,00 -6,20 0,01 0,58 -1,38 -0,83 0,59 -4,53 -3,60 -10,57 -2,38 -13,44 0,09 -3,42 -2,96 -1,84 -1,54 -0,57 -4,58 -1,57

6.3 SE L N 8,21 0,15 5,61 4,50 1,05 4,70 12,91 10,12 9,49 5,53 7,82 11,81 2,01 5,50 5,17 4,43 12,24 14,59 6,41 4,41 1,67 11,50 6,20 0,00 13,03 13,26 9,68 12,05 12,66 -1,58 2,53 -7,39 7,11 -12,54 12,87 4,13 4,93 8,45 9,30 8,82 1,25 7,58

6.4 SE M A -4,93 -6,85 -0,16 -3,69 -9,76 -3,17 0,78 -0,11 -0,98 -2,54 -0,47 0,89 -3,92 -5,72 -2,02 -1,93 1,61 0,23 -3,57 -7,66 -11,30 1,30 -0,01 -13,03 0,00 1,44 -3,53 -2,59 1,37 -5,04 -5,58 -19,57 -5,43 -28,92 0,22 -6,48 -5,64 -4,44 -3,87 -1,11 -7,24 -3,17

6.5 SE M T -5,75 -7,32 -0,68 -4,33 -10,22 -3,80 -0,62 -1,13 -1,96 -3,21 -1,25 -0,32 -4,39 -6,41 -2,63 -2,47 0,38 -1,51 -4,33 -8,24 -11,63 0,16 -0,58 -13,26 -1,44 0,00 -4,50 -3,78 0,04 -5,32 -6,14 -19,56 -6,19 -28,03 -1,19 -7,10 -6,32 -5,30 -4,80 -2,02 -7,77 -4,01

7.1 SW L A -1,45 -5,26 1,13 -1,79 -7,11 -1,36 3,96 2,39 1,59 -0,67 1,45 3,62 -2,60 -2,93 -0,38 -0,50 4,25 4,40 -1,16 -4,60 -7,96 3,79 1,38 -9,68 3,53 4,50 0,00 1,60 4,23 -4,29 -3,70 -16,54 -2,19 -24,55 3,59 -3,89 -3,06 -1,05 -0,36 1,29 -5,26 -0,52

7.2 SW L T -3,22 -6,07 0,61 -2,67 -8,71 -2,18 3,13 1,49 0,60 -1,49 0,70 2,80 -3,20 -4,39 -1,08 -1,11 3,52 3,81 -2,27 -6,37 -10,21 3,04 0,83 -12,05 2,59 3,78 -1,60 0,00 3,48 -4,63 -4,63 -18,92 -3,88 -28,92 2,68 -5,27 -4,39 -2,71 -2,00 0,35 -6,31 -1,71

7.3 SW L N -5,42 -7,22 -0,69 -4,25 -9,88 -3,74 -0,62 -1,12 -1,91 -3,16 -1,24 -0,34 -4,36 -6,16 -2,60 -2,46 0,32 -1,40 -4,20 -7,88 -11,08 0,12 -0,59 -12,66 -1,37 -0,04 -4,23 -3,48 0,00 -5,31 -6,03 -18,88 -5,87 -26,64 -1,14 -6,86 -6,10 -5,00 -4,51 -1,97 -7,61 -3,87

8.1 IC L A 3,94 1,53 4,37 3,38 1,93 3,50 5,19 4,91 4,67 3,81 4,63 5,20 2,48 3,38 3,82 3,64 5,37 5,11 3,81 2,98 2,10 5,29 4,53 1,58 5,04 5,32 4,29 4,63 5,31 0,00 2,58 -1,05 3,71 -2,32 5,08 2,99 3,26 4,03 4,20 4,59 2,04 4,07

8.2 IC L N 2,85 -1,74 3,27 1,54 -1,58 1,78 5,84 4,90 4,40 2,38 4,05 5,69 0,09 1,52 2,38 2,04 6,07 5,89 2,46 0,62 -1,37 5,80 3,60 -2,53 5,58 6,14 3,70 4,63 6,03 -2,58 0,00 -7,95 2,30 -11,42 5,62 0,69 1,26 3,05 3,49 4,15 -1,09 3,05

8.3 IC M A 15,16 5,02 9,73 9,93 7,65 9,96 19,30 16,19 15,66 10,89 13,22 18,00 6,26 12,07 10,08 8,91 18,32 21,13 12,53 11,30 8,96 17,50 10,57 7,39 19,57 19,56 16,54 18,92 18,88 1,05 7,95 0,00 13,98 -3,56 19,36 10,55 11,31 15,32 16,17 14,84 6,88 13,93

8.4 IC M N 0,81 -4,04 2,06 -0,41 -5,10 -0,04 5,72 3,98 3,25 0,67 2,78 5,25 -1,60 -0,96 0,80 0,55 5,81 6,34 0,52 -2,40 -5,45 5,32 2,38 -7,11 5,43 6,19 2,19 3,88 5,87 -3,71 -2,30 -13,98 0,00 -20,72 5,45 -2,00 -1,21 1,14 1,84 2,89 -3,75 1,28

8.5 IC High A 22,60 7,76 12,32 13,69 12,12 13,58 27,87 22,30 21,77 14,73 17,52 25,15 8,68 17,65 13,39 11,71 25,38 32,44 17,61 17,05 14,46 23,98 13,44 12,54 28,92 28,03 24,55 28,92 26,64 2,32 11,42 3,56 20,72 0,00 28,33 15,51 16,42 22,68 24,00 20,41 10,38 19,73

9.1 LSA L A -4,95 -6,89 -0,23 -3,76 -9,72 -3,24 0,55 -0,26 -1,11 -2,62 -0,58 0,70 -3,98 -5,74 -2,10 -2,00 1,40 -0,06 -3,64 -7,63 -11,17 1,11 -0,09 -12,87 -0,22 1,19 -3,59 -2,68 1,14 -5,08 -5,62 -19,36 -5,45 -28,33 0,00 -6,49 -5,68 -4,47 -3,92 -1,23 -7,27 -3,25

9.2 LSA L T 2,74 -2,55 3,05 1,09 -2,76 1,38 6,72 5,25 4,63 2,07 4,04 6,35 -0,43 1,01 2,06 1,70 6,82 7,10 2,18 -0,14 -2,67 6,41 3,42 -4,13 6,48 7,10 3,89 5,27 6,86 -2,99 -0,69 -10,55 2,00 -15,51 6,49 0,00 0,71 3,00 3,60 4,27 -1,97 2,93

9.3 LSA L N 1,92 -3,06 2,62 0,50 -3,47 0,81 5,92 4,55 3,92 1,49 3,44 5,61 -0,87 0,28 1,54 1,23 6,09 6,22 1,50 -0,91 -3,47 5,70 2,96 -4,93 5,64 6,32 3,06 4,39 6,10 -3,26 -1,26 -11,31 1,21 -16,42 5,68 -0,71 0,00 2,19 2,77 3,59 -2,57 2,21

9.4 LSA M A -0,37 -4,70 1,55 -1,15 -6,16 -0,75 4,79 3,13 2,37 -0,05 2,07 4,39 -2,14 -2,00 0,16 -0,02 4,98 5,34 -0,37 -3,55 -6,76 4,51 1,84 -8,45 4,44 5,30 1,05 2,71 5,00 -4,03 -3,05 -15,32 -1,14 -22,68 4,47 -3,00 -2,19 0,00 0,69 2,04 -4,56 0,33

9.5 LSA M T -1,09 -5,08 1,27 -1,58 -6,81 -1,16 4,26 2,65 1,86 -0,47 1,66 3,90 -2,45 -2,62 -0,20 -0,34 4,51 4,77 -0,90 -4,26 -7,58 4,05 1,54 -9,30 3,87 4,80 0,36 2,00 4,51 -4,20 -3,49 -16,17 -1,84 -24,00 3,92 -3,60 -2,77 -0,69 0,00 1,55 -5,03 -0,23

9.6 LSA M N -2,34 -5,58 0,40 -2,47 -6,98 -2,07 1,58 0,82 0,16 -1,48 0,35 1,62 -3,09 -3,48 -1,14 -1,18 2,15 1,32 -2,01 -4,79 -7,42 1,91 0,57 -8,82 1,11 2,02 -1,29 -0,35 1,97 -4,59 -4,15 -14,84 -2,89 -20,41 1,23 -4,27 -3,59 -2,04 -1,55 0,00 -5,53 -1,53

9.7 LSA High T 4,36 -0,79 4,19 2,68 -0,36 2,90 7,46 6,34 5,84 3,53 5,28 7,22 0,98 2,87 3,44 3,01 7,60 7,64 3,77 1,98 -0,05 7,28 4,58 -1,25 7,24 7,77 5,26 6,31 7,61 -2,04 1,09 -6,88 3,75 -10,38 7,27 1,97 2,57 4,56 5,03 5,53 0,00 4,44

9.8 LSA High N -0,64 -4,64 1,32 -1,29 -5,76 -0,91 3,57 2,45 1,77 -0,27 1,66 3,42 -2,22 -2,03 -0,05 -0,20 3,95 3,59 -0,60 -3,36 -6,10 3,62 1,57 -7,58 3,17 4,01 0,52 1,71 3,87 -4,07 -3,05 -13,93 -1,28 -19,73 3,25 -2,93 -2,21 -0,33 0,23 1,53 -4,44 0,00
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