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Abstract: We present a new urban transit investment model, integrating transport economic theory
regarding optimal investment with transport modeling, planning, and network design. The model
expands on the theory of optimal transit network planning and investment, accounting for the ef-
fects of the investment on accessibility, level of service, and speed. The model seeks long-term opti-
mal transit investment and optimal road pricing simultaneously in an integrated, unified model. To
illustrate the advantages of our approach, we applied our empirical model to two case studies, Tel
Aviv and Toronto, integrating our theoretical contribution into practice. Our results demonstrate
the model’s ability to indicate the optimal transit mode and investment on a corridor level and the
total investment required for the city transit network. The model results were compared to the ac-
tual and planned transit networks of Tel Aviv and Toronto and showed the model’s capability to
produce a good balance of strategic design and network details. The research concludes that apply-
ing the right toll with the applicable transit investment is crucial for obtaining an efficient network
and performance. This research can direct planners and policymakers in planning urban transport
and provide a comprehensive set of guidelines for optimizing the simultaneous investment in mass
transit and the congestion toll toward more sustainable cities and transportation systems.

Keywords: urban transit investment; transit network design; optimal transport investment model;
strategic network design tool

1. Introduction

Mobility is essential and a major concern in cities all over the world. As population
densities rise worldwide, urban mobility is increasingly becoming more complex to plan,
regulate, and budget. Limited land and budget resources, growing traffic demand, and
congestion make city transport planning crucial to enable accessibility, quality of life, and
economic growth. This is a challenging task as not only do private vehicles have many
negative externalities [1], but today’s planning and evaluation tools are biased toward
investments in roads [2]. This paper develops and suggests a new urban transit invest-
ment model toward optimizing investments in public transport, the fundamental motor-
ized sustainable transportation mode which enables more walkable and sustainable cities.

Vivier et al. [3] showed that, on average, public transport consumes four times less
energy per passenger-km than a car. Nonetheless, in many cities, growing traffic conges-
tion on roads and highways has led to increased investments in car-oriented infrastruc-
ture, with only a limited number of cities investing in public transport systems. The vari-
ation between cities and countries in public transport investment is large. Sharav and
Shiftan [4] compared investments in public transport infrastructure in cities around the
world and found that the average investment in public transport in Western European
cities was USD 15 thousand per capita compared to an average of only USD 8 thousand
per capita in developed cities. Vivier et al. [3] showed that Western European cities and
some Asian cities developed mobility that is based more on public transport, they devel-
oped three to four times more public transport in exclusive right-of-ways than the

Sustainability 2021, 13, 8706. https://doi.org/10.3390/su13168706

www.mdpi.com/journal/sustainability



Sustainability 2021, 13, 8706

2 of 30

motorways, and as a result, achieved high levels of public transport and non-motorized
modes of usage (50-60%).

Cities vary in size, density, urban structure, population, employment, and other so-
cioeconomic characteristics. These differences are also reflected in the transport character-
istics and the mobility solutions that cities develop. City planners and decision makers
need to choose which projects to build and how to allocate the budget among different
types of transport investments. Moreover, cities that want to invest in public transport
need to decide on the network structure, transit lines, and modes. However, planning the
optimal transit network is a complex problem that has challenged many researchers.
Among the prominent difficulties are the multiple criteria and fundamental uncertainties
[5] and the choice of appropriate technology [6], where the large overlap between transit
technologies in terms of generalized costs makes the selection of transit technology a dif-
ficult task [7,8]. In addition, there are caveats of the standard micro-economic appraisal of
transit [9], and the mathematical complexity being an NP-Hard problem requiring heu-
ristic approaches [10,11].

A typical urban transit planning procedure is a three-stage process: first, alternatives
to the transportation network are designed; next, the alternatives are coded into the
transport demand model, and the model is run to estimate the demand; third, an economic
appraisal of the alternatives is conducted. These three stages can benefit the planning pro-
cess, as feedbacks from the model and the economic appraisal are used to guide network
design. However, there are major limitations to this routine procedure. First, the planner
may miss important alternatives or links in the network structure since he only views
feedbacks for planned alternatives. The transportation demand model, as well as the eco-
nomic appraisal procedure, requires specific alternatives to perform traffic assignments,
simulations, and analyses. Thus, the entire process is limited to inputs from the planner.
While this allows determining the economic justification for specific alternatives, it is un-
suitable for determining the optimal investment or the optimal network structure. Second,
this three-stage process cannot direct planner decisions concerning the optimal transport
mode and the investment at each transport corridor or identify missing links and lines in
the plan. Third, these three stages run sequentially and separately, where feedback from
later stages to earlier stages is limited.

This paper advances the theoretical and practical understanding of urban transport
planning and investment to better facilitate transit planning and identify the required lev-
els of investments in public transport and thus contribute to more sustainable transporta-
tion in medium to large cities. In this paper, we present an optimal urban transit invest-
ment model, integrating transit planning and economics into one unified model. The the-
oretical model is an extension of the model presented by Basso and Jara-Diaz [12], with
the additional parameters of transit and road investment. Unlike the three-stage approach
described above, our model is not limited to a specified set of predefined alternatives, and
thus, the model can direct planners to the optimal transport network structure. We then
apply the model in two cities, Tel Aviv, Israel, and Toronto, Canada, and demonstrate
how the model can assist in planning and investing in the city’s transit network.

The rest of the paper is organized as follows. Section 2 provides a theoretical back-
ground on urban transport planning and investments and optimal public transport net-
work planning. Section 3 describes the theoretical model and presents the case studies of
Tel Aviv and Toronto. Section 4 presents the model results and analysis. Section 5 con-
cludes the research and suggests how this research can assist transport planning and
budgeting.

2. Literature Review

The literature review is constructed along the following sub-fields of transport sys-
tem design. We first start with a review of the microeconomic approach of transport pro-
ject appraisal, which is used to decide if a given project is beneficial and is commonly used
to guide project-level decisions. We then cover the macroeconomic approach, showing the
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impact of transport investment on the economy, usually on the impact of a transport pro-
ject or investments on the gross domestic product (GDP), the labor market, or the real
estate market, which also assists the transportation planner in designing and selecting al-
ternatives. These approaches are project-dependent, meaning that they can assess the im-
pact of a given project or plan but do not provide any insight on the optimal network and
investment. The micro and macro approaches are followed by yard-stick approaches to
evaluate the need for transport systems such as metros, which are also a prevalent practice
in mass transit appraisal, and can show the need for investment in transportation infra-
structure at large. Next, the review shows recent urban transport economic models of op-
timal urban public transport systems (as opposed to project-specific appraisal), which this
paper builds on. Fourth, we review the recent literature on transit design, as this paper
deals with optimal transit systems on the empirical side, along with the theoretical side.
We then conclude the review with the research of transit network analysis, which is used
to analyze the optimal mass transit system, and compare it to other alternatives

2.1. Economic Appraisal of Given Transportation Projects and Yardstick Approaches

The microeconomic theory of transport investment was developed over 50 years ago,
with the fundamentals of welfare theory as the basis for a Cost-Benefit Analysis (CBA).
Theoretical developments have brought the project-level economic appraisal theory to its
current practice [13]. These developments included the integration of macro-economic
level analysis into micro-level CBA practice in the form of agglomeration effects and other
wider economic impacts [14-19]. The resulting economic appraisal theory is now in com-
mon use in many countries as a practical method for transport project appraisal [2,20-24].
Over the last decades, the CBA approach has been the most dominant procedure for the
evaluation of transportation projects. Martens [25] suggested a different approach, incor-
porating principles of social justice into the planning and evaluation procedure, as CBA
does not provide insight into the accessibility shortfalls of particular population groups.
Along similar lines, Nahmias-Biran and Shiftan [26] used activity-based modeling to in-
troduce accessibility gains into a procedure similar to CBA, using individuals’ accessibil-
ity rather than time savings.

The macroeconomic approach of transport investments usually identifies the impact
of a transport investment on the gross domestic product (GDP), the labor market, or the
real estate market [27-29]. The extensive body of literature based on this approach demon-
strated a large variation in the results and magnitudes of the estimated impacts. Berech-
man [13] showed that the output elasticity results from various macro-level studies in the
U.S., Canada, and Japan were in the range of 0.03 to 0.56. The macroeconomic approach
typically involves modeling (for example, using the production function model) to deter-
mine investments’ effects on the economy. As in the microeconomic approach, the macro-
economic approach does not seek optimal investment but rather estimates the effects of a
given investment/project.

Some researchers used the yardstick approach to indicate the need for transportation.
Allport [30] and Loo and Cheng [31] showed that the yardsticks of 5.0 million habitants
and USD 11,400 GDP per capita should be used to consider metro lines as a major part of
the network. Sharav and Shiftan [4] found that over time the investment in public
transport infrastructure increases public transport network average speed logarithmi-
cally, from 15 km/h in cities with low investments in public transport and no exclusive
right-of-way, up to about 35 km/h in cities with developed metro systems. This research
also demonstrated that cities that improved public transport supply over a long period of
time and managed the demand for mobility have shown strong growth in public transport
usage and modal share. In general, cities with higher urban density have a higher rate of
public transport, cycling, and walking trips and are more efficient in terms of the total
mobility costs [3,32,33] .Additionally, Vivier et al. [3] showed that on average public
transport consumes four times less energy per passenger-km than transport by car. Public
transportation also promotes other sustainable modes, such as walking and cycling,
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associated with health and environmental benefits, along with transportation benefits,
which also indicates the need for public transportation [34-36].

2.2. Optimal Transport Systems

Designing optimal urban public transport systems is highly complex, and requires
optimal network structure as well as optimal line design, line technology, vehicle size,
and line frequency. Early public transport models mostly examined the level of service
and the users” and operators’ generalized costs, resulting in an optimal policy of line fre-
quency, vehicle size, fare policy, and subsidy needed by the operators to maintain efficient
levels of service [18,37]. In recent years, optimal transit design evolved to city-level net-
works with different urban structures and network representations [11,38]. Chen et al. [39]
formulated continuum approximation optimization models to design city-wide transit
systems (ring-radial or grid) at minimum cost. Fielbaum et al. [11] presented a model aim-
ing to find the best line structures for urban public transport, using an urban structure of
one CBD and in surrounding sub-centers. Saidi et al. [40] developed an analytical model
aimed at identifying the optimal number of radial and ring lines in a city. Zhao et al. [41]
developed a model that examined the scale of urban rail networks given the population.
Lee and Vuchic [42] developed an iterative model to plan the optimal transit network,
with variable transit demand and under a given fixed total demand. Basso and Jara-Diaz
[12] developed a bimodal model where congestion toll, the transit fare, and transit fre-
quency optimize social welfare. Additional models were presented by Baaj and Mahmas-
sani, Borjesson et al., Ceder and Yechezekel, Jara-Diaz et al., Beaudoin et al., Tirachini et
al., and Tirachini and Hensher [43-49]. As for automated transit systems, research in re-
cent years investigated the optimal capacity of automated rail-bound transit [50] and the
effect of automated public transit on cost, fare, and subsidy [51].

The interdependency between transportation and the urban economy has been de-
veloped by Anas [52]. Anas [52] explored the optimal pricing, finance, and supply of ur-
ban public transport and roads, and reported that highly populated cities are character-
ized by increased core land rent and increased congestion. He also showed that the in-
vestment in roads should equal the total toll revenues collected from car users, while the
investment in public transportation should equal the price gap between land rent in the
city’s core and the nearby suburbs. Anas’ research includes optimal investment in public
transportation in a core-periphery model, as such, it does not specify the optimal invest-
ment in a corridor resolution.

2.3. Network Design

Recent work has also concentrated on the economic effects of transit line structure
design, with a focus on urban bus lines in the short to the medium time range. Fielbaum
et al. [53] studied how the spatial arrangement of transit lines influences scale economies
in public transport, emphasizing the importance of directness, an element that encom-
passes the number of transfers, number of stops, and passenger route lengths. The same
authors have incorporated spacing of transit lines, frequencies, vehicle sizes, and routes
in the design and the analysis of scale economies in transit systems, showing, among other
results, that considering spatial spacing as a design variable in transit network can in-
crease the effect of scale economies [54]. Other considerations of line structure design in-
clude integrating existing bus and metro networks into a single connected transit network
to increase connectivity [55], equity outcomes of transit network design with distance-
based fares [56], the effect of ride-pooling on transit network design [57], and the design
of a bus transit network where there is an existing metro network that can balance the
modal split between metro and bus [58].
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2.4. Transit Network Analysis

Complex network theory and analysis have become an important component of
many transit network planning methodologies. Lin and Ban [59] reviewed recent work in
transportation network analysis and discusses some case studies that used graph theory
and measures. Levinson [60] used network indicators, such as connectivity, treeness, cir-
cuity accessibility, and entropy, to study network structure in 50 large US cities. His re-
search suggested that larger cities are more connected but have less capacity per capita as
well as longer commute times. Derrible and Kennedy [61] analyzed metro networks in
cities around the world using an updated graph theory. Derrible and Kennedy [62] pre-
sented metro systems development phases (“State”) on a graph, showing connectivity and
complexity. Sharav et al. [63] compared network indicators of combined metro and light
rail mass transit systems.

The contribution of this paper is twofold. First, it further develops the theoretical
model of Basso & Jara-Diaz [12] to include, among optimal congestion pricing and transit
subsidies, also optimal transit investment. Second, and most importantly, this paper pre-
sents an empirical model which integrates short and long-term transport policy decisions,
applicable to any city on a corridor level, determining the short-term optimal congestion
pricing, transit subsidies, and long-term transit investment, on every corridor. Thus, the
empirical model can help policymakers and transport planners detect the optimal transit
network design for their city when building a new mass transit system or expanding an
existing one, along with the optimal congestion pricing, transit subsidy, and transit fre-
quency, bridging the gap between theoretical optimal design and current practice.

3. Materials and Methods

The methodology includes three major modules. First, we developed a theoretical
urban transport model, based on microeconomic welfare theory. This theoretical model
aims to find the optimal investment, optimal road pricing (toll), and optimal transit fare
and frequency in an integrated two-mode setup. Second, an empirical model was devel-
oped using the theoretical model’s results applied to the city on a corridor level. The em-
pirical model aims to find optimal transit investment and optimal transit mode on each
corridor. The total optimal investment in the city’s transit network can then be derived by
summing the investments of each transit mode on each corridor. Lastly, we applied the
empirical model to our case study cities: Tel Aviv and Toronto. In this last step, we cali-
brated and applied the model taking into account the unique features of each city. This is
a major effort. It was important for us to demonstrate it in two cities such as Toronto,
which has a metro system to compare with its network, and then apply it to Tel-Aviv,
which currently planning a metro. We then analyzed the models” outputs of optimal in-
vestment, transit mode, and network structure. Finally, we compared these results to the
current and planned transit networks of these cities and draw conclusions showing how
the model can best be applied as an integrated tool assisting planning and policy deci-
sions.

3.1. The Theoretical Model

The theoretical model aims to find the optimal investment and the optimal transit
mode for each corridor in the city. The model also integrates short-term policy decision
parameters—such as road pricing (toll) and transit fares and frequency. We set the peak
hour demand of X passengers that commute by auto or by transit. Let X4 and Xr be the
demand for auto trips (both drivers and passengers) and transit trips, respectively. We set
the generalized user cost function for each mode similarly to Basso and Jara-Diaz [12] with
new parameters of transit investment (Ir) and road investment (I4). The investment affects
transit and road speeds, as described in Equations (1) and (2):
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ga = PA +ACA = PA + OCA + aTA(XA,IA)

ap 1)
gT = PT +ACTU = PT + CZTT(XT,IT) +ﬁ
The model includes time cost, operating cost, transit capital investment, transit fare,
and optional road pricing (tolls or parking fees). Transit time cost includes both vehicle
travel time and waits time in the station.

Road network congestion is described by the assumption that,

T,

= T,A(XA) >0 and T"A(XA) >0
X,

We set the total transit in-vehicle travel time as:

X
Tr(Xp 1) = Ty (Ip) + TM )

where,

g4= auto user generalized cost;

gr= transit user generalized cost;

Pa = auto road price (toll);

Pr = transit fare;

ACa = average cost for auto drivers;

OCa = auto operating cost;

a = value of time (VOT);

Ia = investment in roads;

It = investment in transit;

ACru = average cost for the transit user;

f=transit frequency, departures per hour;

Ta = auto travel time;

Tr = in-vehicle transit travel time, including delays caused by other transit passengers;
Tm= transit travel time without delays caused by other transit users;

B = ratio of out of vehicle VOT to in-vehicle VOT;

u =in vehicle delay caused by other transit users boarding the vehicle;
X =number of trips (workers or city commuters);

Xa= auto trips demand (driver and passenger);

Xr = transit trips demand.

Note: All costs are in 2015 US dollars. All the time parameters are in hours. Demand
data is person trips per hour.

To keep the model robust, we included only direct operating costs, time costs, and
congestion costs. Other costs or benefits, such as road safety and environment externali-
ties, wider economic impacts, and reliability, are not included in this version of the model
but might be included in future model developments.

We assume a general mode choice model, H, (such as the Logit model), and for the
two modes model: X = X, + X;

Xr(gargr) =X -H(gs — gr)
Xa(ga gr) =X — Xy

We can now define the objective function of the theoretical model maximizing the
total social welfare, including the consumer surplus, road toll revenue, transit revenue,
and operating and investment cost:

(©)

(9a.91)

W= - J zxi(gAlgT)dgi + PaX4(Pa, Pr, Ia, Ir) + PpXp(Pa, Pr, I Iy) — cUp)f — 1y — Iy (4)
(goAvgor) i
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We are looking for the long-term optimal transport investment policy (It and Ia),
along with short-term policy parameters of transit frequency f, and prices (P4 and Pr) that
will maximize the social welfare in terms of the total sum to all individuals.

This research focuses on the optimal transit investment It while keeping the road
capacity and investment fixed (Ia). Further extensions could also incorporate the effects of
road investment in the integrated system.

Maxp , pr,fi410W

s.t

kf = Xr(Pa, P, f,1I7)
X=X, +Xg

©)

where k is the vehicle capacity.
The mathematical analysis is described in Appendix A—Theoretical analysis. From
the first-order condition, the partial derivatives of W by P4 and Pr, we obtain:

ow (X o X,aT (X)) + P P)aXA—o 6
GPA Tf VUL RVACY AT )9p, (6)
That implies that, in equilibrium, the price gap between the road toll and transit fare
equals to:
* * * I * * a“
P'y—P'p = X"4aT’ y(X")) — X TF = (MCy — ACy) — (MCr — ACry) (7)
The partial derivative of W by f gives:
w _ ar . 90X, ar . ap
From that, we obtain the optimal frequency as:
fr= s Grrm ©)
c(ip) 2

We assumed C(I1)f is a logarithmic function C(Ir)f = bin(Ir) + d (see Appendix A and
Appendix C, Figure A2)

The partial derivative of W by It with the results of Equation (6) produces the optimal
transit investment policy as:

ow , au 0X, oT,, b
ﬁz (—XAaTA(XA)+XTT + P, PT) oL, (1 Xra—— ol +—) =0
oT,, b
<—>1+XTaaIT+—=0 (10)
aT 1 +1T
61T XTa

Sharav and Shiftan [4] showed that higher investments in public transport increase
transit speed logarithmically —from an average of 15 km/h in cities that invested little in
public transport up to 35 km/h in cities that invested heavily in mass transit.

As presented by Sharav and Shiftan [4], Tm as a function of It can be described as:

T = aln(l;) + k

Therefore, the condition in Equation (8) is as shown in Equation (9):

b
0T, a T+ 1*
al, I'y  Xpa 11)

->I = —aX*Ta -b
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Examining the expressions obtained for Iz, we find that the a <0 transit investment Ir
increases with the number of transit passengers, Xr, and the value of time, a.

3.2. The Empirical Model

The theoretical model produces an equilibrium in a two-mode setting. Figure 1 illus-
trates the combined auto and transit optimal equilibrium on one corridor with total de-
mand of X passengers. The marginal cost equilibrium is at the point E1 where MCr=MCa.
Point E: represents the average cost equilibrium (ACa = ACr) in the absence of road tolls
and subsidies. At the marginal cost equilibrium, E1, X* passengers use transit, and X*a =
X—X*r use auto. The model allows calculating the optimal investment at the equilibrium
E1 according to Equations (6)—(10). We can then calculate the optimal transit investment
I*1in the corridor as derived from Equation (11).

The model calculates the optimal investment based on the corridor characteristics,
the generalized cost functions, and the demand on the corridor. If the model shows that
passengers are less willing to choose transit in that corridor (less than the optimal level,
presented as X?r < X*7), then we can calculate the applicable road pricing (toll) P that is
needed to obtain the optimal level of the car and transit usage corresponding with the
optimal investment: Pa = MCa(X24)—ACa(X24). A particular example is the average cost
equilibrium, where users face no toll, and hence, more passengers choose a car. In this
case, applying road toll will shift passengers to transit, and the more efficient system equi-
librium at E1 can be obtained.

2.00

1.80

1.60

1.40

1.20

Generelized Cost, $
N
8

o
®
<]

0.60

0.20 0.20
Xa

1000
0.00 2000

01 0.00
0 500 1000 1500 2000 2500 3000
Xr

=——ACTU ——ACT ——MC(CT ——ACA MCA

Figure 1. Auto trips and costs are presented from right to left, and transit trips and costs are pre-
sented from left to right (X = Xa + Xr = 3000).

The empirical model application uses a similar calculation on a multi-corridor level
and is set on a TransCAD platform. For this purpose, the city is divided into super zones.
Each super-zone is connected to its neighboring zones by a virtual corridor in a spider
web network. Each corridor is represented by a single bi-directional road and is serviced
by bus service with a minimum frequency of two trips per hour. The model assigns the
demand between all pairs of origin-destination zones on the corridors and calculates the
level of service and modal split. Model iterations between the assignment and modal split
continue until the model split converges.
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Following convergence, the marginal cost equilibrium and the applicable optimal
transit investment and mode on each corridor can be obtained using the generalized cost
functions and the characteristics of the corridor as described in Equation (1) and the re-
sults presented in Equations (1)—(11). The empirical model points to the optimal invest-
ment and the applicable transit mode on each corridor. The model recalculates the level
of service and the demand on each corridor simultaneously based on the new modes and
thus takes into account the effect of the transit network.

The empirical model structure is presented in Figure 2.

Initial
demand

Modal split
model

Assighment
on corridors

Level of service

Optimal investment and mode
on corridors

Figure 2. The empirical model structure.

The model provides a formula for calculating the optimal toll needed to achieve the
marginal cost equilibrium that is also coherent with the optimal investment:

Pa(X*4) = MCa(X*4)—ACA(X*4)

This theoretical result implies that the optimal road toll is obtained when passengers
pay the difference between their marginal cost to their average cost for each road segment
and the time of their trip.

3.3. Application of the Empirical Model

To investigate the model capabilities to help planners designing a city’s mass transit
system, the empirical model was applied to two case studies—the cities of Tel Aviv and
Toronto. The city of Tel Aviv does not have a mass transit system yet, while the city of
Toronto already has a developed mass transit system. In the Tel Aviv case, we compared
the model results to the future mass transit plan. In the Toronto case, we compared the
model results to the existing mass transit network.

Tel Aviv was divided into super-zones based on the Tel Aviv Travel Demand Model
(TTDM). Each super-zone is connected to its neighboring zones by a virtual corridor that
represents all the roads and transit services between them. We focused on peak morning
trips that are usually used to determine the transit system capacity and investment. For
each super-zone, we used the TTDM population and employment data and forecasts,
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employment and population density, and the number of households by car ownership
sub-groups.

The model is iterative where the model’s first run assumed that all corridors consist
of two three-lane carriageways and a capacity of 1500 cars per lane. The capacity was then
revised using TTDM results for the 2012 base year’s network by looking into the volume
over capacity ratio on the roads connecting the super-zones. Using the Bureau of Public
Roads (BPR) volume delay functions calibrated to Tel Aviv, we could calculate the model
capacity for each corridor. We assumed that the 2012 capacity is not extended in the 2040
network.

The model assigned the demand on the corridors and calculated the level of service
using the TransCAD software. The initial speed was set as 70 km/h for car passengers, and
0.9 times car speed for transit passengers, with a maximum of 15 km/h—representing an
initial model state of basic bus services on all the corridors with no mass transit or bus-
ways (Average bus speed in Tel Aviv. See also Sharav and Shiftan [4] for average transit
speeds in cities with no right-of-way). This initial transit setup allows the model to show
the optimal transit investment and mode results regardless of the existing transit network,
which can then be compared to the actual (or planned) mass transit network. The modal
split model can then be used to calculate the number of passengers over the three modes:
car driver (Single Occupancy Vehicle—SOV), car passenger (High Occupancy Vehicle—
HOV), and transit. We used a simple Logit modal split model based on the TTDM with a
few parameters representing a trip cost, trip time, number of cars per household (repre-
senting passengers’ characteristics), and job density in the destination (representing the
city’s characteristics). We also included optional road pricing (toll) on the network (Ap-
pendix B—The modal split model).

The modal split model uses calculations of the level of service for each iteration, pas-
sengers’ distribution by car ownership (0, 1, or 2), car cost per km, and transit trip cost
based on the transit fare matrix for each trip. Job density data is obtained from the TTDM.
The model iterations continue until the model’s split converges. In each iteration, the level
of service is calculated using BPR volume delay functions calibrated to Tel Aviv.

When the modal split model converged and the demand on the corridors is assigned,
the model calculates the optimal investment for each corridor and the applicable transit
mode. The investment is calculated for the peak direction demand and is then multiplied
by two to represent that the same mode is chosen for both directions. This is an obvious
assumption in the case of a metro, Light Rail Transit (LRT), or Bus Rapid Transit (BRT) but
we also assume that busway is always bi-directional. The results of the optimal investment
calculation and applicable optimal mode determine the new level of service on each corri-
dor, and then the model calculates the new modal split.

3.4. Data Sources
3.4.1. Tel Aviv’'s Demand Data

For the optimal investment model, we used demand data for the years 2012 (current)
and 2040 (forecast), for the peak AM period (average hour: 6:00-9:00). The data for Tel
Aviv was received in the form of origin—destination matrices representing passengers’
trips (motorized trips only) from the TTDM. The TTDM has 1200 zones in a four-ring
formation. We used the inner three rings, aggregating the data according to the 31 super-
zones representing the urban area of the city. Short inner zonal trips and walking and
cycling trips were disregarded since, for the model’s objective of finding the optimal
transit investment, only longer commute trips are relevant. External trips that are not
within the urban area were also omitted.

Travel habits and modal split data were analyzed based on the Tel Aviv Travel Habit
Survey 2014 (TTHS 2014). The survey included 35,952 daily trips in the metropolitan area.
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presents summary statistics of the daily and peak AM modal share from the survey.
The non-motorized modes (about 40% of all trips) were not included in the optimal in-
vestment model. Table 1 presents the summary demand for the peak AM period (6:00-
9:00) from TTHS 2014.

Table 1. Tel Aviv passenger trips to center and total, by mode.

Peak AM 6:00-9:00 All-Day
To Center Total To Center Total
(Ring 1) (All Zones) (Ring 1) (All Zones)
Walk 400 34% 2566 38% 2376 37% 12,730 35%
Bike 43 4% 114 2% 279 4% 613 2%
Car driver 329 28% 2187 32% 1839 28% 12,767 36%
Car passenger 143 12% 1050 15% 679 11% 5275 15%
Bus and coach 208 18% 736 11% 930 14% 3473 10%
Taxi 7 1% 35 1% 69 1% 244 1%
Rail 18 2% 33 0% 47 1% 159 0%
Other 38 3% 89 1% 245 4% 691 2%

1186 100% 6810 100% 6464 100% 35,952 100%

Source: TTHS 2014.

3.4.2. Toronto’s Demand Data

Toronto’s demand data was based on the 2011 Transportation Tomorrow Survey
(TTS) received from the University of Toronto. The TTS contained detailed demographic
information for all members of each surveyed household, and a ledger of travel infor-
mation for an entire weekday. Table 2 presents the summary demand for the peak AM
period (6:00-9:00) from TTS 2011.

Table 2. Toronto passenger trips to center and total, by mode.

Mode To Center Total (All Zones)

Auto driver 356,651 44% 1,835,589 61%
Auto passenger 80,247 10% 399,587 13%
Transit 263,286 33% 420,951 14%
Walk 76,604 10% 235,822 8%

Bike 17,335 2% 27,128 1%
School bus 7436 1% 96,886 3%
Other 727 0% 1679 0%
Total 802,286 100% 3,017,643 100%

Source: Toronto TTS 2011, 6-9 AM (three hours).

3.4.3. Cost Data

All cost data are in 2015 US dollars. The transit capital investment costs and operating
costs were estimated based on cost data for the Tel Aviv mass transit system [64], prepared
by Egis [65]. The same unit costs were assumed for the Toronto transit network. Table Al
in Appendix B describes the capacity, maximum frequency, and the amortized investment
cost for one peak hour for each transit mode.

Additional transit data analysis was conducted over the US National Transit Data-
base (NTD). Car operating cost for both models was based on the variable cost of the av-
erage hybrid electric car representing current and the future marginal cost of private cars.
The average car operating cost used in the model is USD 0.4/km and the marginal operat-
ing cost is USD 0.09/km (Source: https://www.nerdwallet.com/blog/loans/electric-hybrid-
gas-how-they-compare-costs-2015/, 01 July 2021).
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4. Results
4.1. Tel Aviv Network

The model was applied to the city of Tel Aviv for the current network (2012) and
future network (2040). Figure 3 presents Tel Aviv’s 2040 mass transit plan, approved by
the government of Israel in 2016 (TLV alternative C3). This plan includes two radial metro
lines with six radial branches and an additional semi-circular metro line.

Figure 4 presents the model’s results for the optimal transit investment and the ap-
plicable mode for 2040 (left panel), and transit volumes with optimal modes and optimal
road pricing on each corridor for 2040 (right panel). The optimal transit investment for the
city is calculated as a sum of the investments on all the corridors and is presented in Table 3.
The model results for the year 2040 show that the optimal transit investment includes 11
metro corridors, 18 light rail corridors, and 29 BRT corridors. The total optimal transit
investment is USD 14.8 billion—compared to USD 8.5 million in 2012. According to the
model, the metro and light rail corridors should be increased significantly by 2040. Radial
metro branches to the core should be increased from four to six. The future optimal results
of non-radial metro branches indicate more clearly the need for a ring-shaped line.

Figure 3. Tel Aviv 2040 transit plan—TLV alternative C3.

Table 3. Optimal transit investment and mode for Tel Aviv’s current (2012) and future (2040) network.

2012 Network 2040 Network
Mode Number of Cor- Network Length Optimal Investment Number of Cor- Network Length Optimal Investment
ridors (km) (Million $) ridors (km) (Million $)
Bus * 31 165 546 10 57 187
Busway 3 11 48 5 24 105
BRT 25 92 554 29 129 773
LRT 8 29 1449 18 71 3545
Metro 6 24 5908 11 41 10,191
Total Transit 73 321 8505 73 321 14,802

* bus-only corridor.
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Figure 4. Model results for

Tel Aviv 2040 —optimal investment, transit modes, and transit volumes (peak hour) with op-

timal road pricing. (a): Optimal transit modes. (b): Transit volumes with optimal mode.

Table 4 presents transit share for trips between metropolitan rings before and after
applying the optimal investment model for the 2040 demand forecast. Ring 1 represents
the core of the metropolitan area and ring 3, the outer ring about fifteen kilometers from
the center. The results show that the optimal investment introduced by the model in-
creases transit usage from 24% to 30%. The radial trips from rings 2 and 3 to ring 1 have
the most increase. The optimal toll result in the model was applied only on trips to ring 1.
The results show that transit share increased to 33% and that trips to ring 1 increased from
47% to 58%.
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Table 4. The effect of optimal transit investment and toll on transit share between metropolitan
rings.

Transit Share —without Optimal Investment 2040
Ring O/D 1 2 3 Grand Total
1 36% 17% 16% 26%
2 35% 18% 25% 26%
3 37% 23% 15% 22%
Grand Total 39% 19% 15% 24%
Transit share —with optimal investment 2040
Ring O/D 1 2 3 Grand Total
1 40% 21% 22% 30%
2 45% 23% 21% 32%
3 54% 26% 20% 28%
Grand Total 47% 24% 20% 30%
Transit share —with optimal investment and optimal toll to ring 1 2040
Ring O/D 1 2 3 Grand Total
1 52% 21% 22% 36%
2 57% 22% 20% 36%
3 64% 25% 19% 29%
Grand Total 58% 23% 20% 33%

It should be noted that the model provides the optimal mode for each corridor. This
is a tool for the planner to design specific projects. The planner, knowing which mode is
optimal for each corridor, can design the lines and specific projects based on this output.
The actual network’s length and investment will probably differ from the model’s results
due to two considerations. The first consideration is that the actual transit routes will most
likely be longer than the straight lines represented in the model as corridors between su-
per-zones. The second consideration is that the model shows the optimal investment on
each corridor, but, in the actual plan, the planner should consider the continuity of the
chosen technology all through the line. For example, if the model indicates that the opti-
mal mode for corridor A is LRT, and metro on the continuing corridor B, the planner
would conclude that the transit line on A and B should be metro all the way to reduce the
operational complexity and the number of transfers, or the planner can decide that corri-
dor A would be LRT feeding a metro line on corridor B. This example demonstrates the
model results as a supportive planning tool, leaving some consideration to the planner’s
decision, such as the overlapping range of cost and capacity of the different technologies.
These considerations can be included in the model, but their inclusion will obstruct the
optimality of the model’s results. Instead, the model’s results can be considered by the
planner along with these considerations.

Comparing the results of our model for 2040 to Tel Aviv’s new mass transit 2040 plan
(TLV alternative C3, Figure 3) reveals that the optimal investment in the model should be
only indicative for the final plan solution.

4.2. Toronto Network

The Greater Toronto Area (GTA) is divided into 46 super zones. Our optimal transit
investment model for Toronto was developed on a corridor network over the super-zones
1-36, representing the urban network. A spider web corridor network connecting all
neighboring zones was defined, including some additional links between zones that do
not have a common boundary but have a direct connection in the actual network. Such
additional links in the spider web network are necessary since they follow transit lines or
roads (for example, the Yonge metro line). The final spider network includes 54 links/cor-
ridors. As in the Tel Aviv model, the speed was set to 70 km/h for car passengers and 0.9
times the car speed for transit passengers with a maximum of 15 km/h, representing an
initial state of basic bus service on all the corridors with no mass transit. This initial transit
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setup allows the model to show the optimal transit investment and mode results regard-
less of the existing transit network, which can be compared to the actual mass transit net-
work (Figure 5).
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Figure 5. Toronto’s metro network. Source: Toronto Transit Commission, 2017.

The model results for Toronto are shown in Table 5. The optimal transit investment
and mode for Toronto’s current network were modelled. The results suggest that the op-
timal metro length for the Toronto transit network is 147 km and that the light rail optimal
length is 31 km. In addition, more than 200 km of BRT and busways are needed. The total
optimal investment was estimated at USD 39.8 billion, more than double that of the Tel
Aviv 2040 network.

Toronto’s current metro network’s length is 74 km (Figure 6). Our results indicate
that more metro lines are needed, and the total metro network’s length should be doubled.
This conclusion is in line with the results of Derrible and Kennedy [66], who investigated
Toronto’s metro network’s structure based on the updated graph theory.

Table 5. Optimal transit investment and mode for Toronto’s current network.

Network Length ~ Optimal Investment

Mode Number of Corridors (lem) (Million $)
Bus 13 134 443
Busway 6 84 370
BRT 13 132 794
LRT 4 31 1550
Metro 18 147 36,656
Total Transit 54 528 39,812

Figure 6 presents the model results for the optimal investment and mode on each of
the network’s corridors Figure 7 presents transit volumes’ forecasts on each corridor for
the optimal network and level of service. The model indicates the need for four radial
metro branches to the city center (from zones 2, 3, 4, and 6 to zone 1). In addition, the
model indicates the need for at least one additional West-East line or a semi-circular line
along Eglinton or 401 corridors, creating a spider web shape network. The lines in the
existing network (Figure 5) are set in a different formation, with the Yonge—University U-
shape line serving as two radial branches and the Bloor-Danforth line serving both as an
East-West service to mid-town and a feeder to the Yonge-University line connecting to
downtown Toronto. This structure can be regarded as a network of four radial branches,
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in line with our model’s suggestion, but using a less extensive metro network to achieve
that. The model’s configuration will have better performance in terms of metro connectiv-
ity, level of service, and coverage, and will ease the congestion on the 401 highway and
the radial roads. Again, our results are also supported by those of Derrible and Kennedy
[66], as well as other plans for the future transit network in Toronto.

Multiple plans have been designed for Toronto’s future mass transit network. The
city’s “relief line” —a new U-shape radial metro line to the center—is currently under
planning. This line will add two more radial branches to the center as the optimal invest-
ment model suggests. The 15-year plan also presented the Eglinton metro line, a new
West-East connection, as suggested by the optimal investment model. The new Eglinton
line was planned as a metro line in some plans and as an LRT line in more recent plans.
In contrast to these new plans, our results suggest that a metro would be optimal in this
corridor. It is worth mentioning that some more ambitious plans for Toronto’s mass transit
network are not presented here in detail. However, some of these plans included three
West-East metro lines and three U-shape radial lines. The model’s results indicate the
need for two or three West—East metro lines and four radial metro lines. In addition, six
radial branches might be needed with future demand growth that was not part of this
research. The model’s results showed heavy usage during peak hours on all four radial
metro corridors.

Another interesting result of the model indicated the need to extend the University
metro branch to the city of Vaughan (zone 33). This extension is currently under construc-
tion and is due to open in 2018. A metro connection between zones 10 and 11 seen on the
optimal model was also suggested to be included in the future network. Indeed, this link
appears in some of the future transit plans for the city. The Mississauga (zone 36) Bramp-
ton (zone 35) light rail project along the Hurontario corridor is in line with the model’s
metro line for that corridor. The model’s results that more expensive technology is re-
quired can be explained by the size of the super-zones 35 and 36 in the model. Ideally,
super zones should include one or two transportation corridors. However, in this case,
the zones might be too big and thus the corridor in the model attracts more passengers
(see discussion in further research). The model’s results for the Richmond Hill (zone 29)
to zone 11 connections were expected to be optimal as a metro, as the current high pas-
senger volumes on this Yonge metro line section implies. However, the lower result in the
model can be explained by a few factors. First, the zones’ structure in this area might re-
quire a better definition. Zones 31 and 33 might divert some of the North-South traffic
from the Yonge corridor to the East and the West. Second, our model does not consider
external trips that might be coming from outside of the model’s zonal system. Some of
these external trips might be using the Yonge line with park and ride and kiss and ride
options.
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Figure 7. Model results for Toronto’s current network —transit volumes in peak AM hour.

A sensitivity analysis was carried to examine the model sensitivity to the value of
time. The Toronto model results presented in Table 6 show that an increase of 10% in the
passengers’ value of time increases the total network optimal investment by 3.7%, and an
increase of 25% in the VOT showed an increase in the optimal investment by 14.8%. This
result suggests that a higher value of time has more impact on the network investment.

This result shows that the value of time has a very high impact on the optimal invest-
ment in the city. It suggests that when density exists and all other parameters are
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constants, a real increase in the value of time should increase the investment in public
transportation. However, one must take into account that the value of time sensitivity
result of this model is high because other externalities such as safety and environmental
costs are not included in the model, giving more weight to the congestion time costs.

Table 6. Results of the value of time sensitivity analysis.

. ) Optimal Investment % Change Relative to Average Change for Ever
Scenario Value of Time ($/hr) b (Million $) Bagse Case 1% Ifcrease ii the VOTy
Base case 8.0 39,812 - -
Sensitivity +10% 8.8 41,285 3.7% 0.37%
Sensitivity +25% 10.0 45,715 14.8% 0.59%

5. Conclusions

Transport economic theory deals with urban transport investments and planning us-
ing various approaches. Few researchers have addressed the question of how much
should be invested in an urban public transport network, perhaps due to the complexity
of the problem. However, some economic models relating to this question have been de-
veloped in recent years [47,52]. Moreover, the complexity of the problem has challenged
many researchers to develop heuristic approaches to the planning of the optimal network
in terms of structure, transit lines, and modes [10,11].

This research introduces a strategic design model that can direct planners and poli-
cymakers to high-level strategic questions. The model is built on a spider-web corridor
network, and it is detailed enough to design a transit network structure without going
into street-level details and complexity. Many of the city-level economic models are based
on a schematic city structure, such as a core and suburbs [52] or a core and sub-centers
[11]. Extending these models, our model is designed to produce corridor-level design re-
sults. As a result, the model can indicate the optimal number of mass transit lines as well
as the shape and structure of the transit network with respect to the actual city land use,
activities, and demand.

The model expands the theory of optimal transit network planning and investment,
taking into account the effects of the investment on accessibility, level of service, and
transit speed. It seeks optimal transit investment and road pricing simultaneously in an
integrated, multi-modal model. Our method combines the two major approaches used to
address congestion—giving priority to public transportation and road pricing—with one
unified theory that addresses infrastructure investment and policy decisions simultane-
ously. To illustrate the advantages of our approach, we applied our empirical model to
two case studies, integrating recent theoretical developments and our theoretical contri-
bution in practice.

Our results demonstrate that the model can produce strategic-level answers to the
questions of optimal network design and investment that can be further investigated with
more detailed planning tools. The model corridor-level results for optimal investment and
mode were compared to the actual and planned networks for both Tel Aviv and Toronto.
The comparison shows the model’s capability to produce a good balance of strategic de-
sign and network details, that can assist planners with transit network design.

Finally, this model contributes to the emerging literature in Sustainability about the
need to improve transit systems and their planning tools to promote sustainability [67-74].

6. Further Research

Our results demonstrate the model’s ability to indicate the optimal transit mode and
investment on a corridor level and the total investment required in the transit network in
the city. This approach integrates optimal investment from the transport economic theory
with transport modeling, planning, and network design. The model results can be com-
pared to the city’s current network and future transit plans and can provide insights on
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how to design better and more efficient transit networks and identify missing links in the
networks and the optimal mode.

However, being a strategic decision tool, the level of detail should maintain a balance
of the micro and macro levels to optimize the model results and achieve its objectives.
Future research should focus on the following issues:

Objective function —In this research, our analysis focused on maximizing social wel-
fare. It would be interesting to introduce different objective functions such as profit max-
imization. The profit-optimal investment strategy should be considered if a private firm
would be set to invest in a mass transit line or network, however, given that transit is
usually provided by the government, we focused on the maximum welfare case. In the
profit maximization strategy, it might be obtained at higher service price and less transit
riders.

Super-zones size—The size of the super-zones is a key element in the model’s ability
to predict valuable results dictating the level of resolution. If the chosen size is too small,
corridors will not concentrate enough transit passengers. If, on the other hand, the size is
too big, corridors will have too much concentration and not enough population coverage.
These requirements of the model suggest that zones should include at least one corridor
to each of their neighboring zones and have good public transport coverage, so the corri-
dors should cover most of the zones within one kilometer of walking distance.

Corridor capacity —corridor capacities are among the model’s parameters. Corridors
can be assigned unique capacity values or can be assigned value according to the corri-
dor’s type (by type of area, by the metropolitan ring, by population density, etc.). These
capacities influence road congestion costs and thus also optimal road and transit equilib-
rium. Ideally, a corridor’s capacity should represent the affective capacities of all roads
and intersections connecting the two super zones.

Corridor length—corridors’” lengths were set to the aerial distance between super
zones’ centers. This measure is set as a default value in the model and aims to represent
an average trip distance between zones. However, the trip length might be different in
real life for many reasons such as the housing and activities’ location in the zone, the road
layouts, and more. These considerations could be addressed in further research regarding
the position of the zone center and introducing corridor length factors.

Access and egress time —The main feature of transit investment that is investigated
in our model is the effect of transit investment on transit travel time and wait time from
station to station. Investment in higher transit modes such as light rail or metro increases
transit speed and decreases wait time. To simplify the model, access and egress time to
the stations are not included. Future research should include access and egress time, along
with non-motorized modes, to set a more holistic framework to sustainable mobility in
the city.

Other modes—the model is based on three modes: car driver, car passenger, and
transit. This choice is in line with the goal of finding the optimal transit investments for
longer commute trips. Extending the model to include shorter trips can be accomplished
by introducing non-motorized modes such as walking and cycling. In addition, the cur-
rent model’s transit supply modes include four modes (bus, BRT, LRT, and metro). Other
transit modes such as Personal Rapid Transit (PRT) can be incorporated into the model.
To do so, operating and capital cost data, basic operational data, and passengers’ prefer-
ences data will be required. The model focuses on the main transit network, future work
can expand it to complementary modes of walk and cycling which are essential to sus-
tainable cities.

Autonomous Vehicles (AV)—autonomous vehicles, and especially shared autono-
mous vehicles and other transport services, could also be incorporated into the model.
However, this will require additional data and assumptions. On top of the cost data, the
model would need assumptions regarding passengers’ preferences, capacity, and trip
generation effects (such as empty trips).
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Cost components—to keep the model robust, we included only the direct operating
costs and cost of time. Mackie et al. [75] showed the importance of travel time savings in
project evaluation. Hensher [76] also concluded that the value of travel time savings is
critical in project evaluation, typically accounting for 60% of the project’s benefits. Thus,
the model includes time cost, operating cost, transit capital investment, transit fare, and
optional road pricing (tolls or parking prices), while road externalities are represented by
the congestion costs. Other externalities and costs, such as road safety and environment,
wider economic impacts, and reliability, are not included in this version of the model and
can be incorporated in future developments of the model. We estimated the value of time
at USD 8 per hour. This compounded value of time is consistent with the Israeli guidelines
for transportation projects analysis from 2015 as well as with the recommendation set by
Mackie et al. [75]. Nonetheless, this crucial parameter can be adjusted for each city. The
model can also be extended to include agglomeration benefits with an increase in job den-
sity attributed to the investment in the transit network and the effect on wages [16].

Day periods —peak morning trips are commonly used to determine the transit sys-
tem’s capacity and investment. The current model focuses on this day period. However,
other day periods could be easily incorporated to evaluate the daily performance and ef-
ficiency of the optimal investment determined by the peak period. The extension of the
model to other day periods would require daily demand data.

Road investments —the empirical model aims to seek optimal transit investment as-
suming the road network is fixed. Further extension of the model can incorporate the ef-
fects of road investment on the integrated system.

Equity and fairness considerations — the theoretical model presented in this research
uses an objective function derived from the utilitarian social welfare approach. The social
welfare approach maximizes the sum of benefits while ignoring the distribution of bene-
fits and costs among different members of society. Alternative social approaches have
been discussed in the literature, such as Nash or Rawls [25,77-79]. An important extension
of the model presented here will be to incorporate social justice theories and practices by
examining individuals or groups and assigning them with a potential mobility index [25]
or by utilizing a different objective function, for example, the Nash social welfare.

This study has gone some way towards a unified theory that addresses infrastructure
investment and policy decisions simultaneously. Integrating transit planning, transport
economics, and policy decision making, we aimed to identify long-term optimal transit
investment policy while optimizing short-term decisions. As a strategic decision tool, the
model aims at maintaining a balance between the micro and macro approaches. This crit-
ical balance, along with other issues, should be further considered in future studies. Spe-
cifically, to better contribute to sustainability, future work should extend the model to
account for all externalities including environmental, safety, land consumption, and more,
as well as cycling and walking.
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Appendix A —Theoretical Analysis
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We assumed C(Ir)f is a logarithmic function C(Ir)f = bin(I1) + d as described in Figure
A2 and hence:
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Appendix B—The Modal Split Model

The modal split model calculates the number of passengers over three modes: car
driver (SOV), car passenger (HOV), and transit. We used a simple logit modal with only
a few parameters to represent the trips cost (including toll), trip time, number of cars per
household (representing passengers’ characteristics), and job density in the destination
zone (representing city characteristic).

The model structure is presented by:

e’i

Pr(Vy) = eVsov + eVHov + eVPT

Vsoy = 0.075 — 0.02T — 0.03C + 1VehNum — 0.04Toll (A6)
Viov = 0.025 — 0.02T — 0.03C + 0.5VehNum — 0.04Toll

Vpr = 0.02T — 0.03C + 0.1jobDensity

where,

i={S0V, HOV, PT};

T = trip travel time in minutes;

C = trip cost in IS. Car cost of 1S2.50 per km (2015 prices) including capital cost and depre-
ciation. Public transport cost is based on the new metropolitan fare system. We used
monthly pass fare applicable for each zone divided by 50 to represent the cost of a single
trip. The cost structure in the modal split assumes that passengers make long term deci-
sion regarding to the peak AM commute trip. In HOV, the cost splits between the driver
and passenger.

Toll (optional) = toll cost per trip. In HOV the toll splits between the driver and passenger.
JobDensity = number of jobs per surface area (in thousands).

VehNum= number of vehicles in household. The model is applied for each demand seg-
ment (No car, 1 car and 2+ car). Alternative SOV is not available for the “No Car” segment.

0 household_cars =0
VehNum =1 household_cars=1
2 household_cars=2

The modal split model results for the spider web corridor for the existing network
(2012) are compared to the TTHS 2014 (Table 5). The model parameters produce reasona-
ble results on a corridor level compared to the TTHS 2014 public transport share of mo-
torized trips.

Table Al shows that the TTDM modal split results (PT share) are higher than the
TTHS 2014. The differences are especially noticed on trips that are not to/from ring 1. The
TTHS 2014 sample included only 35K trips and about one third of these were non-motor-
ized trips, and hence, it is not a perfect source to calibrate the modal split.
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Nevertheless, Table Al shows that the model produces reasonable results on a corri-
dor level compared to the TTHS 2014, with slightly higher share of PT trips to/from ring
1.

Table Al. Comparison of modal split (transit share of motorized trips) for Tel Aviv model results.

PT Share—Optimal Investment Model

XT=PT
1 2 3 Grand Total
1 27% 15% 13% 20%
2 32% 16% 14% 22%
3 35% 17% 14% 19%
Grand Total 32% 16% 14% 21%
PT Share—TTHS 2014
XT=PT
1 2 3 Grand Total
1 30% 22% 19% 28%
2 26% 14% 24% 17%
3 41% 12% 14% 15%
Grand Total 30% 14% 15% 19%

Table A2 shows that the TTDM modal split results (PT share) compared to the To-
ronto travel survey of 2011.

Toronto modal split model:

Vsoy = 0.075 — 0.02T — 0.03C + 1VehNum — 0.04Toll
Vioy = 0.025 — 0.02T — 0.03C + 0.5VehNum — 0.04Toll
Vpr = 0.02T — 0.03C + 0.125]obDensity

Table A2. Comparison of modal split (transit share of motorized trips) for Toronto model results.

PT Share—Optimal Investment Model

XT =PT
1 2 3  Grand Total
1 44% 18% 18% 34%
2 37% 15% 14% 26%
3 34% 13% 20% 21%
Grand Total 40% 15% 18% 27%
PT Share—TTS 2011
XT=PT
1 2 3  Grand Total
1 40% 34% 8% 36%
2 4% 19% 7% 25%
3 23% 10% 5% 7%
Grand Total 39% 19% 5% 20%

Toronto Travel Survey 2011.
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Appendix C—Cost and Parameters

Table A3. Model Parameters.

Model Parameters Value Notes
o 8 in vehicle VOT USD/hr
& 2.0 ratio of waiting time to in-vehicle time
interest 4%
Day_year 300 days per year

The auto generalized cost function is described by:
9a = 0Cy + aTy(Xy, 14) (A7)
where,

g4 = auto user generalized cost;

ACa = average cost for auto drivers;

OCax = auto operating cost;

a = value of time (VOT);

I1 = investment in roads;

Ta = auto travel time;

Xa=auto trips demand (driver and passenger).

Using volume delay function and average auto operating costs, we can calculate the
time and delays of auto users and the average and marginal cost (ACa, MCa) for auto
users on each corridor. Operating cost is based on variable cost of average hybrid electric
vehicle representing current and near future variable cost of private vehicles. The average
operating cost is USD 0.4/km and the marginal operating cost is USD 0.09/km.

The volume delay function is presented by:

t=ts(1+a (;)b) (A8)

where,
t = link time;
to = link time in free flow, we used 0.85 min per km, representing free flow speed of 70
km/h;
a, b= parameters, we calibrated the parameters to the current TLV network as: a=2, b=2.5;
v/c = volume to capacity ratio on link.

For example, in a corridor with capacity of 2800 vehicle per hour per direction and

an average of 1.2 passengers per vehicle, we obtain the average cost (ACA) and marginal
cost (MCA) curves as shown in Figure Al.
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Auto Generalized Cost
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Figure Al. Average and marginal auto costs.

The public transport generalized cost function is described by:

a
gr = ACTO + ACTU = ACTO + C(TT(XT, IT) + § (A9)

where,

gr= transit generalized cost;

a = value of time (VOT);

It = investment in transit;

ACrtu = average cost for transit user;

ACro=average cost for transit operator;

f= transit frequency;

Tr=in vehicle transit travel time, including delays caused by other transit passengers;
Xr = transit trips demand.

The transit capital investment costs and operating costs were estimated based on cost
data for the Tel Aviv mass transit system [64,65].
Table A4shows the average frequency and transit capacity data, as well as capital invest-
ment and operating cost for each transit mode amortized to peak hour service at capacity.
Figure A2 shows the continuous functions we used in the model to represent the relations
between the capital investment in the transit technology, the number of passengers carried
at capacity, transit speed, and cost. We can now estimate transit user cost (ACTU), opera-
tor cost (ACTO), and average and marginal transit cost (ACr, MCr) functions as demon-
strated in Figure A3.

Table A4. Transit peak hour capacity and cost.

Million $ $ Is/km
. Capex per Opex/km
Mode Hel;?xay Frel;?el;cy CVa ;I:;l:y P/H/D Caplf;per (y];is) peCraII-)Izlr km per Opex/Km Opex/hr per
Passenger Passenger
Bus 30 2 65 130 04 15 $13 $0.10 $3.00 $6.0 $0.046
Bus 4 15 65 975 3.3 15 $99 $0.10 $3.00 $45.0 $0.046
Busway 3 20 65 1300 4.4 15 $132 $0.10 $2.75 $55.0 $0.042
BRT 2 30 120 3600 6 15 $180 $0.05 $5.00 $150.0 $0.042
LRT 4 15 500 7500 50 25 $1067 $0.14 $14.00 $210.0 $0.028
Metro 1.5 40 1000 40,000 250 40 $4210 $0.11 $13.00 $520.0 $0.013

Source: Payent et al. and Sharav et al. [64,65].
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Transit Speed Transit Opex/km per passenger
40 T 0.07 $0.050
<+
0.045
35 0.06 $
30 $0.040
y = 4.7793In(x)- 6.0633 0.05 $0.035
5e RZ=0.9617
& 0.04 c $0.030
T20 < $0.025
= 003 <
15 $0.020
y =-0.009In(x) + 0.1002 0.02 $0.015
10 R*=0.914:
$0.010
5 y=0.1524x019 0.01 y =-0.009In(x) + 0.1084
R?=0.957 $0.005 R?=0.9389
0 : . 0.00 $0.000
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 0 5,000 10,000 15,000 20,000 25000 30,000 35000 40,000 45,000
Investment/Peak hr Technology Capacity: Passengers per hour
—+—speed —@—Time ——Log.(speed) ——Log.(Time) ——Power (Time) —4— Opex/km per passenger —— Log. (Opex/km per passenger)
(a) (b)

Figure A2. Transit speed and operating cost. (a): Transit speed. (b): Operating cost.

We now demonstrate an example of the model results with one of the corridors con-
necting zones 103 to 102 (Figure A4). The auto axis is from right to left and presents auto
users average and marginal costs, while transit average and marginal costs are from left
to right. The model results for this corridor show that the marginal cost equilibrium is
obtained at the point E1, where 4090 passengers use transit and the marginal cost of both
auto and transit is USD 0.31. At this point, the model results show that the optimal invest-
ment and applicable mode is light rail, and the optimal modal split is 72% transit usage.
If road pricing is not introduced, the average cost equilibrium (presented as E2) shows
that only 1550 would use transit on that corridor. The optimal toll on this corridor is the
difference between the marginal and the average cost at E2 and is equal to USD 0.71 per
km.

e ACTU e ACT = MICT

2.00
1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40 e—
0.20

0.00

Generelized Cost, $

0 1000 2000 3000 4000 5000 6000

Volume (Passengers per hour)

Figure A3. Public transport generalized cost.
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Figure A4. Example of transit and auto corridor equilibrium (zone 103 to 102). (a): Route. (b): Volume. (c): Selected Mode.
(d): corridor equilibrium.
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