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The world is currently grappling with congestion problems that have affected the liveability of cities.
Improvement in public transport has been one of the most sought-after solutions with implementation
of Bus Rapid Transit (BRT) Systems being one of the key strategies. BRT infrastructure has spread to
most of the world’s continents since its inception in Curitiba, Brazil. The implementation of BRT
systems in South African cities has been made possible with the Public Transport Network Grant
(PTNG).

The BRT systems in South African cities have been implemented on a leapfrog approach characterized
with corridor level uplift following the full specification of Latin American BRTS to replace the existing
minibus taxis (MBTSs). This has been done in the cities of Cape Town, Johannesburg and Tshwane
despite these cities having different characteristics such as land use, population densities compared to
Latin American cities. On the other hand, Rustenburg has taken an incremental approach in which the
existing MBTSs have been scheduled and buses added to enhance capacity on certain routes. Other cities
have come up with deviations from the conventional BRT such as BRT lite in Lagos (Nigeria) and
buses of high-quality service in the municipality of George (South Africa). One of the key questions

that emerges is what benefits cities attain from these strategies.

This dissertation compares the leapfrog and incremental approaches taken to improve public transport
with an intention of achieving a complete BRT system as the final product. The incremental approach
was envisaged to involve three interventions starting with scheduling of the existing MBTS, operating
scheduled buses in mixed traffic and final introduction of BRT dedicated lanes with median stations.
On the other hand, the leapfrog approach was envisaged to move from the existing MBTs to complete
BRT corridor with dedicated lanes and median stations in a single step. This comparison of the two

strategies is based on travel time savings as the benefit accrued from the interventions.

The study relies on empirical measurements of actual public transport operations to develop models of
operating speed for the interventions. Rustenburg Rapid Transit (RRT) and Tshwane BRT are used as

case studies. Ordinary Least Squares (OLS) models were calibrated and tested for conformity with OLS



assumptions. Weighted least squares (WLS) was used to correct for heteroskedasticity while
generalised least squares (GLS) was used to correct for both heteroskedasticity and serial corelation.
The calibrated models were based on operating speed as the response variable while unsignalised
intersections per kilometre, signalised intersections per kilometre, stations (stops) per kilometre and

land use were predictor variables.

To illustrate their application, the developed models were applied to a theoretical 10 km corridor to
estimate the operating speed and travel time under various interventions. Travel time was adjusted to
account for variations in traffic congestion and passenger demand. Travel time savings were calculated
as the difference between travel times for scenarios under consideration and the base scenario (no
intervention). Results indicated that both incremental and leapfrog approaches provided positive time
savings. The leapfrog approach provided maximum time savings under high demand and traffic
congestion. All steps involved in the incremental approach provided a positive time saving. It is
concluded that smaller cities and municipalities can follow an incremental approach while bigger cities

can leapfrog to complete BRT.
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1.

INTRODUCTION

1.1. Background

Globally, transportation and planning officials are examining improved public transportation
strategies to overcome the mobility challenges currently facing world cities (Levinson et al.,
2003). The current urban transportation crisis manifesting in the form of increased congestion,
deteriorating transit and neglect of pedestrians has made cities unliveable (Vuchic, 2017a).
Vuchic (2017a) attributes these challenges to car-based travel and points out the need of mass

transit systems to maintain the liveability of these cities.

Bus Rapid Transit (BRT) has been considered a cost effective approach to mass public transport
prompting many cities to launch BRT systems (Deng and Nelson, 2011). BRT is a high-quality
bus-based transit system which offers fast, convenient and cost effective service at metro level
capacities utilising features such as dedicated right of way, off-board fare collection, priority
treatment at intersections and platform level boarding (Carrigan et al., 2019). Since the
implementation of a full BRT project in Curitiba, Brazil in 1982, BRT infrastructure is currently
present in most of the continents across the globe (Hidalgo and Gutiérrez, 2013).

South Africa has invested heavily in BRT systems as one of the ways of improving public
transport (Venter et al., 2022). Through the Public Transport Network Grant (PTNG) (South
African National Treasury, 2020), cities of Cape Town, Johannesburg, Tshwane and
municipalities of George, Rustenburg and others have rolled out their own systems. The PTNG
aims at supporting the National Land Transport Act 2009 and Public Transport Strategy and
Action Plan in promoting the provision of accessible, reliable and affordable integrated

municipal public transport network services (South African National Treasury, 2020).

Most South African cities are implementing full blown BRT corridors despite low passenger
demands compared to the Latin American cities with higher densities (Jennings, 2017). This
can be described as a leapfrog strategy involving a complete overhaul of all components of the
system along a few corridors in specific geographic locations at a time (Hitge and Van Dijk,
2012). The complete overhaul is a slow process due to the cost involved; hence the remaining

parts of the cities are left with the existing poor service (Hitge and Van Dijk, 2012).

The position paper on public transport system design and modal integration in Sub-Saharan
African (SSA) (Venter et al., 2020) indicated that implementation of full blown BRTs in SSA
has been problematic, characterised with higher costs and lower financial performance, long
implementation periods and delays on pilot routes. Consequently, there has been design
deviations from the classic BRT defined in the BRT planning guide (Wright and Hook, 2017)
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leading to innovations such as BRT Lite implemented in Lagos (Nigeria) or quality bus services
implemented in George (South Africa). In other instances, an incremental approach is being
taken to attain a classic BRT for instance in Rustenburg (South Africa).

An incremental approach consists of small steps applied at the city-wide level instead of a single
corridor with steps implemented with increase in demand (Hitge and Van Dijk, 2012). This
strategy starts by addressing challenges affecting existing services (Mini-Bus Taxis in SSA)
(Behrens et al., 2015) proceeding with higher capital investments until a full classic BRT is
achieved. Therefore, incremental approach would involve scheduling and branding of MBTs,
introduction of buses on the corridor, provision of bus trunk lanes, introduction of articulated
and biarticulated buses, improvement of non-motorised transport links, provision of park and

ride services among others (Hitge and Van Dijk, 2012).

Rustenburg Local Municipality (RLM) has been planning a BRT system since 2009, initially
planning to leapfrog straight to a complete BRT design (Rustenburg Local Municipality, 2022).
However, RLM experienced budget cuts from the National Treasury and lower public transport
demand than initially modelled (Rustenburg Local Municipality, 2022) leading to the adoption
of an incremental approach to attain quality public transport. With a population of about
790,000 people (Statistics South Africa, 2022), RLM launched the Rustenburg Rapid Transit
(RRT) also known as Yarona in 2022 as one of the strategies of obtaining an integrated public
transport system. RRT deploys scheduled minibus taxis (MBTS), buses, as well as unscheduled
MBTs.

Operating speed, defined as the average speed of a transit vehicle traveling along a route
including stops, is the speed offered to passengers (Vuchic, 2017b). Improvement in operating
speed and thus reduction in travel time is one of the main benefits attained in transportation
projects (Litman, 2015, Uddin et al., 2013). Operating speed can be used to compare various
project alternatives using the present worth method of benefits defined by Uddin et al. (2013).
This study develops operating speed models on which the comparison of leapfrog and

incremental strategies is based.

1.2. Problem Statement

South African cities including Johannesburg, Tshwane, Cape Town adopted a leapfrog
approach to roll out full BRT corridors with support of the PTNG. This corridor-based
intervention implies that a few selected corridors get the benefits of improved transit while
others wait for subsequent phases in the distant future as they hold on to the existing poor
services (Hitge and Van Dijk, 2012). This delay in the implementation of successive phases has
affected attainment of the projected benefits of PTNG (Manuel and Behrens, 2018). These

delays are attributed to the large capital requirement associated with the roll out process.
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The implemented full BRT corridors have high capacities which have been underutilized in
South Africa. Grey and Behrens (2013) point out a case of MyCiTi in Cape Town with a peak
forecast demand of 3,252 passengers/ hour/direction compared to a practical modelled capacity
of 12,500 passengers/ hour/direction. This attests to the fact that whereas full South American
BRT specifications have often been adopted, the public transport demand in South African
cities is different from that of Latin American cities. This raises questions on the level of BRT
specification required in South African cities and the benefits accrued from implementing such

systems.

A considerable cost in the implementation of South African BRT goes to compensation of the
existing MBT operators in a replacement approach. Plano et al. (2020) states that the large
number of paratransit operators in South African cities has nullified efforts by cities’ officials
to eliminate them in favour of scheduled services thus the need for complementarity between
services (Poku-Boansi and Marsden, 2018). This, however, calls for the need to view paratransit
as part of the solution rather than the problem to public transit (Venter et al., 2020) through
integration between the formal and informal transit modes to have one integrated public
transport system. This has raised questions on how best MBTSs can be used in the BRT systems.

The incremental approach, consisting of interventions implemented stepwise, is an alternative
approach to implementation of BRT systems. The incremental approach has the downside of
delaying deployment of speed-enhancing infrastructure such as dedicated lanes, median
stations among others thus delaying benefits. Up to date, no BRT system has been implemented
following the incremental approach. However, all steps constituting the incremental approach
have been implemented in different cities. This presents a question of what benefits are attained

at each step if all interventions are implemented to a final stage of a BRT system.

The leapfrog and incremental approaches are presented as two pathways to obtaining a
complete BRT with each approach having associated pros and cons. Cities are faced with a
challenge of choosing a more suitable approach since the operational impacts of both strategies

are not fully known.
1.3. Study Objectives

The main aim of this study is to compare the operating speeds obtained under incremental and
leapfrog investment strategies in bus-based transit in South Africa. This is achieved through the

following specific objectives.

I.  To develop operating speed models for modes (scenarios) involved in incremental and

leapfrog approaches.
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Il.  To determine travel time and travel time savings accrued by interventions in the
incremental and leapfrog approaches.
Ill.  To compare incremental and leapfrog approaches based on travel time savings and

make recommendations on implementation of the two strategies.
1.4. Scope of the study

This study compares incremental and leapfrog investment approaches. The leapfrog approach
involves a single step upgrade from conventional paratransit to full blown BRT. An incremental
approach involves other interventions between the conventional paratransit and complete BRT.
Therefore, four operating scenarios are included in the incremental approach compared to the
two in the leapfrog approach (Figure 1-1). The operating scenarios include:

1) Conventional paratransit operations.

2) Scheduled MBTSs running in mixed traffic with open stops.

3) Scheduled buses in mixed traffic (BMT) with open stops.

4) Complete BRT with median lanes and closed stations.

1.Conventional paratransit 1.Conventional paratransit

\ 4

( 2.Scheduled MBTs

\ 4
3.Scheduled Buses in
Mixed Traffic

A 4

\ 4

4.Complete BRT 4.Complete BRT

Incremental Approach

Leapfrog Approach

Figure 1-1: Comparison of interventions in incremental and leapfrog approaches

Regression models estimating operating speed for different operating scenarios are developed.
Rustenburg Rapid Transit (Yarona) and Tshwane BRT (A Re Yeng) are used as the case studies,
and the data collected are specific to these two cities. Operating speed is modelled for morning

peak, evening peak and off-peak periods of the day.
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1.4.1. Limitations of the study

The comparison of leapfrog and incremental approaches is based on the travel time savings
benefit to commuters only. Travel time savings to car users, environmental impacts,
implementation time and costs of infrastructure which affect the efficiency of the benefits are

not considered.

The study is based on data from two different cities with potential differences such as levels of
congestion, passenger demand volumes, side friction among others. Variables of congestion
levels and passenger demand volumes are used to mitigate some of the effects. However, factors
such as level of encroachment on lanes, driver behaviour and level of activity in the shoulders

are not accounted for.

The effect of travel direction with respect to the CBD is not considered. There is no
differentiation between inward and outward directions although congestion in the two

directions is often different.

The effect of traffic incidents such as non-functional traffic signals and blocking of roadways

and bus lanes which interfere with traffic movement were not considered.

Land use is classified as either CBD or non-CBD. These two categories are broad and there is
heterogeneity with in them. Detailed classification of land uses such as school zones,
residential, industrial, commercial, retail is needed to accurately account for the impact of

different land uses on operating speed.

1.5. Methodology

This study starts with a literature review to create a clear understanding of incremental

approach, regression analysis, public transport operations and principles.

The research proceeds with data collection, data cleaning and analysis. Operating speed models
for different scenarios are developed by regression modelling. These models are based on data

from RRT and A Re Yeng bus services.

The developed models are applied to a theoretical 10km route to derive travel time savings for
the different scenarios. Conventional paratransit services are used as the base scenario from

which other scenarios are compared.

1.6. Report Organisation

This dissertation consists of the following chapters:
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Chapter 1, an introduction to the research project, provides a background of the study, the
problem statement, study objectives, scope of the study and a brief description of the research
methodology.

Chapter 2 is the literature review presenting the findings from an extensive study of literature
relevant to the research topic. This includes literature on MBT operations, incremental

investment approach, speed and delays in bus-based transit and regression analysis.

Chapter 3 is the research methodology. It presents the experimental setup describing the steps

of model development, analysis scenarios and case studies on which the modelling is based.

Chapter 4 details the data analysis step in model development. Case study characteristics for

each operating scenarios are discussed in this section of the report.

Chapter 5 presents the model development. Operating speed models are estimated and

calibrated in this chapter.

Chapter 6 is modal application. Models are applied to a theoretical corridor to evaluate travel

time savings obtained in the incremental and leapfrog approaches.

Chapter 7 presents the conclusions and recommendations on the comparison of leapfrog and
incremental approaches to bus-based transit.

A list of references is presented in chapter 8. It shows all the previous work cited in this

dissertation.

Chapter 9 presents appendices attached to this dissertation.



2. LITERATURE REVIEW

This chapter presents a review of literature relevant to this study. The chapter discusses the incremental
and leapfrog approaches and scenarios involved in these strategies. It further presents operating speed
and delays associated with public transport. Economic evaluation and regression analysis, the
techniques used in this study are discussed. This chapter ends with a summary of literature review

pointing out gaps in the literature.

2.1. Minibus taxi operations

Minibus taxis (MBTSs) are the dominant form of public transport in Sub Saharan African cities
accounting for over 70% of passenger trips (Behrens et al., 2015, Venter et al., 2020). In South
Africa, MBTs account for over 65% modal share (Kgwedi and Krygsman, 2017). MBTSs are
owned privately by individuals or groups who form taxi associations that control routes (Kerr,
2018). The MBTSs are rented out to drivers who pay a daily fee to the the owner except in a

few instances where the owner doubles as the driver (Ndibatya and Booysen, 2020).

MBT associations often have self regulation in terms of quality of service, fleet size and fare
level. Behrens et al. (2015) and Kerr (2018) argue that the current route lincensing system in
South Africa creates monopolies with taxi associations restricting potential entrants even when
the need is justifiable. The competition among drivers to maximise their profits in addition to
meeting their operation costs (Ndibatya and Booysen, 2020) affects the quality of public

transport offered to passengers.

MBT passengers often experience high travel times due to low operating speeds.This has been
attributed to the large passenger waiting time and taxi hold back time especially in the off peak
periods (Ndibatya and Booysen, 2020). Ndibatya and Booysen (2020) described taxi hold back
time as the accumulated time the taxi spends at the stop waiting for passengers while passenger
waiting time is the time a passenger waits for a taxi on a stop or taxi rank. Passenger waiting
time is execarbated by the absence of MBTs during off peak periods when drivers find it
unprofitable to operate and leave MBTs idle in taxi ranks (Kgwedi and Krygsman, 2017).
Ndibatya and Booysen (2020) studied MBT operating speeds in Kampala. In that study, MBT
operating speeds were found to vary from an average of 3 km/h in the off-peak periods to
slightly above 15 km/h in the peak periods. Little is known about MBT operating speed in the

South African context.

MBT drivers are often exploited by taxi owners as they have to meet their daily rent fees
regardless of the fluctuating demand (Ndibatya and Booysen, 2020). Ndibatya and Booysen

(2020) further state that the need to meet the daily rent fees results in driver aggressiveness,
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failure to adhere to traffic regulations and the failure to perform the required vehicle
maintenance hence exposing passengers to vehicles which are not road worthy. The World
Bank Report by Kerr (2018) indicated that fatalities among MBTs were associated with drivers
driving long distances with little rest.

2.1.1. Approaches to improvement of minibus taxis

Literature reviewed (Kgwedi and Krygsman, 2017, Behrens et al., 2015, De Beer and
Venter, 2021) suggest ways in which MBTs can be improved to provide sustainable public

transport to commuters. These include:
. Regulation

MBT regulation is fundamental to addressing consumer interests, public safety, congestion,
city image and maintaining balance between taxi supply and demand. The Gauteng
Household Travel Survey showed that passengers are concerned with MBT service
attributes such as the roadworthiness, safety, driver behaviour and taxi fares (Department
of Roads and Transport, 2016). These attributes can be used as yardstick in adopting

regulatory measures in Gauteng to improve MBT passenger experience.

Regulations can be in the terms of quantity regulations to address the number of vehicles;
quality regulations to address the operator’s qualifications to operate, vehicle standards and
insurance and economic regulations relating to fares (Aarhaug, 2016). Behrens et al. (2015)
suggest that quality regulation can be obtained through fleet recapitalisation programme

and subsidies.
1. MBT formalisation

MBT formalisation can be in terms of labour and operator formalisation. Labour
formalisation addresses the relationship between MBT owners and drivers. It involves
definition of maximum working hours per week, minimum wage and provision of work
contracts in line with labour laws (Fobosi, 2013). Labour formalisation assists the industry
to overcome the prevailing exploitative labour relations between owners and drivers that
maximise owners’ profits at all costs (Mahlangu, 2002, Ndibatya and Booysen, 2020). The
labour process within MBT industry as well as the relationships between the formal and
informal sectors should be considered in the formalisation process. The formalisation
process faces challenges when it is a top-down process not considering the nature of work
in the industry (Fobosi, 2013). Therefore, all stakeholders including national departments

of labour and transport, the local authorities and the industry must work together closely
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on labour related matters, subsidies, and facilitation of workshops to provide an

engagement platform (Boudreaux, 2006).

Operator formalisation addresses the relationship between various MBT owners with an
aim to converting the informal paratransit service to a professional one (Behrens et al.,
2015).Behrens et al. (2015) propose a stepped approach through which professionalism can
be achieved. The steps include collective fleet management, formal fare collection,
common fleet ownership, new fleet acquisition and operating company formation. The first
step of collective fleet management requires MBT owners to relinquish driver and vehicle
management to a management company. Formal fare collection in which fare box revenue
is handled by one entity and distributed to operators is deemed as the second step. Thirdly,
common fleet ownership with vehicle ownership run by a company while MBT owners
become shareholders. The shareholders obtain income from permit cancellation
compensation and dividends from the company. The next step is new fleet acquisition to
adjust the composition of jointly owned MBTs to match the demand requirements on
corridors. Finally, the formed operating company becomes an independent entity to run a
formal bus service should a BRT system be introduced.

1. Law enforcement

Kgwedi and Krygsman (2017) suggests the need of a dedicated structure or team to interact
closely with the taxi operators. A dedicated team consisting of inspectors and law
enforcement officers should be established to deal with public transport law enforcement
to ensure improvement in the quality and safety of public transport services (Kgwedi and
Krygsman, 2017). Behrens et al. (2015) state that quality licensing and law enforcement
are necessary in order to achieve fair competition in the MBT industry. Enforcement of
vehicle safety standards and driver training improves passenger safety (Behrens et al.,
2015).

IV.  Priority infrastructure for MBTs

De Beer and Venter (2021) explored priority infrastructure for MBTs at intersections to
regularise paratransit operations. In that study, the impact of once-off infrastructural
investments such as single lane pre-signal strategy, queue-jumping lane, and dedicated
public transport lanes was evaluated. The study showed that priority infrastructure for
MBTs reduces travel time of MBT passengers as well as operating cost of MBT operators

and drivers without additional costs being incurred by other road users.
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2.1.2. MBT improvement initiatives in South Africa

I.  Blue Dot Program in Western Cape

The Western Cape Government in partnership with the provincial minibus industry rolled
out the Blue Dot Program in 2021. According to Western Cape Government (2024), the
program aims at improving the quality and safety of service provided to passengers, achieve
empowerment and transformation of the MBT industry to address issues of illegal
operations and violent conflict.

Participants are required to attain and maintain a green status. This involves meeting
conditions such as installation of onboard vehicle trackers, adherence to licensed routes and
provision of a minimum level of service per day. Vehicles are required to be licensed and
roadworthy with professionally licensed drivers. Operators and drivers are required to
display Blue Dot branding and the required passenger information (Western Cape
Government, 2024).

Participants in the Blue Dot Program earn a monthly financial incentive based on their
performance against the set standards. Performance is monitored using the onboard
trackers, on-the-ground monitoring as well as user feedback from passengers and members
of the public. The higher the performance, the higher the financial incentive. (Western Cape
Government, 2024).

I1.  Moja Cruise in eThekwini

Moja Cruise; a partnership between the Municipality of eThekwini and eThekwini
Management Taxi Council was launched by the eThekwini Transport Agency in 2018 to
ensure safe, secure and efficient customer oriented service (eThekwini Metro Taxi Council,
2024).

The Moja Cruise involves about one thousand participating taxis which are branded and
fitted with tracking systems paid for by the Municipality. Moja Cruise taxis adhere to set
criteria to offer a clean, safe, efficient, customer-oriented service to the public. The vehicles
are monitored to ensure that criteria are met to qualify for the financial incentive.
(eThekwini Metro Taxi Council, 2024). The participating taxis are required to be compliant

with drivers having professional driving permits and undergoing training.
111, MBT Contracting in Rustenburg

RLM achieved transformation of the MBT industry through compensation of MBT
operators and establishment of a joint-operating company, referred to as the Integrated

Public Transport Operating Company (IPTOC) (Chetty et al., 2024). The taxi associations
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affected by the IPTN received a compensation package paid in monthly instalments (over
12 years) and were required to surrender their vehicles and operating licenses. Almost 250
operators were compensated and given the opportunity to invest in and become
shareholders of the IPTOC (Rustenburg Local Municipality, 2016).

The surrendered MBTs were re-branded and fitted with GPS tracking devices to be used
for contracted services, optimizing vehicle costs. The MBTs are used as a complementary
mode to the 12-metre (72-seater) standard buses to provide scheduled services. In addition,
65 MBTs were contracted to operate as unscheduled services (referred to as mop-ups) along
Yarona routes to increase capacity (Chetty etal., 2024). The contracted unscheduled service
operators are charged a daily fee and retain all user fares (Wattel, 2022). This contracting
model acknowledges the value of informal MBT operations and enables vehicle monitoring

and stringent controls.

2.2. Principle of Incrementalism and Leapfrogging

2.2.1. Leapfrog Approach

The concept of leapfrogging is used widely in the field of sustainable energy and technology
development (Gallagher, 2006). In this case, leapfrogging has been used to refer to developing
countries shifting to the most advanced energy technologies without undergoing the
conventional energy development pattern followed by developed countries (Goldemberg,
1998). This involves the transfer and implementation of advanced technology in developing

countries.

In public transport, leapfrogging is demonstrated by the current implementation of BRT
systems. The cities adopt the Curitiba BRT system with seldom acknowledgement its three-
decade development process (Hitge and Van Dijk, 2012). The leapfrog approach is
characterised by provision of capacity ahead of demand as shown in the MyCiti system (Grey
and Behrens, 2013). Hitge and Van Dijk (2012) argue that the merits of leapfrog approach

include:

1) Improvement on the perception of public transport.
2) High economy of scale and its associated benefits such as job creation.
3) Suitability for short funding windows especially donor funding.

4) Visible progress with ultimate design achievable in short time windows.



2.2.2. Incremental Approach

Lindblom (1979) introduced incrementalism as a planning approach in the field of political
science to refer to political change by small steps. This was an alternative to the existing
comprehensive planning approach which he deemed to consist of too many possible alternatives
and consequences to be faced in an uncertain future. He demonstrated that incrementalism
allows decision makers to deal with one issue at a time providing the opportunity with each
step to analyse the effect of prior steps and adjust appropriately. Therefore, incrementalism

offers flexibility to respond to the unknown future.

The principle of incrementalism, as a planning basis, has faced criticism from a various
scholars. Weiss and Woodhouse (1992) highlight the main criticism of incrementalism which
include the following:

1) Lacking goal orientation, being reactive.
2) Being excessively conservative.
3) Having limited range of applicability.

4) Resulting in a negative attitude towards analysis.

According to Manzer (1984), incrementalism is characterised by decision makers waiting for
pressure of events before choosing priorities. As a result, they become reactive to pressing
issues and political crises when they arise which is contrary to the proactive policy-based
decision making in which decisions are taken before the need arises. Goodin and Waldner
(1979) argued that incrementalism involves the risk of decision makers prematurely halting a
potentially successful policy because they do not know the level and effort required for the
success to become visible. Hitge and Van Dijk (2012) argue the merits of incremental approach
in public transport to include:

1) Universal improvement of systems rather than isolated corridors.

2) Limited capital investment per step.

3) Flexibility in reacting to unforeseen impacts.

4) Capitalising on the strength of the existing system.

Incrementalism and the leapfrog approach aim at achieving the same end product but differ in
ways in which the final product is achieved (Hitge and Van Dijk, 2012). The incremental
approach is issue-driven and focuses on addressing a specific issue in the entire system. On the
other hand, the leapfrog approach addresses all issues in one geographic area comprehensively.
The difference between the implementation of incremental and leapfrogging approaches is

shown in Figure 2-1.
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Figure 2-1: Comparison of incremental and leapfrog approaches (Hitge and Van Dijk, 2012)
2.2.3. Incrementalism in Transport planning
The incremental approach shown in Figure 2-2 is proposed by Hitge and Van Dijk (2012)

for implementation in transport planning to benefit both the existing and new users. The
incremental approach in Figure 2-2 is modified to form the basis of this study.
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Figure 2-2: Incremental investment approach (Hitge and Van Dijk, 2012)

The incremental approach involves a number of steps in which higher order investment
steps are taken with increasing demand. The initial step improves performance of existing
services (MBTs in SSA) (Behrens et al., 2015) while successive steps improve system
capacity and speed. It is evident that this approach improves public transport at reduced

capital investment per stage thus acknowledging the developing nature of African
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countries. However, it must be acknowledged that an incremental approach delays the
deployment of speed-enhancing infrastructure like dedicated lanes and closed stations until
later years which delays associated benefits.

The principle of incrementalism considers the demand side of public transport requiring
that the most pressing issues are addressed first. According to the Department of Transport
(2021), the National Household Travel Survey (NHTS) showed that commuters consider
travel cost, travel time and reliability as key to their choice of travel mode. An incremental

approach can thus be taken to address these concerns through the following ways.
1) Scheduling and Rebranding MBTs

Ndibatya and Booysen (2020) demonstrated that MBT users endure taxi hold back times
which are indefinite in duration when drivers consider vehicle occupancy too low to deliver
a profitable trip. MBT drivers often abandon trips prematurely in anticipation of more
profitable routes. These practices increase the commuter travel time especially during the

off-peak periods when passenger numbers are low.

Scheduling of MBTs to follow fixed timetables and routes eliminates the taxi hold back
time ensuring reduced travel time and increased reliability. RRT has deployed scheduled
MBTs to operate as a transition mode in RLM as one of the strategies to obtaining an
integrated public transport system (Moleele, 2023). RRT’s introduction of automated fare
Collection (AFC) further reduces passenger service time (Rustenburg Local Municipality,
2022). Scheduling and rebranding of MBTSs is adopted as the first step in the incremental

approach.
2) Operating buses in mixed traffic

As demand increases, the operator is compelled to increase the line capacity by either using
shorter headways or vehicles of higher capacity. However, it is more economical to use
larger capacity vehicles to keep the operator costs low provided there is no need to increase
the frequency of service (Kittelson et al., 2003). The service provided here would resemble
the traditional bus operations (Ackerman, 2015) except that scheduling is implemented and
AFC is used.

3) Operating buses in dedicated lanes

As demand increases, extra features can be added to transit systems to increase the capacity
(Galicia et al., 2009). With increasing traffic levels, addition of dedicated lanes to step 2

increases the operating speed due to avoided congestion. Closed stations with offboard fare
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collection are used to reduce passenger service time, thereby increasing the quality of
service (Kittelson et al., 2003).

The bus capacity can further be increased to maintain the system frequency (Kittelson et
al., 2003). A study by Ackerman (2015) demonstrated that articulated buses provide a
higher benefit to cost ratio when operated in dedicated lanes compared to mixed traffic.
This represents a complete BRT operations as described in the BRT planning guide (Wright
and Hook, 2017).

The BRT planning guide (Wright and Hook, 2017) highlights operating speeds on various
BRT systems across the globe. High operating speeds above 27 km/h are obtained on
corridors with an express services and grade separation (Wright and Hook, 2017). Without
express services and grade separation, the average speeds of BRT are observed to fall
between 17 km/h and 25 km/h. There is limited literature on operating speed attained on
BRT systems in Sub Saharan Africa (SSA). However, the speed on SSA BRT systems is
expected to fall below 25km/h as grade separation and express services are hot common.

Table 2-1 summarises BRT operating speeds as presented by Wright and Hook (2017).

Table 2-1: Operating speed on BRT corridors adapted from Wright and Hook (2017)

BRT corridor Country  Operating speed Express and Grade
(km/h) separation (Yes/No)

Pittsburgh Martin Luther King, Jr. East USA 54 Yes

Busway

Pittsburgh South Busway, Pennsylvania USA 54 Yes

Ottawa Transitway, Canada Canada 52 Yes

Orange Line, Los Angeles USA 32 Yes

Bogota, TransMilenio Colombia @ 27 Yes

Curitiba, Linha Verde Brazil 25 No

Beijing (Lines 1, 2, 3, 4) China 24 No

Ahmedabad, Janmarg India 24 No

Guangzhou, GBRT China 23 No

Las Vegas Metropolitan Area Express (MAX) USA 22 No

Curitiba, Brazil, RIT corridors BRT Brazil 18 No

Los Angeles Orange Line USA 18 No

Cleveland Health Line USA 18 No

Mexico City, Insurgentes Mexico 17 No

Eugene Emerald Express Green Line USA 17 No
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Operating speed on dedicated BRT lines is affected by the following factors (Wright and
Hook, 2017) which are discussed in detail in section 2.4:

e Station spacing

o Degree of bus way encroachment

e Boarding and alighting times per passenger
e Passenger volumes

e Transit-way saturation

e The level of priority at traffic signals

e  The number of limited-stop services
2.3. Public Transport Speed

The Transit Cooperative Research Program (TCRP) Report 26 (Jacques and Levinson, 1997)
states that bus travel times and speeds are important to the passenger, public transport operator,
traffic engineer and transport planner. The passenger needs a quick and reliable trip. The public
transport operator relies on bus speeds to set, monitor, and refine schedules; determine fleet
requirements; and to plan new routes and services. The traffic engineer considers speed to
evaluate the impact of traffic controls or bus priority treatments. The transport planner uses

speed to measure congestion and provide inputs into the demand modelling process.
The following transit speeds defined by Vuchic (2017b) are useful in transit operations:

i.  Running speed; the average speed that a transit vehicle attains from leaving one station
to arriving at the next station.
ii.  Operating speed; the average speed of transit unit travel along a route including stops.
It is the speed offered to the public.
iii.  Cycle Speed; the average speed of a vehicle for a complete round trip on a transit line.

This is important for the operator as it determines the number of transit vehicles.

The public transport speed is influenced by right of way (ROW) implemented as shown in Table
2-1. The ROW is defined as the strip of land with a pavement on which public transport vehicles
operate (Vuchic, 2002). The public transport ROW is classified into three categories depending
on the degree of separation from mixed traffic (Muchic, 2002, Vuchic, 2017a, Vuchic, 2007)
which are:
i.  Category A in which bus lanes or railways is fully separated from mixed traffic. Grade
separation is used at intersections and guided technology such as rail is mostly used.
ii.  Category B which involves partial segregation of bus lanes or railways from mixed
traffic. Curbs are used to physically separate bus lanes from mixed traffic and at-grade

signal-controlled intersections are used.
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iii.  Category C in which buses operate in mixed traffic.

The ROW affects the investment cost with the cost increasing substantially with the extent of
separation (Vuchic, 2017a). The appropriate transport technologies should be chosen to
maximise benefits with different ROW categories. With ROW A rail is superior although buses

can also be used successfully. Buses are commonly used in categories B and C.

The Transit Capacity and Quality of Service Manual (TCQSM) authored by Kittelson et al.
(2003) states the average speed of a bus operating on a bus lane depends on: the running speed

of the bus; bus stop spacing; and dwell time at bus stops.

The running speed is determined following the Highway Capacity Manual (HCM)
methodology given that the free flow speed of the lane, traffic volume and the proportion of
passenger cars and buses in the lane are known. Station spacing affects the number of times a
bus must dwell, as well as the number of times the bus experiences extra delay due to
deceleration and acceleration into and out of stops. An average operating speed of 30km/h is
attained on a trunk line provided that station spacing is above 400m regardless of passenger
boarding and alighting volumes as long as adequate door capacity channel is provided (Bruun,
2005).

The TCQSM (Kittelson et al., 2003) states that the speeds of transit vehicles operating in mixed
traffic are influenced by bus stop spacing, dwell times, delays due to traffic signals, and
interferences from other traffic operating in the lane. An average operating speed of 20 km/h is
attainable on routes operating in mixed traffic with station spacing greater than 400m (Bruun,
2005).

2.4. Delays on Transit Lines

The following forms of delay are experienced by public transport users on a transit line. They

increase travel times in different ways as discussed.
2.4.1. Bus station delay

A significant portion of bus travel time is spent decelerating for bus stops, waiting to allow
boarding and alighting of passengers, waiting to re-enter the traffic stream, and accelerating
(McKbnight et al., 2003). Limiting the number of stops increases the access distance for
passengers and increases the number of passengers using a particular stop thus increasing
the amount of time an individual bus occupies a stop. Many stops reduce overall travel

speeds due to the time lost in accelerating, decelerating, and possibly waiting for a traffic



2-12

signal after a stop is made. Thus, an optimum stop spacing is required to minimise the

overall travel time.

The BRT planning guide (Wright and Hook, 2017) suggests a station spacing between
300m and 800m. For spacings lower than 300m, bus speeds are slower compared to the
time saving from access. For spacings greater than 800m, more access time is imposed to
the commuters compared to time saved from bus speeds. The BRT planning guide suggests
a station spacing of 450m for urban areas and larger spacings less than 800m outside built

up areas.

The bus station delays consist of dwell time and re-entry delay. These are further discussed

as follows:
A. Dwell time

Dwell time is the time required to serve passengers at the busiest door, plus the time
required to open and close the doors (Kittelson et al., 2003). Dwell time is influenced by
boarding demand, alighting demand, or both, and the service time per passenger. Service

time per passenger is affected by fare payment method and bus type.
The TCQSM provides three methods for determining dwell times, namely:

a. Field measurements for evaluating existing routes.

b. Default values used for future planning when demand estimates are not available.
TCQSM suggests 60 seconds per CBD, major on-line transfer point, or major park-
and-ride stop, 30 seconds per major outlying stop, and 15 seconds per typical outlying
stop.

c. Calculation method is used when passenger estimates are available. The TCQSM
provides the following values for use per passenger depending on the method of fare
collection.

e 2.0 seconds for pre-payment methods such as bus pass, free transfer, pay-on-
leave.

e 2.6 seconds for single ticket/token

e 3.0 seconds for exact fare methods such as smart card verification, ticket

verification

In case standees are present on bus, 0.5 seconds are added to the above boarding

times.

e Alighting; 1.7 to 2.0 seconds
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The base figures can be adjusted by multiplying by 1.2 for heavy two-way flow through a
single door: 0.6 for double-stream door: 0.85 for low-floor bus. Dwell time for the busiest
door on bus can be calculated according to Equation 2-1.

0O 0O ULvO O Equation 2-1
Where;

0 is dwell time (s)

0,0 isthe number of alighting and boarding passengers per bus through the busiest door

respectively
0 O is passenger alighting and boarding time respectively (seconds/passenger (s/p))
0 is door opening and closing time (5)

B. Re-entry delay

Re-entry delay is the extra time experienced by a bus that has completed boarding and
alighting of passengers in a lay by stop and wishes to re-enter mixed traffic (Kittelson et
al., 2003). The position of the bus stop relative to the traffic lane affects ease of re-entry of
transit vehicles into traffic to continue with the trips. The TCQSM classifies bus stop
positions as on-line and off-line (Kittelson et al., 2003). The on-line stops involve buses
stopping in the traffic lanes to serve passengers and then resuming the trips. In this case,
vehicles behind the bus are expected to go round it or wait until the bus has moved to

proceed.

With off-line stops, buses pull out of the traffic lanes to serve passengers and wait for a gap
in traffic before entering to continue with the routes (Kittelson et al., 2003). Re-entry delay
is dependent on the volumes on the adjacent lane and can be calculated using gap
acceptance procedure in the HCM (Kittelson et al., 2003). The average re-entry delay is

summarized in Table 2-2.
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Table 2-2: Re-entry delay in seconds (Kittelson et al., 2003)

Adjacent Lane Mixed Traffic Volume (veh/h) Average Re-Entry Delay (s)
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2.4.2. Congestion

Nguyen-Phuoc et al. (2020) defined congestion as roadway demand being higher than the
available capacity. According to a McKnight et al. (1997), congestion affects bus speeds

by limiting the maximum speed at which the buses can operate between bus stops.

McKnight et al. (2003) studied the impact of congestion on bus travel time in New Jersey.
The study showed that congestion leads to an average delay of 37.5 seconds per kilometre
in the CBD, 11.25 seconds per kilometre in the city and 7.5 seconds per kilometre in the

suburb.

Van der Merwe et al. (1991) calibrated a model to determine additional travel time
depending on the degree of link saturation for the South African conditions. The application
of this model requires classification of the nature of link as free way, highway, urban street
or suburban street. In this study, urban streets are considered hence calibration parameters
of two-way and one-way urban streets (Van der Merwe et al., 1991) are presented. The

model is summarised in Equation 2-2.

W p |l w Equation 2-2
=2

| =2.0 for one-way street and 2.5 for two-way street
w=increase in travel time (010 )
0 =travel time at free flow speed

O=travel time at a given degree of saturation
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w= degree of traffic saturation (Q/C)
Q = Flow in vehicles per hour

C = Capacity in vehicles per hour
2.4.3. Intersection delays

Vehicles experience control delay at intersections involving deceleration from initial speed,
stopping or yielding and then acceleration to maximum speed (Roess et al., 2004). The
impact of an intersection on vehicle speed depends on whether they are signalised or non-

signalised.
A. Signalised intersection delay

Evans and Skiles (1970) showed that traffic signals accounted for 50% of the bus delay in
mixed traffic in Los Angeles. Exclusive bus lanes use bus priority timing to reduce the
impact of signalised delay. Bus priority treatments are categorised as passive priority
techniques and active priority techniques (Sunkari et al., 1995). Passive priority techniques
do not recognise presence of the bus but rather predetermined timings are used to provide
a benefit to transit vehicles (Urbanik et al., 1977). Active priority requires the presence of
a bus to activate a new signal timing which overrides the existing timing (Taube, 1976).

The TCRP report (Jacques and Levinson, 1997) showed that buses in mixed traffic
experienced an average signalised delay of 45 seconds per kilometre in the CBD, 23

seconds per kilometre in the city and 19 seconds per kilometre in the suburb.
B. Unsignalized Intersection delay

Two Way Stop Controlled (TWSC) Intersections create yielding of minor stream traffic to
major stream traffic (Early et al., 2016) while All Way Stop Controlled (AWSC)
intersections necessitate stopping of traffic on all approaches entering the intersections (Al-
Kaisy and Doruk, 2023). Roundabouts and traffic circles slow down vehicles according to
geometric parameters such as the diameter of circle, curvature of entry curves among others
(Antov et al., 2009). The literature reviewed does not quantify the impact of unsignalised

intersections on transit speed.
2.4.4. Speed measurement

Traditionally, traffic speed data was collected by static methods such as inductive loops,
radar and traffic cameras which give point measurements on a certain location (Bruwer et

al., 2023). Traditional static methods give relatively accurate and real time information
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(Ahsani et al., 2019, Leduc, 2008). However, these methods are expensive to install and
maintain in addition to being needed in large numbers to collect data on a network (Young,
2007). The advancement in technology has enabled the evolution of traffic data collection
from the traditional static methods to the use of wireless technology (Ahsani et al., 2019).

Probe data (floating car data) obtained by mobile sensors provides trip information along a
vehicle trajectory with little infrastructural requirements. Probe data is typically collected
from GPS enabled devices such as smart phones, on-board and personal navigation devices,
and vehicular telematics devices (Bruwer et al., 2023, Gwara and Andersen, 2018). Probe
data can be obtained from commercial third party probe data providers such as TomTom,
INRIX (Ahsani et al., 2019) or collected directly from privately developed FCD system
(Bruwer et al., 2023).

In Sub Saharan Africa, floating car data has been applied in a number of research projects
in areas of informal transport operations observations, transport economics, accessibility
studies, road safety among others (Bruwer et al., 2023). Ukam et al. (2024) modelled
average paratransit travel time using GPS data. Empirical models for travel time were
developed in this study. Ndibatya and Booysen (2020) used GPS data to analyse the
distribution of operating speed and variation of routes for MBTs in Kampala. In both

studies, phone-based GPS applications were used to collect data.

2.5. Economic analysis

Economic analysis is used to determine the feasibility of infrastructural investments (Uddin et
al., 2013). Economic analysis is undertaken through appraisal methods which are broadly
classified as Cost Benefit Analysis (CBA) or Multi Criteria Analysis (MCA) (Florczak-Strama
and Parkitna, 2016). Goldbach and Leleur (2004) state that a CBA is more consistent and
transparent than an MCA. This is because it transforms all social costs into a single monetary
value simplifying the decision making. For this reason, CBA is the most widely used method
for project appraisal. Florczak-Strama and Parkitna (2016) present the differences between
CBA and MCA. The application of two methods is presented in Table 2-3.
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Table 2-3: Comparison of CBA and MCA (Florczak-Strama and Parkitna, 2016)

Cost Benefit Analysis Multi Criteria Analysis

Uses only quantitative data Uses quantitative data, qualitative data, or a

combination of both

Analysis is based on criteria of economic efficiency | In addition to the criteria of economic efficiency, also

such as economic net present value and economic rate | considers the different types of criteria such as social

of return. justice.

Projects are measured only in monetary terms Evaluation of projects is not conducted solely in
monetary terms

Suitable for large-scale impacts of the project Suitable for micro-scale impact of the project

Used as a tool for ex-ante analysis Used as tool to both ex-ante and ex-post analysis

Evaluation is more rigorous, transparent and formal, | Conducted in a more informal process but considers
ensuring rational framework since the results can be | the opinion of participants

easily communicated

Technical procedures are more complex and @ It can be useful for evaluating intangible assets basing
expensive, with controversial valuation process in the | on revealed preference and priorities.

case of intangible assets.

According to Uddin et al. (2013), CBA is applied through a number of methods namely:
equivalent uniform annual cost, present worth method (costs, benefits, net present value), rate
of return method, cost benefit ratio method and cost effectiveness method. These are described

as follows.

e The equivalent annual cost method combines all initial capital costs and recurring future
costs into equal annual payments over the analysis period. It compares alternatives based
on cost alone and on the assumption of uniform benefits.

e The present worth method compares cost only, benefits only or combination of costs and
benefits. The future costs and benefits are discounted to present worth using a discount
factor. Net present value is the difference between present worth benefits and present worth
costs. Present worth of costs is used to compare projects of similar benefits while present
worth of benefits is used to compare projects of similar costs. Net present value is used to

compare projects of different costs and benefits.
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The rate of return method determines the discount rate at which present worth of costs and
benefits are equal. Projects with higher discount rates are more feasible since it is assured

that the project will break even at all rates lower than the internal rate of return.

The cost benefit ratio expresses the ratio of present worth of benefits to present worth of
costs presenting the value return for money spent. Evaluating independent projects is based
on the ratio greater than one as being feasible. For mutually exclusive events, incremental
benefit to cost ratio is used to choose the best project among all feasible projects.

The cost effectiveness method is used to compare alternatives if a significant measure of
effectiveness can be established. The determined effectiveness is divided by the present
worth cost to obtain the cost effectiveness.

The cost benefit ratio is the most applied technique in economic analysis. In recent studies, De

Beer and Venter (2021) applied the cost benefit ratio to compare different MBT priority

infrastructure. Ackerman (2015) used the same technique to compare investment strategies in

bus-based transport under low to medium passenger demand. No single study has been carried

out to compare incremental and leapfrog approaches except Hitge and Van Dijk (2012) who

only proposed the incremental approach as an alternative to the leapfrog approach.

2.5.1. Costs and Benefits of Public Transport

Uddin et al. (2013) state that the economic analysis to determine the viability of a project,
timing of a project and comparison of alternative projects requires knowledge of costs and
benefits associated with projects under evaluation. They classify costs as either agency
costs (owner out of pocket costs) or non-agency costs ( user and non-user costs). Uddin et
al. (2013) further classifies benefits as direct benefits and indirect cost reductions. Direct
benefits are accrued by users of the project and the implementing agency while indirect

benefits are to the local communities not necessarily using the project.

Litman (2015) provides a summary of benefits and costs associated in public transit
projects. These costs and benefits, both direct and indirect shown in Table 2-4 can be used

for evaluation of transit projects.
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Table 2-4: Public Transport costs and benefits (Litman, 2015)

Category

Indicators

Benefits

Costs

Improved Transit

Service

Service Quality (speed,
reliability, comfort,

safety, etc.)

eImproved convenience
and comfort for
existing users

eEquity benefits (since
existing users tend to
be disadvantaged)

o Option value (the
value of having an
option for possible
future use)

e Improved operating
efficiency (if service
speed increases)
eImproved security
(reduced crime risk)
eIncreased capital and
operating costs, and
therefore subsidies
eLand and road space
eTraffic congestion and
accident risk imposed

by transit vehicles

2.5.2. Total social cost

Increased Transit

Travel

Ridership
(passenger-
kilometres or mode
share)

o Mobility benefits
to new users

o Increased fare
revenue

e Increased public
fitness and health
(by stimulating more
walking or cycling
trips)

o Increased security
as more non
criminals ride transit
and wait at stops and

stations

eTransit vehicle

crowding

Reduced

Automobile Travel

Transit Mode Shifts
or Automobile

Travel Reductions

eReduced traffic
congestion.
eRoad and parking

facility cost savings.

e Consumer savings.

¢ Reduced
chauffeuring
burdens.

e Increased traffic
safety

eEnergy
conservation.

eAir and noise

pollution reductions.

eReduced
automobile business

activity

Transit-Oriented
Development
(TOD)

Portion of
Development with
TOD Design
Features
eAdditional vehicle
travel reductions

e Improved
accessibility,
particularly for
nondrivers

¢ Reduced crime
risk

eMore efficient
development
(reduced
infrastructure costs).
eFarmland and

habitat preservation.

eVarious problems
such as congestion
associated with
more compact

development

Evaluation of transportation projects has evolved over years to a comprehensive evaluation
framework that extends beyond economic efficiency (Haezendonck, 2008). This
framework, referred as to total social cost, encompasses external effects of transportation

such as accidents, environment, congestion (Quinet, 1997, Levinson et al., 1998). Without
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considering externalities, the true cost of transportation projects cannot be determined
(Santos et al., 2010).

Total social cost has become popular due to the increasing conviction that transport users
have to pay for all their costs without relying on subsidies from other spheres of the
economy and the growing interest in the environment and externalities (Quinet, 1997).
Haezendonck (2008) states that without considering total social cost, projects which are

well intended can lead to losses in societal welfare due to unforeseen outcomes.

Levinson et al. (1998) estimated the cost of externalities to intercity road transport and air
transport. In that study, it was concluded that social costs account for 15% of road trip and
5% of an air trip. Externalities are rarely included in studies as they require specialist studies
to quantify (Baumol, 1988) which may not be feasible on small scale projects.

2.6. Regression Modelling

Regression modelling is one way to determine the effect of predictor variables (®w) on response

variables (¢ (King, 1986). Multiple linear regression models take the form in Equation 2-3.
O O OO O O E o N Equation 2-3
y is response variable
N is the error term
o Moo Foo Fo are predictor variables
¢ hd fd Fd e are regression coefficients,
@ is the intercept coefficient,
& ey Fd ey are slope regression coefficients.

Regression is based on the assumption that the response variable, @ is a continuous variable.
Regression on ordinal scale response variables is incorrect, although it is often done
(Washington et al., 2020).

Regression models are estimated by least squares or maximum likelihood. Least squares
estimation, also known as ordinary least squares (OLS), is the most commonly applied
technique for estimation of regression model parameters. OLS provides the best linear unbiased
estimators (BLUE) under certain conditions referred to as assumptions for OLS (Washington
et al., 2020).
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2.6.1. Assumptions of OLS Modelling

Poole and O'Farrell (1971) summarised the main assumptions of linear regression which

should be treated as requirements for OLS modelling. These requirements include:
I.  Linear relationship between dependent and independent variables

A regression model requires the relationship between response variables and predictor
variables to be linear. This linearity requirement can be met by transforming scales of both
the response and predictor variables in situations where transformation is appropriate
(Washington et al., 2020).

The linearity relationship is checked using a plot of disturbances (residuals) against
independent variables. A non-linear relationship is demonstrated by a curvilinear
relationship (U, inverted U, waves, arcs) between the disturbances and predictor variables
(Washington et al., 2020).

I1.  Homoscedasticity

Homoscedasticity implies that the net effect of model uncertainity such as measurement
errors, unobserved effects is random across observations rather than being systematic. This
requires the mean error term (disturbances) to be zero with a constant standard deviation
(Washington et al., 2020).

Homoscedaticity is assessed using scatter plots of model fitted values against error terms.
A fairly constant band of equidistant disturbances around the regression function shows
absence of severe violation of homoscedasticity (Washington et al., 2020).
Heteroskedasticity (violation of homoscedasticity) can also be detected using Goldfeld-
Quandt test, Breusch and Pagan (BP) test and White Test (Washington et al., 2020). In this
study, heteroskedasticity is tested using the BP Test.

The BP Test is explained using Equation 2-4, Equation 2-5 and Equation 2-6 in which N
is the error term, € is the number of predictors, ‘(s the number of observations, Y is the

coefficient of determination discussed in section 2.6.2, ¢ hd Fed Ry Fod Fo oo Fy  are

coefficients and T is the BP Test statistic.

MW N Equation 2-4

mh

N W WO Ww

ww o0 Equation 2-5

T

Y EY Equation 2-6
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The BP Test looks for a linear relationship between the square of the error term, N and
predictor variables in a multiple regression model shown in Equation 2-4. This involves
running a second multiple regresion model with the squared errors ¥ are the response
variable maintaining the original predictor variables (Equation 2-5). Hypothesis testing is
done basing on the null hypothesis that coefficients in the model in Equation 2-5 are not
equal to zero. This hypothesis test is similar to testing the null hypothesis that the 'Y of the
regression model in Equation 2-5 is not zero (Astivia and Zumbo, 2019).

The test that 'Y of Equation 2-5 is not zero is based on the test static in Equation 2-6
(Astivia and Zumbo, 2019). This test static follows chi-square (... distribution with” p
degrees of freedom where ” is the number of predictor variables (Astivia and Zumbo,
2019). The P-value of the test static is determined. The BP Test confirms heteroskedasticity
if the P-value of test statistic is lower than the chosen significance level (Breusch and
Pagan, 1979).

Heteroskedasticity is addressed by using weighted least squares (WLS) regression or
transformation of the response variable to stabilise variance. WLS assigns different weights
to the observations based on their variance to produce more efficient and unbiased estimates
(Romano and Wolf, 2017). The weights, inversely proportional to the variance of each
observation, are used to minimise the variance of the estimation (Shalizi, 2015). WLS may
not fully alleviate heteroskedasticity, but, it gives more trustworthy estimates as it takes

heteroskedasticity into account (Washington et al., 2020).
I11.  Independence

The independence of predictor variables, often referred to as exogeneity requires predictor
variables to vary independently of other variables in the model. Thus, the value of such an
exogenous variable is determined by variables outside the model although exogenous
varibles can present covariance (Washington et al., 2020). Multicollinearity, (predictor
variables being dependent), leads to regression coefficients being unidentifiable (Poole and
O'Farrell, 1971).

Data points are said to be independent if knowledge of error term in one subset gives no
information on error in other datasets (Grafen and Hails, 2002). Analysis of longitudinal
data such as time series data often leads to serial correlation of the error terms. The Durbin-
Watson (DW) Test, based on the null hypothesis that error terms are uncorelated, is
commonly used to test for serial corelation in datasets (Durbin and Watson, 1992,
Washington et al., 2020). The D-W statistic, A, is calculated according to Equation 2-7.
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B Q Q Equation 2-7

Q B 0Q

Where Q is error term at time t and "Yis the total number of observations.

A d-value of 2 implies no serial correlation, d-values close to zero imply a strong positive
serial correlation while d-values closer to four imply a strong negative serial correlation
(Durbin and Watson, 1971).

Savin and White (1977) developed tables consituting the upper limit, A and the lower
limits A used in the evaluation of serial corelation. The tables take into account the number
of predictor variables and observations. The upper and lower limits define regions for
rejecting or failing to reject the null hypothesis of error terms being uncorelated. The
calculated d-value is compared with these regions shown in Figure 2-3 to reject or fail to
reject the null hypothesis.

Do not Reject Hy

Inconclusive Inconclusive

Reject Hy Reject Hy

o dL dU 2 ﬂ—du 4'dL 4

Figure 2-3: D-W Test boundaries (Savin and White, 1977)

Generalised least squares (GLS) can be used to relax the assumptions of uncorelated
disturbances and homoscedasticity (Washington et al., 2020). Therefore, GLS can be used

to develop regression models from data with both heteroskedasticity and serial correlation.
IV.  Normality

The assumption of normality allows inferences about parameters to be made from the
model. The normality assumption leads to regression parameters that approximately follow
the t-distribution (Washington et al., 2020). This assumption may be violated by the

existence of measurement errors in the variable or unobserved parameter observations.
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Normality of disturbances is assessed by summary statistics of the error terms such as the
minimun, first and third quartiles, median and maximum values of the disturbances.
Histograms of the disturbances can be used to reveal the bell-shaped distribution. Normal
Quantile-Quantile plots are constructed so that normally distributed disturbances fall on the
perfect straight line .The non parametric goodness of fit (GOF) tests of chi-square and

Kolmogorov-Sirmonov can be used to test for normality (Washington et al., 2020).
2.6.2. Regression Model Goodness of Fit Measures

The degree of agreement between the predicted value () and observed data is measured
by goodness of fit (GOF) of the model (Hagquist and Stenbeck, 1998). GOF statistics are
used to compare results across multiple studies, compare competing models within a single
study and provide feedback about the uncertainty involved with phenomenon of interest
(Washington et al., 2020). The GOF statistics discussed in this study include:

l. Coefficient of determination

Coefficient of determination, commonly referred to as R-squared, is a measure of the
proportion of total variation of data explained by the model (Hagquist and Stenbeck, 1998,
Grafen and Hails, 2002). In other words, the value of R-squared shows the closeness
between predicted regression line and observed data. Mathematically, the coefficient of
determination is defined as a ratio of explained variation to total variation (Draper and
Smith, 1998) as shown in Equation 2-8.

v z — o — Equation 2-8

w predicted y-value

w is the mean y-value

w being y-value of each ordered pair

B w « isregression sum of squares (SSR)
B w w iserror sum of squares (SSE)

B w  istotal sum of squares (SST)

The values of R-squared (Y ) increase as more independent variables are added to the
model even though they may not be relevant. Therefore, it is inappropriate to compare R-

squared values of models containing different number of parameters (Asuero et al., 2006).
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An adjusted measure, Y is used to account for degrees of freedom changes due to
different numbers of model parameters (Washington et al., 2020). Therefore, Y

is a superior measure for comparing models with a different number of parameters.

Mathematically, Y is expressed according to Equation 2-9
. ¢ p YYO
v Pz n YY"y Equation 2-9

R-squared values range from 0 to 1 with a value of unity implying that all the variation has
been explained whereas a value of zero implies that the regression line does not explain
any variation. Therefore, R-squared value of zero implies that there is no relationship
between predictor and response variables (Asuero et al., 2006, Washington et al., 2020).
However, the absolute values of 'Y and'Y are not sufficient to measure the quality
of the measure as they only state the proportion of explained variation (Washington et al.,
2020).

The square root of coefficient of determination is the correletaion coefficient (r) which
measures the strength and direction of correlation between two variables (Akoglu, 2018,
Asuero et al., 2006). The values of r range from -1 to 1 with -1 implying a strong negative
corelation, 0 implying no correlation and 1 implying a strong positive correlation.

I1.  Standard Error of Estimate (SEE)

Standard error of estimate (SEE) is the estimated standard deviation of predicted wvalues
from the observed y values (Hagquist and Stenbeck, 1998). SEE expresses how far an
average response variable is from the predicted value (Achen, 1982). A regression fit with
lower SEE values is better than one with higher values. SEE is calculated according to
Equation 2-10.

Equation 2-10
YOO

With
w predicted y-value
 being y-value of each ordered pair

The main challenge with SEE is that it is difficult to interpret as an individual test since in

itselt, SEE does not indicate whether the fit is good or not (Hagquist and Stenbeck, 1998).
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2.6.3. Statistical significance Tests

Hypothesis testing of the model and its coefficients is done using the following tests:
I.  F-Test

The F-Test for overall significance shows if there is any linear relationship between any of
the predictor variables and response variables (Alexopoulos, 2010, Stopher and Meyburg,
1979, Weisberg, 2005). The F-Test is based on the F-value which is the ratio of mean sum
of squares explained by regression to residual mean sum of squares. The F-test static
(commmonly denoted as F) is given by Equation 2-11.

0 0 "Y'y Equation 2-11
0 YO
MSR: Mean Squares due to Regression

MSE : Mean Squares of Errors

The calculated F-value is compared with the critical F denoted as™O
representing the rejection region at a given confidence interval, p |  with n number of
observations and m regression coefficients (Stopher and Meyburg, 1979). The F-Test is
based on hypothesis testing with a null hypothesis that all regression coefficients are equal
to zero which is rejected if the F-value is greater than critical F value 'O and
when it has an associated p-value that is less than a chosen significance level (typically 5%)
(Alexopoulos, 2010, Stopher and Meyburg, 1979, Weisberg, 2005).

Il.  Test for Regression Coefficients and Constant

Statistical tests for regression coefficients and constants are done using the t-test which
approximates normal distribution for a large number of observations (Stopher and
Meyburg, 1979). This requires setting a level of significance,| on which the coefficients

are tested.

T-statistic of a variable is the ratio of the coefficient to its standard error. The coefficients
are significant if magnitude of the t-statistic is greater than the critical t-value at a given
level of significance (Stopher and Meyburg, 1979) for instance 1.96 at 5% level of
significance, 1.645 at 10% level of significance. The significance can also be deduced using

p values with the coefficient considered significant if P-value is less than | .
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2.7.Summary of literature review

The literature reviewed in describes the operations and characteristics of MBT operations in
Sub Saharan Africa (SSA) with a focus on South Africa. Whereas numerous studies have been
carried out on MBTs, little is still known about MBT operating speed, its variation and the
factors influencing it. Scheduling of MBTS, as done in Rustenburg, restricts taxis to specific
routes and timetables. The impact of scheduling on MBT operating speed has not been studied.

This research provides an answer to this specific question.

The incremental approach has been proposed although no single BRT system has been achieved
through this approach. However, all the steps in the proposed approach have been implemented
in different cities. The literature reviewed defines the characteristics of these interventions. The
study explores the impact of implementing these interventions to achieve a complete BRT.

Operating speed of buses on dedicated lanes and in mixed traffic has been well studied. The
literature quantifies the impact of signalised intersections, congestion and station (stop) spacing
on bus speeds. The impact of congestion is specific to the case studies in which the research
was carried as congestion varies substantially among cities. No study was found to quantify
these impacts for African cities. The impact of unsignalised intersections on bus speeds has not

been studied although unsignalised intersections are present in most cities.

Economic analysis provides a yardstick for determining feasibility of projects and comparison
of alternatives. Literature provides several techniques of economic analysis. Previous studies
that have been carried out on public transport in SSA have mostly used cost benefit analysis to
compare alternatives. No study has compared incremental and leapfrog approaches basing on
operating speed or any other benefit accrued from the two approaches. This study uses the
present worth of benefits method to compare travel time savings from the incremental and

leapfrog approaches.



3. RESEARCH METHODOLOGY

This chapter presents the approach taken to meet the research objectives. The chapter provides a
description of case studies from which the data is obtained, followed by data collection and
cleaning, model development and benefit evaluation procedures.

3.1. Case Studies

This subsection presents features of the public transport systems on which this study is based.
The discussion provided in this subsection focuses on the modes used and levels of
infrastructural investment in each system. These networks provide the four operating scenarios
comprising the incremental and leapfrog approaches as discussed in section 1.4.

3.1.1. Rustenburg Rapid Transit

Rustenburg Rapid Transit (RRT), also known as Yarona, located in RLM was launched in
2022 as one of the strategies of obtaining an integrated public transport system (Rustenburg
Local Municipality, 2022). RRT was planned for phased-implementation with phases 1A,
1B, 1C, 2 and 3 (Figure 3-1) subject to availability of resources (Rustenburg Local
Municipality, 2022). Currently, only phase 1A (Figure 3-1) is operational comprising of 10
direct routes namely F4, F5, F6, F11, F12 F13 F14, F15, F16 and F17 (Chetty et al., 2024).

l. Modes used in RRT

RRT uses a combination of scheduled buses, scheduled MBTs and unscheduled MBTSs as
discussed in section 2.1.2. The scheduled MBTs and buses utilise automated fare collection

by tapping on and out of the vehicle while unscheduled MBTSs use cash based transactions.

Routes F4 and F5 are operated by scheduled low floor standard buses.The buses operate at
a headway of 20 minutes in the peak and 40 minutes in the off peak (Rustenburg Rapid
Transit, 2023b). Route F6 is operated by a combination of scheduled buses and scheduled
MBTs. The remaining direct routes (F11, F12 F13 F14, F15, F16 and F17) are operated by
scheduled MBTs only. These routes together with F6 operate at a headway of 15 minutes
in the peak and 30 minutes off-peak (Rustenburg Rapid Transit, 2023b). The operational

Phase 1A routes in RLM are shown in Figure 3-2.

Unscheduled MBTs locally referred to as mop up taxis (MUTS) operate in mixed traffic,
with no headway control and cash based fare collection like the conventional paratransit.
However, the number of unscheduled MBTs is controlled by the Integrated Public

Transport Operating Company (IPTOC) to prevent competition on routes.



Kanana

[\/ Phase 1A

[\ Phase 1B

e N Prasetc

_ Kroondal

@ Station

N Phase 2
N Phase 3

Figure 3-1: Planned RRT Network (Rustenburg Rapid Transit, 2023b)
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In this study, MUTSs represent the conventional unscheduled MBTSs and the two terms are
used interchangably. In addition to tracked services, RLM also has untracked and
unscheduled MBTs operating in areas in which planned RRT phases have not been
launched.These MBTSs are excluded from this study as their data is not readily available.

Route F4
Route F5
== Route F11
Route F12
Route F13
Route F14
=== Route F15
= Route F16
Route F17

OpenStreetMap

0 500 1000 m
.

Figure 3-2: Phase 1A operational routes in RLM

I1.  Extent of Public Transport Infrastructure
A. Stations

RRT has a wide range of station layouts located both in the median and kerbside. Median
closed stations along R104 were still under construction (Figure 3-3) at the time of the
research. However, there are median open stations on one way streets (Education and
Magistrate Court stations) fitted with shelter and level boarding structures (Figure 3-4). The
open kerbside stops are in two categories. Category one kerbside stops are fitted with
shelter and seats (Figure 3-5) while category two kerbside stops have no shelter nor seats
for riders (Figure 3-6). Both forms of kerbside stations lack level boarding facilities thus

no universal access.
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Figure 3-3: Closed Median station along R104 under Figure 3-4: Open median stops

Figure 3-5; Kerbsidestop shelter

B. Right of Way (ROW)

RRT uses a combination of ROW categories B and C (Vuchic, 2002, Vuchic, 2017a)
consisting of partially segregated busways and mixed traffic respectively. The segregated
busways are physically separated from mixed traffic by means of low rise kerbs . The low
height of separating curbs does not prevent continuous encroachment by other vehicles
(Figure 3-8) prompting the use of safety barriers at stations to ensure the availability of
passing lanes at stations (Figure 3-7). The operating speed is lowered as a result of
encroachment (Mathebula, 2021) approximating conditions to mixed traffic operations at

peak periods.

The bus lanes along R104 were not in use at the time of this research as the median stations
were still under construction. The scheduled services operated in mixed traffic for most
portions of the the trip. For this reason, vehicle travel data from RRT could not be used to
represent dedicated lane operations.



Figure 3-7: Use of barriers to maintain passing lanes  Figure 3-8: Queued non-transit vehicles in the bus

on stations lane
3.1.2. Tshwane Bus Rapid Transit

Tshwane BRT, also known as A Re Yeng , was launched in 2014 as part of strategic public
transport network to improve the lives of commuters by providing fast, safe, affordable and
comfortable urban mobility (South African Government News Agency, 2014). A Re Yeng
operates trunk routes on three lines namely Line 2A (Pretoria CBD to Hatfield), Line 1A
(Pretoria CBD to Wonderboom) and Line 2B (Pretoria CBD to Menlyn) (A Re Yeng,
2020). Line 2A runs between Molefe Makinta station and General M Siyothula station;
Line 1A runs between Hector Peterson station and Molefe Makinta station (labelled as T1X
in Figure 3-11) while Line 2B runs from Molefe Makinta station to SunTimes Square. The

feeder and complementary routes are as indicated in Figure 3-11.
I.  Modes used in ARe Yeng

A Re Yeng uses a combination of standard 12-metre and articulated 18-metre low floor
buses on all its routes (Barradas, 2014). The modes are equipped with an AFC machine
used to tap on and out of the vehicle in mixed traffic.

. Extent of Public Transport Infrastructure
A. Right Of Way

A Re Yeng uses both dedicated bus lanes and mixed traffic lanes for trunk, complimentary
and feeder routes (A Re Yeng, 2020). Trunk routes are operated mainly on dedicated bus
lanes except the Loftus Versfeld-Menlyn Route for which the road way is currently being
upgraded to provide exclusive bus lanes (Mathebe, 2024). Bus lanes are separated from
mixed traffic by yellow delinators (kerbs). Dedicated bus lane intersections are signalised



3-6

and offer priority to buses in situations where buses need to adhere to the timetable (A Re
Yeng, 2020).

B. Stations

A Re Yeng uses kerbside stops (Figure 3-9) on mixed traffic routes while median stations
(Figure 3-10) are used on trunk routes with exclusive bus lanes (A Re Yeng, 2020). The
median stations are closed, equipped with off-board fare collection technology and offer
level boarding. The kerbside stations are open fitted with shelters but lack level boarding

platforms. Other kerbside stops are simply demarcated with bus stop signs similar to Figure
3-6.

; 1.{‘.';;3!;.‘_,‘-}?\ | emmss
o P W

Figure 3-9: Kerbside station (Google earth) Figure 3-10: Closed Meridian station (Google earth)
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3.2. Data collection

Scheduled and unscheduled MBTs in RLM, managed by the IPTOC, are fitted with GPS
tracking devices. The location, routes and running speeds of MBTs are monitored in real time
from the control room at the Yarona offices. The MBT GPS data is collected at a frequency of

10 seconds.

The GPS travel data was downloaded from the RRT tracking website (Rustenburg Rapid
Transit, 2023a). Non proportional quota sampling presented by Etikan and Bala (2017) was
used to obtain unscheduled MBT samples for analysis. Ten (10) unscheduled MBTs operating
consistently for five weekdays (05" to 09" June 2023) were chosen randomly out of the total
of the sixty-five (65) contracted MUTs. Data from ten (10) MBTs was analysed for the morning
peak, off-peak and evening peak. Analysis was done for different times of day due to the

variation of operating speed across day (Chetty et al., 2024, Ndibatya and Booysen, 2020).

Scheduled MBTs operating on Routes F11, F15 and F16 during the same time frame (05" to
09" June 2023) were chosen. The scheduled MBTs were chosen for the same period as the
unscheduled ones to control for the effects of weather and road incidents since the two modes
operated on the same routes. The three routes of F11, F15 and F16 were chosen specifically
since their stop location data was availed by the IPTOC. To confirm the routes, downloaded
GPS data was mapped in Tableau Software (2024), routes mapped out and compared with
IPTOC planned maps. Ten (10) scheduled MBTs were analysed to obtain sufficient data for
morning peaks, off-peak and evening peak speeds. Each route operates at a peak headway of
fifteen (15) minutes with cycle time of about fifty (50) minutes (Chetty et al., 2024). Therefore,
four (4) MBTSs are estimated per route per hour resulting in twelve (12) MBTs per hour on the

three routes. Therefore at least 83% of scheduled MBTSs on these routes were sampled.

Travel data on buses needed to be collected manually due to the unavailability of fleetwide GPS
data from the operator. A Re Yeng buses were boarded by the fieldworkers, and trips tracked
from the start to the end using a smart phone-based GPS application known as My Track (Quin,
2023). The bus data was collected at a frequency of three (3) seconds. Bus data was collected
for nine weekdays excluding public holidays from 24" May to 6" June 2024. Bus data was
collected on trip basis with 156 trips taken across the morning peak, evening peak and off-peak.
Travel data of 140 hours of bus movement was collected across the nine weekdays and used to
model bus operations. Buses were boarded randomly with an enumerator taking the first bus to
arrive on the station/ stop. Data was collected on both dedicated lanes and mixed traffic since
bus trips involved both rights of way. Data was collected in the morning peak, off peak and
evening peak. The time frames were determined according to the A Re Yeng timetables (A Re
Yeng, 2020).
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A field study was undertaken along RRT and A Re Yeng routes to classify the land use patterns
as CBD or non-CBD; to classify the nature of stations and stops as open or closed; and to
classify the roadways as dedicated bus lanes or mixed traffic lanes. CBD is defined as the
central part of the city characterized by a denser concentration of high rise buildings, large retail
and commercial stores, high concentration of pedestrian and vehicular traffic compared to other

parts of city (Murphy, 2017). This definition was used as the basis of land use classification.

Google Earth Pro Software (Google, 2024) was used to obtain locations of A Re Yeng stations
and to classify the intersections as signalised or unsignalised using its in-built street view
application. Traffic counts were taken to estimate peak hour volumes. The signal phasing plan
(cycle length, green time, yellow time and red time) and the data on vehicle occupancy were
obtained from the field study.

3.3. Data cleaning

Data cleaning involved all tasks and activities aimed at detecting and repairing errors in the
data. Data cleaning was done to remove incomplete trips, address missing data fields and
outliers that make data unusable. The data was cleaned using Microsoft Excel software
(Microsoft Corporation, 2023) before detailed analysis was carried out.

The data cleaning included removing trips accounting for deadheading (from depot to station
and vice versa) and terminal time (excess time beyond dwell time which a transit unit spends
at the terminal). These are not part of the operating speed offered to the passengers (Vuchic,
2017b).

Data from My Track (Quin, 2023) application included a column of accuracy which reported
accuracy with which GPS data was recorded. Data with accuracy values greater than 5m was
considered inaccurate thus discarded. Following this criterion, less than 2% of the data was
discarded. Map matching was done for RRT data to detect trips with low GPS accuracy. The
low accuracy trips (less than 1% of the data) manifested by points far away from the road

network were also removed from the data.

3.4. Data Analysis and Modelling

The study intended to compare operating speed achieved in incremental and leapfrog
investment approaches in bus-based transit. This required modelling operating speed attained

in various scenarios constituting the two approaches as presented in Figure 1-1.

Data analysis was carried out with the aid of Tableau visualising software (Tableau Software,
2024), Google Earth Pro (Google, 2024) and Microsoft Excel (Microsoft Corporation, 2023).

Tableau software (Tableau Software, 2024) was used to visualize trip data and identify



3-10

intersections along the route. Google Earth Pro (Google, 2024)was used to plot stations and
classify the nature of intersection control as signalised and unsignalised. Trip travel time and
distance were calculated using Microsoft Excel (Microsoft Corporation, 2023). Data extraction
and analysis is discussed in detail in section 4.2.

R Software (R Core Team, 2023) was used to develop operating speed regression models.
Operating speed models were developed for the morning peak, off-peak and evening peak in
all scenarios. The models were initially estimated by OLS regression and tested for conformity
with assumptions of OLS. The assumptions of non-correlation of disturbances and
homoscedasticity which are usually violated in longitudinal data models (Washington et al.,
2020) were tested by the D-W Test (Durbin and Watson, 1992, Savin and White, 1977) and B-
P Test (Breusch and Pagan, 1979) respectively. Corrective measures such as weighted least
squares and generalised least squares were undertaken to address the violations (Washington et
al., 2020). Operating speed models were developed with variables statistically significant at a
5% significance level. The following scenarios were considered for this study.

3.4.1. Base Scenario: Conventional paratransit

Conventional paratransit was used as the base scenario of the study. This represents the
existing unscheduled and less restricted form of public transport in SSA as described in
literature (Ndibatya and Booysen, 2020, Kerr, 2018, Behrens et al., 2015). Mop up taxis
(MUTSs) in RRT operate in mixed traffic, with no headway control and cash based fare
collecxtion. These characteristics are similar to the conventional paratransit, thus MUT data

was used to represent the base scenario.
3.4.2. Second Scenario: Scheduled MBTs with cashless fare collection

Previous studies (Kgwedi and Krygsman, 2017, Ndibatya and Booysen, 2020) have
advocated for scheduling of MBTs to improve public transport. Scheduling of MBTSs to
fixed routes and timetables eliminates holdback time spent by MBTSs on stops waiting for
passengers (Ndibatya and Booysen, 2020). However, there has been no empirical evidence

that scheduling to limit MBTSs to certain routes with fixed stops improves operating speed.

The use of cashless fare collection reduces dwell time spent on each stop (Kittelson et al.,
2003) thereby improving operating speed. This scenario, evaluating the benefits of both
scheduling and cashless fare collection, was based on scheduled MBTSs in mixed traffic

with open kerbside stops and on-board cashless fare collection.
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3.4.3. Third scenario: Scheduled bus services in mixed traffic

This scenario evaluates scheduled buses in mixed traffic (BMT) services operating with
kerbside stops. The scheduled BMT are characterised by schedule adherence, on-board
cashless fare collection and stopping at dedicated stops on demand. Data for A Re Yeng

buses operating in mixed traffic was used to model this scenario.

3.4.4. Fourth scenerio: BRT services on dedicated lanes

Literature (McKbnight et al., 2003, McKnight et al., 1997, Van der Merwe et al., 1991)
shows that congestion is one of the main factors affecting transit speeds. The fourth
scenario evaluated the operating speed on transit lanes free from congestion created by
other modes.

Median stations with off board fare collection are used to reduce passenger service time.
Bus traffic signal phases are used on intersections through which priority is offered to buses
to enable adherance to schedules (A Re Yeng, 2020). This stage represents a complete BRT
system as described in the BRT planning guide (Wright and Hook, 2017) and the BRT
Implementation Guide (Carrigan et al., 2019). Data for A Re Yeng buses on the Trunk route

was used to model this scenario.

3.5. Benefit evaluation

The benefit considered for all scenarios is an increased operating speed resulting in lower travel
times (Litman, 2015). The developed models were applied to a theoretical 10km route to
determine the operating speed and travel time under various scenarios. The determined travel
time was adjusted to account for differences in levels of congestion and passenger demand. A
travel time savings benefits for the leapfrog approach was calculated using conventional
paratransit as the base scenario. In an incremental approach, the preceding intervention was
considered as the base scenario. Travel time savings is determined as the difference between

travel time for a given scenario and the base scenario (Uddin et al., 2013).
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4. DATA ANALYSIS

Operating speed models are developed using multiple linear regression for different operating

scenarios discussed in Chapter three. This chapter details the steps followed in developing models

for all scenarios.

4.1. Model Variables

The literature reviewed in Chapter two showed that transit speed is affected by route conditions

namely congestion, stop or station spacing, dwell time, signalised and unsignalised intersection

spacing. These factors are accounted for by the following variables.

Stations or stops per kilometre: This variable accounts for speed variation due to
passenger boarding and alighting at stops or stations encompassing impacts of station
or stop spacing and dwell time. This variable was constructed by converting the number
of stations or stops in an analysis block of any length to an equivalent number in a
block of one kilometre length. This is discussed in detail in section 4.2.

Signalised intersections per kilometre: This variable accounts for delays at signalised
intersections due to red signal phases. This variable was constructed in a similar way
to stations per kilometre.

Unsignalised intersections per kilometre: This accounts for slowing down of transit
vehicles at unsignalised intersections to yield or give way to other traffic or adhere to
traffic calming measures. This variable includes effects of two-way stop controlled
(TWSC) intersections, all-way stop controlled (AWSC) intersections, round abouts and
traffic circles. The construction of the variable is presented in section 4.2.

Land use: Land use accounts for the level of activity in the area crossed by transit
vehicles. This variable gives an indication of the level of side friction on bus lanes,
level of pedestrian activity among others. This study classifies land use as either CBD

or non-CBD assigning a dummy variable of 1 or O respectively.

Traffic congestion and passenger demand are not accounted for with independent variables in

the models due to absence of required data. However, these variables are assumed to vary from

the morning peak, off peak and evening peak with each time period having a corresponding

average value. Average values of congestion and passenger demand in each time period are

used in determining adjustment factors for traffic congestion and demand respectively in

chapter 6.



4.2. Detailed Data Analysis

The data obtained from the RRT Tracking website was slightly different from the data collected
with My Track (Quin, 2023) in terms of data formats. Therefore, different procedures were

followed in the data analyses of the two data sets.
4.2.1. Scheduled and Unscheduled MBT Data analysis

a. Trip segmentation

The clean data was visualised in Tableau Software (Tableau Software, 2024) for a
preliminary evaluation of route patterns to identify potential route start and end points. This
was done to determine reference points to use in trip segmentation. MUT trip data was
segmented using the taxi rank as the reference point since all unscheduled MBT CBD
inward trips ended at the taxi rank while the CBD outward trips started from the taxi rank.
Scheduled MBT trips were segmented using the central stop as a reference point since it

was the trip start and end point for the scheduled MBT round trips (Figure 3-2).

RRT GPS data consisted of coordinates in decimal degrees. The data was updated to
include Universal Transverse Mercator (UTM) coordinates which are distance-based. The
conversion from decimal degress to UTM coordinates was achieved using spread sheet
calculations developed by ArcGeek (2009).

The displacement, d between GPS pulses and a reference point was calculated according

Equation 4-1.

A . . % % Equation 4-1
With

is the UTM Latitude coordinate of any GPS pulse

is the UTM Latitude coordinate for the reference point
% s the UTM Longitude coordinate of any GPS pulse
% is the UTM Longitude coordinate for the reference point

The maximum and minimum distances from the reference point represented trip end and
start points respectively. The data points between the minimum and maximum distances

constituted a trip.
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a. Trip Data Analysis

Detailed trip analysis was carried out using Microsoft Excel (Microsoft Corporation, 2023).
Segmented trip data included fields of date and time, latitude, longitude, spot speed and

status as shown in Figure 4-1.

A B C D E F G H | J K L M N
Time Time utT™Mm ut™m Pulse Segment Segment

1 Date_Time Latitude Longitude speed status Date Time spacing  spacing (s) Latitude Longitude Spacing length (m)  travel time(s)

2 |2023-06-07 06:21:00 -25,6661 27,24173 11 driving 2023/06/07 06:21:00 524259,703 7161273,46

3 |2023-06-07 06:21:02 -25,6661 27,24166 17 driving 2023/06/07 06:21:02 00:00:02 2,00 524252,97 7161268,27 8,503110083 338,355721 60
4 2023-06-07 06:21:06 -25,6662 27,24152 18 driving 2023/06/07 06:21:06 00:00:04 4,00 524239,098 7161256,44 18,22672339 187,574529 70
5 |2023-06-07 06:21:08 -25,6663 27,24145 17 driving 2023/06/07 06:21:08 00:00:02 2,00 524231,759 7161249,37 10,19332832 94,0776102 80
© 2023-06-07 06:21:10 -25,6663 27,24138 15 driving 2023/06/07 06:21:10 00:00:02 2,00 524224,824 7161243,73 8935853743 101,971889 80
7 2023-06-07 06:21:20 -25,0667 27,24094 19 driving 2023/06/07 06:21:20 00:00:10 10,00 524180,602 7161208,38 56,6188053 171,503845 86
8 2023-06-07 06:21:30 -25,6669 27,24068 17 driving 2023/06/07 06:21:30 00:00:10 10,00 524154,47 7161187,27 33,58924641 197,060233 84
9 2023-06-07 06:21:40 -25,6673 27,24004 36 driving 2023/06/07 06:21:40 00:00:10 10,00 524090,343 7161133,68 83,5722092 329,186371 30
10 2023-06-07 06:21:50 -25,6679 27,23928 29 driving 2023/06/07 06:21:50 00:00:10 10,00 524013,764 7161074,8 96,60213658 345,183743 36
11 |2023-06-07 06:22:00 -25,668 27,23909 5 driving 2023/06/07 06:22:00 00:00:10 10,00 523994,175 7161064,53 22,11430749 495,89201 40
12 |2023-06-07 06:22:10 -25,668 27,23898 0 ign on- stationary 2023/06/07 06:22:10 00:00:10 10,00 523983,828 7161059,13 11,67454403 172,119042 60
13 |2023-06-07 06:22:20 -25,668 27,23897 0 ign on- stationary 2023/06/07 06:22:20 00:00:10 10,00 523982,723 7161058,13 1,487279176 405,587544 90
14 |2023-06-07 06:22:30 -25,668 27,23894 12 driving 2023/06/07 06:22:30 00:00:10 10,00 523979,006 7161056,37 4,114313274 169,24693 27
15 |2023-06-07 06:22:38 -25,6681 27,23865 17 driving 2023/06/07 06:22:38 00:00:08 8,00 523950,393 7161050 29,31430951 13,9704555 53

Figure 4-1: Example of scheduled and unscheduled MBT trip data format

The date and time were in a combined format of Year:Month:Day: Hour:Minute:Second.
The Latitudes and Longitude co-ordinates were in a decimal degrees and UTM cordinate
formats. The status indicated whether the MBT was driving, stationary or parked. The spot
speed in km/h was not used for speed calculations as it represents instantenous speed.
Operating speed is based on space mean speed which was calculated from segment distance
and travel time as discussed in proceeding text. The combined date and time were separated
into independent date and time fields. The time spacing between two succesive GPS pulses
was calculated as the difference between two successive time values. The time difference
obtained could not be used for arithmetic computations hence a conversion was done to an
arithmetically usable format in seconds. The spacing between successive pulses was

calculated according to Equation 4-1.

The GPS data was recorded at a frequency of about 10 seconds. In order to analyse speed
variations with route conditions presented in section 4.1, the trip was divided into
longitudinal segments corresponding to 90 seconds of travel from the trip start to its end.
A 90-second time interval was chosen because at a running speed of 30 km/h, a transit
vehicle can cover a segment of distance approximately 750 metres. Segments
corresponding to a travel time of 90 seconds were used as a unit of observation. Time was
kept constant instead of distance since GPS pulses were recorded per unit time (10 seconds)
making it easier to use time as a unit of observation. Secondly, distance could only be
obtained by combining a number of GPS pulses relating to a given time block. Existing
physical blocks were not used as a unit of measurement because the GPS pulses did not
necessarily align with block start and end points. Therefore, usage of physical blocks would

introduce an error in speed calculations.
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In instances where the 90-second segment corresponded to MBT stationary movement at
an intersection or station (stop), resulting into segment distance of zero (0) metres, the
segment would be considered as part of the preceding segment. This implies that the travel
time of the previous segment would be doubled (180 seconds instead of 90s). This
prevented division of intersections or stations by zero in conversion of segment

intersections or stops (stations) to unit of per kilometre shown in Equation 4-3.

The segments of length and travel time pre-determined in Microsoft Excel (Microsoft
Corporation, 2023) in preceding steps were traced in Tableau Software (Tableau Software,
2024) by visualising individual trips from the start to the end. Figure 4-2 shows an example
of a segment starting and ending at points A and B respectively.

&
I} < [ ]
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Figure 4-2: Example of travel segment in Tableau Software

Google earth street view was used to classify intersections as signalised or unsignalised.
The number of signalised intersections, unsignalised intersections, stations and landuse in
each segment are recorded in Microsoft Excel (Microsoft Corporation, 2023).The operating
speed (U ina segment is calculated in kilometres per hour (km/h) according to Equation
4-2.

YQQa Q QaE0@0 Equation 4-2
"YQ'Qa ‘@& @ 0 QaiQ

The number of signalised intersections, unsignalised intersections and stations in the

0 QAQ  oBp®

segment are standardised by converting to signalised intersection per kilometre,
unsignalised intersection per kilometre and stations per kilometre according to Equation
4-3. This standardisation is done because the travel segments were of different lengths

owing to differences in travel speed across the trip.




. @ Equation 4-3
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@ is number of intersections, signalised intersections,stations per kilometre.

W PTT

wis the number of non signalised intersections, signalised intersections or stations in the

segment .

Regression analysis was then performed using R Software (R Core Team, 2023). Operating
speed, U, is specified as the response variable while number of intersections per kilometre,
signalised intersections per kilometre, stations per kilometre and land use are predictor
variables. The resulting OLS model was tested for homoscedasticity and serial corelation
using the BP Test (Breusch and Pagan, 1979) and D-W Test (Durbin and Watson, 1992)
respectively. Corrective procedures were taken to adress the violations of the assumptions

as discussed in Chapter two.
4.2.2. Scheduled Bus and Complete BRT Data Analysis

Bus data and MBT data sets were analysed following the same procedure except the initial
step of trip segmentation. The data collection app (Quin, 2023) was started at the start of
the trip and the recording was stopped at the end of the trip. Therefore, collected data
corrresponded to trips eliminating the need of trip segmentation. The data included fields
such as location,time, longitude, latitude, speed, altitude and accuracy as shown in Figure
4-3.

As shown in Figure 4-3, GPS data was recorded at a frequency of 3 seconds. The location
field was simply the GPS pulse number. Time was combined date and time with time
recorded in Greenwich Mean Time (GMT) timezone. The latitude and longitude were in
decimal degrees while altitude and accuracy were in metres. Data with high accuracy less
than 5 metres was used in the modelling process. The altitude and bearing rows were not

used for any purpose in the data analysis.
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A B C D E F G H
6 |Location Time Latitude Longitude  Speed(m/s) Altitude Accuracy(m) Bearing
711 2024-06-05T06:20:27.2067 -25,787401 28,280453 0,04 1411.6 3.9 -9999.0
8 |2 2024-06-05T06:20:30.2062 -25,787403  28,280445 0,09 1411.7 3.9 -9999.0
9 |3 2024-06-05T06:20:33.2062 -25,787407 28,280441 0,09 1411.9 3.9 -9999.0
10 |4 2024-06-05T06:20:36.2072 -25,787409 28,280436 0,09 1412.0 3.9 -9999.0
11 |5 2024-06-05T06:20:39.2062 -25,787407 28,28043 0,12 1412.0 3.9 233.05399
12 |6 2024-06-05T06:20:42.2062 -25,7874  28,280424 0,00 1412.1 3.9 -9999.0
13 |7 2024-06-05T06:20:45.207Z -25,787394  28,280418 0,00 1412.0 3.9 -9999.0
14 |8 2024-06-05T06:20:48.206Z -25,787394 28,280418 0,00 1412.0 3.9 -9999.0
15 |9 2024-06-05T06:20:51.206Z -25,787394  28,280418 0,00 1412.0 3.9 -9999.0
16 (10 2024-06-05T06:20:54.207Z -25,787394  28,280418 0,00 1412.0 3.9 -95999.0
17 |11 2024-06-05T06:20:57.2062 -25,787394 28,280418 0,00 1412.0 3.9 -9999.0
18 |12 2024-06-05T06:21:00.2062 -25,78739  28,280357 0,47 1413.1 3.9 303.37674
19 13 2024-06-05T06:21:03.2062 -25,787355 28,280285 1,27 1413.1 3.9 293.11588
20 |14 2024-06-05T06:21:06.2072 -25,787306  28,280165 2,60 1413.6 3.9 295.05463
21|15 2024-06-05T06:21:09.2072 -25,787231 28,280008 4,08 1413.3 3.9 293.05676
22 |16 2024-06-05T06:21:12.206Z -25,787169 28,2798b1 4,81 1412.3 3.9 290.0827
23 |17 2024-06-05T06:21:15.206Z -25,787136  28,279789 4,23 1411.7 3.9 278.2769
24 |18 2024-06-05T06:21:18.207Z -25,787132 28,279774 2,72 1411.4 3.9 275.5563
25 119 2024-06-05T06:21:21.2077 -25.787128 28.279789 0.91 1410.8 3.9 16.507486

Figure 4-3: Imported Bus Data
Data was updated to include required fields similar to those stated in Section 4.2.1. The
time field in Figure 4-3 was split into separate date and time fields using an inbuilt excel
wizzard that splits text to columns. The rest of the additional fields indicated in Figure 4-4
were obtained as described in Section 4.2.1. Data was analysed in segments corresponding
to 57 seconds of travel owing to high bus running speeds in non-CBD areas. This was done
to keep average segment lengths the same as for MBTs and avoid scale differences between
the two sources. Regression analysis was done in similar way as MBT data.
A B C D G H K M N o P Q
Time Time utm utMm Pulse Segment Segment

6 Location Time Latitude Longitude Speed(m/s) Altitude Accuracy(m)  Bearing Date Time spacing  spacing (s) Latitude Longitude spacing length(m) time(s)
71 2024-06-05T06:20:27.206Z -25,787401  28,280453 0,04 1411.6 3.9 -0999.0  2024/06/05 06:20:27 628381,2 71472357
8 2 2024-06-05T06:20:30.2062 -25,787403  28,280445 0,09 1411.7 3.0 -9999.0  2024/06/05 06:20:30 00:00:03 3,00 6283804 71472355 0,832245 79,74995 57
9 3 2024-06-05T706:20:33.206Z -25,787407  28,280441 0,09 1411.9 3.9 -9999.0  2024/06/05 06:20:33 00:00:03 3,00 628380 7147235 0,597649 225,1457 57

10 4 2024-06-05T06:20:36.207Z -25,787409 28,280436 0,09 1412.0 3.9 -9999.0  2024/06/05 06:20:36 00:00:03 3,00 628379,5 7147234,8 0,548145 90,408 57

15 2024-06-05T06:20:39.206Z -25,787407 28,28043 0,12 1412.0 3.9 233.05399 2024/06/05 06:20:39 00:00:03 3,00 6283789 7147235 0,641151 4716391 57

12 6 2024-06-05T06:20:42.206Z -25,7874 28,280424 0,00 1412.1 3.0 -9999.0  2024/06/05 06:20:42 00:00:03 3,00 628378,3 71472358 0,981404 572,142 57

137 2024-06-05T06:20:45.207Z -25,787394  28,280418 0,00 1412.0 3.9 -9999.0  2024/06/05 06:20:45 00:00:03 3,00 628377,7 71472365 0,896473 8788442 57

14 8 2024-06-05T06:20:48.2067 -25,787304 28280418 0,00 1412.0 3.0 -9999.0  2024/06/05 06:20:48 00:00:03 3,00 628377,7 71472365 0 539,7645 57

15 9 2024-06-05T06:20:51.206Z -25,787394  28,280418 0,00 1412.0 3.9 -9999.0  2024/06/05 06:20:51 00:00:03 3,00 628377,7 71472365 0 5449455 57

16 10 2024-06-05T06:20:54.2072 -25,787394 28,280418 0,00 1412.0 3.9 -9999.0  2024/06/05 06:20:54 00:00:03 3,00 628377,7 71472365 0 5522052 57

17 11 2024-06-05T06:20:57.206Z -25,787394 28280418 0,00 1412.0 3.9 -9999.0  2024/06/05 06:20:57 00:00:03 3,00 628377,7 71472365 0 1247533 57

18 12 2024-06-05T06:21:00.206Z -25,78739  28,280357 0,47 14131 3.0 303.37674 2024/06/05 06:21:00 00:00:03 3,00 6283716 7147237 6,132054 7293797 57

19|13 2024-06-05T06:21:03.2062 -25,787355  28,280285 1,27 14131 3.9 293.11588 2024/06/05 06:21:03 00:00:03 3,[]0_ 628364,4 71472409 8,194037 5655445 57

20 14 2024-06-05T706:21:06.207Z -25,787306  28,280165 2,60 1413.6 3.9 295.05463 2024/06/05 06:21:06 00:00:03 3,00 6283524 7147246,5 13,20065 393,6204 57

21 15 2024-06-05T06:21:09.207Z -25,787231  28,280008 4,08 1413.3 3.9 293.05676 2024/06/05 06:21:09 00:00:03 3,00 628336,8 7147254,9 17,80086 279,7241 57

22 16 2024-06-05T06:21:12.206Z -25,787169  28,279861 4,81 1412.3 3.9 290.0827 2024/06/05 06:21:12 00:00:03 3,00 628322,1 7147262 16,26197 511,4301 57

23 17 2024-06-05T06:21:15.206Z -25,787136  28,279789 4,23 1411.7 3.9 278.2769 2024/06/05 06:21:15 00:00:03 3,00 6283149 7147265,7 8,092506 597,7387 57

24 18 2024-06-05T06:21:18.207Z -25,787132 28279774 2,72 1411.4 3.0 2755563  2024/06/05 06:21:18 00:00:03 3,00 6283134 7147266,1 1,568059 2064521 57

Figure 4-4: Example of updated bus data

4.3. Modelled Scenarios

The procedure discussed in section 4.2 was applied to the operating scenarios discussed in

section 3.4. This sub section discusses characteristics specific to the scenarios in relation to

operating speed and the special conditions applied to the models developed.




4.3.1. Unscheduled MBTs

The unscheduled MBTs also referred to as mop up taxis (MUTSs) were observed to start the
daily trips from the owners’ homes as earlier reported by Del Mistro and Aucamp (2000)
and stopping at the taxi rank.The MUTSs operated different routes in Tlhabane as shown in
Figure 4-5. In this study, land use to the West of Point O (Figure 4-5) was considered to be
non-CBD while land use to the East of Point O was CBD. This was because the area to the
right of Point O consisted of a denser concentration of high rise buildings, retail and

commercial stores, vehicle and pedestrian volumes compared to left.

Route 1
=== Route 2
=== ROUte 3
=== Route 4
w— Route 5
=== Route 6

OpenStreetMap

Figure 4-5: MUT main routes

MUT travel data was segmented into individual trips following the procedure described in
section 4.2.1 considering the taxi rank as the end point. This was because all the round trips
shown in Figure 4-5 started and ended at the taxi rank. The CBD inward and outward
directions were not differentiated in this study.

The trips were grouped according to three time of day categories: morning peak, off peak
and evening peak. The morning peak was considered to run from 7:00 AM to 9:30AM, off
peak was considered between 10:30AM and 1230PM while the evening peak was taken
between 3:30 PM and 5:30 PM. The choice of these time bands was based on the timetable
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for scheduled services provided by Rustenburg Rapid Transit (2023b) in which headways
for services were 15 minutes and 30 minutes for peak and off peak sessions respectively.

The frequency of MUTSs per route varies accross the day. Almost four MUTS per hour were
observed on each route during the morning and evening peak while two MBTSs per hour
were observed in the off-peak. Field observations showed that passenger occupancy varied
from about 14 passengers per MUT in morning peak to about 8 passengers in the off-peak

and 12 passengers in the evening peak.

The maximum running speed of 76 km/h is attained in the morning and off-peak while 79
km/h in the evening peak as shown in Figure 4-6. MBT routes also varied across the day
with different morning peak routes, off-peak routes and evening peaks.This study does not
examine the factors influencing route variability but literature points to change in passenger
demand patterns (Ndibatya and Booysen, 2020) as one of the factors. The heat map in
Figure 4-6 shows that in addition to intersections, unscheduled MBTs make stops at other

locations to allow for passenger boarding and alighting.
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Figure 4-6: Unscheduled MBT speed variations on routes

Operating speed of MUTSs varied across the day and between CBD and non-CBD areas as

shown in the boxplot in Figure 4-7. In Figure 4-7, the horizontal axis consists of time of
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the day and land use in the format of time_land use. MP refers to morning peak; OP refers

to off- peak while EP refers to evening peak.

Observed speed (km/h)
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Figure 4-7: Speed variation for unscheduled MBT

In non-CBD areas, the median operating speed drops from 24 km/h in the morning peak to
19km/h in the off peak and evening peak. Generally, the operating speed in non-CBD areas
varies between 18km/h and 28km/h across the day. In CBD areas, the median operating
speed drops from 19km/h in the morning peak to 10 km/h in the offpeak and 18km/h for
evening peak. In the CBD areas, operating speed varies between 13km/h and 16km/h except
in the off peak in which speed is as low as 3km/h. Figure 4-7 shows that off-peak CBD
speeds experience the most variation with a range of 20 km/h compared to other periods of
the day and other landuses whose speed range is lower 10km/h. The operating speed is
generally lowest during off peak periods because of hold back time described by Ndibatya
and Booysen (2020) with drivers waiting for extra passengers to make trips profitable.

MUTs do not have dedicated stops and stations (Rustenburg Rapid Transit, 2023b) just like
the conventional paratransit (Behrens et al., 2015). The stops are made at the request of
passengers to alight or board the taxi. Therefore, the operating speed models were
developed considering signalised intersections per kilometre, non-signalised intersections
per kilometre and land use as the predictor variables while operating speed was the response

variable.

The spacing of signalised and non-signalised intersections in the corridor varies
significantly between the CBD and non-CBD land uses (Table 4-1). The average spacing
of signalised intersections is approximately 295 m in the CBD and 1200 m in the non-CBD.
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The average spacing of non signalised intersections is 850m and 130m in the CBD and non-
CBD respectively.

Table 4-1: Intersection spacing on the RRT corridor
Variable Non-signalised intersection spacing (m) Signalised intersection spacing (m)
Land use CBD Non-CBD CBD Non-CBD
Minimum 832 82 117 606
Maximum 870 265 857 2800
Average 850 130 295 1200

4.3.2. Scheduled Minibus Taxis

Scheduled MBTSs were observed to start and end daily trips at the depot . The trips made to
and from the depot (deadheading) were removed from the data in the cleaning process as
they do not count as trips offered to passengers (Vuchic, 2017b). Passenger service trips
were round trips starting and ending at the central stop. In this study, three direct routes
F11, F15, F16 (Figure 4-8) whose data on station/stop location was available were analysed.

= Route F11
== Route F16
=== Route F15

OpenStreetMap Central Stop

0 500 y 1000 m

Figure 4-8: Scheduled MBT Routes

Rustenburg Local Municipality (2022) sub-divides each route into two sub routes (A and
B) depending on whether the route is clockwise or counterclockwise in the non-CBD area.

The B sub route is used in the morning hours till mid day after which the A sub route is
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used. The two sub routes are operated on the same roads and the author did not find any
difference between them that could have an influence the results. Each sub route has
stations as shown in Appendix B. Land use classification was the same as that of
unscheduled MBTSs described in section 4.3.1.

The scheduled services operate in dedicated lanes in the CBD and mixed traffic in non-
CBD areas. However, the dedicated lanes suffer significant encroachment as described in
Chapter 3. Therefore, all routes are generalised as mixed traffic operations in this study.The
trips were grouped according to time of the day into three categories namely morning peak,

off peak and evening peak following the criteria like for MUTs decribed in section 4.3.1

Running speed of MBTs on the three routes (F11, F15 and F16) is shown in Figure 4-9.
The maximum running speeds of these routes range between 57 km/h and 60 km/h. These
running speeds are lower than those of unscheduled MBTSs although they operate on the
same corridor. The low running speeds are partly attributed to the strict enforcement of
speed limits in scheduled MBTSs in order to ensure schedule adherence (Rustenburg Rapid
Transit, 2023b). The low speed regions occur around stations (Appendix B) and

intersections where stopping occurs.
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Figure 4-9: Speed variation on F11, F15 and F16 routes

The average operating speed of scheduled MBTs per land use was almost uniform
throughout the day (boxplot in Figure 4-10). The horizontal axis follows the same definition

provided in section 4.3.10f this dissertation.
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Figure 4-10: Speed variation for Scheduled MBT

In the non-CBD areas, the median speed was about 25 km/h in the morning peak which
dropped to about 23km/h in the offpeak and evening peak. In these areas, the operating
speed varies betweem 18km/h and 28km/h across the day. In the CBD areas, the median
operating speed increased from 15km/h in the morning peak to 18 km/h in the offpeak and
evening peak.The operating speed varies between 13km/h and 23km/h across the day in
non-CBD areas. Figure 4-10 shows that for any landuse and time of the day, operating

speeds are in a range of approximately 10km/h.

Whereas unscheduled MBTSs had higher running speeds than scheduled MBTs, the average
speed is almost similar in the morning and evening peaks. It is observed that scheduled
MBTs offer a higher average speed in the off-peak compared to unscheduled MBTSs. This
is because of fewer stops in scheduled MBTs compared to unscheduled MBTSs as shown in

Figure 4-9 and Figure 4-6.

The operating head way of scheduled MBTs service varies across the day. The morning
and evening peaks are operated at a headway of 15 minutes while the offpeak utilised a
headway of 30 minutes (Rustenburg Rapid Transit, 2023b). The vehicle occupancy also
varies across the day. The morning peak obtains a maximum ridership of about 14
passengers per MBT while the number drops to maximum of 8 passengers per MBT in the

off peak and 12 passengers in the evening peak.

Intersection spacing is similar to that presented in Table 4-1 since both scheduled and
unscheduled MBTSs operated in the same roads. Stop spacing is summarised in Table 4-2.

The average stop spacing is almost uniform across both land uses with 544 m and 520 m in
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the CBD and non-CBD respectively. However, the maximum spacing in the non-CBD is
1142 m compared to 732m in the CBD.

Table 4-2: Stop spacing on the RRT corridor

Variable Stop spacing (m)
Land use CBD Non-CBD
Minimum 344 292
Maximum 732 1142
Average 544 520

Scheduled MBTSs are required to stop at designated stops and stops shown in Appendix A.
Thus, in addition to signalised intersections per kilometre, unsignalised intersections per
kilometre and land use, stops per kilometre was considered as the fourth independent
variable in model development for the scheduled MBTSs.

4.3.3. Scheduled Buses in Mixed Traffic

A Re Yeng buses operating in mixed traffic along Loftus-Menlyn Route, Loftus-Hatfield
route and Mahtma-Groenkloof route were used in the study. The sheduled buses in mixed
traffic (BMT) utilise kerbside stops along the route except at route start and endpoints
where median stations are present. At these start and end points, buses transition between
mixed traffic and dedicated lane operations. The Loftus-Menlyn and Loftus-Hatfield routes
started and ended at Loftus Versfeld median station while the Groenkloof route started and
ended at the Mahtma Gandbhi station (Figure 4-11). Scheduled BMT use onboard automated

fare collection with passengers boarding and alighting at dedicated stops and stations.

Avrticulated and standard buses used on the routes were used in the study. Buses were
sampled on routes in Figure 4-11 for two weeks (29 May 2024 to 07 June 2024) and data
collected for morning peak (07:30AM to 09:30AM), off peak (10:30AM to 1:30PM) and
evening peak (3:30PM-6:00PM). The time periods were considered according to operating
timetable for A Re Yeng buses (A Re Yeng, 2020).

A Re Yeng buses operate on a headway of 10 minutes on Loftus-Menlyn route and Loftus-
Hatfield route during peak hours and 20 minutes during the off peak. A headway of 30
minutes is utilised on the Mahtma-Groenkloof route during peak hours while the route does
not operate in the off peak. Field observations estimated a maximum of 360 passengers per
hour in the peak direction during the morning peak, 70 passengers per hour in the off hour

and 240 passengers in the evening peak.
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Figure 4-11: Mixed traffic bus routes

The land use patterns varied on each route. On the Loftus-Hatfield route, the route portion
between Loftus Versfeld station and Prasa stop was considered non-CBD while the rest of
the route was in a CBD land use. On the Loftus-Menlyn route, the CBD was considered
between Lynwood 1-13 stop and Lynwood 1-9 stop; then from Atterbury 1-4 stop to the

Atterbury 0-1 stop. The entire Mahtma-Groenkloof route was classified as non-CBD
(Figure 4-11).

The maximum running speed obtained by scheduled BMT is 74.18 km/h (Figure 4-12). The
stopping pattern of scheduled BMT (Figure 4-12) is similar to that of scheduled MBT. In
both cases, the transit vehicle stops at intersections and stations.
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Figure 4-12: Speed variation on the Menlyn-Loftus route

Operating speed for scheduled BMT vary between CBD and non-CBD areas as shown in
the boxplot in Figure 4-13. In the non-CBD areas, the speed is almost uniform through the
day with a median of 27km/h obtained in off peak while 26 km/h is obtained in the morning
and evening peak. In these areas, the speed ranges between 20km/h and 36km/h across the
day. In the CBD area, the median speed of 19 km/h is obtained in the morning peak
dropping to 16km/h and 17 km/h in off peak and evening peak respectively. In the CBD
areas, the speed ranges between 10km/h and 28km/h.
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Figure 4-13: Speed variation of Buses in mixed traffic

All intersections in the CBD were signalised. Unsignalised intersections were present in
only non-CBD areas at an average spacing of 358m. Signalised intersections were spaced
at approximately 250m and 650m in the CBD and non-CBD respectively. The station
spacing was at an average of 460m and 516m in the CBD and non-CBD respectively.

Spacing for intersections and stations is summarised in Table 4-3.

Table 4-3: Intersection and station spacing on scheduled BMT corridors

Variable Unsignalised intersection | Signalised intersection | Station spacing (m)
spacing (m) spacing (m)

Land use CBD Non-CBD CBD Non-CBD CBD Non-CBD

Minimum 90 100 173 213 251

Maximum 882 507 2047 670 983

Average 358 253 650 460 516

The operating speed models for scheduled BMT are estimated using the same variables as
in scheduled MBT.

4.3.4. Buses operating in Dedicated Lanes

Bus dedicated lanes with closed median stations run from Hector Pieterson station to Loftus
Versfeld station as shown in Figure 4-14. The bus route in Figure 4-14 was sampled for the
same period like scheduled BMT adopting the same time frames as informed by the

timetables of the A Re Yeng bus service.
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Figure 4-14: Dedicated Lane Route and Median Stations

Passengers board and alight at closed stops with off- board fare collection. Articulated and
standard buses used on this route were used in the study. The CBD area was considered to
stretch from Anton Lembede Station to General GL Pitso station while the rest of the areas

were considered as non-CBD (Figure 4-14).

Are Yeng buses operate at a headway of 10 minutes during the peak period and 20 minutes
in the off-peak. According to observed field volumes, passenger demand was estimated at
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540 passengers per hour during the morning peak, 120 passsengers per hour in the off peak

and 400 passengers per hour in the evening peak.

A maximum running speed of 75.38 km/h was observed on the trunk route as shown in

Figure 4-15. The stopping pattern is similar to that of scheduled BMT and scheduled MBT.

The running speed in the CBD is distinct from that of non-CBD areas with low running
speeds achieved in the CBD. As shown in Figure 4-14, the intersection spacing and station
spacing in the CBD and non-CBD land uses is significantly different. Bruun (2005) shows

that these two factors influence the maximum speed attained by buses on buslanes.
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Figure 4-15: Speed variation on the trunk route

The median operating speed in the CBD areas was almost 50% of the speed in the non-
CBD areas (boxplot in Figure 4-16). The median non-CBD speed is about 32 km/h in the

off peak, dropping to 29 km/h in the morning peak and 28 km/hr in the evening peak. In

these areas, the operating speed ranges from 20km/h to 36km/h. In the CBD areas, the

median operating speed is almost constant at around 14 km/h in the morning peak and off-

peak to 15 km/h in the evening peak. The operating speed ranges from 8km/h and 20km/h

across the day in the CBD areas.
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Figure 4-16: Speed variation for BRT

Unsignalised intersections were not observed along bus lanes. Therefore, all level crossing
intersections were signalised. The spacing of signalised intersections varied between CBD
and non-CBD land uses at an average of 256m and 420m respectively. The signalised
intersections give priority to buses to ensure adherence to schedules (A Re Yeng, 2020).
The average station spacing in the CBD and non-CBD was 590m and 1950m respectively.
The average spacing of both signalised intersections and stations in the CBD is less half
that of the non-CBD areas. The summary of intersection and station spacing is shown in
Table 4-4.

Table 4-4: Signalised intersection and station spacing on a trunk corridor

Variable Signalised intersection spacing (m) Station spacing(m)
Land use CBD Non-CBD CBD Non-CBD
Minimum 160 110 413 1070
Maximum 651 973 896 3118
Average 256 420 590 1950

BRT speed models are estimated using signalised intersections per kilometre, stations per

kilometre and land use as predictor variables.



5. MODEL DEVELOPMENT

This chapter presents the development of operating speed models which are used to determine
operating speed for different scenarios in comparing incremental and leapfrog approaches. The
models are estimated and calibrated for scenarios described in chapters 3 and 4. The model
coefficients are tested on a 5% significance level. Application of models to compare the two
approaches is presented in Chapter 6. The calibrated models are of the form shown in Equation 5-
1.

WO 0O OO 0w o N Equation 5-1
With terms defined as:

uxjpperating speed

@ dgonstant / intercept

o Fd Fd Fd are coefficients calibrated by regression analysis
w dunsignalised intersections per kilometre

w dsignalised intersection per kilometre

 gstations/ stops per kilometre

 dJand use with values 1 for CBD and 0 for non-CBD

N error term

The model summarised in Equation 5-1 shows that an average operating speed of & km/h is
predicted in a non-CBD area with no intersection nor station (stop). The land use variable had a
coefficient of ® implying that keeping all other variables constant, the CBD speed is different
from non-CBD speed by & km/h. A unit increase in unsignalised intersections per kilometre
keeping all other variables constant changes the operating speed by ¢ km/h. A unit increase of
signalised intersections per kilometre keeping all other variables constant changes operating speed
by @ km/h while a unit increase of stations or stops per kilometre with other variables constant

changes operating speed by & km/h.

5.1. Unscheduled MBT Operating Speed Model

The operating speed models for unscheduled MBTSs operating in mixed traffic were developed
for the morning peak, off peak and evening peak. Unsignalised intersections per kilometre,
signalised intersections per kilometre and land use variables were used as predictor variables

while operating speed was the response variable.
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The operating speed models were initially determined using OLS regression modelling in R
Software (R Core Team, 2023). The D-W Test showed serial correlation with D-W Test static
values lower than a lower limit of 1.738 in the case of three regressors with over 200
observations (Savin and White, 1977). The presence of serial correlation implied that operating
speed in a segment (discussed in section 4.2) was affected by characteristics of the preceding
segment. This can be illustrated using two segments in which the first segment contains a
signalised intersection or station. The speed in the next segment is affected by the signalised
intersection or station in the preceding segment since the MBT is accelerating from rest. BP
Test revealed heteroskedasticity as the P-valves of the test statistic were lower than 0.05.
Heteroskedasticity in the data implies that variance of speed changes with increase or decrease
in average speed. The high speeds may have higher variation around the mean value with lower

speeds having a lower variation around the mean value and the inverse being true.

GLS Modelling was used to obtain a new model incorporating both heteroskedasticity and
serial correlation effects. The models for morning peak, off peak and evening peak operating
speed are summarised in Table 5-1,Table 5-2 and Table 5-3 respectively. Variable coefficients
and corresponding t-values for both OLS and GLS models, and P-values and 95% confidence
intervals for GLS models are presented. The models are generally acceptable as the coefficients
have negative signs as expected since increase in signalised or unsignalised intersections per
kilometre reduces operating speed. The land use variable has a negative sign implying that CBD
speeds are lower than non-CBD speeds. The coefficients for signalised and unsignalised
intersections per kilometre are lower in the off-peak model compared to the morning and
evening peak models due to reduced traffic volumes in the off-peak period as shown in Table
9-1 (Appendix D). The land use variable is largest in the off peak as MBTs operate at lower
speeds in the CBD in search of passengers to make outward trips (Ndibatya and Booysen, 2020,
Ukam et al., 2024).

BP Test, DW Test and Y values are presented for only OLS models as these test statistics are
not applicable in GLS models in which OLS assumptions are relaxed. TheY values were lower
than 0.2 in all OLS models with 0.179, 0.161 and 0.191 for morning peak off-peak and evening
peak models respectively. However, these low Y values cannot be used to determine the
goodness of the models since the assumptions of OLS modelling were violated. GLS models

had lower standard errors compared to OLS models implying better fitting models.
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Table 5-1: Unscheduled MBT operating speed model: Morning Peak

oLS Generalised Least Squares
Model Coefficients | t-value | Coefficient | t-value v;[Je L;’E\”(\;i ' Lé%g/eor
Intercept 28.520 44,399 28.181 40.184 | 0.00 | 26.804 | 29.557
Unsignalised intersection per km -0.711 -13,037 -0.652 -11.834 | 0.00 | -0.761 | -0.544
Signalised intersection per km -0.592 -5,449 -0.744 -6.715 | 0.00 | -0.961 | -0.526
Land use -3.976 -5,144 -3.363 -3.424 | 6E-4 | -5.291 | -1.436
R-Squared (R-squared adj) 0.179(0.177)
F-statistic (P-value) 66.74 (4.92E-39)
Number of observations 919 919
Standard Error 10.53 9.80
DW Test 1.522
Breusch-Pagan Test (P value) 2.2E-16

Table 5-2: Unscheduled MBT operating speed model: Off Peak

OLS Generalised Least Squares
Model Coefficients | t-value | Coefficient | t-value v::he L;gv(;z ' %%E/ir
Intercept 22.747 34.737 23.295 30.018 0 21.77 24.82
Unsignalised intersection per km -0.340 -7.182 -0.396 -8.735 0 -0.488 | -0.308
Signalised intersection per km -0.318 -3.914 -0.309 -4.489 0 -0.444 | -0.173
Land use -8.825 -8.437 -8.761 -4.951 0 -12.23 | -5.286
R-Squared (R-squared adj) 0.161(0.156)
F-statistic (P-value) 37.5 (3.46E-22)
Number of observations 591 591
Standard Error 10.6 9.56
DW Test 1.148
Breusch-Pagan Test (P value) 2.439E-8

Table 5-3: Unscheduled MBT operating speed model: Evening Peak
OoLS Generalised Least Squares
Coefficient | t-value | Coefficient | t-value vzfllje ng(\]'/i ' lé%[g/eor

Intercept 27.110 37.526 27.041 37.956 | 0.000 | 25.641 | 28.440
Unsignalised intersection per km -0.704 -11.706 -0.658 -12.050 | 0.000 | -0.765 | -0.551
Signalised intersection per km -0.609 -4.181 -0.999 -6.935 | 0.000 | -1.282 | -0.716
Land use -4.978 -4.665 -4.567 -2.682 | 0.008 | -7.912 | -1.223
R-Squared (R-squared adj) 0.191(0.188)
F-statistic (P-value) 46.82 (3.69E-27)
Number of observations 595 595
Standard Error 8.53 8.53
DW Test 1.513
Breusch-Pagan Test (P value) 4.214E-12
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The corresponding equations for morning peak, off-peak and evening peak operating speed

models are summarised in Equation 5-2, Equation 5-3 and Equation 5-4 respectively.

W CHY MO T » 0D E Equation 5-2
W AT MWD TWD Y)Y @ Equation 5-3
W BT M@ pHTd 1D R Equation 5-4

5.2.Scheduled MBT Operating Speed Model

The operating speed models for scheduled MBTs used the same independent variables as
unscheduled MBTSs except addition of stops per kilometre variable. Like in the unscheduled
MBTs, the DW Test showed auto correlation with DW values less than the lower limit of 1.728
in the case of four regressors with over 200 observations (Savin and White, 1977). BP Test
revealed heteroskedasticity as the P-valves of the test were lower than 0.05. GLS modelling
was used to obtain a new model incorporating both heteroskedasticity and serial correlation
effects. GLS models had a lower standard error than OLS models implying improved fitting.

The calibrated models for morning peak, off-peak and evening peak are summarised in Table
5-4,

Table 5-5 and Table 5-6 respectively. Variable coefficients and corresponding t-values for both
OLS and GLS models, and P-values and 95% confidence intervals for GLS models are

presented. The models are generally acceptable as with unscheduled MBTs.

Table 5-4: Scheduled MBT operating speed model: Morning Peak

OLS Generalised Least Squares
Mode! Coefficients | t-value | Coefficient | t-value V;he L;SW(;: r %%E/eor
Intercept 30.172 47,024 29.620 44.32 0 28.308 | 30.932
Unsignalised intersections per km -0.652 -8,825 -0.597 -8.372 0 -0.737 | -0.457
Signalised intersections per km -0.364 -7,066 -0.382 -6.879 0 -0.491 | -0.273
Stops per km -0.718 -8,965 -0.604 -7.585 0 -0.761 | -0.448
Land use -7.032 -8,066 -6.844 -6.139 0 -9.034 | -4.656
R-Squared (R-squared adj) 0.315(0.311)
F-statistic (P-Value) 79.87 (8.96E-56)
Number of observations 701 701
Standard Error 9.267 8.481
DW Test 1.570
Breusch-Pagan Test (P value) 1.7E-11
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Table 5-5: Scheduled MBT operating speed model: Off Peak

oLS Generalised Least Squares
Model Coefficient | . . | Coefficien [ . [ P- | Lower | Upper
S t value | 95% 95%
29719 | 50,347 | 20235 | 44550 | o | 2794 | 3052
Intercept 7 3
Unsignalised intersections per -
Kkm -0.714 10501 -0.677 -9.758 0 -0.813 | -0.541
Signalised intersections per km -0.728 -8,344 -0.732 -8.818 0 -0.896 | -0.569
Stops per km -1.281 13,184 -1.141 12504 0 -1.319 | -0.962
-3.169 -3,916 -3.105 -3.181 0.001 -5.020 | -1.189
Land use 5
R-Squared (R-squared adj) 0.343(0.340)
F-statistic (P-value) 97.95(4.82E-67)
Number of observations 754 754
Standard Error 8.24 8.27
DW Test 1.535
Breusch-Pagan Test (P value) 1.49E-7
Table 5-6: Scheduled MBT operating speed model: Evening Peak
oLS Generalised Least Squares
Model Coefficient | , . . | Coefficien | . VZI_u Lower | Upper
s t o 95% 95%
28.685 | 45378 | 28205 | 44935 | o | 2897 | 2943
Intercept 2 7
Unsignalised intersections per - -
km -0.817 10,841 -0.752 10.352 0 0.894 | -0.609
Signalised intersections per km -0.047 -4,183 -0.048 -3.709 | 2E-4 | -0.072 | -0.022
Stops per km 0780 | 11749 | 0751 | 1974 | O | -0889 | -0614
Land use -6.034 -7,697 -5.781 -6.221 0 -7.604 | -3.956
R-Squared (R-squared adj) 0.304(0.300)
F-statistic (P-Value) 75.56 (3.85E-53)
Number of observations 696 696
Standard Error 8.36 7.62
DW Test 1.69
Breusch-Pagan Test (P value) 3.322E-08

The corresponding equations for morning peak, off-peak and evening peak operating speed

models are summarised in Equation 5-5 Equation 5-6 and Equation 5-8 respectively.

W CHC D TWER WD P W Equation 5-5
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W CAT O TGO PpPW P W Equation 5-6

W CEPp O TIO TGO LK @ Equation 5-7
5.3. Scheduled Buses Operating in Mixed Traffic

The operating speed models for scheduled BMT used signalised intersection per kilometre,
stations per kilometre and land use variables as independent variables while operating speed
was the dependent variable. Unsignalised intersections per kilometre variable was excluded
from all models as t-value was less than 1.96 and the coefficient signs were positive. The
positive sign of the coefficient was counter intuitive since intersections in general are expected

to reduce operating speed.

According to Savin and White (1977), the non-correlation region for D-W Test in a model with
three regressors and over 200 observations lies between 1.799 and 2.201 while the inconclusive
region lies between 1.799 and 1.738. The D-W Test for OLS models provided D-W Test statics
between 1.799 and 2.201 for off peak and evening peak models hence no serial corelation. The
DW Test Static for morning peak was in the inconclusive region. However, the test static was
closer to the upper limit (1.799) than the lower limit (1.738) hence autocorrelation was
considered to be negligible (Savin and White, 1977).

The BP Test showed heteroskedasticity for off-peak and evening peak models as the BP Test
statistic P-values were lower than 0.05. WLS modelling was done to correct for
heteroskedasticity effects. The BP Test for WLS models provided P-values greater than 0.05
hence homoscedasticity was achieved. The BP Test for the morning peak OLS Model showed
no heteroskedasticity with BP Test P-value greater than 0.05. WLS modelling was used in this
case to improve the fitting of the model thereby improving R squared value from 0.107 to 0.303.
Generally, the WLS models were acceptable with 'Y values greater than 30%, F-static greater

than 0.05 and coefficient signs made intuitive sense.

The calibrated operating speed model for the morning peak, off-peak and evening peak are
summarised in Table 5-7, Table 5-8 and Table 5-9 respectively. Variable coefficients and
corresponding t-values for both OLS and WLS models, and P-values and 95% confidence

intervals for WLS models are presented.



Table 5-7: Scheduled BMT operating speed model: Morning Peak

o-7

oLS Weighted Least Squares
Model - . P- Upper | Lower
Coefficients | t-value | Coefficient | t-value value 95% 95%
Intercept 27.161 32.186 27.197 51.464 | 2E-16 | 26.158 | 28.236
Signalised intersections per km -0.018 -2.587 -0.013 -4.673 | 4.3E-6 | -0.018 | -0.007
Stations per km 0018 | -2608 | -0013 | -4974 [ Y05 | 0017 | 0.007
Land use -6.497 -5.516 -7.537 -10.364 | 2E-16 | -8.957 | -6.100
R-Squared (R-squared adj) 0.107(0.100) 0.303(0.298)
F-statistic (P-value) 15.803 (2E-16) 57.47 (2E-16)
Number of observations 401 401
Standard Error 11.74 2.94
DW Test 1.778
BP Test (P-Value) 0.927 0.510
Table 5-8: Scheduled BMT operating speed model: Off Peak
oLS Weighted Least Squares
Model - - P- Lower | Upper
Coefficients | t-value | Coefficient | t-value value | 95% 95%
Intercept 27.068 36,326 27.10 56.721 | 2E-16 | 26.161 | 28.039
Signalised intersections per km -0.010 -2,439 -0.009 -7.963 1'ﬁE' -0.011 | -0.007
Stations per km -0.088 -3,513 -0.260 -9.782 | 2E-16 | -0.312 | -0.207
Land use -9.288 -9,077 -9.651 -15.977 | 2E-16 10.838 -8.464
R-Squared (R-squared adj) 0.20(0.195) 0.46(0.46)
F-statistic (P-Value) 37.1 (2 E-16) 126.5 (2 E-16)
Number of observations 446 446
Standard Error 10.75 2.76
DW Test 1.805
BP Test (P-Value) 0.00017 0.6258
Table 5-9: Scheduled BMT operating speed model: Evening Peak
OoLS Weighted Least Squares
Model . . P- | Lower | Upper
Coefficients | t-value | Coefficient | t-value value | 95% 950
Intercept 27.779 40.746 27.575 65.35 | 2E-16 | 26.745 | 28.404
Signalised intersections per km | -0.004 | -2.062 | -0.004 | -6.31 G'i%E' -0.005 | -0.003
Stations per km -0.791 -8.425 -1.00 -15.77 | 2E-16 | -1.121 | -0.872
Land use -8.110 -8.582 -7.48 -13.62 | 2E-16 | -8.560 | -6.401
R-Squared (R-squared adj) 0.248(0.243) 0.528(0.525)
F-statistic (P-value) 54.85 (2E-16) 183.6 (2E-16)
Number of observations 496 496




Standard Error 10.43 2.71
DW Test 1.983
BP Test (P-Value) 0.00023 0.4525

The equations for morning peak, off-peak and evening peak models are summarised in
Equation 5-8, Equation 5-9 and Equation 5-10 respectively.

W CRMTMWE ™WE X W Equation 5-8
W CHRT I TR @ ) O Equation 5-9
W ¢CRY Wno pSim X8 ¢ Equation 5-10

5.4. BRT on dedicated median Lanes

The operating speed models for BRT were developed for morning peak, off peak and evening
peak. The operating speed models used Signalised intersection per kilometre, stations per
kilometre and Land use variables as independent variables while operating speed was the

dependent variable.

The models were initially calibrated by OLS modelling in R (R Core Team, 2023). The
signalised intersections per kilometre variable was excluded from the off peak model because
t-value was less than 1.96 and the coefficient sign was counter intuitive (positive instead of
negative). The DW Test for resulting models provided DW Test statics between 1.799 and 2.201
for morning peak and evening peak models and 2.0 for off-peak model hence no serial
correlation (Savin and White, 1977). The BP Test showed heteroskedasticity for all models as
the BP Test statistic P-values were lower than 0.05. WLS modelling was done to correct
heteroskedasticity achieving models with BP Test P-values greater than 0.05. The WLS models
were generally acceptable with 'Y greater than 50%, F-statistic greater than 0.05 and coefficient

signs made intuitive sense.

The calibrated operating speed model for morning peak, off-peak and evening peak are
summarised in Table 5-10, Table 5-11 and Table 5-12 respectively. Variable coefficients and
corresponding t-values for both OLS and WLS models, and P-values and 95% confidence

intervals for WLS models are presented.
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Table 5-10: BRT operating speed model: Morning Peak

Ordinary Least Squares Weighted Least Squares
Model - - P- Lower | Upper
Coefficients | t-value | Coefficient | t-value value | 95% 95%
30.118 32,280 29.188 48.348 2E- 28.001 | 30.375
Intercept 16
Signalised intersections per km -0.024 -2,094 -0.015 -2.562 | 0.011 | -0.027 | -0.003
Stations per km -0.011 -2,398 -0.006 -2.622 | 0.009 | -0.010 | -0.001
2E- -
Land use -15,098 -11,965 -15.861 | -21.337 16 | 17322 -14.40
R-Squared (R-squared adj) 0.280(0.275) 0.542(0.538)
F-statistic (P-value) 53.09 (2E-16) 161.1 (2E-16)
Number of observations 502 502
Standard Error 12.73 3.04
DW Test 1.973
BP Test (P-Value) 2.2E-16 0.432
Table 5-11:BRT operating speed Model: Off peak
oLS Weighted Least Squares
Model .. - P- Lower | Upper
Coefficients | t-value | Coefficient | t-value value | 95% 95%
Intercept 31.977 41.648 32.824 64.70 2E-16 | 31.827 | 33.821
Stations per km -0.267 -7,352 -0.826 -20.24 2E-16 | -0.906 | -0.746
Land use -16.307 -15,408 -15.899 -27.13 2E-16 17.051 | 14.748
R-Squared (R-squared adj) 0.374(0.371) 0.717 (0.715)
F-statistic 147.5 (2E-16) 621.8 (2E-16)
Number of observations 494 494
Standard Error 11.77 2.76
DW Test 2.00
BP Test (P-Value) 2.2E-16 0.891
Table 5-12: BRT operating speed model: Evening Peak
OLS Weighted Least Squares
Model - . P- Lower Upper
Coefficients | t-value | Coefficient | t-value value 95% 95%
Intercept 29,741 33.122 29.388 49.88 | 2E-16 28.229 30.546
Signalised inter per km -0,114 -4.165 -0.129 -5.82 | 121E-8 | -0.173 -0.086
Stations per km 0025 | -3353 | -0023 | 345 | %% | 003 | -0010
Land use -14,079 10.922 | -14.075 -19.00 | 2E-16 15.531 -12.618
R-Squared (R-squared adj) 0.28(0.27) 0.53(0.52)
Standard Error 12.81 3.03
F-statistic (P-value) 52.33 (2.2E-16) 147.5 (2.2E-16)
Number of observations 401 401
DW Test 2.124
BP Test (P-Value) 2.2E-16 0.364
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The equations for morning peak, offpeak and evening peak models are summarised in

Equation 5-11, Equation 5-12 and Equation 5-13 respectively.

W AWM WE pAE Equation 5-11
W oOR®C ™o p @D Equation 5-12
W (WMo TWQ pBIE Equation 5-13

5.5. General overview

MBT data exhibited both heteroskedasticity and serial corelation while bus data exhibited only
heteroskedasticity. Serial corelation implies that speed in a segment is influenced by the factors
present in the preceding segment(s). The presence of serial correlation in MBT data and its
absence in bus data can be attributed to differences in the level of driver expertise. Bus drivers
are required to undertake a specialised training hence more skilled compared to MBT drivers.
Bus drivers can execute quick safe accelerations compared to MBT drivers which reduces serial
corelation in bus operations. Therefore, GLS was used to model MBT models while WLS was
used to model bus models. The operating speed models developed in this chapter are

summarised in Table 5-13. All the model variables are significant at 5% significant level.

Table 5-13: Summary of operating speed models

Mode Operating conditions Equations

dedicated lanes | Off peak CRC TMYPo p B

(BT O W pBP

Unscheduled Morning Peak O CHY MO T O E
MBTs Off peak W AT M@D WD Y ®
Evening peak W CPT THE pdrmd 1R R
Scheduled Morning Peak W (@dC THPD T™WEH T™WD W
MBTSs Off peak W CRT MO O PP 0P
Evening peak W C@Pp MO WO TGO L@
Scheduled Morning Peak W CRT M WP X®wW
Buses in mixed | Off peak W @Y MTTIID TIH @ o Q
traffic Evening peak W CPY TN P X O
BRT on | Morning Peak O CPHWME WL pE®
®
®

Evening peak

With:
w1 Average operating speed.
@ dNumber of unsignalised intersections per kilometre.

 : Number of signalised intersections per kilometre.
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@ : Number of stations/stops per kilometre.

@ : Land use (1 for CBD and 0 for Non-CBD).



6. MODEL APPLICATION

This chapter discusses the application of the operating speed models developed in Chapter 5 to evaluate
travel time savings on which incremental and leapfrog approaches are compared. The developed
models are applied through a stepwise procedure summarised in Figure 6-1. Six main steps are followed
to determine and compare travel time savings attained in the two approaches. These steps are discussed
in proceeding texts of this chapter.

Assumptions

route  characteristics  required  for
application of Equations in Table 5-13
traffic levels and passenger demand on

the corridor

\4

Operating speed and travel time for

Apply Equations in Table 5-13 to determine

CBD and Non-CBD Operating speed and travel time for different land

use proportions

Adjustment of travel time for .
) Determine and apply factors to account for

congestion . . .
differences in congestion levels

\4

Demand adjustment factors ; ) ” ”
Adjust travel time for differences in passenger

demand

\ 4

Evaluation of travel time and travel
Determine route travel time and travel time

savings under different levels of congestion
and demand.

time savings

\ 4

Comparison and recommendation

of the incremental and leapfrog Compare incremental and leapfrog approach.
approaches

Figure 6-1: Model application framework
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6.1. Assumptions

This section presents data required to evaluate operating speed and average travel time on a

route and travel time savings. Route characteristics, traffic and demand data are presented in

this first step of model application.

6.1.1. Route Characteristics

Equations summarised in Table 5-13 are based on predictor variables which are used to fit
the operating speed models. The route characteristics, namely land use, station spacing,
signalised intersections per kilometre and unsignalised intersections per kilometre, are the
practical predictors chosen in this study and hence need to be defined on a theoretical
corridor on which the leapfrog and incremental approaches are compared.

The developed equations provide operating speed for either the CBD or non-CBD land use
since a dummy variable (1,0) is used. Data on the portion of the route along the CBD and

non-CBD land uses is required to convert operating speed into travel time.

Characteristics of case study corridors presented in section 4.3 showed that station spacing,
signalised intersection spacing and unsignalised intersection spacing in the CBD differs
from that of the non-CBD. Therefore, different CBD and non-CBD characteristics are
assumed basing on the observed South African conditions. A 10km theoretical route with

characteristics shown in Table 6-1 is used to compare the leapfrog and incremental

approaches.

Table 6-1: Route characteristics

Route Property Value Units
Route Length 10 | km
Type of street Urban, Two-way Street
Route Proportions

CBD 0,33
Non-CBD 0,67
Station spacing

CBD 500 | m
Non-CBD 800 | m
Signalised Intersection spacing

CBD 250 | m
Non-CBD 1000 | m
Non-Signalised Intersection spacing

CBD 1000 | m
Non-CBD 250 | m
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6.1.2. Traffic Congestion and passenger demand characteristics

The operating speed models were based on data from different corridors with different
levels of congestion and passenger demand. However, operating speed models summarised
in Table 5-13 do not have independent variables to account for the varying congestion and
passenger demand. This limitation is due to lack of appropriate data needed to include
these variables in the models. To address this limitation, case study corridors are
characterised into three broad categories based on congestion and demand levels namely
low congestion and demand, moderate congestion and demand and high congestion and

demand.

Demand and congestion are assumed to be covariate variables with high passenger demand
being present in cities with high congestion while low passenger demand is present in cities
with low congestion. RLM corridor used by both scheduled and unscheduled MBTs
represents low levels of demand and congestion. Corridors used by scheduled BMT are
used to represent moderate levels of demand and congestion while the trunk corridor used
by the BRT represents high level of demand and congestion. This corridor categorisation
is based on observed traffic volume presented in Appendix D and passenger volumes
discussed in section 4.3.

Congestion levels are indicated by degrees of link saturation also referred to as volume to
capacity ratios. Traffic volumes for scheduled BMT and BRT corridors were observed in
the field. This involved short traffic counts in the CBD and non-CBD during the morning
peak, off-peak and evening peak. The traffic volumes on the BMT corridor are related to
congestion in which the buses operate. For BRT corridor, traffic volumes in lanes adjacent
to dedicated bus lanes represent the congestion experienced by mixed traffic on a high
congestion corridor. The estimated traffic volumes for the two corridors are shown in

Appendix D.

Traffic volumes for the RLM corridor were obtained from the Integrated Rapid Transport
Network for Rustenburg Technical Report (Advanced Logistics Group et al., 2011) as
traffic counts for RLM were not carried out. The RLM data was factored by a growth
method to estimate 2023 traffic volume corresponding to the conditions at which speed
models were developed. A traffic growth factor of 2% was adopted from Trip Data Manual
for South Africa (Committee of Transport Officials, 2012) considering RLM as a low
growth area. The average daily traffic was distributed across the day by assuming 30% of

the traffic flow to take place during the morning and evening peak hours while the rest
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occurs in the off- peak (Jordaan et al., 1987). The traffic volume data for the RLM corridor

is shown in Appendix D.

Capacity of links was determined according to the road geometry and traffic control used.
This was estimated using the simplified approaches in National Cooperative Highway
Research Program (NHCRP) Report 825 (Dowling et al., 2016). Dowling et al. (2016)
approximate the capacity of unsignalised two-lane highway to 1490 vehicles per hour per

direction. The capacity of signalised highways was calculated using Equation 6-1.
#ADAAEBUOI AIARA Ih G Equation 6-1

Cis the green time

Ais the cycle length

All corridors presented in Section 4.3 are signalised except the non-CBD corridor in low
demand areas. Capacities for selected segments of corridors are shown in Appendix D. The
resulting volume to capacity ratios for CBD and non-CBD land uses are calculated and
summarised in Table 6-2 and Table 6-3 respectively.

Table 6-2: CBD volume-capacity ratios

Congestion levels Low Moderate High
Morning Peak 0.389 0.596 0.885
Off Peak 0.181 0.542 0.842
Evening Peak 0.389 0.596 0.885
Table 6-3: Non-CBD volume-capacity ratios
Congestion levels Low Moderate High
Morning Peak 0.128 0.346 0.535
Off Peak 0.060 0.344 0.344
Evening Peak 0.128 0.346 0.535

The volume to capacity ratios for CBD and non-CBD land uses differ substantially. The
CBD ratios are higher than non-CBD ratios due to higher traffic volumes. The volume to

capacity ratios for CBD links with high congestion are almost constant throughout the day.

The average passenger demand volumes observed on transit corridors are discussed in
section 4.3.The passenger volumes are summarised in Table 6-4 for reference in proceeding

sub sections of this chapter.
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Demand levels Low Moderate High
Morning peak 60 360 540
Off peak 20 70 120
Evening Peak 50 240 400

The passenger demand volumes presented in Table 6-4 together with traffic volume to
capacity ratios presented in Table 6-2 and Table 6-3 are the basis of definition of corridor
characteristics in this study. As stated before, corridors are defined as low demand and

congestion, moderate demand and congestion and high demand and congestion.

6.2. Determination of Operating Speed and travel time

Calculation of operating speed for different operating scenarios involves application of the
equations in Table 5-13 on a route with characteristics in Table 6-1. The operating speed
determined per scenario corresponds to the associated case study corridor characteristics of
level of traffic congestion and passenger demand described in section 6.1.2. The operating
speed for the CBD and non-CBD is calculated and summarized in Table 6-5 and Table 6-6
respectively.

Table 6-5: CBD Operating speed in km/h

Scenario Unscheduled MBT Scheduled MBT Scheduled BMT BRT
Morning Peak 21.21 19.46 19.60 13.23
Off Peak 12.94 17.97 16.20 15.26
Evening Peak 17.81 19.98 15.97 14.75
Table 6-6: Non-CBD operating speed in km/h
Scenario Unscheduled MBT Scheduled MBT Scheduled BMT BRT
Morning Peak 24.84 26.09 27.18 29.16
Off Peak 21.4 24.37 26.74 31.78
Evening Peak 23.4 24.22 26.30 29.24

Table 6-5 shows that unscheduled MBTs offered the highest speed in CBD sections while BRT
offered the lowest. This is misleading and counter intuitive. However, it re-affirms the fact that
the models are developed from CBDs with different levels of congestion and passenger
demand. In Table 6-6, BRT offers the highest operating speed in non-CBD while unscheduled
MBTs offered the lowest. The operating speed of unscheduled MBTSs is lowest in the off-peak
as earlier demonstrated in section 4.3. Travel times for the CBD and non-CBD route sections

are obtained by dividing CBD and non-CBD route lengths by respective operating speeds. The
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CBD and non-CBD travel time for operating scenarios are summarised in Table 6-7 and Table
6-8 respectively.

Table 6-7: CBD travel time in minutes

Scenario Unscheduled MBT Scheduled MBT Scheduled BMT BRT
Morning Peak 9.42 10.28 10.19 15.10
Off Peak 15.44 11.12 12.33 13.09
Evening Peak 11.22 10.00 12.51 13.55

Table 6-8: Non-CBD travel time in minutes
Scenario Unscheduled MBT Scheduled MBT Scheduled BMT BRT
Off Peak 18.70 16.43 14.97 12.59
Evening Peak 17.10 16.52 15.22 13.69

Travel time is inversely proportional to operating speed. Travel time trends and variations in
Table 6-7 and Table 6-8 are dependent on operating speeds shown in Table 6-5 and Table 6-6
respectively. The CBD and non-CBD travel times refer to the average time to cover 3.3 km in
the CBD area and 6.7 km in the non-CBD area respectively under the case study corridor-based

conditions of congestion and passenger demand.

6.3. Adjustment for traffic congestion

As stated in section 6.2, travel time calculated and summarized in Table 6-7 and Table 6-8
corresponded to the different levels of traffic congestion and passenger demand. This
subsection accounts for the impact of different levels of congestion on travel time and estimates
travel time for different modes under the three categories of congestion. Congestion adjustment

factors are determined and applied to travel time for all scenarios.
6.3.1. Determination of congestion adjustment factors

In this study, congestion adjustment factors are based on the link performance curves for
South African conditions calibrated by VVan der Merwe et al. (1991) shown in Equation 2-2.

The adjustment factor, «a depends on the degree of link saturation,
W p | w Equation 2-2

The parameters| andf are adopted from Van der Merwe et al. (1991) as follows;

| =2 for one-way urban streets; 2.5 for two-way urban streets.
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The case study routes presented in Chapters 3 and 4 are two-way streets except the portion
of Rustenburg Rapid Transit route in the CBD. Hence, appropriate values of| are adopted
for one-way and two-way streets. The theoretical route used to compare the leapfrog and
incremental approach is assumed to be a two-way street just like most of the routes

observed in the case studies.

The adjustment factor Ufor level of congestion & is the ratio of travel time, O hat a given
level of congestion, ahto base travel time, Opat zero congestion. This is mathematically

expressed in Equation 6-2.

o 2_ Equation 6-2

The corridors with high congestion levels have the highest adjustment factors (Equation
2-2). This implies that travel time in such high congestion corridors is most affected by
congestion. A CBD congestion adjustment factor of approximately three implies that under
no congestion, leaving other factors, a third of prevailing travel time is needed to cover the
same distance (Equation 6-2).

The adjustment factors are calculated according to Equation 2-2 for the observed degrees
of saturation in Table 6-2 and Table 6-3. The adjustment factors for CBD and non-CBD
land uses are summarised in Table 6-9 and Table 6-10 respectively.

Table 6-9: CBD adjustment factors

Demand and congestion levels Low Moderate High

Morning Peak 1.3022 1.8875 2.9577
Off Peak 1.0658 1.7347 2.7729
Evening Peak 1.3022 1.8875 2.9577

Table 6-10: Non-CBD adjustment factors

Demand and congestion levels Low Moderate High

Morning Peak 1.0409 1.2985 1.7141
Off Peak 1.0089 1.2951 1.2951
Evening Peak 1.0409 1.2986 1.7141

6.3.2. Application of congestion adjustment factors

Congestion adjustment factors are used in two steps, namely: determining travel time of
different modes at zero congestion (base travel time) and determining travel time of

different modes at three levels of saturation (adjusted travel time).

A. Determination of base travel time
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Travel times summarised in Table 6-7 and Table 6-8 is measured at different degrees of
congestion. To compare operating speeds for different interventions (modes), it is necessary
to standardise the congestion levels at which it is calculated. The first step is calculating
base travel time, O which corresponds to zero congestion. This is achieved using Equation
6-2.

The base travel times for unscheduled MBT, scheduled MBT and scheduled BMT in CBD
and non-CBD are summarised in Table 6-11 and Table 6-12 respectively. The travel time
for BRT is not adjusted because BRT adjustment factors correspond to mixed traffic lanes
adjacent to BRT, not the BRT lanes.

Table 6-11: CBD base travel time in minutes

Scenario Unscheduled MBT Scheduled MBT Scheduled BMT
Morning Peak 7.23 7.88 5.40
Off Peak 14.49 10.43 7.11
Evening Peak 8.61 7.68 6.63

Table 6-12: Non-CBD base travel time in minutes

Scenario Unscheduled MBT Scheduled MBT Scheduled BMT
Morning Peak 15.48 14.74 11.34
Off Peak 18.54 16.28 11.56
Evening Peak 16.43 15.87 11.72

The base travel time in the non-CBD (Table 6-12) is almost twice the base travel time in
the CBD (Table 6-11) considering scheduled and unscheduled MBTSs. This is because the
portion of the route in the non-CBD is almost twice that in the CBD. Therefore, under no
congestion, it is expected the travel time in the CBD is almost half of the non-CBD travel

time.

B. Determination of adjusted travel time

Base travel times for unscheduled MBT, scheduled MBT and BMT are adjusted to
determine travel time in low, moderate and high levels of congestion and demand using
Equation 6-2. In this step, the base travel times in Table 6-11 and Table 6-12 are multiplied
by adjustment factors corresponding to low, medium and high congestion in both CBD and
non-CBD land uses. The adjusted travel time for the CBD and non-CBD land uses are

summarised in Table 6-13 and Table 6-14 respectively.
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Table 6-13: CBD travel time (minutes) adjusted for congestion

Scenario Unscheduled Scheduled Scheduled BRT Congestion levels
MBT MBT BMT

Morning Peak 9.42 10.28 7.03 15.10

Off Peak 15.44 11.12 7.58 13.09 Low
Evening Peak 11.22 10.00 8.63 13.55

Morning Peak 13.65 14.88 10.19 15.10

Off Peak 25.13 18.10 12.33 13.09 Moderate
Evening Peak 11.22 10.00 12.51 13.55

Morning Peak 21.40 23.32 15.97 15.10

Off Peak 40.17 28.93 19.71 13.09 High
Evening Peak 25.48 22.71 19.60 13.55

Table 6-14: Non-CBD travel time (minutes) adjusted for congestion

Scenario Unscheduled Scheduled MBT Scheduled BRT Congestion
MBT BMT levels
Morning Peak 16.11 15.34 11.80 13.73
Off Peak 18.70 16.43 11.66 12.59 Low
Evening Peak 17.10 16.52 12.20 13.69
Morning Peak 20.10 19.14 14.73 13.73
Off Peak 24.01 21.09 14.97 12.59 Moderate
Evening Peak 21.34 20.61 15.22 13.69
Morning Peak 26.53 25.26 19.44 13.73
Off Peak 24.01 21.08 14.97 12.59 High
Evening Peak 28.16 27.21 20.08 13.69

The adjusted travel time shown in Table 6-13 and Table 6-14 accounted for differences in
congestion levels in mixed traffic. BRT travel time was kept constant as the effect of side
friction in adjacent lanes is not considered in this study. Effect of signalised and
unsignalised delay at intersections is assumed to be constant since all volume to capacity
ratios are lower than one. On-line stops are used hence there is no extra re-entry delay at
stops. The change in vehicle dwell time due to different passenger volumes is discussed in

the proceeding text.

6.4. Adjustment for passenger demand

This sub section accounts for the impact of changes in passenger demand on travel time since
changes in passenger volumes influence dwell time. Different modes considered in this study
are affected differently by changes in passenger demand. Both scheduled and unscheduled
MBTs have a vehicle capacity of 15 seats with no room for standees. Increase in passenger
demand necessitates a higher number of MBTs which increases the congestion on road links.

This does not directly affect the dwell time spent per MBT during passenger boarding and
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alighting. This study together with literature show that unscheduled MBT speeds are low in the
off peak due to low passenger numbers. As stated before, an increase in demand on the corridor
increases the volume of MBTSs. Therefore, it is assumed that the MBT occupancy will likely
remain similar to case study observed values in the peak and off-peak periods. In general,
MBTs, whether operating in moderate or high passenger demand conditions, are assumed not

to experience an increase in MBT dwell time.

Scheduled BMT would experience extra dwell time as they would take up extra passengers on
a high demand corridor thereby increasing travel time. On the other hand, scheduled BMT
would incur lower dwell time if it operated in low demand conditions. BRT would equally incur

lower dwell times if it operated in low and moderate demand conditions.

The change in dwell time incurred by BMT or BRT due to changes in passenger boarding and
alighting volumes is calculated according to Equation 2-1. Passenger service time of 3.5
seconds per passenger is considered on scheduled BMT due to presence of standees and
payment by card on boarding and alighting (Kittelson et al., 2003). Passenger service time of

2.5 seconds is considered for BRT due to off board fare collection (Kittelson et al., 2003).

The change in passengers per vehicle, 0 experienced as a result of operating in conditions

different from case study conditions is calculated according to Equation 6-3.
. 0QQQQINER WHE Q& 6 a Qi
Qi QR 60QE ww

Equation 6-3

Passenger volumes in Table 6-4 together with frequencies of 6 buses per hour in the peak and
3 buses per hour in the off-peak (A Re Yeng, 2020) are used in Equation 6-3. The change in
dwell time for scheduled BMT and BRT transitioning between moderate and high demand
conditions is summarised in Table 6-15. The difference in dwell time shown in Table 6-15 is
for BMT demand changing from moderate to high while BRT demand is changing from a high

to moderate.

Table 6-15: Change in passenger service time for transition between moderate and high demand

) Change in passengers per BMT change in dwell BRT change in dwell
Time of the day ) ) ) )
bus time (min) time (min)
Morning peak 30 35 -2.5
Off Peak 9 1.05 -0.75
Evening Peak 27 3.15 -2.25

The change in passengers per bus (Table 6-15) is the difference in vehicle occupancy between

moderate demand and high demand. Changes in dwell time shown in Table 6-15 are either
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positive or negative. Positive change implies there is extra delay incurred on the mode due to
extra passengers boarding and alighting. Negative signs imply a reduction in dwell time due to
lower numbers of boarding and alighting passengers.

The ratio of passenger volumes on low demand corridors to moderate and high demand
corridors is 1:6.5 and 1:10 respectively (Table 6-4). The passenger volumes on low demand
corridors are substantially low compared to those on moderate and high demand corridors.
Therefore, it can be argued that scheduled BMT and BRT can serve such low demand volumes
utilising higher operating headways hence lower frequency. Therefore, adjustment of travel
time for scheduled BMT and BRT considering a transition from moderate demand and high
demand respectively to low demand conditions assumes change in bus frequency. For this
purpose, a headway of 20 minutes is assumed for morning and evening peak while a headway
of 40 minutes is assumed for off peak. This assumed headway corresponds to the operating bus
headway in RRT (Rustenburg Rapid Transit, 2023b) which is used to represent low demand
conditions in this study. The passenger difference in this case is also calculated according to
Equation 6-3 using passenger volumes in Table 6-4. The change in dwell times is summarised
in Table 6-16.

Table 6-16: Change in passenger service time for transition to low demand conditions

Change in passengers BMT change in dwell | BRT change in dwell
Time of the day . . . .

BMT BRT time (min) time (min)
Morning peak 32 62 -3.71 -5.16
Off Peak 8 24 -0.93 -2.00
Evening Peak 16 43 -1.87 -3.58

The change in passengers for BMT and BRT is the difference in vehicle occupancy if scheduled
BMT and BRT shifted from moderate and high demand conditions respectively to operate in
low demand conditions at headways of 20 minutes in the peak period and 40 minutes in the off-
peak period. Changes in dwell time shown in Table 6-16 are negative implying a reduction in
dwell time. This is due to lower numbers of boarding and alighting passengers when

transitioning from high and moderate levels of demand to low level of demand.

6.5. Determination of Travel time and Travel Time Savings

This sub section presents determination travel time for all four scenarios operating at three
levels of demand and congestion and the determination of travel time savings under the

incremental and leapfrog approaches.
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6.5.1. Determination of travel times for all levels of demand and congestion

Total travel time for all modes operating at three levels of demand and congestion is

obtained by summing CBD and non-CBD congestion-adjusted travel times in Table 6-13,

Table 6-14 and changes in dwell time summarised in Table 6-15 and Table 6-16. This is

done to cater for variations in both passenger demand and traffic congestion as earlier

discussed. The travel time for three modes in the three demand and congestion levels are

summarised in Table 6-17, Figure 6-2, Figure 6-3 and Figure 6-4.

Table 6-17: Adjusted travel time in minutes for different operating conditions

Scheduled

Scheduled

Unscheduled MBT BRT Operating

Scenario MBT BMT conditions
Morning Peak 25.53 25.61 18.84 23.66
Off Peak 34.14 27.54 19.24 24.68 Low demand
Evening Peak 28.32 26.52 20.83 23.68
Morning Peak 33.75 34.02 24.92 26.33

Moderate
Off Peak 49.14 39.18 27.30 24.93

demand
Evening Peak 32.55 30.61 27.73 24.98
Morning Peak 47.93 48.58 38.91 28.83
Off Peak 64.18 50.01 35.73 25.68 High demand
Evening Peak 53.64 49.92 42.84 27.23

The first row in Table 6-17 and Figure 6-2 show travel time on a corridor with low level

of passenger demand and congestion. Under these conditions, travel time for all presented

scenarios ranges from about 20 minutes to 25 minutes except unscheduled MBT which

experiences higher travel time in the off-peak period. Scheduled BMT offers lower travel

time than BRT since the stops in BMT are demand responsive unlike in BRT system where

buses stop at every closed station even if there is no alighting or boarding passenger.
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Figure 6-2: Travel time under low demand and congestion
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Under moderate level of passenger demand and congestion, the BRT offers the lowest
travel time in the off peak and evening peak as shown in Figure 6-3 and second row of
Table 6-17. The travel time for all modes increases although MBTs experience higher
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Figure 6-3: Travel time under moderate demand and congestion

Under high passenger demand and congestion, BRT experiences the lowest travel time
across the day (Figure 6-4 and row 3 of Table 6-17). The BRT travel time is almost constant

throughout the day compared to other modes.
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Figure 6-4: Travel Time under high passenger demand and congestion
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6.5.2. Evaluation of Travel time savings

Travel time savings for the leapfrog and incremental approaches are determined according
to the setup described in Figure 1-1. The incremental approach is step wise in nature.
Existing MBTs are scheduled as the first step. Scheduled MBTs are replaced with
scheduled buses operating in mixed traffic in the second step. Finally, scheduled BMT are
provided with dedicated lanes and median stations. Travel time savings benefit is calculated
per step. The leapfrog approach involves the direct switch from unscheduled MBTs to BRT.
The travel time savings benefit is calculated for this direct transition under the three levels

of demand and congestion. The benefits for each approach are presented as follows:
A. Leapfrog Approach

The travel time saving benefit for the leapfrog approach is calculated as the difference in
travel time for BRT and that of unscheduled MBTs for given levels of congestion and
passenger demand shown in Table 6-17, Figure 6-2, Figure 6-3 and Figure 6-4. Travel time
savings for leapfrog approach under three levels of passenger demand and congestion is
summarised in Table 6-18, Figure 6-5 and Figure 6-6.

Table 6-18: Travel time savings for the leapfrog approach

Travel time savings Weighted average travel time
Timeaf ey et oo
Minutes | Percentages | Minutes Percentages (%)
Morning Peak 1.87 7.33
Off Peak 9.46 27.70 5.89 18.55 Low
Evening Peak 4.64 16.39
Morning Peak 7.43 22.00
Off Peak 24.20 49.25 13.64 34.18 Moderate
Evening Peak 7.57 23.25
Morning Peak 19.10 39.85
Off Peak 38.49 59.98 28.55 51.05 High
Evening Peak 26.41 49.23

The weighted average travel time savings across the day is calculated using the passenger
volumes on the corridor shown in Table 6-4. The percentage travel time savings are

calculated as a ratio of travel time savings to travel time of the base scenario.
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Travel time saving (minutes)
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Table 6-18, Figure 6-5 and Figure 6-6 demonstrate that travel time saving benefit is
obtained across the day with a shift from unscheduled MBTs to BRT at all levels of
passenger demand and traffic congestion. An average travel time savings of 5.89 minutes
(18.55%) is obtained in low level of demand and congestion, 13.64 minute (34.18%)
obtained at moderate level of demand and congestion and 28.55 minutes (51.05%) is
obtained at high level of demand and congestion. The travel time savings benefit increases
with increasing levels of passenger demand and congestion. This is because travel time of
modes operating in mixed traffic increases with increased congestion. Secondly, dwell time
for both BRT and other modes increases as passenger demand increases but the increase in
dwell time is lower for BRT due to the off-board fare collection. For every demand level,
the greatest benefit is accrued during off-peak when unscheduled MBTs offer the lowest

speeds.
B. Incremental approach

The incremental approach involves implementing higher order initiatives as demand
increases on a corridor as shown in Figure 1-1 and Figure 2-2. This study hypothesized
three steps with Step 1 being scheduling MBTS; Step 2 being scheduled BMT and the final
Step 3 being final rollout of BRT. Travel times incurred under the incremental approach
are extracted from Table 6-17 and summarised in Table 6-19. The arrow in each row is

labelled with the step number.
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Table 6-19: Travel times in minutes under incremental approach

Unscheduled Scheduled Scheduled passenger demand and
Time MBT MBT BMT BRT congestion
Morning Peak 25.53 25.61
Off Peak 34.14 27.54 Low
Evening Peak 28.32 26.52
Morning Peak 34.02 24.92
Off Peak 39.18 27.30 Moderate
Evening Peak 30.61 27.73
Morning Peak 38.91 28.83
Off Peak 35.73 25.68 High
Evening Peak 42.84 27.23

Step 1 is envisaged to be implemented at low levels of demand and traffic congestion. Step
1 is simply an improvement of existing services (Hitge and Van Dijk, 2012). Step 2 is the
shift from scheduled MBT to scheduled BMT. This step is envisaged for moderate level of
demand and traffic congestion. Step 3 is the shift from scheduled BMT to complete BRT

at high level of demand and congestion.

Travel time savings benefit for the incremental approach is calculated per step as the
difference in travel time between the two scenarios involved in a particular step. The mode
being replaced in each step is considered as the base scenario for instance unscheduled
MBT in Step 1, scheduled MBT in Step 2 while scheduled BMT is the base scenario in
Step 3. Weighted average travel time savings is calculated per step considering passenger
volume. Travel time savings for each step and the weighted average travel time savings are

summarised in Table 6-20.

Table 6-20: Travel time savings under incremental approach

Time of the day Travel time savings Weighted average travel time saving | Step
) ) (Level of demand and
Minutes | Percentages (%) Minutes Percentages (%) .
congestion)
Morning Peak -0.08 -0.29
Step 1
Off Peak 6.60 19.32 3.32 9.97
. (Low)
Evening Peak 1.80 6.35
Morning Peak 9.10 26.75
Step 2
Off Peak 11.88 30.32 8.55 23.78
(Moderate)
Evening Peak 2.88 9.43
Morning Peak 10.08 25.92
Step 3
Off Peak 10.05 28.12 11.50 29.62 ]
(High)
Evening Peak 15.60 36.42
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Table 6-20, Figure 6-7 and Figure 6-8 shows that the first intervention results increases
travel time by 0.08 minutes (0.29%) in the morning peak, and reduces travel time by 6.6
minutes (19.32%) and 1.8 minutes (6.35%) in the off-peak and evening peak respectively.
This shows that scheduled and unscheduled MBTs almost offer the same travel time in the
peak periods. The off-peak benefit creates superiority of scheduled MBTs over

unscheduled. An average travel time savings of 3.32 minutes (9.97%) is obtained across

the day.
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Figure 6-7: Step 1 Travel time savings (minutes) Figure 6-8: Step 1 travel time savings (percentages)

The second step involving a shift from scheduled MBTs to BMT provides a positive time
saving across the day (Table 6-20, Figure 6-9 and Figure 6-10). This step comes with an
extra benefit of enhanced capacity to accommodate the extra demand. A time saving of 9.1
minutes (26.75%), 11.88 minutes (30.32%) and 2.88 minutes (9.43%) is obtained in the
morning peak, off-peak and evening peak respectively. Generally, an average travel time

savings of 8.55 minutes (23.78%) is obtained across the day.
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The final step involving use of dedicated median lanes and stations provides a positive time
saving across all time periods of the day (Table 6-20, Figure 6-11 and Figure 6-12). A time
saving benefit of 10.08 minutes (25.92%), 10.05 minutes (28.12%) and 15.60 minutes
(36.42%) is obtained in the morning peak, off peak and evening peak respectively.
Significant benefits are attained due to off board fare collection in median stations and
congestion free lanes. An average travel time savings of 11.50 minutes (29.62%) is obtained
across the day.
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6.6. Comparison of leapfrog and incremental approaches

This section compares incremental and leapfrog approaches and presents recommendations
based on the travel time saving benefit obtained at different levels of demand and congestion

for the prototype corridor defined at the start of this chapter.
6.6.1. Comparison of incremental and leapfrog approaches

At low levels of demand and congestion, the leapfrog approach yielded an average travel
time savings benefit of 5.89 minutes across the day. At the same level of demand and
congestion, scheduling of MBTs in an incremental approach yielded a time savings benefit
of 3.32 minutes. BRT offered an extra time savings of 2.57 minutes compared to scheduled
MBT at low level of demand and congestion.

At moderate demand and congestion, the leapfrog approach yielded an average travel time
savings benefit of 13.64 minutes. With incremental approach, the second step of operating
scheduled BMT yields a benefit of 8.55 minutes. Together with the first step, a cumulative
time saving of about of 11.87 minutes is obtained in the incremental approach; 1.77 minutes

less than leapfrog approach.

At a high level of demand and congestion, the leapfrog approach yielded an average travel
time savings of 28.55 minutes. With the incremental approach, upgrading scheduled BMT
to BRT yields an extra 11.50 minutes. Together with the first and second steps, a total travel
time saving of 23.37 minutes is achieved. At high demand and congestion, the total travel
time savings under incremental approach is 5.18 minutes lower than the leapfrog approach
although the BRT is achieved as the final product in both cases. This difference does not
imply that the incremental approach deprives commuters of a travel time savings benefit
worth 5.18 minutes. The difference arises from fact that allowing unscheduled MBTSs to
operate at high level of congestion and demand results into higher travel time than the other
interventions considered in this study. Therefore, the difference in travel time between BRT
and unscheduled MBT is higher than the difference between BRT and the other

interventions implemented in the incremental approach by 5.18 minutes.
6.6.2. Recommendations for leapfrog and incremental approach
A. Leapfrog Approach

The leapfrog approach is based on the direct transition from unscheduled MBTSs to BRT.

The time savings benefit for this approach is the difference in the travel time of BRT and
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unscheduled MBTSs in mixed traffic on BRT corridor. This approach analyses the difference

in travel time experienced by BRT and unscheduled MBT passengers on the same route.

The leapfrog approach was simulated for different levels of demand and traffic congestion.
The results show that the highest travel time savings benefit of 28.55 minutes is obtained
on corridors with high demand and degree of traffic congestion. This is because MBTs are
affected by congestion resulting in higher travel times compared to BRT. At low levels of
demand and congestion, the leapfrog approach offered 2.57 minutes more in travel time
savings than the incremental approach. At moderate levels of demand and congestion, the
leapfrog approach offered an extra travel time savings of 1.77 minutes compared to the

incremental approach.

Therefore, it can be concluded that the leapfrog approach is suitable in bigger cities with
high levels of demand and congestion. Smaller cities with lower demand and congestion

may not realise a significant benefits with this approach compared to bigger ones.

B. Incremental Approach

The experimental setup of this study followed the principle of an incremental approach.
Smaller cities with lower order services (unscheduled and scheduled MBTSs) and bigger
cities with higher order services (scheduled BMT and BRT) were all used as case studies
to represent city growth.

All steps taken under the incremental approach generally provided a postive time savings
benefit. As stated in the preceding text, the difference in travel time savings benefit for the
incremental and leapfrog approach at low and moderate levels of demand and traffic
congestion is minimal (lower than 2.57 minutes). This raises a question of whether it is
worth spending extra money on the BRT capital intensive infrastructure to save only 2.57

minutes.

It is feasible for smaller cities and municipalities with lower and moderate levels of demand
and congestion to follow an incremental approach in improving public transport as the
transport demand grows. Cities with high levels of demand and congestion are likely not to
get as significant benefits with the incremental approach as interventions are affected by

congestion.
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7. CONCLUSIONS AND RECOMMENDATIONS

This chapter is divided into two sub sections hamely conclusions and recommendations. The first
section provides a summary of major findings in relation to specific objectives outlined in Chapter
1. The second section provides recommendations for further research to improve the understanding

of incremental and leapfrog approaches.

7.1. Conclusions
The specific objectives outlined in Chapter 1 were met as described in the proceeding text.
7.1.1. Development of operating speed models for interventions

Incremental and leapfrog approaches were compared using the public transport
interventions derived from Hitge and Van Dijk (2012). Operating speed models for the
interventions were initially calibrated using ordinary least squares (OLS) modelling
techniques. The developed models were tested for conformity with OLS assumptions and
corrective measures taken. Weighted least squares was used to address heteroskedasticity
while generalised least squares was used to address both heteroskedasticity and serial

corelation.

The models used operating speed as the response variable while unsignalised intersections
per kilometre, signalised intersections per kilometre, stations per kilometre and land use
were predictor variables. These models were developed to include predictor variables

significant at 5% level of significance.

The models developed and discussed in the study correspond to case study levels of
passenger demand and traffic congestion. The operating speeds predicted by the models are
valid under the case study conditions. Therefore, there is a need to account for variations
in passenger demand and traffic congestion when the models were applied to other

corridors.

7.1.2. Determination of travel time and travel time savings for incremental and

leapfrog approaches

Incremental and leapfrog approaches were compared basing on a theoretical 10km route.
Operating speed and travel time for all scenarios were determined in the CBD and non-
CBD land uses. Travel time for all interventions was adjusted to account for the varying

levels of demand and congestion.
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The leapfrog approach involves a direct transition from unscheduled MBTs to BRT. The
travel time savings for the leapfrog approach was calculated for the three levels of demand
and congestion as a difference between the travel times of unscheduled MBTs and BRT.
Under the leapfrog approach, net positive travel time savings were obtained across the day
at all levels of demand and traffic congestion as summarised in the proceeding text.

a. Atlow level of demand and congestion, transition from unscheduled MBTs to BRT
improves travel time by 7.33% in the morning peak, 27.7% in the off peak and
16.39% in the evening peak. Generally, a travel time reduction of 18.55% (5.89
minutes) is attained across the day.

b. At moderate level of demand and congestion, leap frog approach improves travel
time by 22% in the morning peak, 49.25% in the off-peak and 23.25% in the
evening peak. Generally, travel time reduces by 34.18% (13.64 minutes) across the
day.

c. At high level of demand and congestion, leapfrog approach yields a travel time
reduction of 39.85% in the morning peak, 59.98% in the off peak and 49.23% in
the evening peak. An average travel time reduction of 51.05% (28.55 minutes) is
attained across the day.

Considering the time saving benefits attained with the leapfrog approach, it is evident that
BRT offers higher operating speed and thus lower travel times compared to unscheduled
MBTSs at all levels of demand and congestion. Therefore, leapfrog approach can be applied
at all levels of demand and congestion to improve operating speed. It is further concluded
that the travel time saving benefit obtained under the leapfrog approach increases with
increasing levels of demand and congestion. This is due to increase in travel time of

unscheduled MBTS operating in mixed traffic.

The incremental approach involved three steps with step one being scheduling of MBTs,
step two being the use of scheduled BMT and the final step involving the roll out of

complete BRT. The time saving benefits obtained from each step are as follows:

a. Scheduling MBTs increased travel time by 0.29% in the morning peak, then
reduced by 19.32% in the off peak and 6.35% in the evening peak. An average
travel time saving of 9.97% (3.32 minutes) is attained across the day.Therefore,
scheduling of MBTSs to control operating headways improves operating speed.

b. A transition from scheduled MBTs to scheduled buses operating in mixed traffic
reduced travel time by 23.63% in the morning peak, 28.43% in the off peak and
8.77% in the evening peak. Generally, an average travel time saving of 23.78%

(8.55 minutes) is obtained on the second step of incremental approach. Upgrade
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from scheduled MBTs to scheduled BMT improves operating speed while offering
a higher capacity.

c. Complete BRT reduced travel time by 24.01% in the morning peak, 26.68% in the
off peak and 34.74% in evening peak. Addition of dedicated lanes and median
station offered an extra travel time saving benefit of 29.62% (11.50 minutes) across
the day.

Under the incremental approach, positive travel time savings were obtained with all
interventions except scheduled MBTSs in the morning peak. However, the positive time
savings in the off peak and evening peak out weigh the morning peak negative benefit
resulting into a net positive time saving across the day. Therefore, the interventions
hypothesised in this study, implemented at corresponding levels of demand and congestion,
improve public transport operating speed. Higher travel time savings were obtained with
higher level interventions considered to be implemented with increase in demand and

congestion in mixed traffic.
7.1.3. Comparison of incremental and leapfrog approaches

The study demonstrated that cities can follow either the incremental or leapfrog approach
depending on the levels of traffic congestion and passenger demand. The travel time
savings obtained from the incremental approach at low and moderate levels of demand and
congestion are 3.32 minutes and 11.87 minutes respectively. On the other hand, leapfrog
approach vyielded a travel time savings of 5.89 minutes and 13.64 minutes in low and
moderate levels of demand and congestion respectively. The travel time savings obtained
from the two approaches at low and moderate levels of demand are almost samilar with
the leapfrog approach yielding an extra travel time savings benefit of 2.57 minutes. This
raises question of whether it is necessary to spend extra money on the capital intensive BRT
infrastructure at such levels of demand and congestion instead of scheduling MBTs and
BMT.

At high levels of demand and congestion, a leapfrog approach offered a travel time saving
of 28.55 minutes. On the other hand, a travel time saving benefit of 11.50 minutes was
obtained by changing from scheduled BMT to BRT resulting in a cumulative time saving
benefit of 23.37 minutes. As explained in the previous chapter, this difference does not
imply that incremental approach deprives passengers of travel time saving benefit but
points to the high travel time of unscheduled MBTs compared to the other interventions at
high level of demand and congestion. Both approaches achieved the BRT as a final product

at high level of demand and congestion.
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In conclusion, the choice between incremental and leapfrog approaches should be guided
by the level of demand and congestion. Cities with low and moderate levels of demand and
congestion can follow an incremental approach to maximise travel time saving benefits
with minimal investments in infrastructure. In contrast, cities with high levels of demand
and congestion can follow leapfrog approach as the other interventions operating in mixed

traffic are affected by congestion.

7.2. Recommendations for future research

In addition to recommendations based on operational analysis made in Section 7.1.3, this
section provides recommendations for future research to improve the understanding of

incremental approach and interventions contained therein. Further research is required to:

i.  understand the optimum demand levels for implementing different interventions.
ii.  determine optimal infrastructural requirements for each intervention.
iii.  evaluate costs and other benefits associated with incremental and leapfrog approaches
for full scale economic analysis.
iv.  develop speed models incorporating congestion and passenger demand as predictor
variables.
v.  consider the impact of side friction on operating speed in bus lanes.

vi.  evaluate the impact of offline stops on dwell time and overall travel time.
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9. APPENDICES

9.1. Appendix A: Permission to use data

£
A 4

UNIVERSITEIT VAN PRETORIA Faculty of Engineering, Built Environment and Information Technology
UNIVERSITY OF PRETORIA N
YUNIDESITHE YA PRETORIA Department of Civil Englneering

19 May 2023

Acting Director Obed Moleele

omoleele@rustenburg.gov.za

Rustenburg Rapid Transport

156 Bethlehem Drive

Rustenburg

Dear Mr Moleele

CONSENT TO USE PUBLIC TRANSPORT DATA FOR RESEARCH

Our recent discussions on a joint initiative to undertake research on the implementation of the
IPTN in Rustenburg refers. We hereby confirm that we intend to:

e Gain access, with help from RLM and the BOC, to tracking data on the various taxis and
bus services that have been implemented in Rustenburg;
Formulate research questions and aims in cooperation with RLM and the BOC;
Extract and analyse the data in order to achieve the research aims so identified; and
Ensure that this work will have no financial implications for the RLM,

In terms of the use and dissemination of the data and results we confirm that:

* We will not share the data with any parties outside of the University without your written
consent;
We will not use the data for any purposes other than research;
We will share methods, analyses, and conclusions with RLM and the BOC as appropriate
to maximise your use of the results; and

« We intend to publish, present, or disseminate the analyses and findings in academic
theses, conference papers, and research articles, without making any of the base data
public.

Fakulteit Ingenleurswese, Bou-omgewing en Inligtingtegnologie
Departement Siviele Ingenieurswese

Lefapha la Boet3enere, Tlkologo ya Kago le Theknolot3i ya Tshedimofo
Kgoro ya Boentienere bjs Segae
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We are looking forward to working with your erganisation, and thank you in advance for your
coaperation.

Yours sincerely,

)

Prof Christo Venter
Professaor, Civil Engineering
christo. venteri@up.ac.za

Approval;

Acting Director Obed Moleele
omolesle@rustenburg.gov.za
Rustenburg Rapid Transport
156 Bethlehem Drive
Rustenburg

Faculty of Engineering, Built Environment and Infermation Technolagy
Department of Civil Engineering

Fakultelt Ingenieurswese, Bou-ompewing en Inligtingtegnologie
Departement Siviele Ingenieurswese

Lefapha la BoetZenere, Tikologo ya Kago le Theknolotsi ya Tshedimoso
Kgoro ya BoentSenere bja Segae

Page 2 of 3



9-111

9.2. Appendix B: Scheduled MBT routes and stops
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9.3. Appendix C: R-Analysis code

0o G W

setwd("'C: /Users/Student/OneDrive - University of Pretoria/MEng Transportation 2024/Data/Assumptions™)

dir()

Regrdata<-read.delim("C: /Users/Student/OneDrive - University of Pretoria/MEng Transportation 2024/Data/
Assumptions/BDL_OP.txt", header = T)

head (Regrdata)

summary (Regrdata)

is.numeric(Regrdataloperating_Speed)
is.numeric(Regrdatalsignalised_inter.km)
is.numeric(RegrdataiNon_Signalised_inter.km)
is.numeric (RegrdataltStations. km)
is.factor(Regrdata? Landuse)
RegrdataflLanduse<-as.factor (RegrdataslLanduse)
is.factor(RegrdatalLanduse)
ModelAa<-Tm(Regrdatafoperating_speed-Regrdatatsignalised_inter.km+Regrdatatstations.km+RegrdatalLanduse)
summary (Mode1A)

conf_intervals <- confint(ModelA, level = 0.95)
print(conf_intervals)

Tibrary(car)

Tibrary(Imtest)

residualPlot (ModelA)

dw_test_result <- dwtest(ModelA)
print(dw_test_result)

bp_test <- bptest(ModelA)

print(bp_test)

Residuals<-residuals (ModelA)

class(Residuals)

weight<-1 / (abs(Residuals) + 1)
wlsmodel<-Tm(Regrdatatoperating_speed-Regrdata’signalised_inter.km+Regrdatatstations.km+RegrdatalLanduse,weights = weight)
summary (wlsmodel)

conf_intervals <- confint(wlsmodel, level = 0.95)
print(conf_intervals)

bp_test <- bptest(wlsmodel)

print(bp_test)

residualPlot (wlsmodel)

Figure 9-7: Example of weighted least squares regression code in R

Woo O w s h

setwd("C: /Users/Student/OneDrive - University of Pretoria/MEng Transportation 2024/Data/Assumptions")
dirQ
Regrdata<-read.delim("C:/Users/Student/OneDrive - University of Pretoria/MEng Transportation 2024/Data/Assumptions/
MUT_EP. txt" ,header = T)
head(Regrdata)
summary (Regrdata)
is.numeric(RegrdatalOperating_Speed)
is_numeric(RegrdatalSignalised_inter.km)
is_numeric(RegrdataiNon_signalised_inter.km)
#is_numeric(Regrdata$stations. km)
is.factor(Regrdata$ Landuse)
RegrdataSlLanduse<-as.factor(Regrdata$Landuse)
is.factor(Regrdata$Landuse)
Mode1A<-Tm(Regrdatatoperating_Speed-RegrdataliNon_Signalised_inter.km+Regrdata$signalised_inter.km+RegrdatasLanduse)
summary (ModelA)
Tibrary(car)
Tibrary(Imtest)
dw_test_result <- dwtest(ModelA)
print(dw_test_result)
bp_test <- bptest(ModelA)
print(bp_test)
Tevene_test <- leveneTest(Operating_Speed ~ Landuse, data = Regrdata)
print(levene_test)
residualPlot (ModelA)
plot(ModelA)
install.packages ("nime")
Tibrary(nlme)
group = RegrdatalLanduse
weights_structure <- varIdent(form = ~ 1 | group)
correlation_structure <- corARLl(form = ~ 1 | group)
Mode11<-gls (Operating_speed~Non_Signalised_inter.km+Signalised_inter.km+Landuse,
data = Regrdata,
correlation = correlation_structure,
weights = weights_structure)
summary (Mode11)
conf_intervals <- intervals(Modell)
print(conf_intervals)

Figure 9-8: Example of generalised least squares regression code in R




9.4. Appendix D: Traffic data

Table 9-1: Low congestion traffic data
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F;'rr;:)% Land use ven/r Total PCU /hr glc l;lfulrg Egsr capacity vic
LV HG &BUS
Morning | Non-CBD | 183 4 191 1 1490 | 0,1279
peak CBD 781 16 812 0,55 2 2090 | 0,3887
Non-CBD 87 1 89 1 1490 | 0,0597
Off-peak | CBD 371 4 379 0,55 2 2090 | 0,1814
Table 9-2: Moderate congestion traffic data
Tir_ne Land use 15 min counts Total glc Number capacity v/c
period PCU /hr of lanes
LV HG &Bus
Morning |_Non-CBD 170 2 696 0,53 2 2014 | 0,345581
peak CBD 280 10 1200 0,53 2 2014 | 0,595829
Non-CBD 169 692 0,53 2 2014 | 0,343595
Off-peak | CBD 267 1092 0,53 2 2014 | 0,542205
Table 9-3: High congestion traffic data
15 min counts
Time HG Total Number | Capacity
period Land use LV &BUS PCU /hr glc of lanes | (Veh/h) v/c
Morning |_Non-CBD 250 8 1064 | 0575 2 1991 | 0,53446
peak CBD 340 16 1488 0,295 3 1682 | 0,88492
Non-CBD 167 2 684 0,575 2 1991 | 0,34358
Off-peak | CBD 324 15 1416 0,295 3 1682 | 0,84211
Table 9-4: Summary of CBD volumes and capacity in Veh/h
Congestion Level Low Moderate High
Morning peak 812 1200 1488
Off-peak 379 1092 1416 Volume
Evening peak 812 1200 1488
2090 2014 1991 Capacity
Table 9-5: Summary of non-CBD volumes and capacity in veh/h
Congestion Level Low Moderate High
Morning peak 191 696 1064
Off-peak 89 692 684 Volume
Evening peak 191 696 1064
1490 2014 1682 Capacity




