














and 85 or older subfigures specify the different concentration of seniors in the chosen census
block groups to show the variation in concentration throughout the region. Figure 3 shows the
location of medical facilities for the transit system of the study area. The destination shapefile
was created based on each point feature representing each medical facility (outpatient clinics and

hospitals) and was used as the destination shapefile input for the TOI script run.
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85 or older
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Figure 2 Census Block Groups selected as origins for the TOI analysis by senior
population.
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Hospital

Outpatient Clinic

8 Miles

Figure 3 Location of medical facilities for the service area.

The TOI Python script was run for 3 different origin inputs and 1 destination input for the New

Haven transit system. Figure 4 presents the overall view of the output of the analysis and the

distribution of the TOI scores throughout the system, with zoomed in areas that have higher TOI

yellow and green areas indicate higher levels of accessibility.

score shown in figure 5. Orange,

The meaning of block group TOI scores can be difficult to interpret on their own and are useful

to look at in comparison to other block groups within the system service area. Therefore, this
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analysis compares senior (defined by 2 age groups) block group TOI score to the general
population block group TOI score as shown in the 3 subfigures of figure 4 and figure 5. The cut

off values were estimated using natural breaks (jenks) with 5 classes.
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Figure 4 The TOI score for the entire population, seniors 65+ and 85+ of the service area.

25
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Figure 5 The TOI score for the entire population, seniors 65+ and 85+ of the service area
zoomed to sections with fair to excellent access.

Figures 4 and 5 shows that there are highly populated senior block groups which have a good,
very good and excellent access to medical facilities. The TOI outputs a high score for areas with
good access and lower score for areas with poor access. Scores range from 0 to 100 000 adjusted
seats/day. This analysis was conducted on a typical weekday in (2013). Because the resulting
TOI scores were very large and the heavy skew of the distribution, logarithmic scale was used in

order to group the scores into 10 bins (5- 100000 in logarithmic scale) for the purpose of
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histogram representation. The histogram in Figure 6 shows how the TOI score compares between
the entire population of the service area, 65 or older and 85 or older. For example, when looking
at the first subfigure of figure 6 we would observe to have 16 highly senior populated census
block groups to have a TOI score of 5000 but there is actually 38 of senior census block groups
that have a score of 5000. This implies that seniors do have a better access to medical facilities if
the level of access distributions were the same for senior subgroups as the one for the total

population.
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Comparison of Expected TOI Scores to Observed TOI
Scores for Seniors 85 or Older
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Figure 6 TOI score distribution for the general population and selected age groups of
seniors.

Chi Squared test was conducted to compare the distributions of TOI scores between different age
groups and validate the obtained results. Two population sub-samples of seniors 65+ and 85+
were studied to determine if there is a significant difference in access between those two age
groups and the rest of the population. The null hypothesis tested in this Chi Square test states that
there is no significant difference in transit access between the general population and specific
senior age groups. Alternative hypothesis states that transit access for seniors is statistically

different from for the general population.

The computed Chi Squared statistics of 40 and 25, which compares the general population’s
access to medical facilities versus seniors’ 65+ and the general population’s access to medical

facilities versus seniors’ 85+ respectively, are much greater than the critical value of 16.2 at 5%
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confidence level (a. = 0.05) for 9 degrees of freedom. Null hypothesis is rejected with the

computed statistics being greater than the critical value, leading to accepting alternate
hypothesis. This provides statistically significant evidence at a = 0.05 level that there IS a

difference in the distribution of transit access to medical facilities between the general population
and seniors. The computation of Chi Squared statistic of 32 between the differently aged seniors
85+ to 65+ also does provide statistically significant evidence to show that there is a difference
in transit access between these two senior age groups.

CONCLUSIONS

The Chi Squared Test suggest that transit access to medical facilities is statistically different in
highly senior populated block groups compared to the population at large implying that seniors
do have a better transit access to medical facilities than the rest of the population. This could be a
result of seniors choosing to live in neighborhoods which are either close to medical facilities or
have transit access to them. Another possible interpretation is that that transit planners are
focusing on providing better access in these locations after seniors choose to locate there. There

is no difference in access between different age group of seniors.

Shortcomings of this paper include the service area being defined by the transit system, which
excludes seniors who live in neighborhoods that do not have access to transit, which could
explain the low percentage of transit (Mattson and Wade, 2012; Rosenbloom, 2004, Boschmann

and Brady, 2013). In addition, paratransit is not considered.

There is an assumption implicit to the TOI, which may not be accurate for elderly people. The
TOI is based on the ¥ mile Euclidean buffer used along the public transit lines to estimate spatial

coverage. Based on the literature review the walking distance for seniors is age dependent and
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changes between % mile and 1/3 of a mile. This study generalized all senior ages to one walking

distance of ¥ mile.

One specific inclusion pertaining this study is the following: even though the TOI results indicate
that seniors have better access to medical facilities via public transit it does not necessarily mean
that public transit for this service area adequately addresses their mobility because of the actual

percentage of seniors who live within transit system area is low (table 2).

ACKNOWLEGEMENT

This material is based on work supported by the U.S. Department of Homeland Security under

Grant Award Number, 2012-ST-104-000046.

DISCLAMER

The views and conclusions contained in this document are those of the authors and should not be
interpreted as necessarily representing the official policies, either expressed or implied, of the

U.S. Department of Homeland Security.

30



© N o g ~ w Db oPE

Chapter 2:  Providing Equitable Access to Medical Facilities for Seniors’ By
Optimizing Transit Network for Equity

ADSIIACT. ... 32
INtrodUCtION. ...t 33
Literature ReVIEW. ..o 34
Problem Formulation..............cooiiiiiiii e 38
Model Validation..........ooiniiii e 41
Case Study ApplICation.........oouiinii e 43
RESUIES . .t 53
CONCIUSION. ...ouii e 57

31



ABSTRACT

Equitable access became a concern with passing of non-discrimination requirements specified in
Title IV of Civil Rights Act of 1964 (U.S. Congress, 1964) and Executive Order 12898 on
environmental justice (Clinton, 1994). Increasing need for new methodologies to incorporate
equity into network design quickly gained interest of transportation researchers. Although very
few methodologies have been developed on the subject, this study builds on available tools on
transit network optimization. It develops a frequency setting model for equitable access to
medical facilities with respect to elderly population. This research is motivated by findings
related to travel characteristics of this particular group, mainly, the time of day of travel and trip
purpose. Seniors tend to travel during off peak hours at a rate higher than the rest of the
population (Connecticut Department of Transportation et al. 2016, Kim et al. 2004). Seniors also
tend to have a different travel purpose than the rest of the population. Research shows that they
make frequent medical trips (Connecticut Department of Transportation et al. 2016, Health
2012), along with shopping and running errands all done during off peak hours. Based on the
recognition of the need for more frequent service during off peak hours to accommodate the
needs of increasing population of seniors in Connecticut, a frequency setting model is applied to
the transit network for the City of New Haven, Connecticut. The model is tested on two demand
scenarios: a base case in which all demand is treated equally, and a scenario in which a
population weight factor is included in the objective function to prioritize the demand of
protected populations. Results show improved access by increasing bus frequency to routes

serving areas with higher population of seniors.
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INTRODUCTION

The growth of automobile industry in the mid twentieth century caused an economic revolution
around the United States, which furthermore contributed to the urban sprawl. Lower land rates,
improved infrastructure, lower tax rates and lack of urban planning encouraged people to move
further away from cities leading to a segregated land use. As a consequence, equal access to
basic economic and social opportunities became a problem especially for minority and low-
income populations who do not always have an option to rely on the use of private auto as a
means of transportation. Children, older adults, low income families and people with certain
disabilities very often rely on public transportation services to which their physical access is

often limited.

In the light of changing demographics, in which the proportion of seniors is projected to grow by
57% between 2010 and 2040 in Connecticut (Commission on Women, Children and Seniors,
2016), addressing equitable access issue is a major concern for transit planners and service
providers. Two studies that examined good transportation systems confirm that a transportation
system can improve access to jobs if it provides frequent and reliable service at times when
people need it to travel (Rotger et al. 2015, Yi 2006). These studies findings suggest that
providing transportation service which people can rely on at any time of day is important in

improving access.

Frequency of service is of a particular importance when it comes to vulnerable or transit-
dependent populations. Older adults or people with disabilities choose to travel at a particular
time of day which may be different from the rest of the population. As research suggests, seniors

travel mostly during off peak hours (Kim et al. 2004, Connecticut Department of Transportation
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et al. 2016) and make many more medical trips compared to younger age cohorts (Connecticut
Department of Transportation et al. 2016, Mattson and Wade 2012, Health 2012, Horner et al.
2015). Thus accommodating their travel needs by providing more frequent service during times
they are most likely to travel to their unique destinations is an effective way to improve access of

this particular minority group.

Setting route frequency is one of the four primary components of a complex transit network
design problem (Desaulniers and Hickman 2007, Farahani 2013). Although available research
offers very few tools which incorporate equity into transit network design, this paper aims at
addressing equity concerns in the formulation of the transit frequency setting model. The goal is
to provide an equitable access to healthcare for seniors by increasing bus frequency on routes
serving relevant origin destination pairs. The analysis uses publicly available General Transit

Feed Specification (GTFS) and census data for the City of New Haven, Connecticut.

LITERATURE REVIEW

Recognition of the importance of public transportation access and equitable transportation
services arose when the executive order 12898 entitled Federal Actions to Address
Environmental Justice (EJ) in minority populations and low-income populations was passed. The
executive order 12898 alerted public transportation field about the need for methodologies which
could help in determining whether a transportation project would cause a disproportionate

impacts on minority or low-income populations.

Several methods focus on assessing equity of existing public transportation systems. Equity has
been studied in terms of the level of access or mobility experienced by minority, disadvantaged

or low-income populations. Lucas et al. (2009) studied transport and social exclusion by
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identifying changes in travel behavior in the United Kingdom case study, which were caused by
the growing policy awareness of the transport problems for “deprived areas”, explored the
impacts and contributions of those policies on the quality of life and economic opportunities (1).
Currie et al. (2009) also used series of case studies to look at social exclusion and well-being in
terms of being a transport disadvantaged population (2). This study aimed at quantifying
associations between lack of transport and social exclusion for Australian residents who do not
have access to a private car for their travel needs. Lucas and Currie, illustrated the need for

methodologies to include transport equity explicitly into design.

Little research has been done on incorporating equity into a network design problems. Connors
et al. (2005) showed how equity can be incorporated into the objective function or as a constraint
into the network design problem in order to consider the distribution of resulting benefits and
costs across the population of travelers instead of only focusing on how a set of tolls maximize
social welfare (3). Duthie and Waller (2008) incorporated equity of congestion and travel time as
objective functions into their network design problem. Developed model was formulated to solve
the problem of achieving environmental justice through a selection of network improvement
strategies with environmental justice defined to mean that no protected population is

disproportionately affected (4).

Furthermore equity has been incorporated into the transit network design problems. Bertolaccini
et al. (2015) studied equity in terms of vehicle routing problem and proposed a genetic algorithm
for solving it. Bertolaccini and Lownes (2013) also measured the inequality of a system by

extending already developed Gini Coefficient measure to measure impacts of selecting different
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scales, boundaries and demand measures has on assessing the calculated Gini Coefficients. Chen
and Yang (2004) formulated two stochastic network design models which include spatial equity
and demand uncertainty with spatial equity being defined as the “benefit distribution among
network users” (5). Ferguson et al. (2012) took a step further into transit network design and
proposed a methodology which focuses on incorporating equity and access into a frequency
setting design problem part of transit network design (6). This study compared access via
personal vehicle and transit between different origin-destination sets with objective function
structured to minimize that difference. Transit access is modeled to be improved using access by
personal vehicle as a reference to meet basic needs in auto-oriented society. The result transit
service provides an equitable difference between access by car and access by transit given
operating constraints. This methodology can be applied to find the frequencies for each bus route
of a sub-study area which maximize equity given fixed capital and operating costs. Next, the
difference in accessibility by car and transit was calculated for each origin-destination pair.
Furthermore the difference between these accessibility measures and between the mean of all

accessibility measures across all pairs is calculated.

Although equity was considered in few transit network design studies, majority of transit
network design problems focus on minimizing operating and user costs without considering
equity or access for disadvantage populations. Lampking and Saalmans (1967) develop a model
which efficiently optimizes the route structure, frequencies, compile time tables and designs bus
schedules so that the whole system operates on the least number of needed buses bases on a
small case study, while reducing the annual operating cost without decreasing the overall level of

service offered (7). Work done by Pattnaik et al. (1998) also focused on minimizing overall cost
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modeled as a function of travel time constrained by fleet size and total operating cost (8). Yu et
al. (2009) developed a bus frequency design model which optimizes bus frequencies and
minimizes the total travel time constrained by the fleet size accounting for the route choice of
passengers. Optimal frequencies are determined based on iterative process between the passenger
assignment and frequency optimization in order to reduce passengers who do not fit into a bus
caused by overcrowding (9). Koutsopoulos et al. (1985) proposed a model where the objective
function minimizes costs due to passenger waiting times, operating cost and the cost of crowding
constrained by fleet size and total operating cost and vehicle capacity (10). Desaulniers and
Hickman (2007) offer a comprehensive overview of various stages of public transit planning
process along with models and approaches for solving public transit problems (11). Public transit
planning consists of strategic, tactical and operation planning. Strategic planning involves
network design to meet the passenger demand. Tactical planning involves improving service to
the passenger by selection of frequencies on a bus route and timetabling. Operational planning
involves vehicle scheduling, duty scheduling, crew rostering, parking and dispatching and
maintenance scheduling. The frequency setting problem, which current research has not
thoroughly explored in terms of equity yet, is an important part in the relationship between the
tactical and operational problems in a way that it defines the main input for the operational

planning phase.

The subsequent sections adapt concepts established in the above literature review on transit
network design problem and equity. General Transit Feed Specification (GTFS) data is evaluated
to assess the change in bus frequency on different routes at different times of day when
examining different weighting schemes favoring senior populations and their access to medical

facilities. The contribution of this paper is the development of a model and methodology for the
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reallocation of transit resources (bus frequencies on routes) to accommodate shifts in demand
during off-peak periods to better serve a vulnerable population and their needs: senior travels
accessing medical facilities.

PROBLEM FORMULATION

The proposed frequency setting model is mathematically formulated as a Mixed Integer Program
(MIP). The objective function minimizes the travel time between origin i and destination j on a
route r as a function of both in-vehicle travel time and wait time. The model is described as
follows:

Sets and Indices

i,j EN bus stops
r €R bus routes

Set N contains all transit bus stops for the system, while set R includes all bus transit routes for

the transit system.

Data and Parameters

tijr in-vehicle travel time (IVTT)
d;j demand for travel i,j
tR round trip time on route r
U capacity of a bus
B total fleet size
5T = {1 ifi,j is served by r
v otherwise
Pi population weight factor at origin i
A destination weight factor at destination |

The parameter t;;,- describes a time that a passenger spends traveling from origin i to destination
j using route r. It is based on arrival and departure times available for each route in stop times
file from GTFS. The parameter d;; is the demand traveling from origin i to destination j. The

parameter tX is a round trip travel time for each route r. Round trip travel time is calculated as a
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time it takes a bus to travel from an origin to a destination and back. Scalar U is a capacity of a
bus and scalar B is a total fleet size operating in a system. Parameter &;; is a binary variable
which takes a value of 1 if origin destination pair i-j is served by a route r or O if it is not.
Parameter Pjis a population weight factor at origin i. Parameter A;is a weight factor at

destination j.

Decision Variable

fr bus frequency on route r

Objective Function

minz=zzz P; A; d;; (tijr+(33_3fT6irj )‘i;ﬁl?()fr

iEN jEN T€R
1)

The linear function to be minimized described above consists of two components. The first
component is the in-vehicle and wait time experienced by each passenger from i to j on route r. It
involves a linearization of wait time and is shown in figure 1. Second part of the objective

function minimizes the total round trip travel time on a given route.
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Linear Approximation of Frequency for Varying Demand
12

10

Demand
(o))

Bus Frequency/hour

Figure 1 Linear approximation of frequency for varying demand.

Constraint Set

R
Srer 3o fr <B 2)
(6f; =5)U = Xien2jen dij 6} VreR 3)
f, €Z* VreR 4)

Constraint 2 ensures that the round trip travel time for route r being a subset of all routes R times
the frequency on that route does not exceed the available fleet size for the system. Constraint 3
ensures that the capacity of a bus is greater than the demand traveling between origin destination

pairs. Constraint 4 imposes frequency to be an integer value.

The analysis was performed using the General Algebraic Modeling System (GAMS) which is a

mathematical programing and optimization software for complex modeling applications.
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MODEL VALIDATION

The proposed model is tested for validation using a Sioux Falls network with sample general
transit news feed (GTFS) data developed for this purpose. The Sioux Falls is a commonly used
test network with 24 nodes and 76 links (Transportation Network Test Problems, 2013). For the
validation purpose it is assigned with 4 bus routes with assigned cost of traveling on each link.
The sample general transit news feed developed for this scenario allowed creating necessary files
needed for optimization software. Such files included round trip travel time for each of the 4
routes, in-vehicle travel time on each link and binary variable file specifying whether a node is
served by a route or not. The demand file used for this analysis consisted of random numbers
assigned to each node combination of the sample network. Figure 2 presents full network for

reference, while Figure 3 shows nodes and links used for validation testing only.
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Figure 2 Full Sioux Falls network.
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Figure 3 Nodes and links used for analysis.

The sample scenario is constrained by a capacity of a bus being 40 seats and total fleet size of a
system being 20 buses. The results of the distribution of available buses for each route based on
the node-to-node demand is presented in Table 1 and shows a fairly even distribution of buses
for each route. When the demand of some node pairs is weighted more heavily, the solution
suggests the shift in frequency of buses serving those node pairs. In this case the node pairs
which were assigned with higher demand are served by the blue route and include nodes 1-8 and

8-1.

Table 1 Bus frequency for each route in the study region based on normal and higher
demand.

Route  Frequency

Blue 5
Green 6
Yellow 4
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Route  Frequency

Blue 8

Green 5

Yellow 3

Red 5 Red 4

The purpose of this sample testing analysis is to provide a framework for the case study
described in next section. This proof of concept on the Sioux Falls Network was helpful in
suggesting the correctness of the model because a change in service frequency was observed on
two routes which served a highly weighted origin destination pair for the weighted higher

demand model.

CASE STUDY

A case study is presented to look at an application of the model in more detail using the datasets
as outlined in Table 3. Purpose of this study is to develop a model which would improve the
existing transit service to provide a better service for senior residents by aligning it better with
their unique travel characteristics. Therefore, the focus is put on obtaining an equitable bus
frequency to route assignment for varying node demand based on two demand scenarios.
Varying node demand is designed to change and increase service frequency for origin and
destination pairs which are given higher weights complementing their importance in the system
versus other unweighted origins and destinations. Such prioritization designates areas with high
senior population and areas which are their unique travel destinations: healthcare facilities. The
developed frequency setting model is tested for its sensitivity to the origin destination
prioritization by observing the change in frequency to route assignment. Ideally working model
would assign more frequent service to routes which are providing access for heavier weighted
origin destination pairs. Therefore the model is tested whether such change in frequency could be
observed based on two scenarios. The first scenario is a node demand based on entire population

of the service area, with no special consideration given to any particular subpopulation. The
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second scenario weights nodes within high senior populated regions (origin) and nodes where
medical facilities are located (destination) more heavily. Weighting is achieved by doubling the
demand on those origin destination node pairs, which suggests that there is double the demand
traveling from particular origin to particular destination making those pairs a priority in the

system. Two scenarios are compared to observe changes in bus frequency structure on routes.

CT Transit New Haven is used in this case study application. The entire system is composed of
3135 bus stops and 26 bus routes. Assumed parameter values are presented in Table 2 and are
based on the Connecticut Department of Transportation- CT Transit New Haven Division 2014

Annual Agency Profile.

Table 2 Assumed Values for Case Study.

Parameter Value
Capacity of a bus 40 seats per bus
Total fleet size 74 buses

Data sources

The relevant data used in the above MIP model is outlined in Table 3 along with visual
representation shown in Figure 4. Transit system information was obtained from GTFS feed
available online (Google Developers, 2016). A GTFS feed is a collection of comma delimited
files contained within a ZIP file. Together, the related CSV tables provide a description of transit
system’s scheduled operations as visible to the riders. This data is designed for various analytical
applications of public transportation systems. GTFS files allow users to determine stop locations,
in-vehicle travel time, headways and routes available for particular transit system. The GTFS
specification defines the following files as being required: agency, stops, routes, trips, stop_times
and calendar. Optional files are: calendar_dates, fare_attributes, fare_rules, shapes, frequencies,

transfers and feed_info. Class diagram presenting the relationships among various GTFS files
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used in this analysis can be found in Figure 4 (CT Transit, 2016, Bertolaccini, 2015). A study
presented in this paper used “routes” file to obtain the number of bus routes in the system needed
to identify Sets and Indices as presented in the Problem Formulation section. A representative

inbound and outbound trip for each route from “trips” file was used to obtain the following:

- “stop id” also needed to define bus stop sets,

- “stop sequence” of a particular representative trip which allowed obtaining in-vehicle
travel time on each link needed for calculation of round trip travel time on each route,

- in-vehicle travel time on each link for the given stop sequence of a representative trip for
each route

- in-vehicle travel time and round trip travel time on each route was obtained based on

arrival and departure times available in “stop times” file

In addition to the transit system data, the analysis required basic population data. Connecticut
population data at the block group scale used to develop this analysis uses data from the US

Census Bureau.

Table 3 Datasets used for the model formulation.

Sets/Indices Source Date

Transit Bus Stops CT Transit New Haven General Transit News Feed 2013
(GTFS)

Transit Bus Routes CT Transit New Haven General Transit News Feed 2013
(GTFS)

Data/Parameters Source Date

In-Vehicle Travel Time CT Transit New Have(nGC_srtie:nSe)ral Transit News Feed 2013

Round Trip Time on CT Transit New Haven General Transit News Feed 2013
Route (GTFS)

Demand for Travel US Census Bureau Data from Mamun et al. (2013) study 2010
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Figure 4 GTFS file diagram (Bertolaccini, 2015).

Data preparation

In-vehicle travel time on each link, round trip travel time for each route, demand and binary
variable files used with GAMS were generated using Python programming language from New
Haven GTFS files (see Table 3, Figure 4 and Figure 5 for dataset reference). Bus stops are
treated as “nodes” in this case study. This analysis uses 22 out of all 26 routes. It focuses on local
bus routes as those routes primarily serve city streets and may also operate into malls, hospitals

and shopping centers. Express and connector routes are excluded.

Representative Stops

Representative stops were determined for each route for each census block group in the service
area. In dense areas such as the downtown of New Haven City where multiple routes are
servicing that area, there were representative stops which were shared by different routes. In such

cases one representative stop was assumed to be serving all of those routes which shared the
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same representative stop. If only one route runs through a representative stop then that stop was
taken as a representative stop for that route. Some census block groups resulted in having
multiple representative stops while had only one unique stop. Based on this assumption, stop
pairs on each route were determined. Figure 5 shows an example of how representative stops
were assigned while figure 6 presents all representative stops of the service area. First sub
graphic titled “All Bus Stops” of figure 5 shows bus stops available in block group 1 and 2 for
routes 1502, 1503 and 1515. Both routes 1502 and 1503 run through 2 bus stops (A and B, E and
F, respectively) in block group 1 and 2 bus stops (C and D, G and F, respectively) in block group
2. Route 1515 runs through 3 bus stops (A, B and F) in block group 1 and 1 bus stop (G) in block
group 2. Next, the sub graphic titled “Representative Bus Stops” shows a representative bus stop
for each route. One representative stop was assigned for each route for each block group. As a
result, route 1502 uses bus stop A in block group 1 and bus stop C in block group 2. Route 1503
uses bus stop F in block group 1 and bus stop G in block group 2. Route 1515 uses bus stop F in
block group 1 and bus stop G in block group 2. Route 1503 and route 1515 are using the same
representative stop F. Also both block groups resulted in having 2 representative stops. Figure 5

also depicts the generalization of the representative stop assignment.
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Figure 5 Logic used to designate a representative stop for each route for each block group.
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Figure 6 Representative stops for each census block group for the service area.

In-vehicle travel time

In-vehicle travel time ¢; ;- is the travel time by transit from origin i to a destination j. This transit
travel time is computed based on the node to node travel time (bus stop to bus stop travel time).
Node to node travel time is computed as the difference in arrival and departure times available
for each node (bus stop) from GTFS “Stop Times” file. Each particular route has a representative

node (bus stop) sequence.

Round trip travel time for each route
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Round trip time t? is defined as the time it takes a bus to travel from origin i to destination j and
back. It is computed for each of the 22 routes of the system based on node to node travel time. It

uses a representative bus stop sequence for a representative trip on each particular route.
Demand
Demand scenario 1: Unweighted Model

Demand d;; for New Haven City includes census block group to census block group demand
arriving from trip based travel demand model study and is defined as the total system demand
making trips from origin i to a destination j. An assumption is made to distribute the demand
according to the representative stops in each census block group. If multiple routes run through
the same representative stop in a census block group and serves the same destination than the
demand is divided into the respective number of routes. When looking at figure 5, if there was a
total demand of 90 people traveling from block group 1 to block group 2, then route 1502 would
be assigned with 30 people, route 1503 with 30 and route 1515 with 30 people. Therefore, a
representative stop pair AC (route 1502) would need to accommodate 30 people, stop pair FG

(route 1503) 30 people and stop pair FG (route 1515) 30 people.
Demand scenario 2: Weighted Model

Demand d;; scenario 2 prioritizes the demand of protected populations in the service area by
using a weight factor. It is defined as the total demand of protected population (seniors) residing
at origin i. Demand analysis does not account for variations in income or demographics of

vulnerable populations.

Weight Factor for Origin
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A weight factor P; for origin i file is also created for a representative stop serving each census
block group. It is defined by all census block groups within the service area assigned with
respective weights. If a census block group was observed to have higher percentage of senior
population of 65 or older than 10%, then those census block groups were given a weight of 2°,
or double that of a non-senior block group. The remaining census block groups (which did not
have high senior population percentage) are assigned with ‘1°. The critical value of 15% is
computed as the ratio of seniors 65 or older residing in the service area to the entire population of

the service area.

Weight factor for Destination

The destination A; for destination j file follows similar logic to that of determining origin files
and used also a representative stop for each census block group as a base. A destination block
group’s weight is defined based on whether it contains one or more medical facility (either
hospital and/or outpatient clinic). In this file each census block group which contained a medical
facility is assigned with a weight factor of ‘2’ and all other block groups received a weight factor
of ‘1°.

Figure 7 below shows all origin and destination census block groups for the service area and

highlights the ones which are heavily weighted in order to be prioritized in this analysis.
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Figure 7 Service area census block groups with highlighted critical census block groups
origins and destinations.

Such a weighting scheme of origin and destination block groups allowed prioritizing areas with
higher senior population and their common travel destinations, which as presented in literature
review section include medical facilities. This data prepared as described above led to 2 runs of
the MIP program. The first run was carried out to set a baseline for the system to validate
frequency of buses on each route when all origins and all destinations are treated equally. The
second run allowed observing the changes in bus frequencies on each route when particular
origin block groups and destination block groups are given priority in the system. Results are

presented in the next section.
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RESULTS

Results from comparing existing bus service to the bus service produced by the proposed model
are discussed below. Discussion of the influence the weight factor parameter has on the bus
frequencies is also provided. The comparison between existing and model outputted frequencies
is shown in Figure 8. Figure 8 shows existing frequencies, unweighted and weighted model
frequencies for each of the 22 routes servicing New Haven area used in this analysis. Blue bars
represent existing frequencies as in CT Transit New Haven Schedule. Orange bars represent bus
frequencies as outputted from this analysis by the unweighted model, while grey bars show bus
frequencies outputted by the analysis of the weighted model. Taking route 1513 as an illustration
of the comparison of route frequencies in figure 8, weighted model frequency is slightly higher
than existing frequency and that outputted by the unweighted model. This means that weighted
model analysis responded to the weighting factor specified for more desirable origin destination
pairs. Furthermore, this indicates that service on route 1513 is improved compared to the existing
service providing an improved access for highly populated senior origin and their most common
destination. This suggests a service improvement to better align service with the unique travel
characteristics of seniors on that particular route. Based on that the frequency setting model
formulated in this analysis is capable of addressing and improving specific access needs of
seniors due to their unique travel characteristics. By simply introducing higher weights the model
adjust route frequencies to increase frequencies providing access to desirable origin destination

pairs.
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Figure 8 Comparison of existing frequencies as on CT Transit New Haven schedule to
model outputted frequencies for each route.

Furthermore, when proposed frequency setting model is evaluated under demand scenario 1
(unweighted model), which does not prioritize any population and treats the entire population of
the service area equally, bus frequencies outputted by our model are similar to the existing
frequencies as in CT Transit New Haven schedule. Bus frequencies shown in figure 8 were used
to calculate the total number of buses used to service the area for existing condition, unweighted
and weighted model. Number of buses on each route for each of the 3 conditions were calculated
using the constraint equation 2 which can be found in the Problem Formulation section. Round
trip travel time (in seconds) for each route is multiplied by the bus frequency on each route to
calculate the number of buses on each route. Sample calculation for route 1513 is presented
using the constraint equation 2 below:

tR
3600

()
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3720 3720 3720

Existing: e00 D=1 Unweighted Model: 3500 =1 Weighted Model: 3500 2)=2

The existing schedule uses 40 buses out of 74 available in the system. The objective function of
the proposed model reaches an optimal solution assigning 35 out of 74 available buses
suggesting efficient service. Small frequency per route variations between the existing and model
output are present (variation in frequency of 1 or 2 buses per hour). However, performing a Chi-
Squared Test to assess the goodness of fit between existing and unweighted model outputted
frequencies suggests that there is no significant difference between the expected and observed
results on confidence level of a = 0.1. The null hypothesis states that there is no significant
difference in the distribution of frequencies between the existing and unweighted model.
Alternative hypothesis states that the distributions of bus frequencies for unweighted model are
statistically different from the distribution of bus frequencies of the existing model. Computed
test statistic of 10.7 is less that the test statistic of 29.615 with 21 degrees of freedom at a = 0.1.
Based on that null hypothesis fails to be rejected concluding that the distributions between the
bus frequencies of existing service and unweighted model result frequencies are statistically
equal or in other words that there is no significant difference in frequencies between the existing

and unweighted/weighted model.

Evaluation of proposed frequency setting model under demand scenario 2 suggests increase in
bus frequencies on routes 1506, 1509, 1512, 1513 and 1514. Therefore, proposed weighted
model behaves as expected and suggests more variation in service frequency compared to
unweighted model. Increasing the value of the objective function by assigning a heavier
weighting to highly senior populated census block groups and desirable destination block groups,

increased the bus frequencies on 5 routes indicating that a higher degree of equity is achievable
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as some origins and destinations are weighted more heavily. Objective function reaches an
optimal solution by assigning 39 buses out of 74 available, which is very close to the total of 40
buses that the existing service is using. Performing a Chi-Squared Test to assess the goodness of
fit between existing and weighted model outputted frequencies suggests that there is no
significant difference between the expected and observed results on confidence level of o = 0.1.
The null hypothesis tasted in this case states that there is no significant difference in frequencies
between the existing and weighted model. Alternative hypothesis states that bus frequencies for
weighted model are statistically different from the bus frequencies of the existing model.
Computed test statistic of 9.2 is less that the test statistic of 29.615 at 21degrees of freedom at o
= 0.1. The null hypothesis fails to be rejected concluding that there is no significant difference

between the bus frequencies of existing service and weighted model result.

Both scenarios suggest much lower usage of buses than the available fleet size of 74. This seems
like a reasonable amount because an operator would not use the entire available fleet size at one
time as some vehicles may serve in case of an emergency such as a bus break down or an
accident. Also, the exclusion of express and connector routes explains the lower number of buses
available for service as outputted by our model than the actual existing available fleet size.
Naturally, if those routes were also considered in this analysis the total number of buses would
be higher (by 4 buses) and closer to the total existing available fleet size. The total number of
buses used in the excluded express and commuter service routes include 4 buses.

This analysis shows that weighted model uses 39 buses compared to 35 buses used by the
unweighted model. Weighted model uses almost as many buses as the existing service, which
uses 40 buses. This is another way of interpreting the sensitivity of the weighted model.

Increased number of buses, which almost matched the existing service, suggests that frequency
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setting model formulated and analyzed in this paper is capable of improving the existing service
to provide a better access between desirable origin destination pairs. The number of buses
increased for the weighted model compared to the unweighted model meaning that route
frequencies also increased, which suggests that some routes operate at a higher bus per hour
frequency than other routes. In this case, routes which were assigned with higher bus frequency

were the routes serving senior population origin and healthcare destination.

CONCLUSION

Problem formulation and analysis using proposed model presented in this chapter provides a
reliable tool for city planners and service providers who wish to optimize their transit service
under fleet size constraint and bus capacity constraint. This frequency setting model shows to
improve service frequency for routes serving desirable origin destination pairs. It means that
access to most common travel destination of seniors, medical facilities, from highly senior
populated origin by public transit is improved by increase in route frequencies. Based on this it
shows that it is possible to better align public transit service to provide a better access for senior
population based on their unique travel characteristics. The problem formulation is simple and
easy to implement because it requires readily available, easily accessible public data. It could be
a valuable contribution to transit planners’ who wish to improve their transit systems by
realigning it with changing travel patterns of seniors. The results obtained from model
formulated in this chapter show that it is capable of accommodating access needs of different
types of transit dependent populations as specified by the user. This model can be also applied to
address access to needs other destinations than medical facilities such as shopping or

employment opportunities.
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There are a few assumptions made by the author which could be improved in further research.
This study is relying on a major assumption of using a condensed list of bus stops to represent a
route. Using full list of bus stops serving each route would improve the accuracy of this model in
terms of demand assignment. Currently demand from a census block group is assigned to a
representative stop disregarding the position of that stop in a block group. In other words
representative stop for a given route, for a given census block group could be positioned in a
corner of a census block group and all demand from that census block group is assigned to this
representative stop. Above assumption leads to another major approximation, mainly, the level
of analysis in terms of common destinations used in this study. Destination weight factor files
(which signify a presence of medical facility) are also created on a census block group level.
This assumption states that if a census block group contains a medical facility then the entire
census block group is a desirable location. Using actual point location of medical facilities would
greatly improve the accuracy of this study. Another assumption implicit to the problem
formulation section includes linear estimation of the nonlinear frequency-demand function and
wait time function. Future work could improve this assumption by applying a non-linear solver

to a non-linear model for more optimal results.

Future research could also focus on incorporation of paratransit into this analysis along with
improvements of above assumptions. Another important benefit from using the frequency setting
model in means of access improvement for elderly population, which could be addressed in
future work is its ability to conduct a transit frequency setting analysis for specific time of day.
This aspect is important when studying senior population because the time of day is a part of
their unique travel characteristics. Therefore, future work could incorporate time of day into

frequency setting analysis to compare variations in bus frequencies based on different times of
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day. In that case, this analysis would outline existing conditions (for all times of day) for

frequency setting problem with respect to elderly population.
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APPENDIX

1hAal

R M EREATTENY _ ORI T Ne PROBLEM FOR CITY OF NEF
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cETme AN TMNTOE
=% ShlS AND LINDILER

f2include bus stops and routes sets.inc

Sinclude
finclude round trip time on route.inc
Sinclude demand for travel.inc
finclude IVIT.inc

£include origin weight factor.inc
f2include destination weight factor.inc

Scalar
U capacity of a bus /40/
B total fleet size /74/

parameter routedemand(r):;
routedemand(r) = saw((i,3), di{i,j) * delta(i,j,.Tr))*
display routedemand;

Variables
f({r) freguency of buses on route ¢
z walue of objectiwve functiomn;

integer wvariable £(x):

f.lo(r) = 1:
f.upir) = &;
Eqmations

objective cbjective function
fleetSize fleet size
frequency (r) frequency times capacity has to be greater than demand:;

* delta(i,j,r))))+ sum(xr, time(r)/3600*f(xr)):

fleetSize.. suwm(r, time(r)/ /3600 * f(r)) =1= B:
frequency(r).. (6*f(xr)-5)* U =g= sum({(i,j), d{i,j)* delta({i,j,r)):

model fregSetting /all/;
s2olve fregSetting wsing MIP minimizing z;

display £.1, f.m ;

parameter buses(r);
bu=ses(r) = (time(x) * £.1(r))/3600;
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