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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/Igraff/nomad Cities aiming to improve their transportation networks are integrating emerging mobility
options at a rapid pace. These modes provide commuters with greater flexibility to construct

ﬁeﬁzﬁal more convenient trips and reach a larger set of essential service destinations. A few open-source
Network modeling tools allow planners to conduct multimodal routing analysis in time-dependent networks, but
Accessibility they do not sufficiently capture the full set of travel mode combinations and disutility factors
Shared mobility perceived by individual travelers. To this end, we introduce NOMAD: Network Optimization for
Generalized travel cost Multimodal Accessibility Decision-making. NOMAD integrates the personal vehicle, transporta-
Micromobility tion network company, carshare, public transit, personal bike, bikeshare, scooter, walking, and

feeder micro-transit modes into a unified routable network model. A generalized travel cost
function incorporates the following disutility factors: monetary cost, day-to-day mean travel
time, (un)reliability as represented by day-to-day 95th percentile travel time, crash risk, and
physical discomfort. The proposed open-source tool can be used to create multimodal travel
cost matrices, which may immediately serve as an input for accessibility analysis and other
policy decisions related to emerging mobility options. This paper develops the network model
that forms the basis of NOMAD and demonstrates four use cases in Pittsburgh, PA.

1. Introduction

As the mobility landscape evolves, several cities have developed plans to make their multimodal transportation networks more
efficient, affordable, reliable, safe, and equitable, all with the goal of improving access to goods and services (City of Austin, 2022;
City of Boston, 2017; City Of Pittsburgh, 2022). In these cities and others, travelers are no longer limited to a personal vehicle or
fixed-route public transit. Rather, they may use emerging shared mobility services, which include transportation network companies
(TNCs), bikeshare, carshare, shared scooters, and micro-transit, to construct convenient multimodal routes from end to end. These
shared mobility modes enable travelers to reach a larger set of destinations by removing the financial cost of vehicle parking and
the constraints associated with schedule-based, fixed-route transit. Though travelers have many options, their decision to take one
mode versus another reflects their sensitivity to a variety of cost factors (Quarmby, 1967; Bhat, 2000; Susilo and Cats, 2014). For
example, public transit is cheap but potentially unreliable and difficult to reach, whereas TNC is an expensive but usually faster
option. Moreover, route selection is dependent on departure time due to the transit schedule and fluctuations in traffic flow.
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The proliferation of shared modes has led to developments in research relating to multimodal routing analysis, which involves
identifying the optimal route between origin-destination (O-D) pairs. Routing analysis is important because it is a requisite step to
evaluating accessibility in a transportation network and quantifying the potential impact of future network investments (Levinson
and King, 2020). While early research focused on O-D routing strictly in the personal vehicle and/or public transit networks, more
recent literature incorporates shared mobility modes (Pereira et al., 2024a; Qian and Niemeier, 2019; Liu and Miller, 2022; Liezenga
et al., 2024). Previous research also solved for the optimal path solely with respect to travel time, whereas newer literature aims to
capture the effect of additional travel disutility factors such as monetary cost and time variability (El-Geneidy et al., 2016b; Arbex
and Cunha, 2020). Still, researchers have yet to introduce a routable unified network model that includes all emerging mobility
services and relevant travel cost factors.

A few popular open-source tools, namely OpenTripPlanner (OpenTripPlanner, 2024a) and R5 (Pereira et al., 2021), allow
planners to conduct multimodal routing analysis in time-dependent networks. However, we contend that these tools do not reflect the
full set of mobility options available to travelers (e.g., trips that sequentially use bikeshare and TNC, or those involving both feeder
micro-transit and main fixed-route transit). Nor do they account for the array of costs that individual travelers perceive depending
on their costs sensitivities. To this end, we introduce NOMAD: Network Optimization for Multimodal Accessibility Decision-making.'
NOMAD integrates a complete set of mobility options and diverse travel costs into a routable time-dependent network model. The
full set of travel modes includes personal vehicle, transportation network company, carshare, public transit, personal bike, bikeshare,
scooter, walking, and feeder micro-transit. Our model allows for all practical combinations of these modes. A single generalized cost
function accounts for the following disutility factors: monetary cost, day-to-day mean travel time, (un)reliability as represented by
day-to-day 95th percentile travel time, crash risk, and physical discomfort. The model accounts for individual travelers who have
different sensitivities to each of the five cost attributes. This paper designs the multimodal network model that forms the basis of
NOMAD, whereas the optimization of multimodal networks is beyond the scope of this paper and discussed in future work.

Our proposed model can be used to create multimodal travel cost matrices, which may immediately serve as an input for
downstream accessibility analysis. Policymakers can also use it to evaluate changes in system-level accessibility based on adjustments
in prices, network infrastructure, and mobility service areas and schedules. This information can ultimately inform the network
optimization of mobility services and infrastructure given accessibility objectives and budget constraints, allowing transportation
planners to make decisions on future investments. Applications can further be developed for community stakeholders involved with
Mobility as a Service (MaaS). These include estimating the pattern of network usage for each mode and facility, which entails
aggregating least-cost paths for all individuals across multiple O-D pairs.

The remainder of this paper is structured as follows. Section 2 provides an overview of accessibility analysis, open-source routing
engines, and routing algorithms, all from a multimodal, multi-cost, and time-dependent perspective. This section also highlights the
research gaps and opportunities addressed by our work. Section 3 presents the design of NOMAD, including the topology of the
multimodal network model, the generalized travel cost function, and the process for measuring the generalized travel cost of any
O-D pair. In Section 4, we demonstrate four use cases of the model on a subset of the transportation network in Pittsburgh, PA.
Section 5 highlights conclusions and identifies opportunities for future work.

2. Literature review

This topic spans three related areas of literature: (1) accessibility analysis, (2) multimodal routing engines, and (3) multimodal
route-finding algorithms and network models.

2.1. Accessibility analysis

Accessibility has been quantified in different ways over decades of research. Table 1 categorizes the accessibility literature along
four dimensions that are discussed below. In terms of calculating accessiblity, spatial metrics on the O-D level simply report the
travel cost between a given O-D pair (Curtis and Scheurer, 2010), where the travel cost is associated with the theoretically optimal
path. Origin-based cumulative opportunities metrics count the number of opportunities within some travel cost contour relative
to an origin. An “opportunity” in this context indicates a point of interest, such as a place of employment, school, or hospital.
Origin-based gravity metrics are similar, though each opportunity is discounted by some function of its travel cost with respect to
the origin (Curtis and Scheurer, 2010; Geurs and van Wee, 2004). From a different perspective, destination-based metrics proposed
in Mavoa et al. (2012) and Gehrke et al. (2020) quantify the number of origins that can reach a given destination within some
travel cost threshold.

As cities introduce newer transportation modes, researchers have begun to evaluate accessibility in networks that enable
multimodal trips with a variety of shared modes and micromobility. Abdelwahab et al. (2021) compare accessibility to jobs based
on four possible mode combinations: personal vehicle, transportation network company (TNC), public transit/walking, and public
transit/TNC. They define a generalized travel cost that is the sum of monetary cost and travel time weighted by a traveler’s value of
time (average wage, in their paper). They conclude that integrating public transit with TNC does not noticeably increase job access,
indicating that TNC is likely too expensive as a first mile solution. Pereira et al. (2024a) present a similar finding upon investigating
the effect of TNC as a first-mile leg to public transit. Djurhuus et al. (2016) measure accessibility as the sum of area reachable by

1 The implementation of NOMAD with experiments is available at the following link: https://github.com/Igraff/nomad.
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Table 1

Literature review: accessibility evaluation.
Study Travel modes Travel costs Conducts Level(s) of population

time-dependent analysis
analysis
Owen and Personal vehicle, PT, walk Travel time Yes Census block group
Levinson (2015) (minute-level)
Djurhuus et al. PT, personal bike, walk Travel time No City vs. suburbs vs. rural
(2016) area
El-Geneidy et al. PT, walk Travel time Yes (hour-level) Census tract, social decile
(2016a) group
El-Geneidy et al. PT, walk Travel time, monetary cost No Census tract
(2016b)
Chen et al. PT, walk Travel time No Grid cell
(2017)
Conway et al. PT, walk Travel time, (un)reliability Yes Grid cell
(2017) (minute-level)
Farber and Fu PT, walk Travel time Yes TAZ
(2017) (minute-level)
Guzman et al. Personal vehicle, PT Travel time, monetary cost No Income group
(2017)
Pritchard et al. Personal vehicle, PT, Travel time Yes (hour-level) TAZ
(2019) personal bike, walk
Tahmasbi et al. Personal vehicle, PT, walk Travel time No TAZ, income group
(2019)
Arbex and PT, walk Travel time, (un)reliability, No Grid cell
Cunha (2020) discomfort
Gehrke et al. Personal bike Travel time, elevation, No Census block, cyclist type
(2020) level of traffic stress
Abdelwahab Personal vehicle, PT, TNC, Travel time, monetary cost No TAZ
et al. (2021) walk
Liu and Miller PT, scooter, walk Travel time, monetary cost No Grid cell
(2022)
Saraiva and Personal vehicle, PT, Travel time Yes Individual, socio-economic
Barros (2022) personal bike, walk (minute-level) class
Braga et al. PT, walk Travel time, (un)reliability Yes Grid cell, income group
(2023) (minute-level)
Pereira et al. PT, TNC, walk Travel time, monetary cost Yes Grid cell, income group
(2024a) (minute-level)
This paper Personal vehicle, TNC, Travel time, monetary Yes Generic socio-demographic
carshare, PT, personal cost, (un)reliability, risk, (minute-level) population group
bike, bikeshare, scooter, discomfort

walking, feeder
micro-transit

Notes: “PT” = fixed-route public transit; “TAZ” = traffic analysis zone.

a combination of public transit/personal bike/walking within a travel time threshold. As expected, they find that total accessible
area increases when travelers can use a bike for the first segment since more transit stops can be reached. Similarly, Pritchard et al.
(2019) quantify job accessibility and account for multimodal trips consisting of public transit/personal bike/walking. Their results
show that bike usage as a first mile solution increases job access in certain parts of the city that already have better transit service,
while other areas do not experience the same benefit. Extending beyond biking, Liu and Miller (2022) assess the potential upside
of dockless scooters as a first/last-mile leg to public transit.

Recent studies have expanded accessibility analysis for transportation planning by considering disutility factors beyond travel
time. One common extension is the inclusion of monetary cost. For example, El-Geneidy et al. (2016b) combine travel time and
transit fare cost to calculate the generalized travel cost between O-D pairs, expressing the final cost both in terms of travel time and
money. Guzman et al. (2017) adopt a similar method to compare accessibility by personal vehicle and public transport. Other studies,
including Abdelwahab et al. (2021) and Pereira et al. (2024a), examine the impact of monetary cost on accessibility in the context of
TNCs as a complement to transit. Similar to El-Geneidy et al. (2016b), Abdelwahab et al. (2021) calculate the minimum generalized
travel cost between an O-D pair and use this cost as an input to their accessibility metric. Pereira et al. (2024a) take a different
approach by identifying all Pareto-optimal paths with respect to monetary cost and travel time, counting a destination as reachable
if at least one Pareto path satisfies both a monetary cost budget and travel time threshold constraint. Their method is derived from
previous work by Conway and Stewart (2019) that proposes a way to construct the Pareto frontier of paths characterized by two
travel costs.
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Other studies account for the effect of additional travel disutility factors. In quantifying the accessibility impacts of new bike
infrastructure, Gehrke et al. (2020) adjust path travel time by elevation gain and road preference. The authors identify the optimal
path between each O-D pair and then measure the percentage of each path that uses roads classified with low levels of traffic stress.
Their results show that cyclist access to jobs generally declines when travel time and low-stress conditions must be jointly met. Arbex
and Cunha (2020) analyze the effect of travel time variability and crowding discomfort on transit accessibility by constructing a
generalized cost that includes a travel time buffer and passenger density value. Two related studies by Liu et al. (2023) and Braga
et al. (2023) highlight the importance of accounting for some measure of transit reliability. Rather than inferring the travel time
between an O-D pair from published transit schedules, both studies use historical data and conclude that schedule-based-accessibility
is often an overestimation. More extensively, Cui and Levinson (2018) define a “full cost accessibility” framework that integrates
travel time, crash risk, emissions, and monetary cost into a single generalized travel cost function, though they do not demonstrate
their method on a real network.

Frequently in the transportation literature, accessibility metrics calculated at one departure time are used to represent daily
accessibility. The limitation with this approach is that intraday variations in traffic congestion and transit schedules can have
significant impacts on the travel time between an O-D pair (Anderson et al., 2013; Moya-Gémez and Garcia-Palomares, 2017).
Some studies account for these fluctuations by calculating accessibility at a higher temporal resolution (Owen and Levinson, 2015;
Farber and Fu, 2017; Pritchard et al., 2019; Stepniak et al., 2019; Braga et al., 2023). In particular, Owen and Levinson (2015) report
accessibility metrics on the minute-level to show how low-frequency transit can leave some regions underserved for sustained periods
of time. Conway et al. (2017) calculate the O-D travel time matrix for each departure time at every minute within a departure time
window, aggregating the values for each O-D pair by choosing the median travel time within the window. Braga et al. (2023)
employ this method to compare median travel time according to the schedule with median travel time according to historical
performance. Furthermore, Stepniak et al. (2019) provide insight into the appropriate level of temporal resolution by comparing
metrics aggregated at different time scales. For a full literature review of accessibility studies that include a temporal dimension,
see Stepniak et al. (2019).

Moreover, several studies have focused on developing equity measures that identify gaps in accessibility across geographic
regions. Many of these studies compare metrics across areas that are characterized by different incomes (Foth et al., 2013; El-Geneidy
et al., 2016a; Kelobonye et al., 2019; Tahmasbi et al., 2019; Guzman et al., 2017). This method is useful for making generalizations
about the relationship between socioeconomic conditions and access to services. However, it assumes a homogeneous population
living in each geographic area and neglects the influence of demographic characteristics such as age, disability status, and household
composition that have been shown to influence travel patterns (Susilo and Cats, 2014). Recent literature draws attention to the
importance of considering individual traveler preferences. Kar et al. (2023) propose the concept of “inclusive accessibility” and
measure accessibility for forty surveyed travelers who differ in their perceptions of walking disutility. Saraiva and Barros (2022)
also adopt an individual approach, developing per-person metrics which are subsequently aggregated by economic class.

2.2. Multimodal routing engines

Calculating accessibility metrics requires an O-D travel cost matrix that stores the travel cost for all selected O-D pairs. Several
open-source software packages provide routing optimization engines to accomplish this task, and Alessandretti et al. (2023)
enumerate the tools available. Here, we detail four routing engines that are most relevant for our research: GraphHopper, Valhalla,
OpenTripPlanner, and R5. The GraphHopper library (GraphHopper, 2024) provides single-mode routing optimization for a variety
of modes, including public transit, private vehicle, personal bike, personal scooter, walking, and commercial truck. Each network
edge is weighted by a generalized travel cost that is a linear sum of the edge’s distance and travel time, and users can adjust the
influence that elevation and road type have on the calculation of edge travel time. The Valhalla routing engine (Valhalla, 2024)
appears similar in design to Graphhopper. It offers single-mode routing optimization for a wide set of modes, though a multimodal
routing engine limited to transit/walking is currently in beta version. For single-mode travel, the network edge cost is some function
of travel time. Users can also penalize the edge cost based on elevation and road type, among other factors.

OpenTripPlanner (2024a) is perhaps the most complete in terms of modes offered. Under certain conditions, it can identify
optimal multimodal routes that include public transit, private vehicle, personal bike, bikeshare, shared scooters, carshare, and
walking. We note that bikeshare, scooters, and carshare are only included if the operators provide data for these modes in the
form of the General Bikeshare Feed Specification (GBFS). The ability to include Uber TNC vehicles is currently a sandbox feature
under development, and micro-transit is not considered. OpenTripPlanner returns routes that are optimized by generalized travel
cost, though the precise form of this function is unclear. The function appears to be capable of considering travel time, road safety
for bikers and pedestrians, number of transfers, and elevation, where users can configure specific parameters to adjust the sensitivity
of each travel cost factor.

More recently, Pereira et al. (2021) introduced r5r and r5py, multimodal routing packages implemented in R and Python,
respectively, based on the R5 engine (Conveyal, 2024b). Street segments are characterized by a travel time and monetary cost,
and the biking and walking travel times are adjusted depending on elevation gain. The routing engine also considers a road’s level
of traffic stress, avoiding roads for bikers that exceed a user-defined maximum stress value. To calculate the O-D travel cost matrix,
R5 uses an extended version of the RAPTOR algorithm (Delling et al., 2015), which returns Pareto-optimal routes based on both
monetary cost and travel time. Users can input the maximum monetary cost they are willing to pay such that the route used to
calculate travel time between an O-D is the fastest one that does not exceed the maximum monetary cost. Furthermore, R5 captures
travel time variation within a departure window by calculating the shortest path for all departure times within the window on the
minute-level and then reporting the median (or other percentile) result.
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Table 2
Literature review: multimodal route-finding algorithms and network models.
Study Use case Travel modes Algorithm(s)
Delling et al. (2009) RTRP Personal vehicle, PT, flight, walk Label-Constrained Dijkstra
Zhang et al. (2011) RTRP Personal vehicle, PT, personal bike, walk Dijkstra
Delling et al. (2013) RTRP Personal vehicle, taxi, PT, personal bike, bikeshare, walk Multi-Label Correcting; Multimodal

Multicriteria Round-Based Public
transit Optimized Router

Hrncit and Jakob (2013) RTRP Personal vehicle, TNC, PT, personal bike, bikeshare, walk Dijkstra, A*

Dibbelt et al. (2015) RTRP Personal vehicle, PT, flight, walk Label-Constrained; Dijsktra
Huang et al. (2019) RTRP PT, carpool Dijkstra

This paper Routing analysis Personal vehicle, TNC, carshare, PT, personal bike, bikeshare, Decreasing Order of Time®

scooter, walking, feeder micro-transit

Notes: “RTRP” = real time route planning; “PT” = public transit.
a Algorithm proposed in Chabini (1998).

2.3. Multimodal route-finding algorithms and network models

Central to the proposed methodology is the task of finding the shortest, or least cost, path in a multimodal network. This
paper uses elements of the literature of Table 2 to design a routable multimodal network model. In doing so, this work bridges
the aforementioned literature on accessibility analysis with the body of research related to multimodal route-finding in large-scale
networks. Much of the previous multimodal route-finding research summarized in Table 2 is focused on the process of efficiently
finding optimal paths with respect to the commonly used criteria of travel time and number of transfers. This process-driven research,
which mostly centers on improving algorithmic efficiency, is necessary for the development of mobile applications such as Moovit
and Citymapper that people use for real-time navigation in an increasingly multimodal world (Dimokas et al., 2018). Unlike this
type of routing research, this paper does not concentrate on the algorithmic or runtime efficiency components of pathfinding, nor
does it outline a procedure for finding a multimodal route for many users in real-time. Instead, the research objective is to develop
a tool that can determine optimal paths for individual travelers when multiple modes are available.

2.4. Identified research gaps and opportunities

Reviewing the accessibility literature reveals many independent attempts to consider multiple travel modes, several travel
costs, time-dependency, and individual traveler groups. However, we did not identify research that simultaneously considers all
four elements. Integrating them is non-trivial, as it requires specific network design regarding edges, nodes, and their respective
impedances.

OpenTripPlanner and R5, which enable routing analysis and provide the O-D travel cost matrices that are pivotal to accessibility
calculations, are certainly well-developed in terms of their multimodal and multi-cost capabilities. Still, neither one captures an
exhaustive set of travel mode combinations and the full array of costs. OpenTripPlanner includes bikeshare, scooter, and carshare
only if a GBFS real-time data feed is provided, which neglects cases where these modes exist but the regional operators choose not
to publish real-time location data. Uber can only be added in a sandbox testing environment, and micro-transit is not an option.
Thus, it is not possible to model all trips. One example is a trip that sequentially uses bikeshare and TNC in a city that does not
publish GBFS micromobility data. We also cannot conclusively determine how the generalized travel cost is defined. For example,
it appears that some measure of bike safety is incorporated but the metric itself is unclear.

Upon testing the r5r package interface to the R5 routing engine and examining its source code (Pereira et al., 2024b), we found
that users are required to choose either walking or personal bike as access and egress modes when planning routes with public transit.
An error message indicates that park-and-ride and bikeshare options are currently not supported. Moreover, TNC, carshare, scooter,
and micro-transit are not included as travel modes. This hinders its ability to model feasible trips, such as those that sequentially
use transit and scooter. The r5r package can return Pareto-optimal paths based on travel time and monetary cost, yet its ability to
account for other factors is more limited. Though it considers safety risk by preventing travel along road segments whose level of
traffic stress exceeds a user-defined value, we contend that risk should be defined in a more granular way. Level of traffic stress
is a five-category metric derived from many safety-related factors. Those factors may instead be used directly to define safety for
each road and intersection at the discretion of users. We also observe that r5r does not account for retrospective travel times, an
important consideration for transit riders who make decisions based on historical reliability. In addition, a detailed description of
the network modeling methodology is missing from both packages. The r5r implementation is associated with a short paper that
explains a few of its available functions and use cases (Pereira et al., 2021), while additional information is spread across disparate
sources such as released tutorials, package documentation (Pereira et al., 2024c) and Conveyal’s online manual (Conveyal, 2024a).
The case is similar for OpenTripPlanner, whose functionality is described both on its Github page (OpenTripPlanner, 2024b) and
online documentation manual (OpenTripPlanner, 2024a).

To address these gaps, we introduce an expansive open-source routing tool named NOMAD: Network Optimization for Multimodal
Accessibility Decision-making. NOMAD can identify optimal paths in a multimodal, time-dependent network subject to generalized
travel costs for individual traveler groups. In particular, it accounts for the following elements:
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Table 3
List of notation.
M Set of modes, with the exception of the walking and feeder micro-transit modes, included in the multimodal network
G, Graph associated with travel mode m € M
N, Set of graph nodes associated with G,,
A, Set of graph edges associated with G,,
Ny, Set of street intersection nodes in the drivable network
Ay Set of street segment edges in the drivable network
Ny Set of parking nodes
Apkenx Set of edges that connect parking nodes to their nearest street intersection node in the drivable network
N, Set of street intersection nodes in the bikeable network
A, Set of street segment edges in the bikeable network
N Set of carshare station nodes
Apssenx Set of edges that connect carshare station nodes to their nearest street intersection node in the drivable network
N, Set of fixed-route transit physical stop nodes
N, Set of fixed-route transit virtual route nodes
A, Set of fixed-route transit route edges
Apoara Set of edges from physical stop nodes to associated virtual route nodes (representing the process of waiting and boarding)
Aqtight Set of edges from virtual route nodes to associated physical stop nodes (representing the process of alighting)
Ny Set of bikeshare station nodes
Apss enx Set of edges that connect bikeshare station nodes to their nearest street intersection node in the bikeable network
N, Set of street intersection nodes in the scooter network
A, Set of street segment edges in the scooter network
Ay Set of feeder micro-transit connector edges
A,y Set of transfer edges
Nop Set of origin nodes and destination nodes
AoD enx Set of origin/destination connector edges
W, Maximum network distance between two nodes defining a transfer edge
Won Maximum network distance the two nodes defining an origin/destination connector edge

+ All feasible combinations of an exhaustive set of travel modes: personal vehicle, TNC, carshare, fixed-route public transit,
personal bike, bikeshare, scooter, walking, and feeder micro-transit. Feasibility is achieved through topological network design
and node-based movement costs.

+ Multiple generic travel costs: monetary cost, mean travel time, (un)reliability, crash risk, and discomfort

+ Time dependency: minute-level evaluations

» Heterogeneous traveler groups: differences in cost sensitivities

We specify that our network model allows for paths that allow for any practical combination of the allowable modes. Multiple
traveler disutility factors are incorporated through a generalized travel cost function.

3. Methodology

The proposed process of conducting O-D routing analysis in a multimodal network includes three stages: (1) design a multimodal
network model inclusive of all mobility options, (2) define a generalized cost function and determine the cost of each node and
edge in the network, and (3) find the time-dependent least-cost path between any O-D pair based on traveler characteristics. The
first two steps are described in the remainder of the Methodology section, and the final step is demonstrated with experiments in
Section 4.3. Table 3 specifies the notation used in this paper.

3.1. Multimodal network design

The first step to constructing a multimodal network model is to represent each unimodal transportation network as a graph
consisting of nodes and edges. This work considers an exhaustive set of travel modes: personal vehicle, TNC, carshare, fixed-route
public transit, personal bike, bikeshare, scooter, walking, and feeder micro-transit. The set of all modes, with the exception of the
walking and feeder micro-transit modes, included in the multimodal network is denoted by M. The unimodal network for each
travel mode m € M is separately represented by a graph G,, = (N,,, 4,,), where N,, and A,, are the set of graph nodes and edges,
respectively, associated with mode m.

Although all unimodal networks exist physically on the same plane, they must be modeled individually as graphs and
connected by transfer edges to support multimodal route-finding (Zhang et al., 2011). Transfer edges join the unimodal graphs
at relevant nodes where transfers among modes can feasibly take place, which results in a single routable multimodal graph,
or “supernetwork” (Carlier et al., 2002; Liao et al., 2010; Zhang et al., 2011). Origin/destination connector edges connect the
origin/destination nodes to the unimodal graphs, representing a trip’s network ingress/egress, respectively. The walking and feeder
micro-transit networks are associated with precomputed transfer edges and origin/destination connector edges; hence, they are not
modeled explicitly by their own graphs.

The subsequent section explains the process of constructing each unimodal graph G,, for m € M. For visualization, we show a
toy transportation network in Fig. 1 and its associated unimodal graph models in Fig. 2.
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—— street edge - bikeable
—— street edge - non-bikeable
----- feeder micro-transit service area
® street intersection node (i)
@ parking (pk)
@ carshare station (cs)
°
[ J

bikeshare station (bs)
physical stop (ps)
origin (org) / destination (dst)

Fig. 1. A toy transportation network comprised of 8 street intersection nodes and 20 directional street segments, in addition to other important nodes such as
carshare stations, parking spots, bikeshare stations, and transit stops. Feeder micro-transit also operates within a service area.

3.1.1. Unimodal graph models

The graph topology of each mobility option is discussed below:

Personal Vehicle. The personal vehicle network is modeled by a graph, Gpersonal vehicle = (Nars Npi> Agrs Aprcnx)> TEPrESenting the
drivable street network as well as parking locations. Street intersection nodes, N,,, comprise the graph’s core set of nodes, which
are connected by street segment edges, A,,. A bidirectional parking connector edge in the set 4, ., joins each parking node in the
set N, to the nearest street intersection node in the set Ny,.

TNC. The TNC graph, Gne = (N, Ay,), models the drivable street network. It is assumed that riders can enter or exit a TNC
vehicle at any node in the network. If there is a designated pickup/drop-off point, it can be treated as a separate node. The waiting
time for a TNC vehicle is embedded in the cost of transfer edges and origin connector edges. These edges represent transfers and
ingress to the TNC network.

Carshare. Commuters using a carshare vehicle, which must be picked up at a carshare station, use the drivable network along
with parking nodes for any intermediate parking. Thus, the carshare network is modeled as G ysnare = (Ngps Nps Negss Ay Apk e
A_gs.enx)- In this model, N specifies the set of all carshare stations and A, .,, denotes the set of bidirectional connector edges
that join the each station in the set N, to its nearest street intersection node in the set N,,.

Fixed-Route Public Transit. The fixed-route public transit graph, Gupiic ransic = (Npss Nrts Apoaras Aatighes Ar)s is modeled by the time-
dependent graph presented in Ni et al. (2015). The time-dependent model of public transit was selected over the time-expanded
model for its smaller size and easier integration with other unimodal graphs (Pyrga et al., 2008). In this graph, there are two sets
of nodes: the physical stop node set, N, and the route node set, N,,. A physical stop node represents a physical location in the
network where a bus (or subway, train, ferry, etc.) stop exists. A route node is a virtual node tied to stop node, representing a
specific directional transit line associated with the stop node. Since more than one transit line can pass through one physical stop,
each stop is linked to one or more route nodes. In Fig. 2, transit routes A and B both pass through physical stop 5.

The graph Gppiic ransic D1as three types of edges. A route traversal edge in the set A,, connects two route nodes if their associated
physical stops are consecutive stops for a specific transit line. For example, physical stops 3 and 5 are consecutive stops for transit
route A; hence route nodes 3 A and 5 A are connected by a route edge. An edge from a physical stop node to a route node, which
is an element of the set 4,,,,,, represents the cost of waiting and boarding. Waiting time cost reflects the difference between the
next vehicle arrival time and one’s arrival time at the stop. An edge from a route node to a physical stop node, which is an element
of the set A,;,,., represents the cost of alighting. It is possible to change routes at one physical stop by using an alighting edge tied
to one route node and a boarding edge tied to a different route node. This is demonstrated in Fig. 2 by the allowable transfer from
transit route A to transit route B via physical stop 5. As seen in the supernetwork of Fig. 3(a), the model can also capture walking
transfers, such as the one between physical stops 2 and 4, to be discussed in Section 3.1.2.

Personal Bike. The personal bike graph, G sonaibike = (NVj 4p), models the region’s biking network, which includes any street
segments permissible to bikes and bikeable sidewalks or trails. These segments can be determined by city rules (e.g., roads with a
speed limit less than or equal to 35 miles per hour).

Bikeshare. The bikeshare graph, Gyiyeshare = (Np> Npgss Aps Apgs cnx)> consists of bikeable street edges in addition to any bikeshare
station nodes and their connector edges. The station nodes represent the locations where travelers can pick up or drop off a shared
bike. We assume that the supply of shared bikes is always sufficient to meet demand. A bidirectional bikeshare connector edge joins
each station node in the set N, to its nearest neighbor bikeable street intersection node in the set N,, similar to how parking and
carshare station connector edges are constructed.

Scooter. The scooter network, represented by the graph G oer = (N4, Ay.), is a subset of the biking network that is permissible to
scooters. City regulations determine which street segments are included in the subset. For example, some city regulations maintain
that scooters can only be used on streets with a speed limit less than or equal to 25 miles per hour. Unlike shared cars or bikes,
scooters may be left in any valid scooter parking spot in the network. Consequently, it is not possible to model exact locations of
scooter pickup and drop-off nodes. Nor is it necessary to identify these exact points, since this modeling framework is designed
for planning purposes as opposed to real-time navigation. Instead, data can be used to estimate the distance distribution from
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TNC
—— street edge
e street intersection node (i)

Public Transit

— route edge

—— boarding/alighting edge
e route node (rt)
e physical stop (ps)

Scooter

@

—— street edge - scooter
e street intersection node - scooter (s)

Fig. 2. The unimodal graph model for each travel mode m € {personal_vehicle, TNC, carhare, public_transit, personal_bike, bikeshare, scooter }.

any network node to the nearest scooter. This estimation process, which is embedded in the procedure for building transfer and

origin/destination connector edges, is explained in Section 3.1.2.

Walking. The walking network is not explicitly modeled as its own unimodal graph; only precomputed “shortcut” walking edges
are included. A shortcut edge between two nodes represents the shortest path between them, which our model approximates as the
network distance between the nodes. The network distance between two nodes is estimated as their Haversine distance adjusted by
a circuity factor that relates Euclidean distance to network distance. A study by Giacomin and Levinson (2015) provides average
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Table 4
Permitted mode changes.

Mode 1 Mode 2

Public transit Public transit

g
Public transit < Bikeshare
Public transit - TNC
Public transit - Personal bike
Public transit < Scooter
Public transit < Carshare
Public transit - Personal vehicle
Public transit P Feeder micro-transit
TNC < Bikeshare
TNC < Carshare
TNC - Scooter
Personal vehicle < TNC
Personal vehicle < Bikeshare
Personal vehicle - Scooter
Bikeshare < Scooter
Bikeshare P Carshare
Bikeshare < Feeder micro-transit
Scooter P Carshare
Carshare < Feeder micro-transit
Walk - Any mode

circuity factors for 51 metropolitan areas, and it has also been shown that Euclidean and Haversine distances are approximately
equal for small distances (Maria et al., 2020). We acknowledge that this modeling decision may introduce error in cases where two
nodes are not easily reachable within the walking network, such as when they are separated geographically by a body of water or a
highway. A future development could incorporate the full walking network depending on the availability of granular sidewalk data.
Walking edges include the following: (1) transfer edges in the set 4,, that define transfers between two nodes in different unimodal
networks (see Section 3.1.2), and (2) origin/destination connector edges in the set Ay, that define network ingress and egress
(see Section 3.1.3). This approach mimics that of Ye et al. (2021).

Feeder Micro-transit. We define feeder micro-transit as a demand-responsive service that operates within a zone to connect people
to/from fixed points in the network. Physical transit stops, bikeshare stations, carshare stations, origins, and destinations are the
fixed nodes considered for this task. The feeder micro-transit network is incorporated into the supernetwork model in a manner
similar to the walking network. First, the service zones are defined. Then, directed edges connecting any two relevant fixed nodes
in the zone are added. These edges form the set 4,,.

Other Modes. As cities introduce other mobility modes, they can be added to the network model. These include flex-route transit
and e-bikes. Flex-route transit is a combination of fixed-route and demand-responsive transit, where a vehicle makes required stops
at designated checkpoints but can deviate from the general route to collect passengers in the service area (Zheng et al., 2019). This
can be modeled as somewhat of a “hybrid TNC” network, where designated pickup/drop-off nodes complement the rest of network’s
flexible pickup/drop-off nodes. The onset of e-bikes could lead to the introduction of two separate graphs: an e-bike bikeshare graph
and an e-bike personal bike graph. These graphs would replicate the bikeshare and personal bike graphs topologically, but their
edge costs would be different.

3.1.2. Transfer edges

After modeling each unimodal network as a graph, transfer edges are created to connect them (see Fig. 3(a)). The process is
necessary so that is possible to construct a path that crosses different unimodal graphs. Transfer edges that form the set A,, are
directional and assumed to be traversed by walking. Nodes in a unimodal graph where a mode change may take place are called
switch points, following the approach of Liu (2010). If the switch point is at a predetermined location (e.g physical bus stop,
bikeshare station, parking node), it is denoted as a “fixed pickup” or “fixed drop-off”’ node; if the switch point changes depending
on the traveler’s needs (e.g., TNC pickup/drop-off, scooter pickup/drop-off), it is denoted as a “flexible pickup” or “flexible drop-off”
node. Each transfer edge is constructed by joining a switch point in one unimodal graph to a switch point in another.

Building transfers efficiently requires the specification of constraints on allowable changes between travel modes. Table 4
enumerates the plausible mode changes, where the arrows indicate the direction of the change. This list of allowable changes
between modes is based on practical considerations. One such assumption is that travelers using a carshare vehicle can switch from
the carshare mode to another mode only after leaving the vehicle in a parking zone. In addition, changing modes from personal
bike to public transit is enabled by the presence of a bike rack on a bus. It is also assumed that safe intermediate bike parking is
not available and bike racks do not exist on other vehicles. This implies that travelers who ride their personal bike on any part of
a path can only use a combination of the personal bike, public transit, and walking networks.

Transfer edges are constructed according to the process of Algorithm 1. The network model, like the one proposed by Fan et al.
(2022), assumes that travelers are willing to walk a distance less than or equal to W,, when transferring modes. The implication
is that, for each fixed drop-off node in a unimodal network, there exists a “walking catchment zone” (WCZ) that contains all
surrounding pickup nodes within a network distance of W,,. Transfer edges are constructed between the fixed drop-off node and
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Algorithm 1 Construct transfer edges

Identify M, the set of modes characterized by flexible pickup nodes
Identify M,, the set of modes characterized by flexible drop-off nodes

Identify N,, the set of fixed drop-off nodes in all unimodal graphs
for n; € N; do
m; < mode associated with n,
C, « set of nodes whose distance from n, is less than or equal to W,
Identify set of fixed pickup nodes N, C C,;
for n, € N, do > fixed drop-off to fixed pickup transfers
m, < mode associated with n,
if mode change permitted from m, to m, then
Construct transfer edge from n, to n,
end if
end for
for m, € M, do > fixed drop-off to flexible pickup transfers
if mode change permitted from m; to m, then
n, « flexible pickup node in G, nearest to n,
if n, € C, then
Construct transfer edge from n, to n,
end if
end if
end for
end for

Identify N;, the set of fixed pick-up nodes in all unimodal graphs
for n; € N; do
my < mode associated with n;
C; « set of nodes whose distance from n; is less than or equal to W,
for my € M, do > flexible drop-off to fixed pickup transfers
if mode change permitted from m, to m; then
ny < flexible drop-off node in G,,, nearest to n3
if n; € C; then
Construct transfer edge from n, to n;
end if
end if
end for
end for

each fixed pickup node within its WCZ, provided the mode change is permitted. This approach contrasts with Li et al. (2020), who
assume that passengers always choose to transfer from a facility (e.g. bus stop, bikeshare station, etc.) in one unimodal network
to the nearest facility in another. Our method does not impose such an assumption, allowing for routes in which travelers walk to
farther facilities to complete a transfer if deemed optimal by the shortest path algorithm. This may occur in cases when the disutility
of waiting for transit at one stop is higher than the disutility of walking to the next stop. For flexible drop-off nodes in the TNC,
personal bike, and scooter unimodal graphs, no such WCZ exists. The reason is that travelers would logically always choose the
flexible drop-off node nearest the next pickup node they desire to use. Thus, if the transfer is allowed, a transfer edge is constructed
from the flexible drop-off node nearest to each fixed pickup node. The reverse situation is also true, such that transfers are built
from fixed drop-off nodes to the nearest flexible pick-up node.

Our approach to building transfer edges is modeled after Delling et al. (2009), who precompute distances between two nodes that
could feasibly define a transfer. We apply this same principle, thereby reducing the size of the multimodal graph by removing the
walking network that is used for modal transfers. In some previous research, transfer edges are created by joining switch points in
one unimodal graph to their nearest neighbor in the walking network (Dibbelt et al., 2015; Zhang et al., 2011). Constraints relating to
the mode sequence are then enforced at runtime by using a specific label-constrained algorithm or only a subset of unimodal graphs.
The approach in this paper is different because transfer edges, in conjunction with node costs, embed mode sequence constraints.
This eliminates the need to use a label constrained shortest path algorithm. Instead, we can use the Decreasing Order of Time
algorithm (Chabini, 1998) to find the shortest path between an O-D for all departure times with a single algorithm run, which has
superior computational efficiency in large-scale networks.

One limitation of the network topology model is its handling of transfers to and from the personal bike graph Gsonai pike- The
reason is that, per Table 4, transfers are permitted from the personal bike mode only to the public transit mode, but transfers from
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the public transit mode are permitted to any other mode m € M. This scenario creates an issue where it is possible that a path
sequentially uses the personal bike, public transit, and TNC modes, for example. However, this path is not sensible because a personal
bike cannot be stored on a TNC vehicle. One solution is to run the shortest path algorithm separately on two supernetworks: (1) one
that includes all modes m € M except the personal bike mode, and (2) one that includes only the personal bike and public transit
modes. The path with the lower generalized cost between these two options is then selected as the optimal path. Alternatively, we
could assume that intermediate bike parking exists at various points in the network. In this case, we would permit transfers between
the personal bike mode and all other modes. A path that sequentially personal bike, public transit, and TNC modes would thus be
allowed.

3.1.3. O/D connector edges

The set of origin and destination nodes is denoted by N . Each origin/destination is connected to pickup/drop-off nodes in
the unimodal graphs by O/D connector edges, respectively. The set of O/D connector edges, denoted by A, ., represents a trip’s
ingress to/egress from the multimodal network (Fan et al., 2022).

The procedure to create O/D connector edges is similar to the process of creating transfer edges. To build origin connectors, a
WCZ around the origin is constructed. The origin’s WCZ contains the set of pickup nodes whose network distance from the origin
is less than or equal to Wy, . An origin connector edge is then added from the origin to each fixed pickup node within the WCZ.
For a graph with flexible pickup nodes (e.g., TNC, personal bike, scooter), a single origin connector edge joins the origin to the
nearest flexible pickup node in the graph. This full process is repeated for destination connector edges, with edges instead added
from fixed/flexible drop-off nodes to the destination node.

3.1.4. Feeder micro-transit connector edges

For completeness, we repeat here that directed feeder micro-transit connector edges join any two relevant fixed nodes in the
feeder service zone. These edges form the set A,,. The fixed nodes connectable by feeder micro-transit are physical transit stops,
bikeshare stations, carshare stations, the origin, and the destination.

3.1.5. Supernetwork
The multimodal graph G,,,, is defined as the union of all unimodal graphs, transfer edges, origin and destination nodes, O/D
connector edges, and feeder micro-transit connector edges:

GMM = U Gm U Atx U NOD U AOD.cnx U Amt (1)

memM
Fig. 3(a) displays an example supernetwork with mode set M = {TNC, public_transit, bikeshare}, based on the original network
shown in Fig. 1. We display a smaller mode set for visualization clarity. The walking and feeder micro-transit modes are included
via precomputed transfer edges, O/D connector edges, and feeder micro-transit connector edges. The supernetwork of Fig. 3(a) is
routable, meaning that it is possible to find a connected route that starts at the origin and ends at the destination. Specifically, the
supernetwork permits multimodal paths, such as the one shown in Fig. 3(b).

3.2. Cost assignment

After defining the graph topology of the supernetwork, a time-dependent travel disutility is assigned to each edge and node.
However, it is important to note that the topology is still independent of any learned disutility function. The total disutility of
travel, also named the generalized travel cost, is estimated by the weighted sum of mean travel time, monetary cost, (un)reliability,
risk, and discomfort. (Un)reliability will herein be referred to as “reliability.” The step of assigning generalized travel costs to the
multimodal network precedes any routing analysis.

3.2.1. Generalized travel cost function

The proposed method defines a generalized travel cost function for each edge that is a combination of five time-dependent
decision attributes: monetary cost, mean travel time, reliability, crash risk, and discomfort. This function is designed to encapsulate
interpretable and measurable factors that have been shown to influence traveler behavior (Vredin Johansson et al., 2006). In
Section 4.2, we explain the data gathering procedure for each attribute.

The generalized travel cost, GTC, (), of an edge e as a function of edge entry time ¢ is given by Eq. (2):

GTC,(t) = Py - X + Pr - T )+ B, - L) + B - () + Bp - P (1) @)

where ¢ (1), ceT(l), @, cé‘(t), cf (1) denote the monetary cost, mean travel time, reliability measure, crash risk measure and perceived
discomfort measure of edge ¢ when entering the edge time ¢, respectively.

In the generalized cost function of Eq. (2), each of the five cost factors is weighted by a f parameter to account for heterogeneity
across traveler groups (Du and Wang, 2014). These parameters can be interpreted as the dollar value that a person assigns to a single
unit of the corresponding cost factor. The parameter g, thus takes on the unitless value of 1, while f; has units of dollars per time
unit and is representative of a person’s value of average travel time. The f parameters can be determined based on the specific
population group under consideration or the goals of the transportation planner, and our implementation allows for such flexibility.
For example, a planner interested in bike safety may choose to give a higher weight to g, to identify more favorable routes for
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TNC

Public Transit —— unimodal graph edge

transfer edge
- OID connector edge
»»»»»»» feeder micro-transit connector edge
e street intersection node (i)
e street intersection node - bikeable (b)
e physical stop (ps)
e route node (rt)
e bikeshare station (bs)
origin (org) / destination (dst)

Bikeshare

(a) The supernetwork model for m € {TNC, public_transit, bikeshare}, one origin, and one destination. The walking and feeder micro-transit modes are included
via precomputed transfer edges, O/D connector edges, and feeder micro-transit connector edges. The unimodal graphs are slightly offset for visualization purposes since
they physically overlap.

TNC

—— unimodal graph edge

transfer edge

O/D connector edge

feeder micro-transit connector edge
street intersection node (i)

street intersection node - bikeable (b)
physical stop (ps)

route node (rt)

bikeshare station (bs)

origin (org) / destination (dst)

Public Transit

Bikeshare

(b) A multimodal path (bolded) consisting of bikeshare, public transit, and walking (for transfer and O/D connector edges).

Fig. 3. An example supernetwork and permissible multimodal path.

cyclists. A planner may also choose to assign a higher value of time f; when evaluating route options during commuting hours as
opposed to off-peak hours.

The monetary cost of an edge, ¢ (), is calculated as the sum of the fixed and operational fees (per-minute and/or per-mileage
fees) required to use the edge. Fixed transit fares are counted only once since they are stored within transit boarding edges. Similarly,
fixed scooter-unlock fees and TNC base fares are embedded within origin connector and transfer edges directed toward the scooter
and TNC unimodal graphs, respectively. Traversal edges store the edge’s corresponding minute- and/or distance-based operational

fees.
Mean travel time, c7 (1), is defined as the day-to-day average travel time (inclusive of both waiting and traversal time) required

by an edge e at entry time 7. Eq. (3) provides the calculation:

/

T(I) i’ ife € Ab’ Abss,cnx’ A:c’ Atx’ AOD,cnx (3)
C =
e I .

ae(te)-se ’ ife € Adr’ Apk,cnx’ Acss,cnx’ Amt

where /, is the length of edge e and s, is the free-flow speed of the mode associated with edge e. For edges associated with active
mode graphs (e.g., personal bike, bikeshare, scooter, walking), the free-flow speed is given by the mode’s average movement speed,
which is based on previous research (Jensen et al., 2010; Almannaa et al., 2021; McCrum et al., 2019). The free-flow speed of
active mode edges is assumed to persist throughout the day, regardless of traffic conditions. We do not consider the effect of terrain
elevation on micromobility speeds, though such analysis could feasibly be conducted in future work. For edges associated with
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non-transit vehicle mode graphs (e.g., personal vehicle, TNC, carshare), the free-flow speed is the edge’s speed limit. The free-flow
speed of non-transit vehicle mode edges is assumed to vary throughout the day in accordance with traffic flow. Thus, the free-flow
speed of these edges is adjusted by an edge-specific time-of-day multiplier, «,(r), which can be calibrated on the level of road class
using intraday vehicle speed data (provided by INRIX, HERE, TomTom, or Google Maps, for example).

We clarify that network edges involving the public transit mode are not represented in Eq. (3) since waiting and in-vehicle times
are determined by the General Transit Feed Specification (GTFS) schedule. The average waiting time associated with a boarding
edge in the set A4,,,,, reflects the difference between the next vehicle arrival time per the schedule and one’s arrival time 7 at the
stop. The average in-vehicle time associated with a route edge in the set A,, is extracted from the schedule. Alighting edges in the
set A,y are assigned a travel time representative of the typical time to alight a transit vehicle. To account for systematically high
traffic times, we also adjust the average waiting and in-vehicle time by the multiplier «,(f) depending on edge entry time ¢.

Researchers have proposed a variety of metrics to measure travel time reliability that reflects day-to-day variation (Pu, 2011).
We choose an edge’s 95th percentile travel time, denoted by c/(#), for the reliability metric since it is easily interpretable. An edge’s
95th percentile travel time is estimated as the product of its mean travel time ceT(t) and a scalar multiple 4,(r) that relates the two
values:

(B = 2.0 - ] (1) (€))

For edges associated with vehicle mode graphs (e.g., personal vehicle, TNC, carshare, public transit), 4,(¢) can be calibrated on the
level of road class using probe vehicle speed data that provides intraday travel time variation. It is indeed possible to calculate 4,(r)
on the edge-level, though such detailed data may be difficult to obtain. Transit on-time performance data can be used to estimate
A.(¢) for boarding edges in the set A, that embed waiting time. We assume that travel time does not vary for edges associated
with active mode graphs (e.g., personal bike, bikeshare, scooter, walking); this implies that A,(r) for active mode edges is 1, and
both the 95th percentile and mean travel times of these edges are equivalent.

Regarding the relationship between ceT (#) and ¢/ (t), we note that they are indeed correlated. Thus, the relative weighting between
pr and p, is important in determining to what degree the specific traveler group prioritizes average travel time over the 95th
percentile travel time, and vice versa. It is certainly possible to keep only one of the attributes by assigning a zero value to the p
parameter associated with the other attribute. A transportation planner could also adopt a different definition of reliability, such as
the 75th percentile or 85th percentile travel times. Our model and its implementation allow for such flexibility.

Following common practice in safety engineering (DiGioia et al., 2017), an edge’s risk measure cé‘(t) is defined as its crash risk at
time 7. The crash risk along an edge e is estimated as the predicted daily count of vehicle crashes on the edge, adjusted by two scalar
multipliers: (1) k,, the national crash rate of the mode associated with edge e relative to the national vehicle crash rate according to
National Household Travel Survey data (Beck et al., 2007), and (2) F,, a crash modification factor (CMF) between zero and one that
accounts for bikeway infrastructure along the edge. The CMF depends on the type of bikeway infrastructure. CMFs are available
from a previous study (Dadashova, 2022). Eq. (5) provides the risk calculation:

Fy=ck =5, k- F, &

where j, is the predicted daily count of vehicle crashes along edge e according to a Poisson regression model. The reason this model
predicts vehicle crashes instead of bicycle, scooter, or walking crashes directly is due to more reliable reporting of vehicle incidents.
This paper assumes a crash risk model of the form log(y,) = fy + 6, - I, + B, - rc, + By - s, + €,, where y, is the expected value of the
edge’s crash count, /, is the edge’s length, rc, is the edge’s road class, and s, is the edge’s speed limit. The crash risk of an edge
is assumed to be time-independent, though it is theoretically possible to construct the regression on a time-of-day level of detail.
The p parameters of the regression, which are distinct from the parameters of Eq. (2), are estimated by observed vehicle crash data
specific to the study area.

A discomfort metric is also included in the generalized travel cost to account for discrepancies in physical effort by travel mode.
We conceptualize the discomfort index as a mode-specific preference value that reflects the difficulty or inconvenience associated
with a particular mode, based on previous research indicating that user mode preference is a notable factor in path selection (Liu
et al., 2021; Yang et al., 2024). The discomfort of an edge e is defined by its perceived physical discomfort, which is measured by
the edge’s length multiplied by a physical discomfort index d,, shown in Eq. (6):

diy=cl=d, I, (6)

The discomfort index d, depends on the mode associated with edge e. To derive index values, we normalize the results of a
previous work’s survey that asked participants to state the mode choice of their daily commute and rate the physical effort
required (Gatersleben and Uzzell, 2007). We acknowledge that calibrating these values using more advanced models could be the
subject of future work.

For a more detailed presentation of the data used to calibrate and assign parameters used by Egs. (3), (4), (5), and (6), see
Tables 5 and 6 in Section 4.2.

3.2.2. Costs of transfer edges, O/D connector edges, and feeder micro-transit connector edges

Transfer and O/D connector edges are traversed by walking. As described in Section 3.1.1, each of these edges represents the
shortest walking path between the two nodes that define the edge. The length of the shortest path is estimated as the Haversine
distance multiplied by a circuity factor that relates Euclidean distance to network distance (Giacomin and Levinson, 2015). The
pedestrian crash risk of these walking edges is estimated by assuming values for road class and speed limit. Then, we can calculate
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Table 5
Specification of mode-dependent parameters used for Pittsburgh case studies.
Mode of edge e Monetary cost Speed s, Crash risk index k, Discomfort index d,
Public transit $2.75/ride + $0.00/min + $0.00/mile N/A? 0.19 1.66
Bikeshare $0.00/ride + $0.125/min + $0.00/mile 14.5 km/h 1.81 2.43
Scooter $1.00/ride + $0.39/min + $0.00/mile 10.0 km/h 1.81 2.43
Carshare $0.00/ride + $0.183/min + $0.00/mile Speed limit 1.0 1.0
TNC $6.67/ride® + $0.19/min + $1.12/mile Speed limit 1.0 1.0
Walk $0.00/ride + $0.00/min + $0.00/mile 4.7 km/h 0.28 2.13

a Speed not needed because travel time gathered from GTFS schedule.
b Reflects the base fare, booking fee, and a minimum fare buffer.

Table 6

Specification of additional parameters used for Pittsburgh case studies.

Parameter Value
Parking length of time 8 hours
Parking expense per hour $2.50/h
CMF, protected bike lane 0.425
CMF, unprotected bike lane 0.554
CMF, trail 0.425
CMF, bikeable sidewalk 0.554
Transfer inconvenience cost 2 min
TNC average waiting time 6 min
TNC 95th percentile waiting time 12 min
W, 0.50 miles
Wop 0.60 miles

the cost attributes of these edges using Eq. (3), (4), (5), and (6). A travel time-based inconvenience cost is also added to each transfer
edge to penalize transfers.

The length of each feeder micro-transit connector edge is estimated in the same way. Assuming the availability of historical data
on micro-transit trips such as that provided by Liezenga et al. (2024), we can estimate the mode’s average speed and also evaluate
a reliability metric. Waiting time is embedded within the travel time. To calculate crash risk, we assume a single road class value
for each edge.

3.2.3. Node costs

In addition to edge costs, the model incorporates movement-based node costs. Node costs are imposed to either penalize or
benefit movement from one edge to another edge via a specific node. We can account for fee-less or discounted transfers in this
way. Consider the toy supernetwork shown in Fig. 3(a) and assume that transit requires a fixed fare of $2.75. This fare is included
within all boarding edges (those directed from a physical stop to a route node). To ensure free transfers within the transit network,
we add node costs to physical stop nodes if the incoming edge is an alighting edge and the outgoing edge is a walking transfer edge
leading towards another physical stop node. For example, we implement $-2.75 on node ‘ps5’ if the incoming edge is (‘rt5B’, ‘ps5’)
and the outgoing edge is (‘ps5’, ‘ps3’). This $-2.75 value negates the positive $2.75 fare associated with the boarding edge (‘ps3’,
‘rtA’). Hence, the path (‘org’, ‘ps1’, ‘rt1B’, ‘rt5B’, ‘ps5’, ‘ps3’, ‘rt3A’, ‘rt5A’, ‘rt4A’, ‘dst’), which uses transit route A and transit route B
with a transfer between physical stops 5 and 3, has a summative fare of $2.75. We note that one shortcoming with this approach is
that we cannot properly account for fee-less transfers along paths that sequentially use transit, some other mode, and transit again.
The fixed fare associated with boarding edges would be counted twice in these cases.

Conversely, positive node costs restrict transfers between two modes, which is of particular importance for modeling route
options of groups such as disabled individuals who cannot use active modes. Demonstrating this case on Fig. 3(a), we can implement
arbitrarily high node costs on the bikeshare station nodes if the incoming edge is a transfer or origin connector edge and the outgoing
edge is a bikeshare graph traversal edge. This will effectively constrain transfers to the bikeshare network.

Positive node costs can also prohibit the usage of two consecutive transfer edges to constrain sequential walking segments whose
cumulative length exceeds W,,. This additionally imposed cost for walking edges may be trivial in practice since excessive walking
is unlikely to be selected over an efficient alternative mode.

3.3. O-D routing analysis

After assigning costs and f parameters, we use the multimodal network to conduct routing analysis. This entails measuring
the shortest path between an O-D pair, where “shortest” in this context means the lowest generalized travel cost. We extract the
generalized travel cost, along with the monetary cost, mean travel time, reliability, crash risk, and discomfort cost attributes from
the identified optimal path. These attribute values can subsequently be used in accessibility calculations.

The time-dependent shortest path necessary for this analysis is found with the Decreasing Order of Time algorithm presented
in Chabini (1998). This algorithm was selected because it outputs the shortest path for all departure times with a single algorithm
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Fig. 4. A map display of the study area shown against the backdrop of all the neighborhoods in Pennsylvania’s Allegheny County. The first three case studies
focus on the Wilkinsburg-Central Oakland and Hazelwood-Central Oakland O-D pairs.

run and high computational efficiency. Its implementation in the MAC-POSTS Python package is available on Github (Ma et al.,
2024) and detailed in Ma et al. (2020).

4. Experiments and results

To illustrate potential use cases of the proposed model and method, we conducted four case studies in Pittsburgh, PA during the
morning period of 7:30 AM to 8:30 AM. The first three experiments are sensitivity analyses that reveal the effects of the following
model elements on the shortest path between selected O-D pairs: (1) minute-level departure time, (2) g (value of mean travel time)
in Eq. (2), and (3) usage pricing of shared scooters. The first experiment also compares the path selected by NOMAD versus the path
selected by r5r. In the fourth case study, we calculate the cumulative opportunities metric of accessibility for all origins in a public
transit/walking supernetwork versus a public transit/bikeshare/walking supernetwork. Importantly, we do not claim that the routes
deemed optimal by NOMAD are in fact what travelers select; instead, we state only that these routes are theoretically optimal given
the assumed generalized cost function, assumed traveler cost sensitivities, and data with which the model is calibrated.

4.1. Study context

The method was demonstrated on the transportation network of 19 demographically-different neighborhoods in Pittsburgh, PA.
The study area is depicted in Fig. 4. In the Pittsburgh region, Zipcar runs the carsharing service, POGOH operates the bikeshare
system, Spin managed the scooter fleet from 2021-2023, Uber and Lyft operate TNC vehicles, and Pittsburgh Regional Transit acts
as the public transit agency. The city does not yet have a feeder micro-transit service.

In 2021, the City of Pittsburgh’s Department of Mobility and Infrastructure launched a MaaS pilot called Move PGH with
the intention of facilitating multimodal travel and encouraging shared mobility (City Of Pittsburgh, 2022). Move PGH leveraged
public—private partnerships to expand and integrate shared vehicles, bicycles, and e-scooters with the city’s public buses through
on-street “Mobility Hubs” and a trip-planning app called Transit. The Move PGH initiative was designed to facilitate safe, affordable,
and reliable non-vehicle travel for all households. Policymakers at the Department of Mobility and Infrastructure can use the
network model to evaluate multimodal connectivity and conduct accessibility analysis. This can inform decisions on future network
investments.

We included all shared modes (e.g., public transit, bikeshare, scooter, TNC, carshare) and the walking mode in the supernetwork
model to replicate Pittsburgh’s MaaS system. The personal vehicle and personal bicycle networks were consequently excluded in
all test cases. The feeder micro-transit mode was also excluded since the city does not yet operate this service. Furthermore, we
assumed that travelers are able-bodied and can use active modes of transportation. These assumptions are not required, though they
are appropriate for the context of Move PGH.
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4.2. Network settings and data

The study area’s driving and biking networks were extracted from Allegheny County’s street centerlines GIS data hosted on
the Western Pennsylvania Regional Data Center (WPRDC). WPRDC also provided locations of bikeshare stations, bike lanes, and
parking meters. For modeling simplicity, the parking nodes were consolidated into one representative node per parking zone,
represented by the average location of a parking meter within a zone. The parking price for Zipcar users in our case studies was
estimated as $2.50 per hour for 8 hours, totaling $20 for a workday. Locations of carshare stations were found by querying Google
My Maps for Zipcar locations, since a dataset was not readily available. GTFS provided public transit stop locations and route
schedules.

In total, the study area consists of 641 km of physical streets, 20 bikeshare stations, 1108 public transit stops, 93 directional bus
routes, 10 carshare stations, and 1224 parking meters, as shown in Fig. 4. The full supernetwork, inclusive of all traversal, transfer,
and O/D connector edges, has 18,789 nodes and 162,669 edges. A large share of these edges are transfer edges between transit
stops.

As described in Section 3.2.1, the five cost attributes used to determine an edge’s generalized travel cost are monetary cost, mean
travel time, reliability, risk, and discomfort. Assigning these cost attributes to the edges required the specification and calibration
of several parameters, which are reported in Tables 5 and 6. Usage prices for a Zipcar vehicle, POGOH bikeshare, SPIN scooter,
and Pittsburgh Regional Transit bus ride were gathered from the respective company and agency websites to establish an edge’s
monetary cost. TNC prices were obtained by querying various Pittsburgh O-D pairs in the Uber app and viewing the price breakdown
by per-minute, per-mileage, and booking fee. Speed data for active modes was gathered from previous research (Jensen et al., 2010;
Almannaa et al., 2021; McCrum et al., 2019). To determine the effects of intraday and inter-day traffic conditions on speed, we used
INRIX data. This data contained speed and travel time data at five-minute intervals for various road segments in the study area.
GTFS provided public transit schedules, which were used to estimate mean travel time for transit edges. The 95th percentile waiting
time for a transit line at a given departure time was estimated as the scheduled waiting time at the given departure time plus half
of the average headway for the specific transit line. We acknowledge that this estimation is simplified due to limited availability
of retrospective data. Future work may consider acquiring necessary data and adopting the methods proposed by Liu et al. (2023)
or Braga et al. (2023) for a more accurate calculation of the 95th percentile waiting and in-vehicle time of transit edges. Wang and
Mu (2018) provided the TNC average waiting time estimate of 6 minutes. The 95th percentile TNC waiting time was assumed to be
twice the average waiting time. We gathered two years of observed vehicle crash data in the study area from WPRDC to calibrate the
vehicle crash prediction model. For an edge’s mode-specific crash index, we used National Highway Traffic Survey data presented
by Beck et al. (2007). Crash modification factors were provided by Dadashova (2022), and the physical discomfort indices were
gathered from survey data presented by Gatersleben and Uzzell (2007).

The walking transfer distance W,, and the O/D connection edge length W, were set at 0.50 miles and 0.60 miles, respectively,
based on a study by El-Geneidy et al. (2014) that explored commuters’ actual walking distances to their first transit stop. The value
of 0.60 miles corresponds to the 95th percentile walking distance to the first stop and hence is a conservative estimate for W,_,. We
decreased the value of W, to 0.50 miles assuming that travelers are willing to walk slightly less to transfer modes during their trip.
Additionally, a 2-min inconvenience cost was added to each transfer edge’s walking travel time as a soft penalty for transfers.

In the supernetwork model, a simplification is made where a transfer from a fixed drop-off node in a unimodal graph to the
scooter graph occurs at the nearest scooter node in the scooter graph. This simplification ignores the fact that shared scooters are
not always available at every intersection. If the model were used for real-time trip planning, a real-time API would be required to
determine the actual nearest scooter location. However, for general accessibility analysis, we need only to estimate the generalized
travel cost of the transfer edge leading to the scooter network. This involves estimating the average and 95th percentile distance
from each fixed drop-off node to the nearest scooter based on historical observations. Since we lacked historical data, we generated
a distance distribution by simulating historical observations. This process entailed uniformly randomly placing 1000 scooters in the
study area over 30 days. The choice of 1000 scooters was based on statistics provided in the Move PGH report.

We ensure that our network model is a valid representation by running the shortest path problem for various O-D pairs and
cross-checking the result against Google Maps. This includes checking that any public transit paths returned by our model for a
given O-D pair are feasible according to Google Maps. For example, if our model indicates that the shortest path is characterized by
a transfer between two bus lines, we ensure that this same path also appears in Google Maps for similar departure times. Validating
multimodal paths that include transit/bikeshare/walking requires both Google Maps and domain knowledge. When NOMAD returns
a transit/bikeshare/walking path for a given O-D pair, we first use Google Maps to ensure that this alternative path is reasonable.
This step involves checking that the transit path is arduous in the sense that it is either characterized by long wait times, a single
or double transfer, or a circuitous route. Then, we use domain knowledge to confirm that a bikeshare station is near the origin
(if bikeshare is used for the first segment) or the destination (if bikeshare is used for the last segment). Furthermore, TNC paths
are validated by comparing the total travel time, less any waiting time, with the total travel time of the driving mode with Google
Maps. Our observations indicate that the average travel time of TNC paths within NOMAD is slightly lower than a personal vehicle’s
travel time according to Google Maps, even though the TNC path incorporates a 6 minute wait. This indicates that our model
underestimates the in-vehicle time of TNC paths, which we attribute to two factors: (1) underestimation of traffic conditions, and
(2) lack of penalty for traffic lights. These factors may be addressed through improved data quality for intraday vehicle speeds as
well as implementation of node costs at traffic light intersections, respectively.

Finally, we choose reasonable values for the f parameters based on existing studies (Li et al., 2010; Carrion and Levinson, 2012).
We acknowledge that proper calibration of these values should be the subject of future work using discrete choice modeling with
revealed preferences. Still, the capabilities of our model can be demonstrated with the selected g values.
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4.3. Case studies

The first three experiments focus on two representative O-D pairs, namely Wilkinsburg - Central Oakland and Hazelwood - Central
Oakland. The Central Oakland neighborhood was chosen as the destination since it has the county’s highest number of “opportunity
occupations,” or jobs that pay at least the average wage and do not require a Bachelor’s degree (Wardrip et al., 2015; U.S. Census
Bureau, 2020; U.S. Bureau of Labor Statistics, 2022; O*NET Resource Center, 2024). The Wilkinsburg and Hazelwood neighborhoods
were selected as the origins for exposition because they are low-income with a high unemployment rate relative the rest of the
county (U.S. Census Bureau, 2022). Policymakers aiming to improve access to jobs may seek to prioritize better transportation
options for commuters traveling from Hazelwood and Wilkinsburg to Central Oakland. The fourth case study calculates accessibility
for all origins in the study area, which entails constructing a multimodal O-D cost matrix that accounts for all destinations. All
origins and destinations are represented by census block group centroids.

4.3.1. Case study 1: Sensitivity analysis of departure time and comparison between NOMAD and r5r

The objectives of the first case study are twofold: (1) explore how minute-level changes in departure time affect path modes,
average travel time, and total cost of the shortest path; and (2) compare these results with r5r. The f parameters were set as follows:
pr = $10.00/h, . = $10.00/h, g, = $1.00/$1.00, g, = $20.00/crash, and p, = $0.00/discomfort-weighted-km. Assigning g, =
$0.00/discomfort-weighted-km indicates that the traveler group of interest gives no value to physical discomfort. We emphasize
that the routes discovered by NOMAD are only theoretically optimal for the traveler group defined by this specific cost function.

Figs. 5(a) and 5(b) display the generalized travel cost and average travel time of the shortest path from 7:30 AM to 8:30 AM for
the two O-D pairs. The optimal path for each departure time is colored by the modes that define it. The Wilkinsburg - Central Oakland
O-D pair in Fig. 5(a) shows the advantages of a bikeshare system that complements the schedule-based, fixed-route public transit
network. Several different bus lines pass through bus stops that are walkable from the Wilkinsburg origin, with some of these bus
lines offering a direct path from origin to destination. These cases are represented by the yellow-green markers. However, infrequent
service means that commuters departing from Wilkinsburg experience long waiting times for these direct bus lines depending on
the departure time. In these cases, the optimal path shifts from a transit/walking route to a transit/bikeshare/walking route. These
multimodal paths are identified because they have lower generalized travel costs relative to paths that involve transferring between
two distinct bus routes. This is due to the fact they are more reliable since travelers do not have to wait twice. Inspecting these
paths reveals that bikeshare serves as a last-mile solution, where commuters take an express bus for the longer initial segment of
their trip followed by a shorter bikeshare segment at the end. The identification of these multimodal paths indicates that express
bus lines are well-connected to bikeshare stations. In general, the result is that the bikeshare mode keeps the average travel time
below 40 minutes for most departure times, thereby limiting any gaps in accessibility that may be caused by the transit schedule.
Interestingly, there are no cases in which the optimal route uses bikeshare for the full trip. Although these routes are highly reliable
in terms of travel time, we suspect such a path is never suggested for a traveler with these cost sensitivities due to the long walk
time from the origin to the nearest bikeshare station.

We compare our results with those found by r5r for the Wilkinsburg - Central Oakland O-D pair during the same departure time
interval. According to our testing and examined r5r source code (Pereira et al., 2024b), users can select either walking or personal
bike as an access/egress mode for routing with public transit. An error message states that park-and-ride and bikeshare not supported
at this time. We chose walking as the access/egress mode, meaning the path modes are always transit/walking. Results are shown
in Fig. 5(c), where each point is colored by the number of distinct transit lines required. We observe that total travel time decreases
linearly with an impending bus arrival, which is an expected result for a schedule-based transit network. Since the origin is located
near bus stops serviced by different routes, total travel time is less sensitive to departure time. When comparing Figs. 5(a) and 5(c),
we observe similarities in travel time, which hovers between 30 and 40 minutes for most times in the window. Still, differences
are apparent as NOMAD determines that transit/bikeshare/walking paths are often optimal, with the transit portion including an
express bus line. The difference is likely due to the generalized cost function of our model and its incorporation of a reliability term.
Specifically, transit waiting time reliability at time 7 is given by the 95th percentile waiting time, which is estimated as the waiting
time at time ¢ per the GTFS schedule plus half of the average headway. This estimation occurs in the absence of real data. Because
we assigned g, = $10.00/h, the reliability term has a sizeable effect on the cost function. Bikeshare is part of the optimal route for
many departure times because active mode travel time is assumed to have no day-to-day variation, implying a low reliability cost
as measured by the 95th percentile travel time.

For commuters going from Hazelwood to Central Oakland, the optimal path mode combination is notably dependent on departure
time, as shown in Fig. 5(b). In many instances, the least-cost route is characterized by TNC/walking. These cases are associated with
long transit waiting times, and the TNC mode effectively serves to cap the generalized cost during these temporal gaps in transit
service. We comment that only the travelers with comparably high values of mean travel time and reliability may theoretically
desire such a path, since TNCs are relatively expensive in terms of monetary cost. Our model also suggests that the TNC mode is not
a viable first-/last-solution, which may be attributed to a high minimum fare and lack of incentives for connecting to other modes.
In addition, several departure times are associated with a transit/bikeshare/walking route, where bikeshare is used for the second
segment. These multimodal paths are deemed optimal when waiting time for the bus for the first segment is short. The reason that
TNC paths often replace these multimodal paths, unlike the first example, is because transit service near this origin is both spatially
and temporally limited. The Hazelwood neighborhood does not have an abundance of bus lines that pass through it. Not only does
this imply generally limited connectivity with destinations directly, but also limited connectivity with other modes. The ability to
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Fig. 5. Sensitivity analysis of departure time and comparison between NOMAD and r5r.

glean these insights about the interplay between emerging mobility modes and transit highlights one of NOMAD'’s strengths relative
to other open-source models.

Only during the small time window from 7:50 AM to 7:59 AM does the model indicate that a transit/walking path is optimal.
This path requires a transfer between bus lines, and it is the least-cost option only when the transfer is somewhat seamless in terms
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Fig. 6. Sensitivity analysis of f;.

of waiting time. Results from r5r, depicted in Fig. 5(d), confirm that paths between Hazelwood and Central Oakland always require
at least one transfer. Double-transfer routes are not uncommon, which further exposes the limitations of transit coverage for this
specific O-D pair. Comparing paths identified by NOMAD and r5r, we observe that NOMAD can determine better feasible options
that account for the role of emerging shared modes. We also draw attention to the fact that NOMAD finds transit/walking paths with
lower travel times than those found by r5r. This is due to a simplification in our model in the construction of transfer edges. Recall
from Section 3.2.2 that the length of a transfer edge between two nodes is estimated as the Haversine distance between the nodes
multiplied by a circuity factor. In general, this approximation is reasonable. However, in cases such as the one presented here, this
approximate distance may underestimate the true network distance due to geographical constraints. This underestimation, which
leads to shorter reported walking times, is represented in this example. Future iterations of the network model could incorporate
the true walking network for a more accurate computation of the length of transfer edges and O/D connector edges.

4.3.2. Case study 2: Sensitivity analysis of pr

The second case study demonstrates how routing analysis is affected by g, the parameter that defines a commuter’s value of
mean travel time. We varied f; from $0.00/h to $20.00/h in increments of $2.00/h for this study. This range was selected based on
a meta-analysis by Li et al. (2010), which aggregated empirical studies on the willingness to pay for travel time savings. Differences
in p; reflect differences in demographic group and activity. The remaining f parameters were identical to those used in the first
experiment, and the analysis was conducted for the 8:15 AM departure time. For each value of f; and O-D pair of interest, we
determined the optimal path along with its mode combination and cost attributes. This experiment also served as a model validation
step by ensuring that the cost attributes associated with each path mode combination were directionally correct when compared to
one another.

First, we analyze the results for the Wilkinsburg origin shown in Fig. 6(a). For commuters with a zero-valued mean travel time,
the optimal path modes are bikeshare and walking. The route’s monetary cost is expectedly low due to the low use fee for a bikeshare.
The longer average travel time is the result of a long initial walking segment to reach a bikeshare station from the origin. For travelers
characterized by g, in the range of $2.00/h to $8.00/h, the least-cost route changes to transit path with a direct bus line. Though
the average travel time declines, the reliability attribute as represented by the 95th percentile travel time increases. This result is
expected, since the transit mode is associated with high variation in waiting time whereas the active bikeshare mode is unaffected
by traffic conditions per model assumptions. Moreover, the discomfort attribute expectedly decreases due to less physical exertion
for a traveler taking the bus relative to a traveler riding a bike. An increase in f; to $10.00/h and $12.00/h yields an optimal route
characterized by an express bus line for the first segment followed by a bikeshare for the second segment. The mean travel time
declines because the express bus has a dedicated lane, passes through fewer stops, and is well-connected to a bikeshare station at
the identified transfer point. The predicted number of daily crashes along this route, which is not discernibly different from zero
on this graph, more than doubles from 0.041 to 0.096. This change is likely caused by two factors: (1) an express bus that moves
on roads with high speed limits, and (2) the inclusion of bikeshare. Once g, reaches $14.00/h, the path switches to TNC/walking.
The estimated monetary cost increases three-to-four-fold relative to the monetary cost of the other path options. Mean travel time,
the reliability metric, and the discomfort metric decline as the traveler is taken directly from origin to destination after an initial
waiting period. The reduction in these cost attributes thus compensates for the steep rise in price. The crash risk increases by just
3%. From a planning perspective, these results suggest that the high prices of TNC vehicles are justified for traveler groups with
high values of travel times, since TNCs are usually quicker, more reliable under light traffic, and more comfortable. Planners aiming
to promote transit or active modes in place of TNC may consider investing in micromobility safety infrastructure, new express bus
routes, or additional bikeshare stations. These policy suggestions assume that travelers are able-bodied; for users with restrictions,
transit agencies may consider partnering with TNC companies for first-/last-mile connections (Uber, 2023).
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Second, we examine the effect of g, on the optimal path for this departure time between Hazelwood and Central Oakland,
displayed in Fig. 6(b). NOMAD suggests that commuters theoretically desire a transit/bikeshare/walking route for g, in the range of
$0.00/h to $14.00/h. Interestingly, there are two distinct multimodal paths involving transit, bikeshare, and walking. The first one,
which is identified when g} is less than or equal to $4.00/h, is marked by a longer transit component, a longer walking transfer, and
a shorter bikeshare segment. Somewhat surprisingly, the second one involves a shorter transit segment but the outcome corresponds
to a lower total travel time. This can be attributed to a shorter walking transfer, where the walking time is replaced by bikeshare use
time. The longer bikeshare component of this path also results in a higher monetary cost relative to the other multimodal option.
For commuters who value the mean travel time at $16.00/h, the least-cost path shifts to TNC. Our insights regarding the TNC path
are the same as those in the Wilkinsburg case; average travel time, reliability as measured by the 95th percentile, and the discomfort
metric all decrease in exchange for a higher monetary cost. The crash risk remains relatively constant, which is sensible according
to the mode-specific crash risk indices provided in Table 5. The increased risk of TNC vehicles relative to transit likely compensates
for the decreased risk of TNC vehicles relative to bikeshare. Finally, we comment that this experiment was conducted specifically
for the 8:15 AM departure time, coinciding with the imminent arrival of a transit vehicle per Fig. 5(b). For other departure times,
the shortest path shifts to a TNC/walking at lower values of f.

4.3.3. Case study 3: Sensitivity analysis of scooter usage pricing

In the third case study, we lowered the per-minute use fee of a shared scooter. We tested three prices: $0.09/min, $0.19/min, and
$0.29/min. The p parameters were identical to those used in the first study. The actual fee of a scooter in Pittsburgh is $0.39/min,
but the previous case studies reveal that free-floating scooters are not a viable mode option at this price point for either O-D pair for
travelers with this set of cost sensitivities. The objective of this analysis was to determine if lower-priced scooters have the potential
to be a standalone or first-/last-mile mobility solution.

Fig. 7 shows that free-floating scooters can complement other modes if priced low enough. We first examine results for the
Wilkinsburg origin. Since Wilkinsburg has robust transit and well-connected bikeshare options, reducing the price to $0.19/min has
no effect on shortest paths relative to Fig. 5(a). This outcome is not surprising; although shared bikes require a fixed pickup/drop-
off location, they are more appealing from a monetary perspective since they are priced at $0.125/min. Furthermore, Table 5
indicates our model’s assumption that bikes move faster than scooters. Usage prices must decline to $0.09/min for shared scooters
to become involved in the optimal path for some departure times. At this price, scooter/bikeshare/walking routes replace a few
routes that previously involved transit. This is likely because scooter travel times are not prone to day-to-day variation per NOMAD’s
assumptions, implying a lower reliability cost. The walking travel time to the nearest scooter can certainly vary, though we suspect
that the variation turns out to be small as a result of our data generation process that simulated scooter location data.

Fig. 7(b) reveals the benefit of lower scooter prices for the Hazelwood community. The findings align with Fig. 5(b) from the first
case study, which exposed this neighborhood’s lack of robust transit options. First, we note that decreasing the price to $0.29/min
does not alter the theoretically optimal path. However, when the use fee declines to $0.19/min, paths that previously included TNCs
are replaced by multimodal paths in which a scooter serves as a first-mile solution to bikeshare. The implication is that the lower
monetary cost of these paths relative to TNC paths compensates for their longer travel times. In cases of an impending bus arrival, it
remains optimal for this traveler group to take a transit route that connects to bikeshare. Only when the price drops to $0.09/min,
which is lower than the use fee of a bikeshare, does NOMAD suggest full scooter paths. These paths have a slightly lower average
travel time than scooter/bikeshare/walking paths, even though a scooter’s presumed speed is slower than a bike’s presumed speed.
This difference arises because scooter/bikeshare/walking paths include a transfer, which incurs a transfer penalty cost in the form
of travel time. Interestingly, our model never identifies an optimal path using scooter as a first-/last-mile solution to transit for this
specific O-D pair. We attribute this result to the relatively high weight of the reliability attribute in the generalized cost function in
conjunction with the low reliability of infrequent transit.

Moreover, this analysis shows the model’s ability to perform scenario testing. Using the framework, transportation planners can
adjust different network elements and determine changes in the optimal path by O-D pair, given a set of otherwise constant model
parameters. This case study shows the effects of price reductions, which is relevant for agency and mobility operators who offer
discounted rates for low-income groups (Move PGH, 2023). Planners could also conceivably test the effects of a new bikeshare
station location or alternate bus routes.

4.3.4. Case study 4: Comparison of accessibility with different modes

The fourth experiment calculates accessibility to jobs for selected origins in the study area under two mode scenarios:
transit/walking versus transit/bikeshare/walking. This experiment is more general than the first three, as the results of O-D routing
analysis are aggregated to produce a single accessibility metric on the origin-level. Given that accessibility metrics are frequently
used in practice to evaluate new policies related to land-use infrastructure (Geurs and van Wee, 2004), this case study highlights a
practical use case of NOMAD on a higher level. Its objective is to illustrate the extent to which emerging mobility modes (bikeshare,
in this example) can improve accessibility within the study area.

As with prior case studies, origins and destinations are represented by census block group centroids. We used the approach
of Wardrip et al. (2015) to determine the number of opportunity occupations in each destination block group, defined as those that
pay at least the regional average wage and do not require a bachelor’s degree. All opportunity occupations within a destination
block group are assumed to be concentrated at the block group’s centroid.

We adopted the cumulative opportunities metric of accessibility, which counts a destination’s jobs as reachable by an origin
if the travel cost between the origin and destination does not exceed some threshold cost value (Curtis and Scheurer, 2010). To

20



LK. Graff et al. Transportation Research Part E 192 (2024) 103757

Wilkinsburg to Central Oakland

Hazelwood to Central Oakland
Scooter price per minute: $0.09

Scooter price per minute: $0.09

60 Path Modes 60 Path Modes
~ public transit / bikeshare / walk > ® scooter / walk
= 50 ® scooter / bikeshare / walk £ 50
E e public transit / walk g
[] - L N L L] L] (]
40 A 40 -
'E %oy ° g
) - 2 ®e .‘o' °
® 30 % o ®0, e g 30 A
= =
[ (]
< 20 < 20
10 + T T T T T T T T T T T T 10 + T T T T T T T T T T T T
o wn o wn o wn o [Te) o wn o w o o wn o w o wn (=] w o wn o wn o
M U ¥ ¥ LV L 2 O T T o o @ M ¥ ¥ ¥ BV B O 9O ¢ ¢ o N @
5 5 5 5 565 88 8 8 8 8 8 5 5 5 65 5 65 88 8 8 8 8 8
Scooter price per minute: $0.19 Scooter price per minute: $0.19
60 1 Path Modes 60 - Path Modes
~ public transit / bikeshare / walk > e scooter / bikeshare / walk
= 50 1 ® public transit / walk £ 50 1 public transit / bikeshare / walk
E g ® public transit / walk
E 40 . g 40 oo
= o) %o %, =
D S © o [ o,
§ 30 A % .'-. .‘.. ‘ .'0, E 30 .'o..
c c %o
3 3
= 20 = 20
10 + T T T T T T T T T T T T 10 + T T T T T T T T T T T T
o v o W 9O W O W O W O W’ o O W © W O W 9O W O Ww o W 9o
m O ¥ ¥ NV v 9o 9 v T N & 0 Mm O ¥ ¥ OV NV o 9 v T N N 0
5 5 5 5 565 8 8 8 8 8 8 8 5 5 5 65 5565 88 8 8 8 8 8
Scooter price per minute: $0.29 Scooter price per minute: $0.29
60 - Path Modes 60 - Path Modes
™ public transit / bikeshare / walk 7 public transit / bikeshare / walk
£ 504 e public transit / walk £ &5 e TNC/walk
E g ® public transit / walk
£ %01 Y £ %01
= o L) = o,
[] °, °y [} o
5 30 1 % ..'. .°-. * © E 30 1 .'O.o
c = %o
3 3
= 20 = 20
LIITTTII T L]
[=] wn o wn (=) wn [=) w o wn (=) wn (=] [=) wn o w0 (=) wn o wn o wn (=] w0 [=)
m N ¥ ¥ N v o 9o ¢ T N & 0 m N T ¥ OV N o o v T N & 0
5 5 5 5 65 65 8 8 838 8 8 8 5 5 55 65 5 8 8 8 8 8 8 8
Departure time (A.M.) Departure time (A.M.)

(a) Wilkinsburg to Central Oakland: Effect of Scooter Price Adjustments. (b) Hazelwood to Central Oakland: Effect of Scooter Price Adjustments.

Fig. 7. Sensitivity analysis of scooter pricing.

compute accessibility, we first identified the theoretically optimal path between each O-D pair for each minute from 7:30 AM to
8:00 AM for a single traveler group marked by a set of cost sensitivities. This step required fixing the p parameters, and the values
from the first and third experiments were selected. Then, the generalized travel cost and cost attributes (mean travel time, reliability
as measured by the 95th percentile travel time, monetary cost, crash risk, and discomfort) of the optimal path were extracted. This
resulted in a multimodal, multi-cost O-D travel cost matrix keyed by origin, destination, and departure time. Following Conway et al.
(2018), we accounted for variation in departure time by selecting the median value of each cost attribute throughout the departure
window on the O-D level. The reliability attribute was selected as the travel cost in the cumulative opportunities calculation to
showcase an accessibility metric that is more conservative with respect to travel time. The cost threshold was set at 45 minutes.
Thus, a destination and its jobs were counted as reachable by an origin if the departure time window’s median value of the reliability
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Fig. 8. Heatmap of the study area showing the number of additional jobs accessible in the transit/bikeshare/walking mode scenario relative to the transit/walking
mode scenario. Bikeshare stations are overlain with red markers.

attribute did not exceed 45 minutes for the O-D pair. This analysis could be readily repeated with other travel cost attributes and
cost thresholds.

To evaluate the role of bikeshare as a complement to transit, job accessibility was computed in two cases. In the first case, the
supernetwork modes only included public transit and walking. The modes in the second case included public transit, bikeshare, and
walking. Fig. 8 displays the number of additional jobs accessible on the origin block group level with the addition of bikeshare.
Bikeshare stations are overlain with red markers. This figure suggests that bikeshare can play a significant role in improving
accessibility, a result that is consistent with our prior experiments on a smaller scale.

In particular, we observe that origin block groups on the outskirts of the study area experience greater gains despite having
fewer bikeshare stations. This result indicates that opportunities for these residents to use bikeshare as a standalone or first-mile
solution are limited. However, transit service provides connections to bikeshare so that it may be used as a last-mile solution instead.
The fact that job accessibility improves more for origins on the periphery is expected, since residents of these neighborhoods often
need to take a transit trip that requires a transfer between bus lines. Paths that involve transfers are unreliable when accounting
for the possibility of a missed transfer; hence, these paths are characterized by high 95th percentile travel times. When bikeshare is
introduced as a travel mode, the shortest path algorithm instead identifies optimal paths in which bikeshare replaces one of the bus
lines. Assuming the availability of bikes at the station, these trips are generally more reliable because commuters are not subject to
the uncertain arrival time of a bus. We also observe that origin block groups in the mid-west portion of the study area experience
minimal gains in job accessibility despite the prevalence of nearby bikeshare stations. This is because these origins can already
reach many jobs through a combination of transit and walking, given that job opportunities are concentrated in this part of the
study area. Bikeshare serves as a mode alternative, but transit accessibility for residents of these origins is already relatively high.
Finally, we comment that this calculation could be feasibly repeated with a different bikeshare station configuration to quantify the
accessibility value of the proposed investment.

5. Conclusion

In this paper, we introduced a multimodal, multi-cost, time-dependent network model inclusive of shared emerging mobility
options. The model is implemented within NOMAD: Network Optimization for Multimodal Accessibility Decision-making, an open-
source tool that can be used to conduct O-D routing analysis and construct multimodal travel cost matrices. These travel cost matrices

may serve as an immediate input to accessibility analysis and further inform the formulation of network optimization problems.
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This work builds upon previous literature in several ways. First, it establishes a multimodal supernetwork model inclusive
of all relevant mobility options: personal vehicle, TNC, carshare, public transit, personal bike, bikeshare, scooter, walking, and
feeder micro-transit. Connections among nodes and edges in the supernetwork are designed to allow for any practical transfers
between modes. Second, it assigns an edge-based generalized travel cost function that accounts for mean travel time, monetary cost,
reliability, crash risk, and discomfort, as well as a node-based cost that can impose additional (dis)incentives for any multimodal
trip. Third, it can be tailored to individual groups by controlling the weights of each cost attribute in the edge travel cost function.
We can consequently show how optimal paths, generalized travel costs, and mode combinations vary by socio-demographic group.
Fourth, it uses a dynamic shortest path algorithm that can output shortest paths for each departure time with a single algorithm run.
Conducting time-dependent routing analysis is critical for planners who seek to provide options for travelers during low-frequency
transit periods.

We demonstrated the method on a large-scale transportation network in Pittsburgh, PA, which required fusing several data
sources. The first experiment explored how the generalized travel cost, average travel time, and mode combination of the
theoretically optimal path vary by departure time on the minute-level, confirming that the presence of emerging shared mobility
options can complement schedule-based transit both spatially and temporally. In the second case study, we adjusted f,, the
parameter defining one’s value of mean travel time, in the generalized travel cost equation. The results showed how small changes to
this parameter influence the shortest path between a specific O-D pair, indicating the importance of considering traveler preferences.
This analysis also revealed the generalized travel cost breakdown by cost component and path mode combination, providing planners
with more details on the factors that drive shifts in the optimal route. The third case study showed how the framework can be used
to test how path options change in conjunction with changes in mode fees. Specifically, we found that scooters can be a viable
standalone or first/last-mile solution when they are not prohibitively expensive. The final experiment introduced a cumulative
opportunities metric of job accessibility based on the reliability attribute. Accessibility was evaluated under two mode scenarios,
and our findings quantified the extent to which bikeshare can improve job accessibility.

In future work, we can calibrate the g parameters of the generalized travel cost function using revealed route choices by traveler
group. This may be accomplished by applying discrete choice models to survey data or trip-level probe data. We may also obtain
historical data for transit performance and scooter locations to more accurately develop the cost function for the relevant edges. In
addition, we could include the full walking network if provided with granular sidewalk data. Other applications of the model can
be developed for community stakeholders who play a role in the provision of MaaS. These include adjusting prices, availability,
and facilities associated with different modes to evaluate expected changes in system-level accessibility. Such an assessment could
allow policymakers to optimize decisions on when, where, and how to improve mobility services given accessibility objectives and
budget constraints. Another application of special interest is the optimal provision of Universal Basic Mobility programs, which offer
community members a fixed monthly credit to be used on shared mobility services.
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