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ABSTRACT OF THE THESIS

A Framework for Evaluating the Economic Viability of Autonomous Vehicles

By

Kotaro Yamada

Master of Science in Transportation Science

University of California, Irvine, 2019

Professor Wilfred Recker, Chair

This research aims to develop a framework investigating the viability of autonomous vehi-

cles (AVs) in an urban area that enables multiple travel ways that potentially compete or

coordinate with them. Based on the Household Activity Pattern Problem (HAPP) devel-

oped by Recker (1995), this research attempts to simulate travel-activity patterns with AVs

by reformulating the original HAPP model. The revised framework succeeds in assessing

the condition under which AVs can be advantageous over conventional vehicles (CVs) for a

hypothetical household. It explicitly captures AVs’ zero-occupancy trips and searching be-

havior for parking spots leading to the increase in vehicle travel miles. Finally, this research

extends the formulation of HAPP to be capable of simulating multimodal transportation sys-

tems. In addition to conventional private vehicles and AVs, various private modes, rideshare

(taxi), and public transit are incorporated into the framework. This extension distinguishes

the framework from other activity-based models in depicting the coordination or competi-

tion between AVs and other modes. Thus, this framework shows that the availabilities of

other transportation modes, as well as AVs’ costs and households preferences, will affect

households’ decisions to embrace AVs. The results of this research imply that the proposed

framework potentially serves as the demand-side component in an operational system for

innovative transportation services such as Mobility as a Service.
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Chapter 1

Introduction

Companies in various industry sectors have become increasingly interested in the realization

of autonomous vehicles (AVs), which are heralded as dramatically transforming our daily lives

and the automobile market. The AVs are alleged to influence many aspects of society. Some

expected benefits, for example, are: improving safety on the road without risk of human

errors or inappropriate driving manners, developing an intelligent transportation system

that increases road traffic capacity and reduces fuel consumption by utilizing optimally

programmed driving behaviors and a controlled operation, offering mobility to disabled or

elderly people, and reducing perceived travel time costs by enabling driver to participate in

an activity during a ride. On the other hand, there also are some anticipated drawbacks,

such as: increased vehicle miles traveled (VMT) especially those induced by unoccupied AVs

and the safety decline caused by the accidents involving conflict situations intractable for

AVs. Fagnant and Kockelman (2015) [14] comprehensively summarize estimated impacts

derived by AVs. Whether these influences are positive or negative, they seem significant

enough to affect our daily travel-activity patterns. For example, as a result of reduction

in travel time costs, one might want to participate in more activities and make more trips,

while another might travel longer to enjoy activities during a trip.

1



If AV technologies are realized, households may consider replacing their conventional vehicles

(CVs) with AVs, but their decision to do so depends on the comparison between the economic

benefits of CVs and those of AVs. For a household considering purchase of an AV, it is

essential to examine how much living cost the AV reduces compared to when they own

a CV. For this examination, not only the prices and operational cost of the vehicles but

also the household’s travel-activity pattern matter. For example, for a household with two

members who usually depart their home separately, having an AV may enable them to

execute the same activity pattern without owning two CVs since the AV used by a member

can automatically travel to pick up the other member who leaves home later. This kind

of complex travel behavior cannot be illustrated by conventional trip-based models. In this

sense, estimating the entire impacts of AVs on the society requires activity-based analysis

that attempts to model household members’ activities and trips as equally important parts

of travel behavior.

The door was opened to the activity-based approach (ABA) by the intensive works in ur-

ban planning conducted by Chapin (1974) [10] and the activity path diagram representation

shown by Hägerstrand (1970) [20] and his colleagues in the field of geographical science.

Since then, ABA has become an area of science aimed toward better understanding of travel

behavior and has evolved to use as transportation planning tools. The feature of this theory

is that it explicitly describes activity systems underlying travel behaviors, the latter being re-

garded as derived from activity participations. This feature expectedly provides a solid basis

for developing operational frameworks for transportation planning and other applications.

Practitioners, for the most part, have traditionally applied the four-step model which is

inherently trip-based to forecast the change in travel demand after implementing a large

construction project. This primarily has been because the four-step model is systematically

well-defined enough to utilize in almost all the regions in the world based on conventional

travel surveys. However, in some academic circles, the model has been criticized for a number
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of reasons including that it ignores important constraints restricting travel behavior and lacks

capability of assessing the impacts of the policies that affect these constraints.

In response to criticisms cast on the traditional demand forecasting system, researchers have

developed a number of activity-based models (ABMs), which purportedly more accurately

capture the nature of travel behavior and, therefore, are sensitive to a wider variety of policy

applications. These models apply various behavioral theories but, as we discuss later, can be

categorized into some groups based on their assumptions. Although all types of the ABMs

deal with the complexity of travel-activity behavior and, moreover, some of those activity-

based models have been implemented to evaluate multiple transportation policies, much still

remains to be studied and developed about the approach due to the complicated nature of

travel-activity behavior. Additionally, few ABM systems have been effectively utilized to

assess the transportation systems with AVs.

Among the established ABMs, the household activity pattern problem (HAPP) framework

due to Recker (1995) [35] mathematically describes the travel-activity pattern generation

process. Since this problem is formulated as a variant of the well-known pickup-and-delivery

mixed integer programming problem (PDP), it appears to have operational capability of

rigorously considering multiple constraints that govern travel-activity behavior. The strength

of this model is that it solves the travel-activity pattern problem as well as the vehicle routing

problem. By taking advantage of this feature, this research is aimed at reformulating HAPP

in order to represent possible travel-activity patterns with AVs.

The rest of this thesis consists of the following chapters. Chapter 2 reviews studies related to

this research and shows its potential contributions. Chapter 3 describes the HAPP formula-

tions and its revision to evaluate AV introduction. Chapter 4 illustrates numerical examples

based on the revised formulation. This chapter also exemplifies the economic viability analy-

sis of AV based on the proposed framework. Chapter 5 further develops the capability of the

proposed framework of representing multimodal transportation systems and presents some

3



examples based on this multimodal extension. Chapter 6 finally concludes this thesis while

suggesting the direction of future research.
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Chapter 2

Literature Review

2.1 Evaluation of AV

AVs are an emerging technology and relevant research related to their design and use has

attracted growing attention in the recent years. In the field of transportation systems engi-

neering, the relevant existing literature is, in large part, concerned with shared AV (SAV)

systems in which an operator dispatches AVs to serve individual trips. For example, Fagnant

and Kockelman (2014) [15] develop an agent-based simulation model to evaluate a hypothet-

ical shared AV system that utilizes AV relocation strategies. Their work is regarded as an

initial agent-based framework for SAV systems. Likewise, Hyland and Mahmassani (2018)

[21] try to assess shared-use autonomous mobility service (SAMS) in which an operator dy-

namically assigns AVs to traveler requests by applying agent-based simulations. Masoud and

Jayakrishnan (2017) [30], assuming shared ownership and ridership program of AVs, analyze

the impacts of an AV sharing program for household clusters constructed relative to their

travel behaviors. They apply a two-step mathematical programming problem to identify the

minimum number of AVs required by each household cluster and then the maximum total
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number of on-demand car rentals. These studies assume that travel demand is given and not

affected by an AV sharing system. However, this assumption is too restrictive to evaluate

the full impacts of the system since, as previously mentioned, AVs are expected to change

travel behavior.

Alternatively, private AV (PAV) ownership and its impacts on households’ travel behavior

have not been well-understood. Some have conducted stated preference surveys about PAV

ownership. For example, Kröger et al. (2018) [28] estimate adaptation rate of AVs by

households in Germany and in the US by using a trip-based mode choice model. However,

they intentionally ignore zero-passenger trips which would be the most significant demand

derived by introducing AVs. Zhang et al. (2018) [42] estimate the reduction in household

vehicle ownership and excessive VMT resulting from PAVs. For the estimation, they solve a

bi-level optimization problem that identifies the optimal number of PAVs for each household

and their optimal routes for fixed trips distributed over the Atlanta, Georgia, area.

These preceding studies related to the potential adoption of PAVs are based on a conventional

trip-based framework. A limited number of studies, such as Auld et al. (2017) [6], try to

assess the impact of AVs based on ABMs. However, they do not consider AV-specific travel

patterns but, rather, change the level of service data and model parameters only reflecting

improved road capacity and the reduction in perceived travel time cost caused by AVs.

Little work has progressed toward the explicit illustration of a household’s travel-activity

pattern with AVs at this point in time. Nevertheless, because AVs are expected to affect

our travel behavior and, moreover, induce extra trips and activities, such an illustration is

crucial for a credible evaluation of AV adoption into a household’s travel-activity routine. It

is apparent that an activity-based analysis is needed to show the precise viability of PAVs.

Relative to the current literature, the work presented here may be regarded as one of the

initial attempts to assess the viability of AVs by focusing on the possible household travel-
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activity patterns materialized by introducing AVs. As it has been pointed out that a com-

prehensive evaluation of the travel behavior needs to be supported by ABA, accordingly,

the following subsections are devoted to an overview of the development of activity-based

analysis and its particular affinity for forecasting the impacts of PAVs.

2.2 Activity-Based Approach

As, illustrated above, ABA is an alternative approach to overcome some of the well-known

limitations of the four-step model. Unlike conventional trip-based model systems, ABA

exploits the fact that travel demand is derived from activity participations and focuses on

representing the interdependency between trips and activities rather than on individual trips.

Because ABA is capable of representing a detailed travel-activity pattern and, thus, has

greater sensitivity to planning and policies than the classical four-step demand forecasting

system, it has been gaining application in practice. Yet, this approach is not a unified

discipline; rather, due to the complexity of the nature of travel-activity patterns, diverse

model systems have been proposed.

According to McNally and Rindt’s (2007) [31] distinction, these activity-based models are

classified into four groups: simulation-based models, utility maximization-based econometric

models, computational process models (CPMs), and mathematical programming models.

This subsection describes the characteristics and the examples of model systems developed

to date in each model category.

2.2.1 Simulation-based models

Models in this category are the most prevalent type of ABMs and a direct implementation

of Hägerstrand’s path paradigm. The models in this category are also called constraint-
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based models (Rasouli and Tinmmermans, 2014) [33] because they essentially aim to illus-

trate the activity-pattern generation process under spatial-temporal constraints. PESASP

(Lenntorp, 1976) [29] and CARLA (Jones, 1983) [22] pioneer the simulation-based approach,

and STARCHILD (Recker et. al, 1986) [37] [38] can be regarded as an extension of the two

predecessors. STARCHILD consists of several activity-based submodels, one of which ap-

plies utility maximization assumption for choice behavior. McNally and Rindt (2007) [31]

indicate, however, that STARCHILD was not targeted for a planning use because it utilizes

generally unavailable data at that time. This fact limits STARCHILD to remain in this

class even though it could have sensitivity to policies. Although simulation-based models

primarily aim to check the feasibility of a given activity agenda in a certain temporal-spatial

space (Rasouli and Tinmmermans, 2014) [33], they provide significant implications for the

development of the following operational ABMs.

2.2.2 Econometric Models

This second type of ABMs assumes that decision makers maximize their utility when execut-

ing their travel-activity patterns. Conventionally, the models in this group are typically based

on discrete choice econometrics. Additionally, econometric models have been implemented

in many practical situations because of their high sensitivity to changes in environment and

policies.

Adler and Ben-Akiva (1979) [2] present an early primitive example of this category. They

attempt to simulate non-work travel behavior using multinomial logit model. Then, Bowman

and Ben-Akiva (2001) [9] extend its capabilities by using a nested-logit model to represent a

simultaneous decision-making process realizing an activity pattern. Each nest of the model

expresses a choice of activity pattern, time-of-day of the primal or secondary activities, and

travel mode to them. Importantly, the model has shown transferability in several regions.

8



For example, while it is validated on the data surveyed in Boston, its prototype is applied

in Portland (Bowman, 1998) [8].

PCATS (Kitamura and Fujii, 1997) [26] simulates sequential activity executions within a

day by a Monte-Carlo simulation of several econometric models such as the nested-logit

model while explicitly considering time-space constraints for each activity execution. It is

later combined with DEBNetS, a mesoscopic traffic flow simulator, to evaluate the effect of

demand management policies (Kitamura et al., 2005) [27] and also incorporated into Florida

Activity Mobility Simulator (FAMOS) as a submodel (Pendyala, et al, 2005) [32].

Another example is the comprehensive econometric micro-simulator for daily activity-travel

patterns (CEMDAP) (Bhat, 2004) [7]. which simulates the multi-level structure of activity

pattern choice by applying multiple econometric models, each of which represents a different

choice behavior. This model is later included as a submodel in SimAGENT (Goulias et al,

2012) [19], a comprehensive simulator of travel activities across a large-scale region.

According to Rasouli and Tinmmermans (2014) [33], econometric models, with some excep-

tions, tend to ignore the spatial-temporal constraints on a resultant travel-activity pattern.

This means that they would simulate unrealistic patterns without consideration on those

constraints. Thus, this limitation of econometric models calls for the development of Com-

putational Process Models (CPMs), which enable taking into account other decisive factors

in addition to utility.

2.2.3 Computational Process Models

In contrast to econometric models, CPMs focus on decision rules reflecting heuristics or

constraints determining behavioral outcomes. Because these models attempt to ”construct”

activity patterns based on rules rather than to choose one from alternatives, these models

9



are also called scheduling models or rule-based models.

SCHEDULER (Gärling, 1989) [18] is the first reported ABM that aims to simulate the activ-

ity scheduling process; however, it only proposes a conceptual framework and no practically

applicable system. AMOS (Kitamura, 1998) [26] models travel behavior as a response to

changes in circumstances. It assumes the travel-activity pattern change as a scheduling pro-

cess in which the initial activity pattern is modified in the following steps. SMASH (Ettema

et al, 2007) [13] in this category utilizes a utility-maximization framework as well as heuris-

tics. In the sense of application of heuristics, some of the econometric models also can be

regarded as CPMs depending on their process system.

Others, such as ALBATROSS (a learning-based transportation-oriented simulation system)

(Artentz and Timmermans, 2004) [4] and TASHA (Roorda et al., 2008)[39], can be said

to be data-oriented models in that they take advantage of the characteristics of observed

activity diary data. The outstanding feature of ALBATROSS is that, for each decision

step of scheduling, it applies choice heuristics represented by decision-trees derived from

observed data of an activity diary survey. Seminal work has been presented expanding the

model capability, such as destination choice, activity allocation, and uncertainty analysis

(Rasouli and Tinmmermans, 2014) [33]. TASHA generates an activity pattern by sampling

and scheduling activity agendas from their attributes’ probability distribution estimated on

observed data. It then plans an activity pattern in the following scheduling process based

on some heuristics.

Despite that CPMs specifically describe decision processes, their limitation is that they need

to rely on ad hoc or a priori rules which, in most instances, are unobservable to researchers

and hard to validate. To relax this limitation, Agent-based Dynamic Activity Planning and

Travel Scheduling (ADAPTS) (Auld, 2012) [5] attempts to model the activity planning and

scheduling process as a dynamic, rather than as a fixed, system. Since it assumes a decision

is made at each time step of the simulation, it does not only construct an activity schedule
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but also allows for rescheduling behavior.

2.2.4 Mathematical Programming Models

The mathematical programing model also could be categorized into the first group in the

literature because it also assumes utility maximization behavior in travelers’ decision making.

However, differing from the econometric models, it does not require enumerating choice

alternative sets. The advantage of mathematical programing is its descriptive ability in

temporal-spatial constraints, as well as in the decision process of a travel-activity pattern.

Instead of using heuristics, mathematical formulations rigorously describe those constraints.

The representative model for this category is the Household Activity Pattern Problem

(HAPP) proposed by Recker (1995) [35]. Since HAPP simultaneously solves both the house-

hold travel pattern and vehicle routing problem, the model has outstanding potential for the

desired evaluation framework for AVs which can travel independently from their drivers. Ac-

cordingly, this thesis proposes such a framework to assess the viability of AVs in households

based on HAPP; correspondingly, the following section will discuss this HAPP development

in detail.

2.3 Development of HAPP

Although HAPP is formulated as a mathematical programming model as stated above, it

is specifically regarded as a network-based model, similar to the shortest-path problem. It

is designed to have capability of considering spatial-temporal constraints and representing

regarding both continuous (i.e. time) and discrete (i.e. transportation mode and location)

choices. The solution of HAPP simultaneously gives optimal solutions to the travel-activity

pattern scheduling and vehicle routing problems based on utility maximization principles.
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In other words, it directly illustrates activity-paths of a household and vehicle trajectories in

time-space. Recker (1995) [35] proposed the method by building on the pick-up and delivery

problem with time window constraints (PDPTW) specified by Solomon and Desrosiers (1988)

[40]. Later, Recker (2001) [36] showed the relationship between HAPP and conventional

trip-based models and proposed a parameter estimation process for HAPP analogous to

other travel behavioral theories such as discrete choice models. Several studies have been

conducted to extend HAPP’s capability. For example, stochastic HAPP (SHAPP) whose

solution considers the probabilities that an activity is not be realized and the rescheduling

process that can occur after the execution of a pattern was proposed by Gan and Recker

(2008) [16] and (2013) [17]. Kang and Recker (2013) [24] extend the HAPP framework

to incorporate an activity location choice behavior model called location selection problem

(LSP-HAPP) that allows agents in the problem to choose a location from alternatives in a

same activity category.

Since HAPP is defined as a mixed integer linear problem (MILP), it has an objective function

that represents the (dis)utility of a travel-activity pattern for a household. The objective

function can include several terms which expresses multiple aspects of the pattern. The

weights of these terms are essential to determine the solution (i.e. an optimal travel-activity

pattern)̶presumed to be one that replicates the observed pattern. As for the estimation

technique for the weight of each term in an objective function, Recker et al. (2008) [34]

present an estimation framework applying multi-dimensional alignment method (MDSAM)

and genetic algorithm (GA). Chow and Recker (2012) [12] present an estimation process for

the weights by the inverse optimization technique. Based on this method, Kang et al. (2013)

[23] formulate an activity-based network design problem (NDP) as a bi-level problem with

two layers: NDP (upper) and HAPP (lower). Xu et al. (2017) [41] propose an estimation

method for the parameters in the objective function for HAPP based on a random utility

framework. The method uses HAPP to generate travel-activity patterns and personalizes

them to construct an alternative choice set for a mixed-logit model.
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To enhance the ability of simulating mode choice behavior in the HAPP framework, Chow

and Djavadian (2015) [11] develop the multimodal HAPP (mHAPP) and apply it to enumer-

ate an alternative choice set for a mixed logit model that represents an activity scheduling

process. Although mHAPP succeeds in representing a multimodal transportation system, it

does not model AVs. It is noteworthy that Khayati (2018) [25] proposes the first attempt to

evaluate AVs among the HAPP family models. He develops the HAPPAV framework and

further estimates the impacts of SAV. His approach is very similar to that of this study;

however, the HAPPAV is formulated only to simulate a situation where only AVs are avail-

able. Moreover, it does not assume that agents in the simulation compare AVs to other

transportation modes and combine them to achieve a more efficient travel-activity pattern.

As mentioned above, HAPP has probably received the most intensive attention as a foun-

dation for explaining complex travel behavior among existing activity-based models. These

extensions have been aimed at incorporating multiple aspects of travel behaviors such as

rescheduling process and destination choice. Moreover, several methods to estimate parame-

ters of the objective function have been developed. Some studies enhance the multimodality

of the HAPP framework in addition to CVs, but none of them intends to evaluate AVs in the

existences of other transportation modes. This research namely aims to develop a framework

which evaluates a household’s AV adoption by describing the comparison between CV and

AV. Further, it attempts to illustrate travel-activity patterns in multimodal transportation

systems with AVs by changing the concept of the problem and reformulating it.
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Chapter 3

HAPP formulation

3.1 The General Formulation and Concept of HAPP

The initial formulation of HAPP by Recker (1995) [35] models the generation process of

household travel-activity patterns as a routing problem in which vehicles and household

members are required to “pick up” activities distributed over space and to ultimately

“deliver”them to their home following an optimal set of travel-activity paths. This problem

is expressed as a MILP; the general mathematical form of HAPP for household i during a

certain time period is expressed as

min Z = b′ ·X (O1)

subject to

AX ≤ c
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where

X =



Xv

−

H

−

T


,Xv,=

Xv
uw =


0

1

 ,H ,=

Hj
uw =


0

1

 ,T = [Tu ≥ 0],

b and c are vectors of real numbers, and A is a matrix of real numbers. The descriptions of

the variables are listed below.

b: A vector of coefficients determining the relative weight of each decision variable in

the objective function.

Xv
uw: Binary decision variable equal to unity if vehicle v travels from activity u to activity

w, and zero otherwise.

Hj
uw: Binary decision variable equal to unity if household member j travels from activity

u to activity w, and zero otherwise.

Tu: The time at witch participation in activity u begins.

In this formulation, Z is regarded as the disutility of the household travel-activity pattern

defined by the vector of decision variables. The optimal routes obtained by solving this

problem is regarded as the most desirable travel-activity pattern during the time period.

I do not repeat specific terms for the objective function and constraints in detail here but note

some of the assumptions employed by Recker (1995) [35]. The original formulation assumes

the case of CVs; each vehicle is constrained to travel along with its driver and remains

parked until an activity in which the driver participates ends. Also, more importantly, an

activity is expressed as one pair of pick-up and delivery trips. Hence, the pick-up trip and the

corresponding delivery trip to an activity must be done by an identical vehicle or member.
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That is, each activity end (start or completion) can be accessed only by the same vehicle or

household member.

3.2 Reformulation of HAPP

Alternatively, when a household member uses an AV for a trip to an activity, she may let

her AV be used by others after arriving at the location but then requires it to pick her

up after finishing the activity. From another point of view, the AV may not stay until its

passenger ends an activity and, instead, may wander around to pick up and deliver other

passengers while the activity is being executed. Furthermore, by utilizing AVs, a member can

be delivered and picked up by different vehicles. According to these examples, in contrast to

the previous HAPP assumption, an AV may access an activity location“twice”, or different

vehicles may access the same activity.

To represent the possible travel-activity pattern only realized by AVs, this research revises

HAPP formulation by dividing one activity to two“pairs of pick-up and delivery”nodes (i.e.

one from home to the activity location and the other from the activity location to home).

Figure 3.1 illustrates the two different concepts regarding how to represent the execution of

an activity in the original and revised HAPP frameworks.
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Figure 3.1: Conceptual representation of an activity execution in HAPP (a) Previous for-
mulation (b) Revised formulation

This revision enables the problem to illustrate trips to and from an activity separately. For

the new formulation for AVs, this study introduces the notations regarding activity locations

below:

Vc = {1, 2, ..., v, ..., |Vc|}: The set of conventional vehicles which

serve travelers.

Va = {|Vc|+ 1, |Vc|+ 2, ..., |Vc|+ v, ..., |Vc|+ |Va|}: The set of autonomous vehicles which

serve travelers.

V = Vc ∪ Va: The set of vehicles which serve travel-

ers.

η = {1, 2, ..., j, ..., |η|}: The set of household members.

A = {1, 2, ..., i, ..., n}: The set of out-of-home activities sched-

uled to be completed by travelers in the

household.
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P̃+ = {1, 2, ..., i, ..., n}: The set designating origin from which

the trip for each activity departs. (It

is noted that the physical location of

each element of P̃+ is each individual’s

home. )

P̃− = {n+ 1, n+ 2, ..., n+ i, ..., 2n}: The set designating location at which

each activity begins.

˜
P+ = {2n+ 1, 2n+ 2, ..., 2n+ i, ..., 3n}: The set designating location at which

each activity ends.

˜
P− = {3n+ 1, 3n+ 2, ..., 3n+ i, ..., 4n}: The set designating ultimate destina-

tion to which the return-to-home trip

from each activity ends. (It is noted

that the physical location of each ele-

ment of
˜
P− is home. )

P+ = P̃+ ∪
˜
P+: The set of activity pick-up locations.

P− = P̃− ∪
˜
P−: The set of activity drop-off locations.

P = P+ ∪ P−: The set of activity locations.

N = {0, P, 4n+ 1}: The set of all nodes, including those as-

sociated with initial departure and final

return to home.

This notation basically follows that of Solomon and Desrosiers (1988) [40], but classifies

activity locations into four sets two of which are pick-up location sets and the others of

which are delivery location sets. The trip(s) between pick-up location of activity i ∈ P̃+

and delivery location of i+ n ∈ P̃− corresponds to a trip to pick up (or access) activity i in

the previous notation. Similarly, the delivery (or returning) trip of activity i to home trip

is expressed as a pick-up and delivery trip(s) between location i + 2n ∈
˜
P+ and location
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i+ 3n ∈
˜
P−.

The rest of the notations for the reformulation are shown below:

T v
0 , T

v
4n+1 v ∈ V : The times at which vehicle v first departs from its origin and finally

arrives at its destination respectively.

T̄ j
0 , T̄

j
4n+1 v ∈ V : The times at which a household member j first departs from its

origin and finally arrives at its destination respectively.

[ai, bi]: The time window of available start times for activity i. (Note:

bi must precede the closing of the availability of activity i by an

amount equal to or greater than the duration of the activity.)

[ai+n, bi+n]: The time windows for the return-home arrival from activity i.

[a0, b0]: The departure time window for the beginning of the travel day.

[a4n+1, b4n+1]: The arrival time window by which time all members of the house-

hold must complete their travel.

āj0: The earliest possible departure time for household member j.

b̄j4n+1: The latest possible return home time for household member j

si: The duration of activity i.

tuw: The travel time from the time-space location of activity u to the

time-space location of activity w.

cvuw: The travel cost from the time-space location of activity u to the

time-space location of activity w by vehicle v.

Υv
i : The total accumulation of passengers on vehicle v immediately fol-

lowing completion activity i.

Y j
i : The total accumulation of activities on a particular tour by house-

hold member j immediately following completion activity i.

di: The demand function for activity i.

Dv: The maximum number of passengers on vehicle v.
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Dj: The maximum number of sojourns in any tour by household mem-

ber j.

Ωv
ν : The subset of activities that cannot be performed by vehicle/person

v.

Ωj
H : The subset of activities that cannot be performed by household

member j.

I note that they are the same as corresponding ones in preceding HAPP research except that

the destination of the return home trip is denoted 4n+ 1 due to the increase in the number

of activity locations.

This change in the concept of HAPP also requires modifying some of the constraints used in

the previous HAPP formulation, as well as, adding new ones. According to Recker (1995)

[35], the constraints for HAPP mathematical programming are categorized into six groups:

(1) temporal constraints on the vehicles, (2) temporal constraints on the household mem-

bers performing the activities, (3) spatial connectivity constraints on the vehicles, (4) spatial

connectivity constraints on the household members, (5) capacity, budget and participation

constraints and (6) vehicle and household member coupling constraints. Based on this cate-

gorization, the following subsections describes the revised constraints. The constraints noted

in this section apply only to CVs in the household; the constraint set considering AVs is in-

troduced in the next chapter.

(1) Vehicle temporal constraints

The temporal constraints determine the participation time in each activity. They are de-

termined by the order in which vehicles arrives at the activities. These constraints include

time-window constrains as well. The constraints for the new formulation are
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Tu + su + tu,u+n ≤ Tu+n, u ∈ P+ ∪ P̃− (C1.1)

Tu + su + tuw − Tw ≤ (1−Xv
uw)M, ∀u,w ∈ P, ∀v ∈ V (C1.2)

T v
0 + s0 + t0,w − Tw ≤ (1−Xv

0,w)M,∀w ∈ P+,∀v ∈ V (C1.3)

Tu + tu,4n+1 − T v
4n+1 ≤ (1−Xv

u,4n+1)M, ∀u ∈ P−,∀v ∈ V (C1.4)

au−n ≤ Tu ≤ bu−n,∀u ∈ P̃− ∪
˜
P+ (C1.5)

av0
∑
w∈N

Xv
0,w ≤ T v

0 ≤ bv0
∑
w∈N

Xv
0,w,∀v ∈ V (C1.6)

av4n+1

∑
w∈N

Xv
0,w ≤ T v

4n+1 ≤ bv4n+1

∑
w∈N

Xv
0,w,∀v ∈ V (C1.7)

where M is a large number. The factor
∑

w∈N Xv
0,w on both sides of (C1.6) and (C1.7)

ensures vehicles’ departure and arrival times not to affect the objective function in case that

they are not used.

(2) Household member temporal constraints

These constraints work similar to the previous ones of vehicles to determine the activity par-

ticipation times. The only difference is that they consider the household member’s traveling

order.

Tu + su + tuw − Tw ≤ (1−Hj
uw)M,∀u,w ∈ P, ∀j ∈ η (C2.1)

T j
0 + s0 + t0w − Tw ≤ (1−Hj

0w)M, ∀w ∈ P̃+,∀j ∈ η (C2.2)

Tu + su + tu,4n+1 − T̄ j
4n+1 ≤ (1−Hj

u,4n+1)M,∀u ∈
˜
P−,∀j ∈ η (C2.3)

āj0
∑
w∈N

Hj
0,w ≤ T̄ j

0 ≤ M
∑
w∈N

Hj
0,w,∀j ∈ η (C2.4)

T̄ j
4n+1 ≤ b̄j4n+1

∑
w∈N

Hj
0,w,∀j ∈ η (C2.5)
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Temporal constraints on vehicles and household members are almost identical to those of

the previous formulation with some exceptions; for example, the final destination is indexed

as 4n + 1. It is also noted that, since the actual time of participation in activity u is

Tu+n, constraint (C1.5) uses au−n and bu−n instead of using u as subscript. Time window

constraints (C2.4) and (C2.5) also makes T̄ j
0 and T̄ j

4n+1 zero, respectively, when household

member j makes no trip.

(3) Spatial connectivity constraints on the vehicles

These constraints ensure that a vehicle to traverses a feasible path without any unnecessary

trip:

∑
v∈V

∑
w∈N

Xv
uw = 1,∀u ∈ P+ (C3.1)

∑
w∈N

Xv
uw −

∑
w∈N

Xv
wu = 0,∀u ∈ P, ∀v ∈ V (C3.2)

∑
w∈P+

Xv
0,w = 1, ∀v ∈ V (C3.3)

∑
u∈P−

Xv
u,4n+1 = 1,∀v ∈ V (C3.4)

∑
w∈N

Xv
wu −

∑
w∈N

Xv
w,u+n = 0,∀u ∈ P+,∀v ∈ V (C3.5)

∑
w∈P−∪

˜
P+

Xv
0,w = 0,∀v ∈ V (C3.6)

∑
u∈N

Xv
u,0 = 0,∀v ∈ V (C3.7)

∑
u∈P+∪P̃−

Xv
u,4n+1 = 0,∀v ∈ V (C3.8)

∑
w∈N

Xv
4n+1,w = 0, ∀v ∈ V. (C3.9)

22



In addition to the spatial restrictions defined by the constraints above, household members

and vehicles must pick up the activities and deliver them by themselves in the modified

formulation. These constraints are expressed as

∑
v∈V

Xv
u,u+n = 1,∀P̃−. (C3.10)

Furthermore, the new formulation requires the constraints below so that the pick-ups and

deliveries are done in an appropriate sequence:

∑
u∈P̃+

Xv
u,2n+u = 0,∀v ∈ V (C3.11)

∑
w∈P̃+

Xv
2n+w,w = 0,∀v ∈ V (C3.12)

∑
u∈P̃+

Xv
u,3n+u = 0,∀v ∈ V (C3.13)

∑
w∈P̃+

Xv
3n+w,w = 0,∀v ∈ V (C3.14)

∑
u∈P̃−

Xv
u,2n+u = 0,∀v ∈ V (C3.15)

∑
w∈P̃−

Xv
2n+w,w = 0,∀v ∈ V (C3.16)

∑
w∈P̃−

Xv
n+w,w = 0.∀v ∈ V (C3.17)

(4) Spatial connectivity constraints on the household members

In a similar manner to the spatial connectivity constraints on vehicles, these constraints

ensure that travel paths of household members are feasible:

∑
j∈η

∑
w∈N

Hj
uw = 1,∀u ∈ P+ (C4.1)
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∑
w∈N

Hj
uw −

∑
w∈N

Hj
wu = 0,∀u ∈ P, ∀j ∈ η (C4.2)

∑
w∈P̃+

Hj
0,w = 1,∀j ∈ η (C4.3)

∑
u∈

˜
P−

Hj
u,4n+1 = 1,∀j ∈ η (C4.4)

∑
w∈N

Hj
wu −

∑
w∈N

Hj
w,u+n = 0,∀u ∈ P+,∀j ∈ η (C4.5)

∑
j∈η

Hj
u,u+n = 1,∀u ∈ P̃− (C4.6)

∑
w∈

˜
P+∪P−

Hj
0,w = 0,∀j ∈ η (C4.7)

∑
u∈N

Hj
u,0 = 0,∀j ∈ η (C4.8)

∑
u∈P+∪P̃−

Hj
u,4n+1 = 0,∀j ∈ η (C4.9)

∑
u∈N

Hj
4n+1,w = 0,∀j ∈ η (C4.10)

While the meanings of most of the connectivity constraints have been unchanged from the

original formulation, constraint (C4.7) prevent members from accessing not only delivery

locations but also pick-up location set
˜
P+ from home. Constraint (C4.8) likewise prohibits

home return trip from delivery location set P̃− as well as pick-up location sets. Moreover, for

the same reason as the additional constraints on vehicles, the constraints below are added.

∑
u∈P̃+

Hj
u,2n+u = 0,∀j ∈ η (C4.11)

∑
w∈P̃+

Hj
2n+w,w = 0,∀j ∈ η (C4.12)

∑
u∈P̃+

Hj
u,3n+u = 0,∀j ∈ η (C4.13)

∑
w∈P̃+

Hj
3n+w,w = 0,∀j ∈ η (C4.14)
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∑
u∈P̃−

Hj
u,2n+u = 0,∀j ∈ η (C4.15)

∑
w∈P̃−

Hj
2n+w,w = 0,∀j ∈ η (C4.16)

∑
w∈P̃−

Hj
n+w,w = 0,∀j ∈ η (C4.17)

∑
w∈

˜
P−

Hj
uw = 0,∀j ∈ η, ∀u ∈ P̃+ (C4.18)

(5) Capacity budget and participation constraints

These constraints describe the numbers of activities or passengers that a household member

or a vehicle, respectively, can hold at a time. Those for household members are

Hj
uw = 1 ⇒ Y j

u + dw = Y j
w,∀j ∈ η, u ∈ P,w ∈ P̃+ (C5.1)

Hj
uw = 1 ⇒ Y j

u − dw−n = Y j
w,∀j ∈ η, u ∈ P,w ∈

˜
P− (C5.2)

Hj
uw = 1 ⇒ Y j

u = Y j
w, ∀j ∈ η, u ∈ P,w ∈

˜
P+ ∪ P̃− (C5.3)

Hj
0w = 1 ⇒ dw = Y j

w, ∀j ∈ η, ∀w ∈ P̃+ (C5.4)

0 ≤ Y j
u ≤ Dj,∀j ∈ η, ∀u ∈ P+. (C5.5)

The first four of these are rewritten as

Y j
u + dw − Y j

w ≤ (1−Hj
uw)M,∀j ∈ η, u ∈ P,w ∈ P̃+ (C5.1a)

Y j
u + dw − Y j

w ≥ (Hj
uw − 1)M,∀j ∈ η, u ∈ P,w ∈ P̃+ (C5.1b)

Y j
u − dw−n − Y j

w ≤ (1−Hj
uw)M, ∀j ∈ η, u ∈ P,w ∈

˜
P−, (C5.2a)

Y j
u − dw−n − Y j

w ≥ (Hj
uw − 1)M, ∀j ∈ η, u ∈ P,w ∈

˜
P−, (C5.2b)
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Y j
u − Y j

w ≤ (1−Hj
uw)M, ∀j ∈ η, u ∈ P,w ∈

˜
P+ ∪ P̃−, (C5.3a)

Y j
u − Y j

w ≥ (Hj
uw − 1)M, ∀j ∈ η, u ∈ P,w ∈

˜
P+ ∪ P̃−, (C5.3b)

dw − Y j
w ≤ (1−Hj

0,w)M,∀j ∈ η, w ∈ P̃+ (C5.4a)

dw − Y j
w ≥ (Hj

0,w − 1)M,∀j ∈ η, w ∈ P̃+. (C5.4b)

Those on vehicles are a little more complicated because, under the formulation in this thesis,

vehicles do not always pick up a passenger when they pick up an activity. They are only

restricted to pick up a household member when they start a trip; that is, when they make a

non-zero distance trip. This condition is ensured by the constraints below:

Xv
uw = 1 ⇒


Υv

u + dw = Υv
w if

∑
j∈η
∑

u′∈N twu′Hj
wu′ > 0 or w ∈

˜
P+

Υv
u = Υv

w otherwise

,

∀v ∈ V, ∀u ∈ P, ∀w ∈ P+ (C5.6)

Xv
uw = 1 ⇒


Υv

u − dw−n = Υv
w if

∑
j∈η
∑

u′∈N twu′Hj
wu′ > 0 or w ∈ P̃−

Υv
u = Υv

w otherwise

,

∀v ∈ V, ∀u ∈ P, ∀w ∈ P− (C5.7)

Xv
0w = 1 ⇒


dw = Υv

w if
∑

j∈η
∑

ũ∈N twũH
j
wũ > 0

0 = Υv
w otherwise

,∀v ∈ V, ∀w ∈ P̃+ (C5.8)

0 ≤ Υv
u ≤Dv,∀v ∈ V, ∀u ∈ P+. (C5.9)

The additional condition
∑

j∈η
∑

ũ∈N twũH
j
wũ > 0 ensures that a vehicle is required to pick

up a passenger when picking up an activity w where the passenger starts a non-zero distance
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trip. Accordingly, the first five of these should be rewritten as

Υv
u + dw ·

(
1− 1

{∑
j∈η

∑
u′∈N

twu′Hj
wu′ = 0

})
−Υv

w ≤ (1−Xv
uw)M,

∀v ∈ V, ∀u ∈ P, ∀w ∈ P̃+, (C5.6a)

Υv
u + dw ·

(
1− 1

{∑
j∈η

∑
u′∈N

twu′Hj
wu′ = 0

})
−Υv

w ≥ (Xv
uw − 1)M,

∀v ∈ V, ∀u ∈ P, ∀w ∈ P̃+, (C5.6b)

Υv
u + dw −Υv

w ≤ (1−Xv
uw)M,∀v ∈ V, ∀u ∈ P, ∀w ∈

˜
P+, (C5.6c)

Υv
u + dw −Υv

w ≥ (Xv
uw − 1)M,∀v ∈ V, ∀u ∈ P, ∀w ∈

˜
P+, (C5.6d)

Υv
u − dw−n · 1

(
1− 1

{∑
j∈η

∑
u′∈N

twu′Hj
wu′ = 0

})
−Υv

w ≤ (1−Xv
uw)M,

∀v ∈ V, ∀u ∈ P, ∀w ∈
˜
P−, (C5.7a)

Υv
u − dw−n · 1

(
1− 1

{∑
j∈η

∑
u′∈N

twu′Hj
wu′ = 0

})
−Υv

w ≥ (Xv
uw − 1)M,

∀v ∈ V, ∀u ∈ P, ∀w ∈
˜
P−, (C5.7b)

Υv
u − dw −Υv

w ≤ (1−Xv
uw)M,∀v ∈ V, ∀u ∈ P,w ∈ P̃− (C5.7c)

Υv
u − dw −Υv

w ≥ (Xv
uw − 1)M,∀v ∈ V, ∀u ∈ P,w ∈ P̃− (C5.7d)

dw ·

(
1− 1

{∑
j∈η

∑
ũ∈N

twũH
j
wũ = 0

})
−Υv

w ≤ (1−Xv
0,w)M,∀v ∈ V, ∀w ∈ P̃+ (C5.8a)

dw ·

(
1− 1

{∑
j∈η

∑
ũ∈N

twũH
j
wũ = 0

})
−Υv

w ≥ (Xv
0,w − 1)M,∀v ∈ V, ∀w ∈ P̃+ (C5.8b)

where 1{ ·} equals unity if the expression in the braces is true and zero otherwise.

Participation constraints below prevent vehicles or household members from executing pre-
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determined sets of activities.

∑
u∈N

∑
w∈Ωv

ν

Xv
uw = 0,∀v ∈ V (C5.10a)

∑
u∈N

∑
w∈Ωv

ν

Xv
u,w+2n = 0,∀v ∈ V (C5.10b)

∑
u∈N

∑
w∈Ωj

H

Hj
uw = 0,∀j ∈ η (C5.11a)

∑
u∈N

∑
w∈Ωj

H

Hj
u,w+2n = 0,∀j ∈ η (C5.11b)

Constraints (C5.10b) and (C5.11b) are necessary to forbid picking up an undelivered activity.

(6) Vehicle and household member coupling constraints

In previous HAPP formulations, coupling constraints ensure that a household member and

a vehicle travel simultaneously. However, the revised formulation allows AVs to travel with

no passenger. However, a household member still has to move together with a vehicle, and

a CV also needs a driver.

Additionally, the original version of HAPP assumes that all activities are picked up out of

home; thus, all of the trips have non-zero distance which requires vehicles and household

members travel together. Alternatively, it is possible that the new formulation induces zero-

distance trips because activities are generally picked up at home at first; for example, from

home (0) to pick-up locations (P̃+). For non-zero distance trips, we do not have to impose

coupling constraints on household members.

These complications no longer allow using the same coupling constraints as in the original

formulation of HAPP. To construct new coupling constraints, it is assumed that people need

to use a vehicle for trips with non-zero travel time. Mathematically, such a constraint for
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household members are expressed as

Hj
uw = 1 and tuw > 0 ⇒

∑
v∈V

Xv
uw = 1,∀j ∈ η, ∀u,w ∈ P, (C6.1)

and, that for vehicles is

Xv
uw = 1 and tuw > 0 ⇒

∑
j∈η

Hj
uw = 1,∀v ∈ V, ∀u,w ∈ P. (C6.2)

More practically, they can be rewritten as

∑
v∈V

Xv
uw − 1 ≤ (1−Hj

uw)M +
1

Mtuw +m
,∀j ∈ η, ∀u,w ∈ P, (C6.1a)

∑
v∈V

Xv
uw − 1 ≥ (Hj

uw − 1)M − 1

Mtuw +m
,∀j ∈ η, ∀u,w ∈ P, (C6.1b)

∑
j∈η

Hj
uw − 1 ≤ (1−Xv

uw)M +
1

Mtuw +m
,∀v ∈ V, ∀u,w ∈ P, (C6.2a)

∑
j∈η

Hj
uw − 1 ≥ (Xv

uw − 1)M − 1

Mtuw +m
,∀v ∈ V, ∀u,w ∈ P, (C6.2b)

where m is a small number such as 0.00001.

Next, the constraints below ensure that at least one vehicle is dispatched whenever household

members make trips from their home.

∑
v∈V

∑
w∈P

Xv
0,w ≤

∑
j∈η

∑
w∈P

Hj
0w (C6.3)

∑
v∈V

∑
w∈P

Xv
0,w ≥

∑
j∈η

∑
w∈P

Hj
0w − η + 1 (C6.4)

Note that a vehicle is assumed to be able to accommodate only one passenger at this point

of the study.
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3.3 An Example to Validate the Revised Formulation

To show that the new formulation is comparable to the original HAPP, this section shows

an example based on the same parameters used in the original study (Recker, 1995) [35].

Case 1: A Household with two CVs (Replication of case 4B in

Recker (1995) with the new formulation)

First, to verify the proposed formulation, case 4B in the former study (Recker, 1995) [35]

is replicated as a base situation. This case simulates travel-activity patterns of a household

of two members owning two conventional vehicles. There are three activity out-of-home

activity locations (i = 1, 2, 3). The parameters for this example are shown in the appendix.

The objective function for this case is

minZ =
∑
v∈V

∑
u∈N

∑
w∈N

cuwX
v
uw+

∑
u∈P̃−

(Tu+n−Tu)+
∑
v∈V

(T v
4n+1−T v

0 )+
∑
v∈V

∑
w∈P+

KXv
0,w (O2)

where K = 100, which is the same value as used in the original study by Recker (1995) [35].

Figure 3.2 shows the resultant optimal travel-activity pattern for the household obtained

by utilizing ILOG CPLEX. I note that the starting and ending times of activity 2 are

different from those in the corresponding case in the former study because the time-window

constraints allows for arbitrariness in departure time as long as the pattern satisfies the

temporal constraints; nevertheless, the solution has the same value of the objective function.
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Figure 3.2: Travel-Activity Pattern for Case 1 (with two CVs)
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Chapter 4

Extending HAPP to Facilitate

Evaluation of AVs

4.1 An Extension and Example to Represent AVs

This section presents an extension to the reformulated HAPP model to simulate travel-

activity patterns in which an AV is introduced to a household. The remaining sections of

this chapter evaluate the viability of AVs based on this extension.

Case 2: A Household with only an AV

Case 2 considers a simple situation in which an AV has replaced the two CVs in the same

household as in case 1. Since an AV travels more flexibly than a CV, it is necessary to relax

some of the constraints as well as to include additional ones to the original formulation.

Even if this AV is used by one household member, for example, it can travel to pick up the

other member without waiting for the first one to finish an activity.
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(1) Vehicle temporal constraints

First, since AVs do not have to stay and might immediately depart somewhere to pick up

another passenger even after it delivers a passenger to an activity location, temporal window

constraint (C1.2) is rewritten as

Tu + tuw − Tw ≤ (1−Xv
uw)M, ∀u,w ∈ P, ∀v ∈ Va, (C1.2’)

which does not consider the duration of delivered activity u.

(3) Spatial connectivity constraints on the vehicles

Next, if delivered by an AV, a household member is not necessarily picked up by the same

one after she completes an activity. Therefore, we add a constraint

∑
v∈V

∑
w∈N

Xv
wu −

∑
v∈V

∑
w∈N

Xv
w,u+n = 0,∀u ∈ P̃−. (C3.18)

As the last extension for this case, AVs can not only pick up an activity at home but also

a completed activity out of home. Similarly, they can return home just after delivering an

activity to be executed. Hence, for AVs, the constraints (C3.6) and (C3.8) are replaced with

∑
w∈P−

Xv
0,w = 0,∀v ∈ Va, (C3.6’)

∑
u∈P+

Xv
u,4n+1 = 0,∀v ∈ Va. (C3.8’)

In addition, to allow AVs to be free to make a trip while its passenger is participating in

activity, constraint (C3.10) and (C6.2) are not required for AVs.

An illustrative example for the extension in this case uses the same parameters as those in
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Case 1, except that the household is limited to have only one AV (and no CVs). Additionally,

AVs and household members do not have to either start or complete activities for the travel

day at the same time. Thus, the objective function is redefined as

minZ =
∑
v∈V

∑
u∈N

∑
w∈N

cuwX
v
uw +

∑
u∈P̃−

(Tu+n − Tu) +
∑
v∈V

(T v
4n+1 − T v

0 )

+
∑
v∈V

∑
w∈P+

KXv
0,w +

∑
j∈η

(T̄ j
4n+1 − T̄ j

0 )

(O3)

whose last term represents the total temporal extent of activities of household members in

the travel day.

Figure 4.1 shows the result for this problem. It illustrates that the AV first delivers member

2 to activity 1 but does not stay there so as to autonomously pick up member 1 and deliver

him to activity 2 and 3. After member 1 completes his activities and returns to home, the

AV finally goes to pick up member 2 without a driver and then deliver her to their home. In

contrast to the previous case, this extension successfully depicts the characteristic of an AV.

Figure 4.1: Travel-Activity Pattern for Case 2 (with one AV)
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4.2 Examples to Analyze the Viability of AV

The former two examples verify the new formulation’s capability of depicting a travel-activity

patterns for a household with a CV or AV; this section assesses the validity of the proposed

framework on the economic viability analysis for AV.

Case 3: A household choosing either CVs or an AV

When AVs become practically available, households will face the choice of purchasing either

a CV or an AV. They might, furthermore, consider purchase of an AV in lieu of any existing

CVs. To analyze these choices, this case considered in this section simulates a situation in

which the household with two members has an option; i.e., replacing their CVs with an AV.

As we see in the case 2, a CV and an AV may lead to different ”optimal” travel patterns

even if the household members execute the same activity sets. An AV is presumed to enable

the household to have more convenient activity patterns than a CV, notwithstanding that

an AV, perhaps the most innovative transportation mode in a century, should be more

expensive than a CV. Additionally, an AV’s convenience might mean more distance traveled

by autonomous pick-up trips and result in a higher expenditure for traveling. Therefore, to

decide which vehicle to buy, the household will likely compare the cost of possessing CVs to

that of an AV, taking into account their probable travel miles.

First, let us suppose a household comparing one CV to one AV. Since HAPP can simulate

household activity patterns within a day, this analysis uses the vehicles’ cost per mile and

cost per day for the comparison. A household considers the relative value of AV to CV; thus,

its comparison is based on the ratios of the two costs of AV over those of CV. By changing

AV’s cost while fixing the operating costs of CV, we evaluate the household’s travel-activity

pattern and choice of vehicle under several values of the two ratios.
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The objective function is again modified for the purpose of the viability analysis. First,

since the previous examples do not consider traveling distance but only time, it is necessary

to assume average travel speed in the following analysis. Thus, the first term of (O2) is

replaced with

∑
v∈Vc

∑
u∈N

∑
w∈N

ccvavetuwX
v
uw +

∑
v∈Va

∑
u∈N

∑
w∈N

cavavetuwX
v
uw

where cc and ca are the costs per mile for CV and AV, respectively, and vave the average

vehicle speed. In addition, the last term of (O2) is replaced with

∑
v∈Vc

∑
w∈P+

KcX
v
0,w +

∑
v∈Va

∑
w∈P+

KaX
v
0,w

where Kc is the ownership cost of a CV, and Ka is that of an AV. Consequently, we have

minZ =
∑
v∈Vc

∑
u∈N

∑
w∈N

ccvavetuwX
v
uw +

∑
v∈Va

∑
u∈N

∑
w∈N

cavavetuwX
v
uw +

∑
u∈P̃−

(Tu+n − Tu)

+
∑
v∈V

(T v
4n+1 − T v

0 ) +
∑
v∈Vc

∑
w∈P+

KcX
v
0,w +

∑
v∈Va

∑
w∈P+

KaX
v
0,w +

∑
j∈η

(T̄ j
4n+1 − T̄ j

0 )

(O4)

for the objective function.

To make the situation realistic, the values for the parameters are specified as below:

• Cost per mile cc: 16.97 cents (Medium Sedan) [1]

• Cost per day Kc: $15.41 (Medium Sedan) [1]

• Average speed: vave : 28.87 miles/h (Private Vehicle Average Commute Speed) [3]

This case also follows the same parameters used in the previous examples but allows for

choices of two types of vehicles; i.e., vehicles are allowed to be ”unchosen” if they do not
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comport to the optimal activity pattern. Then, constraints (C3.3) and (C3.4) are relaxed as

∑
w∈P+

Xv
0,w ≤ 1,∀v ∈ V (C3.3’)

∑
u∈P−

Xv
u,4n+1 ≤ 1,∀v ∈ V. (C3.4’)

Moreover, since CVs might not be used to visit all the activities, constraint (C3.10) is

modified to be

∑
v∈Vc

Xv
u,u+n ≤ 1,∀P̃−. (C3.10’)

Figure 4.2 shows an optimal travel-activity pattern with one CV. The other pattern with

one AV is exactly the same as in case 2. This result indicates that having one CV leads to

the household having a different activity pattern from that with by an AV.

The household chooses either of the two travel-activity patterns depending on AV’s costs.

Figure 4.3 plots the set of decision switching points for the household to choose either a CV

or an AV. For the combination of the ratios below the line, the household would choose to

have an AV and vice versa. Although the pattern of CV has fewer travel miles than that

of AV, the cost per day of AV can be about 1.4 times as high as CV’s keeping AV to be a

feasible alternative mode for the household when fixing cost per mile ratios at 1. The reason

for the household preferring an AV is that household member 1 has longer travel day in

order to complete all the activities assigned to him with only a CV than with a single AV in

the household. However, it should be noted that the weight of this out-of-home time term

is predefined, meaning that it is arbitrary relative to the cost parameters.
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Figure 4.2: Travel-Activity Pattern for Case 3A (with one CV)

Figure 4.3: Plot of Decision Switching Points Regarding Vehicle Costs for Case 3A

The next case study assumes the same household choosing either two CVs or one AV under
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the combinations of different ratios of the two costs. To make the activity pattern unavailable

for one CV but possible for two CVs, this case modifies the activity time window constraints

on activities 2 and 3 to be

[a2, b2] = [10, 21] , [a3, b3] = [12, 13] .

Figure 4.4 illustrates the optimized travel-activity pattern with two CVs. The pattern with

one AV is the same as the previous two cases. Contrary to case 3A, household members have

the same activity patterns in both situations.

Figure 4.4: Travel-Activity Pattern for Case 3B (with two CVs)

Figure 4.5 similarly plots a set of decision switching points between the two patterns above.

When cost per mile ratio is one, the threshold of cost per day ratio is around 1.64, which

is not twice as large as 1.4 in Case 3A. This ratio is slightly higher than that in case 3A

because, even though AV’s cost per day is half of the cost of CV, total miles traveled of AV
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are longer. Furthermore, since the optimal travel-activity patterns of the household members

are identical in both of the regimes, owning two CVs is more advantageous to having one CV

in that they can offer more convenience in activity participation time, resulting in lowering

term
∑

j∈η(T̄
j
4n+1− T̄ j

0 ) in the objective function. This fact also reduces the difference in the

cost per day ratio between case 3A and 3B.

Figure 4.5: Plot of Decision Switching Points Regarding Vehicle Costs for Case 3B

Case 4: A household with an AV and discretionary parking alter-

natives

An AV can be idle and parked somewhere if its next trip is to pick up a household member

at completion of an activity occurring at the place where it is parked. In such a case, it

is reasonable for the owner to assign a better place for his AV to stay because AVs may

automatically travel to a less expensive parking lot than that of the place in which the

activity is being performed. In this example, an AV traveling to this inexpensive parking
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lot is regarded to participate in a ”discretionary” activity resulting from a choice of parking

that depends on the parking cost.

Modeling discretionary activities

To represent the parking behavior of AVs, this case first describes how the HAPP framework

represents discretionary activities in general. First, to differentiate activities, decompose

activity nodes P = PM∪PD where PM and PD represent sets of mandatory and discretionary

activities, respectively. Furthermore, there can be two types of discretionary activity: (1)

an activity which a vehicle must complete or (2) an activity which a household member

must complete. Let us respectively denote the node sets for these two types PD1 and PD2 .

Accordingly, the node sets introduced in Chapter 3 are now expressed as

P̃+ = P̃+
M ∪ P̃+

D = P̃+
M ∪ P̃+

D1
∪ P̃+

D2

P̃− = P̃−
M ∪ P̃−

D = P̃−
M ∪ P̃−

D1
∪ P̃−

D2

˜
P+ =

˜
P+
M ∪

˜
P+
D =

˜
P+
M ∪

˜
P+
D1

∪
˜
P+
D2

˜
P− =

˜
P−
M ∪

˜
P−
D =

˜
P−
M ∪

˜
P−
D1

∪
˜
P−
D2
.

The other notations related to these ones are shown in the appendix.

(3) Spatial connectivity constraints on the vehicles

Based on the notation above, some of the constraints are relaxed in order to represent

discretionary activities. Constraint (C3.1) is rewritten as
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∑
v∈V

∑
w∈N ′

Xv
uw = 1,∀u ∈ P+

M . (C3.1)

∑
v∈V

∑
w∈N ′

Xv
uw ≤ 1, ∀u ∈ P+

D . (C3.1’b)

Automatic parking by AVs will be an example for the first type of discretionary activity. If

an AV decides to execute such a discretionary activity, or in other words, finds a better place

to park itself, it must stay there until it finishes the activity. An extra constraint on AVs,

∑
u∈N

Xv
uw = Xv

w,w+n,∀v ∈ Va,∀w ∈ P̃−
D1

(C3.19)

ensures this condition.

(4) Spatial connectivity constraints on the household members

For household members avoid accessing these activities, constraints (C4.1) and (C4.6) are

modified to be

∑
j∈η

∑
w∈N

Hj
uw = 1,∀u ∈ P+

M (C4.1)

∑
j∈η

∑
w∈N

Hj
uw ≤ 1,∀u ∈ P+

D (C4.1’)

∑
j∈η

Hj
u,u+n = 1,∀u ∈ P̃−

M (C4.6)

∑
j∈η

Hj
u,u+n ≤ 1,∀u ∈ P̃−

D . (C4.6’)
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For a discretionary activity of type (2) mentioned above, a constraint

∑
u∈N

Hj
uw = Hj

w,w+n,∀j ∈ η, ∀w ∈ P̃−
D2

(C4.19)

ensures that the member who delivers a discretionary activity completes it.

In addition, if a discretionary activity is temporary parking, this activity is restricted to be

available only for AVs; thus, parking activities are placed into activity sets unavailable for

household members and CVs.

Modeling automatic parking behavior

Next, this case study focuses on modeling AVs’ automatic parking behavior. While the

passenger is being engaged in one activity, its AV must complete the discretionary trips

for parking by making a ”subtour” originating from and returning to the place where the

passenger is doing the activity. Thus, additional constraints are needed to represent this

subtour behavior. In order to restrict a subtour pattern to terminate within the duration of

an activity, let u′ ∈ P̃+
D1

be an index of an activity executed within a subtour from activity

u. Since the subtour for u′ must be completed between the beginning and end of the activity

u from which it originates, then we need the additional constraints below:

Tu+n ≤ Tu′ , ∀u ∈ P̃+ (C1.8)

Tu′+3n ≤ Tu+2n, ∀u ∈ P̃+. (C1.9)

This case further requires calculating total parking time to compare parking cost; neverthe-

less, it is not always straightforward to obtain it. After delivering a passenger, for example,

an AV possibly stays at its activity location but does not stay for entire duration of the activ-

ity, or it arrives at a pick-up location earlier than actual activity pick-up time. These times
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are also included in total parking time in addition to the duration of an executed activity. To

identify the total parking time, we introduce variables τau and τ bu that respectively represent

the waiting time after delivery and before pick-up at the place of activity u. The reason why

these variables work is that an outcome of HAPP sometimes contains arbitrary pick-up or

delivery time. For example, when Tu + su + tuw < Tw for a trip between delivery location u

and pick-up location w, a vehicle for this trip wait for a certain period Tw − (Tu + su + tuw)

either after the delivery or before the pick-up that is Tw − (Tu + su + tuw) = τau or τ bu. Then,

to determine when an AV waits in that condition, letting ku < 0 (u ∈ P ) be a parking fee

per hour at the place of activity u, the rules below are applied:

∑
v∈V

Xv
uw = 1 and tuw > 0 and u ∈ P+

⇒


τau = Tw − (Tu + su + tuw), τ

b
w = 0 if ku ≤ kw and w ∈ P+

τau = 0, τ bw = Tw − (Tu + su + tuw) otherwise

(C1.10)

∑
v∈V

Xv
uw = 1 and tuw > 0 and u ∈ P−

⇒


τau = 0, τ bw = Tw − (Tu + su + tuw) if ku ≤ kw and w ∈ P+

τau = Tw − (Tu + su + tuw), τ
b
w = 0 otherwise

(C1.11)

∑
v∈V

Xv
uw = 1 and tuw = 0 ⇒ τau = Tw − (Tu + su), τ

b
w = 0,∀u ∈ P, ∀w ∈ P. (C1.12)

∑
v∈V

Xv
uw = 0 ⇒ τau = 0, τ bw = 0,∀u ∈ P, ∀w ∈ P. (C1.13)

The pragmatical expressions for these constraints are shown in the appendix. Note that all

the constraints presented in Case 3 and 4 are summarized in the appendix as well. This

revised HAPP model is entitled as HAPPAV2 in tribute to Khayati (2018) [25].

Finally, to take advantage of the variables introduced above, the term
∑

u∈P ku(τ
a
u + τ bu)

is added to the objective function. The added term expresses the total parking fee that a
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vehicle can be imposed for the activity day. Naturally, since a household is supposed to have

no parking cost at their home, k0 = 0. (Precisely, parking cost at home should be included

in housing cost.) Hence, the objective function is

minZ =
∑
v∈Vc

∑
u∈N

∑
w∈N

ccvavetuwX
v
uw +

∑
v∈Va

∑
u∈N

∑
w∈N

cavavetuwX
v
uw +

∑
u∈P̃−

(Tu+n − Tu)

+
∑
v∈V

(T v
4n+1 − T v

0 ) +
∑
v∈Vc

∑
w∈P+

KcX
v
0,w +

∑
v∈Va

∑
w∈P+

KaX
v
0,w +

∑
j∈η

(T̄ j
4n+1 − T̄ j

0 )

+
∑
u∈P

ku(τ
a
u + τ bu).

(O5)

This case explores the traveling behavior of an AV relative to the parking cost for each

activity location. In this example, it is supposed that a vehicle parking at the locations of

activities 2 and 3 will be imposed a parking fee while parking at home for free. To simulate

this situation, we add extra activities only available for AVs assuming that they are done at

home but picked up at the location of activities 2 or 3. For the return trip, the delivered

activity is picked up at home and then delivered to the location of activities 2 or 3. These

discretionary activities are indexed i = 4 and 5. Since activities 4 and 5 are unavailable for

household members, the activities are added to Ωj
H(j = 1, 2). In addition, we extend the

duration of activity 3 to 2.5 hours to make the example more interesting. The analysis allows

the household one AV and other settings are the same to case 3B. Note that no matter how

much the cost per day of AV is, it does not affect the result because the household inevitably

chooses to use the assigned AV to participate in activities.

Figure 4.6 shows the thresholds in which the AV changes its routing behavior for different

cost per mile ratio. For each ratio, there are four regimes of different travel-activity paths.

Figure 4.7 illustrates the paths corresponding to the four regimes. As parking fee increases,

household member 1 shifts his activity into later period so as to reduce total parking time

sacrificing the total out-of-home time for vehicle. In regime 4, the AV does not park at the
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place of activity 2.

Figure 4.6: Parking Fee Sensitivity Analysis for Case 4A
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Figure 4.7: Household Travel-Activity Patterns for Case 4A with one AV under Different
Parking Fee (a) Regime 1 (b) Regime 2 (c)Regime 3 (d)Regime 4

Next, other time window constraints used in cases 1 to 3A are applied. Figure 4.8 shows

different pattern switching points on each cost per mile ratio under these constraints. In this

case, there are three regimes of traveling pattern with the same household activity paths.

Figure 4.9 portrays the routing patterns corresponding to the three regimes. When imposed

relatively lower parking fee to cost per mile, the AV naturally stays at both locations of

activities 2 and 3. As the fee becomes higher, the AV voluntarily opts to park at home

leaving from activity 3’s location or then both of the out-of-home locations.
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Figure 4.8: Parking Fee Sensitivity Analysis for Case 4B
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Figure 4.9: Household Travel-Activity Patterns for Case 4B with one AV under Different
Parking Fee (a) Regime 1 (b) Regime 2 (c)Regime 3

In the end, Figure 4.10 shows total vehicle miles traveled obtained in the four cases presented

above. From the result of cases 3A and 3B, it is seen that introducing AV possibly increases

total miles traveled in these simple examples. Moreover, from those of cases 4A an 4B, the

higher the parking cost is, the farther the AV travels. This result consequently implies that

charging higher parking fee may cause AVs to travel more and lead to a higher environmental

burden.
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Figure 4.10: Total Traveling Distance Comparison (The numbers in parentheses indicate
each regime)
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Chapter 5

Further Extensions

Mobility as a Service (MaaS) is a concept of transportation business that is attracting at-

tention from both practitioners and researchers. In contrast to traditional contract systems

of transportation, under this concept transportation service providers are expected to offer

”packaged” services which avail users diverse modes. Accordingly, MaaS providers are re-

quired to ensure connectivity among different modes such that, for example, travelers can

reduce waiting time or fares when transferring from one to another.

Under such multimodal services, AVs could work either as a feeder transit mode to public

transit systems or a main transportation mode for an entire trip. Whereas they can pro-

vide door-to-door service like CVs and bikes, they do not need a parking spot at stations

thanks to the autonomous parking function. Although AVs could potentially be a menace

to existing transportation services, this feature of AVs could also enhance their level of ser-

vice and eventually help to realize a more desirable multimodal transportation system, in

which travelers can jointly utilize multiple transportation modes to execute more efficient

travel-activity patterns.

Multimodal transportation systems incorporating AVs would likely change travelers’ behav-
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ior and eventually affect the decision-making process in transportation planning. In spite of

the optimism about such modern transportation services, very few evaluation methodologies

have been developed for them. The need for an evaluation framework, to gauge the effect of

such services is obvious.

This section is aimed at developing an evaluation framework for multimodal systems incor-

porating AVs by extending the revised HAPP formulation described in the previous sections.

The following examples demonstrate how the HAPP framework can represent travel-activity

patterns in multimodal transportation systems with AVs.

5.1 Extensions and Examples to Facilitate Evaluation

of Multimodal Transportation Systems

This subsection first introduces the gradual reformulations of HAPP to represent transporta-

tion modes other than CVs and AVs. The following hypothetical case studies incrementally

incorporate such private modes as bikes, walk, rideshare or taxi, and public transit into the

HAPP framework.

Case 5: Adding Various Private Modes

The revised HAPP formulation presented above only considers CVs and AVs as travelers’

transportation means. However, in reality, we frequently travel by other private modes;

for example, by bike. Bikes share almost the same characteristics with CVs since they

must travel with a rider. The significant differences between bikes and CVs are in speeds

and travel costs; i.e. bicycle users will experience longer travel time but pay a lower cost.

Although other private modes such as scooters can offer a different level of service from those
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of CVs and bikes, the following reformulation will be able to evaluate these modes in the

same way once bikes are incorporated in the framework. The following example modifies the

formulation so that it illustrates a situation in which travelers can choose different private

modes with different levels of service.

(1) Vehicle temporal constraints

In the previous HAPP formulation, all travelers and vehicles are assumed to refer to the same

travel time/cost matrices to determine the disutility of travel-activity patterns. If travelers

have several options for their transportation modes, this assumption is no longer applicable;

otherwise, they will refer to different times associated with the used mode for an OD pair.

To allow for this choice, several temporal constraints are modified as:

Tu + su + min
∀v∈V

tvu,u+n ≤ Tu+n,∀u ∈ P+ ∪ P̃− (C1.1)

Tu + su + tvuw − Tw ≤ (1−Xv
uw)M, ∀u,w ∈ P, ∀v ∈ Vc (C1.2)

Tu + tvuw − Tw ≤ (1−Xv
uw)M, ∀u,w ∈ P, ∀v ∈ Va (C1.2’)

T v
0 + s0 + tv0,w − Tw ≤ (1−Xv

0,w)M,∀w ∈ P+,∀v ∈ V (C1.3)

Tu + tvu,4n+1 − T v
4n+1 ≤ (1−Xv

u,4n+1)M, ∀u ∈ P−,∀v ∈ V (C1.4)

where tvuw,∀u,w ∈ N is vehicle v’s travel time between u and w. Accordingly, those for

parking time are rewritten as

∑
v∈V

tvuwX
v
uw = 1 > 0 and u ∈ P+

⇒


τua = Tw − (Tu + su +

∑
v∈V tvuwX

v
uw), τ

w
b = 0 if ku ≤ kw and w ∈ P+

τua = 0, τwb = Tw − (Tu + su +
∑

v∈V tvuwX
v
uw) otherwise

(C1.10)
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∑
v∈V

tvuwX
v
uw = 1 > 0 and u ∈ P−

⇒


τua = 0, τwb = Tw − (Tu + su +

∑
v∈V tvuwX

v
uw) if ku ≤ kw and w ∈ P+

τua = Tw − (Tu + su +
∑

v∈V tvuwX
v
uw), τ

w
b = 0 otherwise

(C1.11)

∑
v∈V

Xv
uw = 1 and min

∀v∈V
tvuw = 0 ⇒ τua = Tw − (Tu + su), τ

w
b = 0, ∀u ∈ P, ∀w ∈ P.

(C1.12)

(2) Household member temporal constraints

In a similar manner, some of the temporal constraints for household members are rewritten

as

Hj
uw = 1 ⇒ Tu + su +

∑
v∈V

tvuwX
v
uw ≤ Tw,∀u,w ∈ P, ∀j ∈ η (C2.1)

Hj
0,w = 1 ⇒ T j

0 + s0 +
∑
v∈V

tv0,wX
v
0,w ≤ Tw,∀w ∈ P, ∀j ∈ η (C2.2)

Hj
u,4n+1 = 1 ⇒ Tu +

∑
v∈V

tvu,4n+1X
v
u,4n+1 ≤ T j

4n+1,∀u ∈ P, ∀j ∈ η (C2.3)

that are equivalent to

Tu + su +
∑
v∈V

tvuwX
v
uw − Tw ≤ (1−Hj

uw)M,∀u,w ∈ P, ∀j ∈ η (C2.1)

T j
0 + s0 +

∑
v∈V

tv0,wX
v
0,w − Tw ≤ (1−Hj

0w)M, ∀w ∈ P̃+, ∀j ∈ η (C2.2)

Tu + su +
∑
v∈V

tvu,4n+1X
v
u,4n+1 − T̄ j

4n+1 ≤ (1−Hj
u,4n+1)M,∀u ∈

˜
P−,∀j ∈ η. (C2.3)
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(5) Capacity budget and participation constraints

Some of the capacity budget constraints for vehicles consider travel time to determine

whether the concerned trip has non-zero distance. They should be modified as

Xv
uw = 1 ⇒


Υv

u + dw = Υv
w if

∑
j∈η
∑

ũ∈N min∀v∈V tvwũH
j
wũ > 0 or w ∈

˜
P+

Υv
u = Υv

w otherwise

,

∀v ∈ V, ∀u ∈ P, ∀w ∈ P+ (C5.6)

Xv
uw = 1 ⇒


Υv

u − dw−n = Υv
w if

∑
j∈η
∑

ũ∈N min∀v∈V tvwũH
j
wũ > 0 or w ∈ P̃−

Υv
u = Υv

w otherwise

,

∀v ∈ V, ∀u ∈ P, ∀w ∈ P− (C5.7)

Xv
0w = 1 ⇒


dw = Υv

w if
∑

j∈η
∑

ũ∈N min∀v∈V tvwũH
j
wũ > 0

0 = Υv
w otherwise

,∀v ∈ V, ∀w ∈ P̃+ (C5.8)

(6) Vehicle and household member coupling constraints

Likewise, it is necessary to modify the coupling constraints which consider travel time:

Hj
uw = 1 and min

∀v∈V
tvuw > 0 ⇒

∑
v∈V

Xv
uw = 1,∀j ∈ η, ∀u,w ∈ P, (C6.1)

Xv
uw = 1 and min

∀v∈V
tvuw > 0 ⇒

∑
j∈η

Hj
uw = 1,∀v ∈ Vc,∀u,w ∈ P. (C6.2)

To verify that the modified formulation works as expected, this case demonstrates an example

of a simple situation, in which a household member only commutes to work and has two
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options for commuting: a bike or CV. It is apparent that the bike has lower costs but larger

travel times than those of CVs. Specifically, the bike ownership cost is set to be one dollar

per day, and no per-mile travel cost is needed to use bike. The travel time for cars is 0.5

hours, and that for bikes is 0.75 hours between the home and the workplace. Figure 5.1

depicts this arrangement. The duration and time-window of the activity is set to be the

same as those of activity 1 in the previous cases.

Figure 5.1: Setting for Case 5

Let tvuw, cvc , and Kv
c be the travel time, cost per time, and ownership cost of vehicle v,

respectively. Using these parameters, the objective function for this case is simplified to be

minZ =
∑
v∈Vc

∑
u∈N

∑
w∈N

cvcvavet
v
uwX

v
uw +

∑
v∈Vc

∑
w∈P+

Kv
cX

v
0,w + β

∑
j∈η

(T̄ j
4n+1 − T̄ j

0 ) (O6)

where β is an arbitrary parameter, which represents the value of time of the household

member; one with larger β will pay more to reduce travel time than one with smaller β. By

changing this β, the following example can illustrate different mode choice behavior of the

member.

Figure 5.2 plots the solutions for this problem. They are quite simple but show that the

reformulated model is capable of representing mode choice behavior as intended. In this ar-

rangement, if a household member has β smaller than 38.6, he will choose a bike. Conversely,

if β is larger than the threshold, he will use a car.
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Figure 5.2: Possible Travel-Activity Patterns in Case 5

Case 6: Adding Walking

It is obvious that we do not always rely on transportation technologies when we make a

trip; in other words, travelers do not have to use any ”modes” for some short trips. That

is, walking should be regarded as a way of traveling in urban settings. To enable the HAPP

framework to simulate walking trips, additional modifications to the constraints are needed.

(2) Household member temporal constraints

The household member temporal constraints need to be differentiated depending on whether

the member uses a certain private mode or walks because the term
∑

v∈V tvuwX
v
uw in (C2.1),

for example, is zero when he chooses to walk, and travel time would not be reflected. There-

57



fore, they are rewritten as

Hj
uw = 1 and

∑
v∈V

Xv
uw = 1 ⇒ Tu + su +

∑
v∈V

tvuwX
v
uw ≤ Tw,∀u,w ∈ P, ∀j ∈ η (C2.1a)

Hj
uw = 1 and

∑
v∈V

Xv
uw = 0 ⇒ Tu + su + thuw ≤ Tw,∀u,w ∈ P, ∀j ∈ η (C2.1b)

Hj
0,w = 1 and

∑
v∈V

Xv
0,w = 1 ⇒ T j

0 + s0 +
∑
v∈V

tv0,wX
v
0,w ≤ Tw,∀w ∈ P, ∀j ∈ η (C2.2a)

Hj
0,w = 1 and

∑
v∈V

Xv
0,w = 0 ⇒ T j

0 + s0 + th0,w ≤ Tw,∀w ∈ P, ∀j ∈ η (C2.2b)

Hj
u,4n+1 = 1 and

∑
v∈V

Xv
u,4n+1 = 1 ⇒ Tu +

∑
v∈V

tvu,4n+1X
v
u,4n+1 ≤ T j

4n+1,∀u ∈ P, ∀j ∈ η

(C2.3a)

Hj
u,4n+1 = 1 and

∑
v∈V

Xv
u,4n+1 = 0 ⇒ Tu + thu,4n+1 ≤ T j

4n+1,∀u ∈ P, ∀j ∈ η. (C2.3b)

where thuw is the travel time on foot between u and w. To be implemented, they have to be

expressed in the following manner:

Tu + su +
∑
v∈V

tvuwX
v
uw − Tw ≤ (1−Hj

uw)M,∀u,w ∈ P, ∀j ∈ η (C2.1a)

Tu + su + thuw(1−
∑
v∈V

Xv
uw)− Tw ≤ (1−Hj

uw)M, ∀u,w ∈ P, ∀j ∈ η (C2.1b)

T j
0 + s0 +

∑
v∈V

tv0,wX
v
0,w − Tw ≤ (1−Hj

0,w)M, ∀w ∈ P, ∀j ∈ η (C2.2a)

T j
0 + s0 + th0,w(1−

∑
v∈V

Xv
0,w)− Tw ≤ (1−Hj

0,w)M,∀w ∈ P, ∀j ∈ η (C2.2b)

Tu +
∑
v∈V

tvu,4n+1X
v
u,4n+1 − T j

4n+1 ≤ (1−Hj
u,4n+1)M,∀u ∈ P, ∀j ∈ η (C2.3a)

Tu + thu,4n+1(1−
∑
v∈V

Xv
u,4n+1)− T j

4n+1 ≤ (1−Hj
u,4n+1)M, ∀u ∈ P, ∀j ∈ η. (C2.3b)

58



(6) Vehicle and household member coupling constraints

For walkable OD pairs, household members need to consider not using vehicles. For such

pairs, the coupling constraints are relaxed. In particular, (C6.1) is redefined to be

Hj
uw = 1 ⇒

∑
v∈V

Xv
uw = 1,∀j ∈ η, ∀(u,w) ∈ P2

v (C6.1)

where P2
v is a set of OD pairs between which travelers cannot walk. It should be noted that

constraint (C6.4) is no longer applicable because household members do not have to use

private modes when they to/from out-of-home activities.

In a similar setting, in which the working place is located closer to home than that of the

previous case, the following example verifies the reformulation embracing walking. The

household member is allowed to either bike or walk between home and the working place,

while the objective function is set to be the same as before. The member choosing to walk

does not have to pay any cost but experiences longer travel time. In this scenario, biking

takes half an hour, and walking takes 0.75 hours.

Figure 5.3 displays this example’s result, which clearly shows that walking is incorporated

in the HAPP framework without adding a new decision variable. The threshold β value for

the two patterns is 2.0, which implies that few people will probably walk in this situation.

Case 7: Adding Rideshare

In the last few years, rideshare companies have become essential mobility providers in many

cities around the world thanks to the sophisticated mobile apps. By offering flexible services,

they will be playing an influential role among other advanced transportation services in

the future. The characteristic of rideshare is that it can provide door-to-door service while
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Figure 5.3: Possible Travel-Activity Patterns in Case 6

avoiding driving and ownership cost. Since household members do not have to travel together

with a vehicle for their home-based tour, it is not necessary to consider either connectivity

and coupling constraint to represent rideshare trips in HAPP.

Since rideshare differs from other private vehicles, we cannot use the same constraints on it.

Thus, another decision variable is introduced to differentiate rideshare from private vehicle.

Let Rj
uw,∀j ∈ 1, ..., η, be a binary decision variable that indicates whether or not household

member j uses ride share from u to w. Note that it is not assumed that this variable

represents vehicle traveling; therefore, connectivity constraints are not imposed on Rj
uw.

Additionally, rideshare is presumed to be always available for travelers at this point of the

research. In reality, this assumption will be too optimistic because rideshare services are lim-

ited and cannot always serve passengers when demand is very high, but considering stochastic

availability of rideshare is left for future study. Conventional taxis can be represented simply

by adding a similar binary decision variable and imposing the following constraints on them.

They are differentiated only by their level of service.
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(2) Household member temporal constraints

Let truw be the travel time between u to w on rideshare to discriminate it from those for

private vehicles. Using this variable, temporal constraints on household member are again

revised as

Hj
uw = 1 and

∑
v∈V

Xv
uw = 1 ⇒ Tu + su +

∑
v∈V

tvuwX
v
uw ≤ Tw,∀u,w ∈ P, ∀j ∈ η (C2.1a)

Hj
uw = 1 and

∑
v∈V

Xv
uw = 0 ⇒


Tu + su + thuw ≤ Tw, if Rj

uw = 0

Tu + su + truw ≤ Tw, if Rj
uw = 1

,∀u,w ∈ P, ∀j ∈ η

(C2.1b)

Hj
0,w = 1 and

∑
v∈V

Xv
0,w = 1 ⇒ T j

0 + s0 +
∑
v∈V

tv0,wX
v
0,w ≤ Tw,∀w ∈ P, ∀j ∈ η (C2.2a)

Hj
0,w = 1 and

∑
v∈V

Xv
0,w = 0 ⇒


T j
0 + s0 + th0,w ≤ Tw, if Rj

0,w = 0

T j
0 + s0 + tr0,w ≤ Tw, if Rj

0,w = 1

,∀w ∈ P, ∀j ∈ η

(C2.2b)

Hj
u,4n+1 = 1 and

∑
v∈V

Xv
u,4n+1 = 1 ⇒ Tu +

∑
v∈V

tvu,4n+1X
v
u,4n+1 ≤ T j

4n+1,∀u ∈ P, ∀j ∈ η

(C2.3a)

Hj
u,4n+1 = 1 and

∑
v∈V

Xv
u,4n+1 = 0 ⇒


Tu + thu,4n+1 ≤ T j

4n+1, if Rj
u,4n+1 = 0

Tu + tru,4n+1 ≤ T j
4n+1, if Rj

u,4n+1 = 1

,

∀u ∈ P, ∀j ∈ η, (C2.3b)

some of which can be expressed as

Tu + su + thuw(1−
∑
v∈V

Xv
uw −Rj

uw)− Tw ≤ (1−Hj
uw)M,∀u,w ∈ P, ∀j ∈ η (C2.1b)
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T j
0 + s0 + th0,w(1−

∑
v∈V

Xv
0,w −Rj

0,w)− Tw ≤ (1−Hj
0,w)M,∀w ∈ P, ∀j ∈ η (C2.2b)

Tu + thu,4n+1(1−
∑
v∈V

Xv
u,4n+1 −Rj

u,4n+1)− T j
4n+1 ≤ (1−Hj

u,4n+1)M,∀u ∈ P, ∀j ∈ η.

(C2.3b)

(6) Vehicle and household member coupling constraints

For an unwalkable OD pair, a household member will use either a car or a rideshare. Coupling

constraint (C6.1) accordingly turns out to be

Hj
uw = 1 ⇒

∑
v∈V

Xv
uw +Rj

uw = 1,∀j ∈ η, ∀(u,w) ∈ P2
v. (C6.1)

In addition, to prevent ride share services from making unnecessary zero-time trips, a con-

straint

Rj
uw ≤ truwM, ∀j ∈ η, ∀u,w ∈ N (C6.5)

is required.

This reformulation is also verified in the same situation as presented in Case 6, but an option

of rideshare is added. A term representing fares for rideshare
∑

j∈η
∑

u∈N
∑

w∈N cRuwR
j
uw is

added to the objective function:

minZ =
∑
v∈Vc

∑
u∈N

∑
w∈N

cvcvavet
v
uwX

v
uw +

∑
v∈Vc

∑
w∈P+

Kv
cX

v
0,w + β

∑
j∈η

(T̄ j
4n+1 − T̄ j

0 )

+
∑
j∈η

∑
u∈N

∑
w∈N

cRuwR
j
uw

(O7)

where cRuw is a cost for using rideshare between u and w. As we can see from Figure 5.4,

there are three possible patterns in this setting; however, rideshare is preferable only for one
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with a much higher value of β.

Figure 5.4: Possible Travel-Activity Patterns in Case 7

Case 8: Adding Public Transit

Thanks to its higher capacity, public transit (PT) can be expected to still be playing an

important role in urban transportation systems of metropolitan cities even after AVs be-

come available. Thus, we need to model PT in this HAPP framework in order to investigate

the utility of AVs in such urban contexts. A trip by PT, unlike trips by other door-to-door

transportation modes incorporated so far, usually consists of at least three segments: access

and egress parts before and after the main part with PT, respectively. PT namely requires

travelers to use different modes in order to complete their whole trip. Since modes for access

and egress can be any available mode other than PT, we need to consider multiple combi-

nations of modes to represent a PT trip. In the multimodal HAPP formulation discussed

above, one trip is regarded as one link assigned with one mode. It is possible to make one

link represent one combination of multiple modes; however, this representation will be com-
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putationally burdensome because the number of possible mode combinations for one trip will

be larger and larger as the number of available modes increases. Moreover, it cannot capture

PT’s important characteristic that its schedule is fixed, while access and egress segments are

flexible in time.

Hence, it is necessary to represent separate segments and schedule of PT trips. To satisfy

these requirements for PT trips, this research employs an idea that the main segment of PT

trip is considered as an ”activity”. Remember that, in the reformulated HAPP developed in

the previous cases, an activity is expressed by two different pick-up or delivery nodes both

of which are located at the same position, and that travelers can make trips to and from

these nodes by different modes. Then, let us suppose that these two nodes of an activity are

located at different positions. In this way, it appears that one who is executing the activity

will be automatically move from one node to another as if she is using a PT mode. These

separate nodes are accordingly thought to be stations or stops of PT, and the duration of

the activity turns out to be travel time for the main segment of a PT trip. Pick-up or

delivery trips for the activity are therefore regarded as access-egress trips. This concept of

representing PT is illustrated in Figure 5.5. Furthermore, thinking of PT trip as activity has

another advantage; we can impose time-window constraints to represent schedules of PT. in

other words, departure and arrival times of PT are translated into temporal constraints of

starting and ending times of an activity, respectively. Specifically, we can express departure

time as the latest time in an activity beginning time window and arrival time as the earliest

time in an activity ending time window.

To discriminate PT trips from other discretionary activities, denote a node set for PT trips

as PP ⊆ PD2 such that PP = P̃+
P ∪ P̃−

P ∪
˜
P+
P ∪

˜
P−
P where P̃+

P ⊆ P̃+
D2
, P̃−

P ⊆ P̃−
D2
,
˜
P+
P ⊆

˜
P+
D2
,

and
˜
P+
P ⊆

˜
P+
D2
.
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Figure 5.5: Illustration of the PT Trip Representation in HAPP

Considering the fact that PT does not allow vehicles to ride on it, we need

Xv
u,u+n = 0,∀v ∈ V, ∀u ∈ P̃−

P (C3.20)

on vehicles. Since PT trips are considered as discretionary activities of type (2) introduced

Case 4, constraint (C4.19) ensures that a household member who delivers a discretionary

activity completes it (i.e. completes a travel on PT). Furthermore, it is meaningless that

vehicles access or egress from a station without dropping off or picking up a passenger,

respectively. Thus, coupling constraints

∑
u∈P

Xv
u,w ≤

∑
j∈η

∑
u∈P

Hj
u,w,∀v ∈ V, ∀w ∈ P̃−

P (C6.6)

∑
w∈P

Xv
u,w ≤

∑
j∈η

∑
w∈P

Hj
u,w,∀v ∈ V, ∀u ∈

˜
P+
P (C6.7)

are added to prevent the useless accesses/egresses. All of the constraints defined to incorpo-

rate various modes discussed above are shown in the appendix.

65



Representing PT trips requires no more reformulations to those presented above but neces-

sitates expansion of input data. Specifically, to add one PT service such as bus service from

one stop to another, we need to add one ”activity” with two ends at different positions. The

duration of this activity corresponds to the travel time between the two ends. The schedules

of the PT services are reflected by its time window constraints. For example, those for a bus

trip i′ departing from a stop at 7 am and arriving at another at 7:30 am are expressed as

[ai′ , bi′ ] = [0, 7], [ai′+n, bi′+n] = [7.5, 24].

To illustrates PT trips with the reformulated HAPP, let us suppose that the setting in Case

6 is enhanced with a public transit line. This setting is shown in Figure 5.6. The public

transit is operated under a fixed schedule, and its fare is 2.5 dollars per ride. The stops

are accessible only on foot. The term representing fares for PT is included in the objective

Figure 5.6: Setting for Case 8A

function:

minZ =
∑
v∈Vc

∑
u∈N

∑
w∈N

cvcvavet
v
uwX

v
uw +

∑
v∈Vc

∑
w∈P+

Kv
cX

v
0,w + β

∑
j∈η

(T̄ j
4n+1 − T̄ j

0 )

+
∑
j∈η

∑
u∈N

∑
w∈N

cRuwR
j
uw +

∑
j∈η

∑
u∈P̃−

D

cPu,u+nH
j
u,u+n (O8)
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where cPu,u+n represents a fare for using PT between u and u + n. The possible travel-

activity patterns are displayed in Figure 5.7. This result successfully demonstrates the PT

trip representation in the HAPP framework. It also clearly shows that PT services between

the two locations make it more likely for the person to give up using a car even if he has a

relatively high value of time.

Figure 5.7: Possible Travel-Activity Patterns in Case 8A

The next example, say Case 8B, allows for multimodal access to stop 1 in the setting shown

in Figure 5.6. The member is allowed to access the stop by bike as well as on foot from his

home but has to pay two dollars for parking fee when he left bike at the stop. Biking takes

0.05 hours between his home and the stop.

Figure 5.8 shows that there are three patterns, two of which have different feeder modes to

and from stop 1. This result ensures that the reformulation is capable of representing the

multimodality in accesses/egresses for PT. Additionally, the result that people with greater

value of time will use PT than in the previous example implies that improving feeder service

will have an impact on the demand for PT.
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Figure 5.8: Possible Travel-Activity Patterns in Case 8B

5.2 Examples to Evaluate Multimodal Transportation

Systems with AVs

The reformulated HAPP can eventually evaluate multimodal transportation systems with

AVs. Let us call this framework ”multimodal HAPP with AV (mHAPPAV)” for convenience.

Although the examples presented in this section thus far are so simple that we may analyt-

ically find a solution by hand, this subsection examines more sophisticated transportation

arrangements and exemplifies cumulative evaluations of multimodal transportation systems

with AVs by mHAPPAV.

Case 9A: AVs Coordinating with Public Transit

This case shows that mHAPPAV simulates AVs coordinating with PT. The parameters

employed for this case are almost identical to those used in Cases 1 - 4 except that a public

transit line is added between home and activity 1. Figure 5.9 illustrates this arrangement
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including the schedule for PT. The household members are supposed to be able to walk

between home and Stop 1, stop 2 and activity 1, and home and Activity 2. They can use

two CVs and an AV as well as Case 3, but the per-mile cost for AV is fixed to be the same as

that of CVs. Travel times for walking are assumed to be five times as longer as those of cars

for simplicity. Additionally, the household members have to pay three dollars for each ride

on PT. Parking cost for vehicle at stop 1 is again ten dollars per day. Objective function

(O8) is also used for this case.

Figure 5.9: Setting for Case 9

Figure 5.10 displays five possible patterns, say (a) - (e), realized depending on two parame-

ters: the value of time of the household and the price of AVs. Patterns (c) and (e) are the

same as those obtained in Case 3 as well. The AV is used in patterns (d) and (e); particularly

in pattern (d), household member 2 uses the AV as a feeder to PT, showing that mHAPPAV

can represent the coordination between the AV and PT.

In the following, this case carries out a sensitivity analysis concerning the household’s choice

of these patterns by changing the parameters: the value of time β and the ratio of the price of

AV to that of CV. To simplify the analysis, the price of CV is assumed to be constant: 15.41

dollars per day. Figure 5.11 shows how a set of parameters is associated with each pattern.
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Each regime in Figure 5.11 corresponds to the pattern with the same index in Figure 5.10. If

an AV is not available to the household or is much more expensive than a CV, only patterns

(a), (b), and (c) are possible. This time, household member 2 uses PT for activity 1 if β is

below 25.21. If the ownership cost per day of AV is less than 1.72 times as much as that of

CV, pattern (d) becomes preferable for the household. When the ratio is 1.6, for example,

a household with β smaller than forty would be better off by taking patterns using PT (i.e

(a), (b), and (d)). That is, AVs could help to increase the attractiveness of travel-activity

patterns using PT for households with a higher value of time when their price is low enough.

From another point of view, coordinating with PT would make AVs more viable than when

competing with CVs by themselves.

Case 9B: AVs Competing with Rideshares

Finally, Case 9B allows rideshares to enter the transportation system presented in Case 9A.

Since rideshare services are already available in many cities, it is useful to consider their

impacts on the potential utility of AVs; they can either compete or coordinate with private

AVs depending on conditions. This case investigates under which circumstance owing an AV

is preferable to owing CVs in the presence of rideshare services.

The setting for this case is the same as that of Case 9a except that ridershare is available

between every pair of activities. As to the LOS of ridershare, rideshare passengers should

pay fixed fare for each use while the travel times for them are identical to those for other

vehicles. The fares for rideshare are presumed as in Table 5.1.

In addition to the five patterns in Figure 5.10, there can be two more travel-activity patterns

with rideshare. They are shown in Figure 5.12 and denoted (f) and (g). In both of them,

household member 2 utilizes rideshare along with PT to commute to activity 1 so that he

can avoid the waiting time he would have if he commuted there by PT. In pattern (g), he

uses an AV only for egress from stop 1.
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Table 5.1: Fare for Rideshare in Case 9B

cruw ($) 0 1 2 3 4 (Stop 1) 5 (Stop 2)
0 0 17.9 6.65 10.4 6.1 17.9
1 17.9 0 47.9 10.4 17.9 6.1
2 6.65 17.9 0 10.4 6.65 17.9
3 10.4 10.4 10.4 0 10.4 10.4
4 (Stop 1) 6.1 17.9 6.65 10.4 0 16.4
5 (Stop 2) 17.9 6.1 17.9 10.4 16.4 0

The household members choose one of the seven patterns, concerning the price of AV and

the household’s value of time parameter as well as in Case 9a. Figure 5.13 displays the seven

regimes corresponding to the seven patterns. The shapes of these regimes for the large value

of β are different from those in the previous case, while those of regimes for (a), (b), and

(d) are the same. This result indicates that introducing rideshare services will reduce the

demand among people with higher value of time for AVs. This is because, even when the

price of AV is relatively high, it is still unnecessary for the household desiring less travel time

to own two CVs thanks to the rideshare and PT services.

All in all, the two cases demonstrate that mHAPPAV is capable of investigating adapta-

tion behavior for AVs in a realistic situation with multimodal transportation systems. The

analyses in the last two cases consider the availability of other transportation modes and

households’ heterogeneous values of time. They show that these factors would strongly af-

fect households’ decisions to incorporate AVs, as well as the cost of AVs. It is implied that

we finally need to consider the availability of various transportation modes other than CVs

when we examine the utility of AVs in actual settings.
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Figure 5.10: Possible Travel-Activity Patterns in Case 9A
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Figure 5.11: Travel-Activity Pattern Analysis Regarding AV Ownership Cost and Time-value
Parameter for Case 9A

Figure 5.12: Additional Possible Travel-Activity Patterns in Case 9B
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Figure 5.13: Travel-Activity Pattern Analysis Regarding AV Ownership Cost and Time-value
Parameter for Case 9A
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

The ”smart city” concept has been addressed in recent years. Even though the definition

of the term is not concrete, the concept assumes an urban system whose components are

designed to work concertedly to achieve a certain objective and a desirable environment. AVs

are expected to be an essential means of traveling in the smart city. This unprecedented

transportation mode would make the smart city concept more promising but even more

complicated than the cities of today. Accordingly, the tools for designing such a complex

city with AVs are needed.

Planning or managing urban transportation systems must begin with understanding them

based on rigorous analytical theories. The same is the case for those in the smart cities. To

capture the behavioral aspects of urban environments, traditional ABA has been developed

as the most comprehensive behavioral theory for travel demand analysis. This approach

provides a sound theoretical basis for analyzing the demand side of urban transportation

systems. However, even though many models have been developed based on this approach,
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only a few of them have been employed to evaluate either multimodal transportation systems

or AVs.

This research focuses on HAPP among the existing ABMs and reformulates it to evaluate

the viability of AVs under various settings with multimodal transportation modes. AVs are

expected to provide, for example, disabled people with mobility and, moreover, everyone

with higher quality of life free from stressful driving. Nonetheless, they may induce negative

influence on our lives. As shown in Chapter 4, AVs will probably cause more VMT than CVs

due to their zero occupancy trips. In that sense, they might rather be detrimental than be

beneficial for the society in terms of environmental burden. Hence, without any insights of

the whole impacts of AVs, we cannot establish an effective strategy for AV operation. In this

context, this research proposes a basic tool, which explicitly depicts what activity pattern

would be desirable for a household purchasing an AV, to evaluate such a new mobility

option. The feature of this model helps to forecast traveling behavior after private AVs

become available. Households will want to make a sensible choice of whether they purchase

AVs or still rely on CVs. This decision can be guided by the framework presented in this

study because it illustrates a specific context where AVs are useful for the household in terms

of its ownership costs. In addition, the examples shown in Case 4 reveal that the proposed

model can be used to analyze management or policies. It is shown that imposing parking

fee can induce extra AV traveling and higher environmental cost. Even though this analysis

is based on hypothetical arrangements, a similar kind of investigation could be considered

when managing smart cities in which AVs would probably be dominating.

The AV not only adds a kind of transportation mode but also leads to a new concept of

mobility service. Society has also embraced innovative transportation services other than

AVs. Ridesharing services, such as Uber and Lyft, have already affected traveler behavior in a

large number of cities. Electric vehicles and shared mobility have already come into practice.

Further, MaaS will finally form a new entity of urban transportation system including these
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transportation services as well as conventional ones.

This thesis develops mHAPPAV, a new model that enhances the HAPP framework’s mul-

timodality and applicability in more realistic settings. It successfully incorporates different

types of private vehicles, walking, ridesharing and public transit into the model in addition

to CV and AV. This extension enables the HAPP framework to evaluate multimodal trans-

portation systems and, moreover, AVs coordinating or competing with other transportation

modes. To date, mHAPPAV is the only framework that can illustrate travel -activity pat-

terns with a combination of multiple modes including AVs.

6.2 Future work

The most probable issue that we will face when applying the proposed framework to real data

is computational. Because the original HAPP is generally categorized as an MILP within the

subset of the NP-hard optimization problems, its requirement for computational time will

be intractable when it is applied to a large problem. mHAPPAV furthermore adds decision

variables representing various transportation modes to the original model and, thus, requires

more effort to find a solution than the original one. It is important to solve a problem in

a feasible time, especially when mHAPPAV is used in practice. In the context of demand

forecasting, solving problems for numerous households and aggregating the solutions are

required. Consequently, an efficient solution method is needed for the effective applications

of the proposed framework.

Next, this research uses some prescribed parameters in the objective functions. Some of

the examples in Chapter 5 show possible different travel-activity patterns depending on a

parameter expressing the value of time for a household. Thus, it is necessary to estimate

these parameter values to simulate realistic activity-travel patterns in actual applications.
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While the estimation method suggested by preceding research, such as those by Recker et

al. (2008) [34], Chow and Recker (2013) [12] and Xu et al. (2017) [41], can be applicable,

those methods are conventionally based on behavioral data sampled from a household travel

survey. However, when we apply mHAPPAV to households whose travel-activity patterns

have not yet been observed, it is necessary to infer behavioral parameters based only on their

attributes. Therefore, we have to develop a parameter inference framework while considering

the availability of behavioral or personal data.

Third, this research does not explicitly represent shared ride of vehicles. Allowing for shared

ride on AVs will lead to different travel-activity patterns from those obtained in this research

and higher viability of them. Furthermore, it is crucial to evaluate shared mobility services

that will grow to be a key transportation service in the future. Since an AV likely will be

more expensive than a CV, SAV systems will probably make sharing vehicle services more

common than current ones. Although this research optimistically assumes that rideshares

can always serve passengers, rideshare services in reality have variable levels of service, which

affects travelers’decision making. Their services are also determined by the demand level for

themselves. Therefore, in order to evaluate shared mobility services, dynamic representation

of transportation systems should be considered in the HAPP framework.

Finally, the mHAPPAV framework is directly developed from the original HAPP model

by Recker (1995) [35]; that is, it does not model other behavioral aspects, for example,

rescheduling and location choice, which previous studies concerned HAPP have formulated.

Including these travel behaviors will enhance the model’s capability of evaluating a wider

variety of policies and services. Because mHAPPAV is merely a reformulation of the original

HAPP, the extensions above can be built into it̶this thesis offers a rigorous foundation for

an operational tool to evaluate advanced transportation systems.
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Appendix A

A.1 Notation for Indexes

Vc = {1, 2, ..., v, ..., |Vc|}: The set of conventional vehicles

which serve travelers.

Va = {|Vc|+ 1, |Vc|+ 2, ..., |Vc|+ v, ..., |Vc|+ |Va|}: The set of autonomous vehicles

which serve travelers.

V = Vc ∪ Va: The set of vehicles which serve trav-

elers.

η = {1, 2, ..., j, ..., |η|}: The set of household members.

A = {1, 2, ..., i, ..., n}: The set of out-of-home activities

scheduled to be completed by trav-

elers in the household.

AM = {1, 2, ..., i, ...,m}: The set of out-of-home mandatory

activities scheduled to be completed

by travelers in the household.

AD = {m+ 1, ..., i, ..., n}: The set of out-of-home discretionary

activities scheduled to be completed

by travelers in the household.
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AD1 = {m+ 1, ..., i, ..., m̃}, m̃ = m+mD1 : The set of out-of-home discretionary

activities of type 1 scheduled to be

completed by travelers in the house-

hold.

AD2 = {m̃+ 1, ..., i, ..., n}: The set of out-of-home discretionary

activities of type 2 scheduled to be

completed by travelers in the house-

hold.

AP = {m̃+ 1, ..., i, ..., m̃+mP}, m̃+mP ≤ n: The set of PT activities scheduled

to be completed by travelers in the

household.

P̃+ = {1, 2, ..., i, ..., n}: The set designating origin from

which the trip for each activity de-

parts.

P̃− = {n+ 1, n+ 2, ..., n+ i, ..., 2n}: The set designating location at

which each activity begins.

˜
P+ = {2n+ 1, 2n+ 2, ..., 2n+ i, ..., 3n}: The set designating location at

which each activity ends.

˜
P− = {3n+ 1, 3n+ 2, ..., 3n+ i, ..., 4n}: The set designating the ultimate

destination of the return-to-home

trip for each activity.

P̃+
M = {1, 2, ..., i, ...,m}: The set designating origin from

which the trip for each mandatory

activity departs.

P̃−
M = {n+ 1, n+ 2, ..., n+ i, ..., n+m}: The set designating location at

which each mandatory activity be-

gins.
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˜
P+
M = {2n+ 1, 2n+ 2, ..., 2n+ i, ..., 2n+m}: The set designating location at

which each mandatory activity ends.

˜
P−
M = {3n+ 1, 3n+ 2, ..., 3n+ i, ..., 3n+m}: The set designating the ultimate

destination of the return-to-home

trip for each mandatory activity.

P̃+
D1

= {m+ 1,m+ 2, ..., i, ..., m̃}: The set designating origin from

which the trip for each type 1 dis-

cretionary activity departs.

P̃−
D1

= {n+m+ 1, n+m+ 2, ..., n+m+ i, ..., n+ m̃}:

The set designating location at

which each type 1 discretionary ac-

tivity begins.

˜
P+
D1

= {2n+mD1 + 1, 2n+mD1 + 2, ..., 2n+mD1 + i, ..., 2n+ m̃}:

The set designating location at

which each type 1 discretionary ac-

tivity ends.

˜
P−
D1

= {3n+mD1 + 1, 3n+mD1 + 2, ..., 3n+mD1 + i, ..., 3n+ m̃}:

The set designating the ultimate

destination of the return-to-home

trip for each type 1 discretionary ac-

tivity.

P̃+
D2

= {m̃+ 1, m̃+ 2, ..., i, ..., n}: The set designating origin from

which the trip for each type 2 dis-

cretionary activity departs.

P̃−
D2

= {n+ m̃+ 1, n+ m̃+ 2, ..., n+ m̃+ i, ..., 2n}:
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The set designating location at

which each type 2 discretionary ac-

tivity begins.

˜
P+
D2

= {2n+ m̃+ 1, 2n+ m̃+ 2, ..., 2n+ m̃+ i, ..., 3n}:

The set designating location at

which each type 2 discretionary ac-

tivity ends.

˜
P−
D2

= {3n+ m̃+ 1, 3n+ m̃+ 2, ..., 3n+ m̃+ i, ..., 4n}:

The set designating the ultimate

destination of the return-to-home

trip for each type 2 discretionary ac-

tivity.

P̃+
P = {m̃+ 1, m̃+ 2, ..., i, ..., m̃+mP} ⊆ P̃+

D2
: The set designating origin from

which the trip for each PT activity

departs.

P̃−
P = {n+ m̃+ 1, n+ m̃+ 2, ..., n+ m̃+ i, ..., n+ m̃+mP} ⊆ P̃−

D2
:

The set designating location at

which each PT activity begins.

˜
P+
P = {2n+ m̃+ 1, 2n+ m̃+ 2, ..., 2n+ m̃+ i, ..., 2n+ m̃+mP} ⊆

˜
P+
D2
:

The set designating location at

which each PT activity ends.

˜
P−
P = {3n+ m̃+ 1, 3n+ m̃+ 2, ..., 3n+ m̃+ i, ..., 3n+ m̃+mP} ⊆

˜
P−
D2
:

The set designating the ultimate

destination of the return-to-home

trip for each PT activity.

86



P̃+
D = P̃+

D1
∪ P̃+

D2
: The set designating origin from

which the trip for each discretionary

activity departs.

P̃−
D = P̃−

D1
∪ P̃−

D2
: The set designating location at

which each discretionary activity be-

gins.

˜
P+
D =

˜
P+
D1

∪
˜
P+
D2
: The set designating location at

which each discretionary activity

ends.

˜
P−
D =

˜
P−
D1

∪
˜
P−
D2
: The set designating the ultimate

destination of the return-to-home

trip for each discretionary activity.

P+ = P̃+ ∪
˜
P+: The set of activity pick-up locations.

P− = P̃− ∪
˜
P−: The set of activity drop-off locations.

P = P+ ∪ P−: The set of activity locations.

N = {0, P, 4n+ 1}: The set of all nodes, including those

associated with initial departure and

final return to home.

A.2 Notation for Variables

Xv
uw: Binary decision variable equal to unity if vehicle v travels from activity

u to activity w, and zero otherwise.

Hj
uw: Binary decision variable equal to unity if household member j travels

from activity u to activity w, and zero otherwise.

Rj
uw: Binary decision variable equal to unity if household member j travels

from activity u to activity w on rideshare, and zero otherwise.
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Tu: The time at witch participation in activity u begins.

T v
0 , T

v
4n+1: The times at which vehicle v first departs from its origin and finally

arrives at its destination respectively.

T̄ j
0 , T̄

j
4n+1: The times at which a household member j first departs from its origin

and finally arrives at its destination respectively.

[ai, bi]: The time window of available start times for activity i. (Note: bi must

precede the closing of the availability of activity i by an amount equal

to or greater than the duration of the activity.)

[ai+n, bi+n]: The time windows for the return-home arrival from activity i.

[a0, b0]: The departure time window for the beginning of the travel day.

[a4n+1, b4n+1]: The arrival time window by which time all members of the household

must complete their travel.

āj0: The earliest possible departure time for household member j.

b̄j4n+1: The latest possible return home time for household member j

tvuw: The travel time from the time-space location of activity u to the time-

space location of activity w by vehicle v.

tHuw: The travel time from the time-space location of activity u to the time-

space location of activity w on foot .

cvuw: The travel cost from the time-space location of activity u to the time-

space location of activity w by vehicle v.

cPuw: The fare from the time-space location of activity u to the time-space

location of activity w by public transit.

cRuw: The fare from the time-space location of activity u to the time-space

location of activity w by rideshare.

Υv
i : The total accumulation of passengers on vehicle v immediately following

completion activity i.
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Y j
i : The total accumulation of activities on a particular tour by household

member j immediately following completion activity i.

di: The demand function for activity i.

Dv: The maximum number of passengers on vehicle v.

Dj: The maximum number of sojourns in any tour by household member

j.

Ωv
ν : The subset of activities that cannot be performed by vehicle/person v.

Ωj
H : The subset of activities that cannot be performed by household member

j.

τai : The waiting time after activity i is picked up or delivered.

τ bi : The waiting time before activity i is picked up or delivered.

P2
v: The set of OD pairs between which travelers cannot walk.

A.3 Parameters for Case 1-4

Travel time and cost between activity locations

Table A.3: Travel Time

tuw 0 1 2 3
0 0.00 1.00 0.25 0.50
1 1.00 0.00 1.00 0.50
2 0.25 1.00 0.00 0.50
3 0.50 0.50 0.50 0.00

Table A.4: Travel Cost

cuw 0 1 2 3
0 0.00 2.00 1.00 1.00
1 2.00 0.00 1.00 1.00
2 1.00 1.00 0.00 0.50
3 1.00 1.00 0.50 0.00

Activity durations

[s1, s2, s3] = [8, 1, 2]
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The time availability windows and corresponding return-home windows


a1, b1

a2, b2

a3, b3

 =


8, 8.5

6, 21

12, 13

 ,


a1+n, b1+n

a2+n, b2+n

a3+n, b3+n

 =


17, 19

10, 21

12, 21


Initial departure and end of travel day windows

[a0, b0] = [6, 20], [a4n+1, b4n+1] = [6, 21]

[ā0, b̄0] = [ā4n+1, b̄4n+1] = [6, 22]

Subsets of unperformed activities

Ω1
ν = {1, 3},Ω2

ν = {2}

Ω1
H = {1},Ω2

H = {2, 3}
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A.4 Constraints for HAPPAV2

(1) Vehicle temporal constraints

Tu + su + tu,u+n ≤ Tu+n, u ∈ P+ ∪ P̃− (C1.1)

Tu + su + tuw − Tw ≤ (1−Xv
uw)M, ∀u,w ∈ P, ∀v ∈ Vc (C1.2)

Tu + tuw − Tw ≤ (1−Xv
uw)M, ∀u,w ∈ P, ∀v ∈ Va (C1.2’)

T v
0 + s0 + t0,w − Tw ≤ (1−Xv

0,w)M,∀w ∈ P+,∀v ∈ V (C1.3)

Tu + tu,4n+1 − T v
4n+1 ≤ (1−Xv

u,4n+1)M, ∀u ∈ P−,∀v ∈ V (C1.4)

au−n ≤ Tu ≤ bu−n,∀u ∈ P̃− ∪
˜
P+ (C1.5)

av0
∑
w∈N

Xv
0,w ≤ T v

0 ≤ bv0
∑
w∈N

Xv
0,w,∀v ∈ V (C1.6)

av4n+1

∑
w∈N

Xv
0,w ≤ T v

4n+1 ≤ bv4n+1

∑
w∈N

Xv
0,w,∀v ∈ V (C1.7)

Subtour duration constraints

Tu+n ≤ Tu′ , ∀u ∈ P̃+ (C1.8)

Tu′+3n ≤ Tu+2n, ∀u ∈ P̃+. (C1.9)

Constraints for calculating parking time

∑
v∈V

Xv
uw = 1 and tuw > 0 and u ∈ P+

⇒


τau = Tw − (Tu + su + tuw), τ

b
w = 0 if ku ≤ kw and w ∈ P+

τau = 0, τ bw = Tw − (Tu + su + tuw) otherwise

(C1.10)
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∑
v∈V

Xv
uw = 1 and tuw > 0 and u ∈ P−

⇒


τau = 0, τ bw = Tw − (Tu + su + tuw) if ku ≤ kw and w ∈ P+

τau = Tw − (Tu + su + tuw), τ
b
w = 0 otherwise

(C1.11)

∑
v∈V

Xv
uw = 1 and tuw = 0 ⇒ τau = Tw − (Tu + su), τ

b
w = 0,∀u ∈ P, ∀w ∈ P. (C1.12)

∑
v∈V

Xv
uw = 0 ⇒ τau = 0, τ bw = 0,∀u ∈ P, ∀w ∈ P. (C1.13)

(2) Household member temporal constraints

Tu + su + tuw − Tw ≤ (1−Hj
uw)M,∀u,w ∈ P, ∀j ∈ η (C2.1)

T j
0 + s0 + t0w − Tw ≤ (1−Hj

0w)M, ∀w ∈ P̃+,∀j ∈ η (C2.2)

Tu + su + tu,4n+1 − T̄ j
4n+1 ≤ (1−Hj

u,4n+1)M,∀u ∈
˜
P−,∀j ∈ η (C2.3)

āj0
∑
w∈N

Hj
0,w ≤ T̄ j

0 ≤ M
∑
w∈N

Hj
0,w,∀j ∈ η (C2.4)

T̄ j
4n+1 ≤ b̄j4n+1

∑
w∈N

Hj
0,w,∀j ∈ η (C2.5)

(3) Spatial connectivity constraints on the vehicles

∑
v∈V

∑
w∈N

Xv
uw = 1,∀u ∈ P+

M (C3.1)

∑
v∈V

∑
w∈N ′

Xv
uw ≤ 1, ∀u ∈ P+

D . (C3.1’)

∑
w∈N

Xv
uw −

∑
w∈N

Xv
wu = 0,∀u ∈ P, ∀v ∈ V (C3.2)
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∑
w∈P+

Xv
0,w ≤ 1,∀v ∈ V (C3.3’)

∑
u∈P−

Xv
u,4n+1 ≤ 1,∀v ∈ V (C3.4’)

∑
w∈N

Xv
wu −

∑
w∈N

Xv
w,u+n = 0,∀u ∈ P+,∀v ∈ V (C3.5)

∑
w∈P−∪

˜
P+

Xv
0,w = 0,∀v ∈ Vc (C3.6)

∑
w∈P−

Xv
0,w = 0,∀v ∈ Va (C3.6’)

∑
u∈N

Xv
u,0 = 0,∀v ∈ V (C3.7)

∑
u∈P+∪P̃−

Xv
u,4n+1 = 0,∀v ∈ Vc (C3.8)

∑
u∈P+

Xv
u,4n+1 = 0,∀v ∈ Va (C3.8’)

∑
w∈N

Xv
4n+1,w = 0, ∀v ∈ V (C3.9)

∑
v∈Vc

Xv
u,u+n ≤ 1, ∀P̃− (C3.10’)

∑
u∈P̃+

Xv
u,2n+u = 0, ∀v ∈ V (C3.11)

∑
w∈P̃+

Xv
2n+w,w = 0,∀v ∈ V (C3.12)

∑
u∈P̃+

Xv
u,3n+u = 0,∀v ∈ V (C3.13)

∑
w∈P̃+

Xv
3n+w,w = 0,∀v ∈ V (C3.14)

∑
u∈P̃−

Xv
u,2n+u = 0,∀v ∈ V (C3.15)

∑
w∈P̃−

Xv
2n+w,w = 0,∀v ∈ V (C3.16)

∑
w∈P̃−

Xv
n+w,w = 0, ∀v ∈ V (C3.17)
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∑
v∈V

∑
w∈N

Xv
wu −

∑
v∈V

∑
w∈N

Xv
w,u+n = 0,∀u ∈ P̃−. (C3.18)

∑
u∈N

Xv
uw = Xv

w,w+n,∀v ∈ Va,∀w ∈ P̃+
D1

(C3.19)

(4) Spatial connectivity constraints on the household members

∑
j∈η

∑
w∈N

Hj
uw = 1,∀u ∈ P+

M (C4.1’)

∑
j∈η

∑
w∈N

Hj
uw ≤ 1,∀u ∈ P+

D , (C4.1’b)

∑
w∈N

Hj
uw −

∑
w∈N

Hj
wu = 0,∀u ∈ P, ∀j ∈ η (C4.2)

∑
w∈P̃+

Hj
0,w = 1,∀j ∈ η (C4.3)

∑
u∈

˜
P−

Hj
u,4n+1 = 1,∀j ∈ η (C4.4)

∑
w∈N

Hj
wu −

∑
w∈N

Hj
w,u+n = 0,∀u ∈ P+,∀j ∈ η (C4.5)

∑
j∈η

Hj
u,u+n = 1,∀u ∈ P̃−

M (C4.6)

∑
j∈η

Hj
u,u+n ≤ 1,∀u ∈ P̃−

D . (C4.6’)

∑
w∈

˜
P+∪P−

Hj
0,w = 0,∀j ∈ η (C4.7)

∑
u∈N

Hj
u,0 = 0,∀j ∈ η (C4.8)

∑
u∈P+∪P̃−

Hj
u,4n+1 = 0,∀j ∈ η (C4.9)

∑
u∈N

Hj
4n+1,w = 0,∀j ∈ η (C4.10)
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∑
u∈P̃+

Hj
u,2n+u = 0,∀j ∈ η (C4.11)

∑
w∈P̃+

Hj
2n+w,w = 0,∀j ∈ η (C4.12)

∑
u∈P̃+

Hj
u,3n+u = 0,∀j ∈ η (C4.13)

∑
w∈P̃+

Hj
3n+w,w = 0,∀j ∈ η (C4.14)

∑
u∈P̃−

Hj
u,2n+u = 0,∀j ∈ η (C4.15)

∑
w∈P̃−

Hj
2n+w,w = 0,∀j ∈ η (C4.16)

∑
w∈P̃−

Hj
n+w,w = 0,∀j ∈ η (C4.17)

∑
w∈

˜
P−

Hj
uw = 0,∀j ∈ η, ∀u ∈ P̃+ (C4.18)

∑
u∈N

Hj
uw = Hj

w,w+n,∀j ∈ η, ∀w ∈ P̃−
D2

(C4.19)

(5) Capacity budget and participation constraints

Capacity constraints on household members

Hj
uw = 1 ⇒ Y j

u + dw = Y j
w,∀j ∈ η, u ∈ P,w ∈ P̃+ (C5.1)

Hj
uw = 1 ⇒ Y j

u − dw−n = Y j
w,∀j ∈ η, u ∈ P,w ∈

˜
P− (C5.2)

Hj
uw = 1 ⇒ Y j

u = Y j
w, ∀j ∈ η, u ∈ P,w ∈

˜
P+ ∪ P̃− (C5.3)

Hj
0w = 1 ⇒ dw = Y j

w, ∀j ∈ η, ∀w ∈ P̃+ (C5.4)

0 ≤ Y j
u ≤ Dj,∀j ∈ η, ∀u ∈ P+. (C5.5)
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Capacity constraints on vehicles

Xv
uw = 1 ⇒


Υv

u + dw = Υv
w if

∑
j∈η
∑

u′∈N twu′Hj
wu′ > 0 or w ∈

˜
P+

Υv
u = Υv

w otherwise

,

∀v ∈ V, ∀u ∈ P, ∀w ∈ P+ (C5.6)

Xv
uw = 1 ⇒


Υv

u − dw−n = Υv
w if

∑
j∈η
∑

ũ∈N twũH
j
wũ > 0 or w ∈ P̃−

Υv
u = Υv

w otherwise

,

∀v ∈ V, ∀u ∈ P, ∀w ∈ P− (C5.7)

Xv
0w = 1 ⇒


dw = Υv

w if
∑

j∈η
∑

ũ∈N twũH
j
wũ > 0

0 = Υv
w otherwise

,∀v ∈ V, ∀w ∈ P̃+ (C5.8)

0 ≤ Υv
u ≤Dv,∀v ∈ V, ∀u ∈ P+. (C5.9)

Participation constraints

∑
u∈N

∑
w∈Ωv

ν

Xv
uw = 0,∀v ∈ V (C5.10a)

∑
u∈N

∑
w∈Ωv

ν

Xv
u,w+2n = 0,∀v ∈ V (C5.10b)

∑
u∈N

∑
w∈Ωj

H

Hj
uw = 0,∀j ∈ η (C5.11a)

∑
u∈N

∑
w∈Ωj

H

Hj
u,w+2n = 0,∀j ∈ η (C5.11b)

(6) Vehicle and household member coupling constraints

Hj
uw = 1 and tuw > 0 ⇒

∑
v∈V

Xv
uw = 1,∀j ∈ η, ∀u,w ∈ P, (C6.1)
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Xv
uw = 1 and tuw > 0 ⇒

∑
j∈η

Hj
uw = 1,∀v ∈ Vc,∀u,w ∈ P. (C6.2)

∑
v∈V

∑
w∈P

Xv
0,w ≤

∑
j∈η

∑
w∈P

Hj
0w (C6.3)

∑
v∈V

∑
w∈P

Xv
0,w ≥

∑
j∈η

∑
w∈P

Hj
0w − η + 1 (C6.4)

A.5 Constraints for mHAPPAV

(1) Vehicle temporal constraints

Tu + su + min
∀v∈V

tvu,u+n ≤ Tu+n, u ∈ P+ ∪ P̃− (C1.1)

Tu + su + tvuw − Tw ≤ (1−Xv
uw)M, ∀u,w ∈ P, ∀v ∈ Vc (C1.2)

Tu + tvuw − Tw ≤ (1−Xv
uw)M, ∀u,w ∈ P, ∀v ∈ Va (C1.2’)

T v
0 + s0 + tv0,w − Tw ≤ (1−Xv

0,w)M,∀w ∈ P+,∀v ∈ V (C1.3)

Tu + tvu,4n+1 − T v
4n+1 ≤ (1−Xv

u,4n+1)M, ∀u ∈ P−,∀v ∈ V (C1.4)

au−n ≤ Tu ≤ bu−n,∀u ∈ P̃− ∪
˜
P+ (C1.5)

av0
∑
w∈N

Xv
0,w ≤ T v

0 ≤ bv0
∑
w∈N

Xv
0,w,∀v ∈ V (C1.6)

av4n+1

∑
w∈N

Xv
0,w ≤ T v

4n+1 ≤ bv4n+1

∑
w∈N

Xv
0,w,∀v ∈ V (C1.7)

Subtour duration constraints

Tu+n ≤ Tu′ , ∀u ∈ P̃+ (C1.8)

Tu′+3n ≤ Tu+2n, ∀u ∈ P̃+. (C1.9)
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Constraints for calculating parking time

∑
v∈V

tvuwX
v
uw > 0, and u ∈ P+

⇒


τau = Tw − (Tu + su +

∑
v∈V tvuwX

v
uw), τ

b
w = 0 if ku ≤ kw and w ∈ P+

τau = 0, τ bw = Tw − (Tu + su +
∑

v∈V tvuwX
v
uw) otherwise

(C1.10)∑
v∈V

tvuwX
v
uw > 0 > 0 and u ∈ P−

⇒


τau = 0, τ bw = Tw − (Tu + su +

∑
v∈V tvuwX

v
uw) if ku ≤ kw and w ∈ P+

τau = Tw − (Tu + su +
∑

v∈V tvuwX
v
uw), τ

b
w = 0 otherwise

(C1.11)∑
v∈V

tvuwX
v
uw > 0 = 0 ⇒ τau = Tw − (Tu + su), τ

b
w = 0,∀u ∈ P, ∀w ∈ P. (C1.12)

∑
v∈V

Xv
uw = 0 ⇒ τau = 0, τ bw = 0,∀u ∈ P, ∀w ∈ P. (C1.13)

(2) Household member temporal constraints

Hj
uw = 1 and

∑
v∈V

Xv
uw = 1 ⇒ Tu + su +

∑
v∈V

tvuwX
v
uw ≤ Tw,∀u,w ∈ P, ∀j ∈ η (C2.1a)

Hj
uw = 1 and

∑
v∈V

Xv
uw = 0 ⇒


Tu + su + thuw ≤ Tw, if Rj

uw = 0

Tu + su + truw ≤ Tw, if Rj
uw = 1

,∀u,w ∈ P, ∀j ∈ η

(C2.1b)

Hj
0,w = 1 and

∑
v∈V

Xv
0,w = 1 ⇒ T j

0 + s0 +
∑
v∈V

tv0,wX
v
0,w ≤ Tw,∀w ∈ P, ∀j ∈ η (C2.2a)
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Hj
0,w = 1 and

∑
v∈V

Xv
0,w = 0 ⇒


T j
0 + s0 + th0,w ≤ Tw, if Rj

0,w = 0

T j
0 + s0 + tr0,w ≤ Tw, if Rj

0,w = 1

,∀w ∈ P, ∀j ∈ η

(C2.2b)

Hj
u,4n+1 = 1 and

∑
v∈V

Xv
u,4n+1 = 1 ⇒ Tu +

∑
v∈V

tvu,4n+1X
v
u,4n+1 ≤ T j

4n+1,∀u ∈ P, ∀j ∈ η

(C2.3a)

Hj
u,4n+1 = 1 and

∑
v∈V

Xv
u,4n+1 = 0 ⇒


Tu + thu,4n+1 ≤ T j

4n+1, if Rj
u,4n+1 = 0

Tu + tru,4n+1 ≤ T j
4n+1, if Rj

u,4n+1 = 1

,

∀u ∈ P, ∀j ∈ η, (C2.3b)

āj0
∑
w∈N

Hj
0,w ≤ T̄ j

0 ≤ M
∑
w∈N

Hj
0,w,∀j ∈ η (C2.4)

T̄ j
4n+1 ≤ b̄j4n+1

∑
w∈N

Hj
0,w,∀j ∈ η (C2.5)

(3) Spatial connectivity constraints on the vehicles

∑
v∈V

∑
w∈N

Xv
uw = 1,∀u ∈ P+

M (C3.1)

∑
v∈V

∑
w∈N ′

Xv
uw ≤ 1, ∀u ∈ P+

D . (C3.1’)

∑
w∈N

Xv
uw −

∑
w∈N

Xv
wu = 0,∀u ∈ P, ∀v ∈ V (C3.2)

∑
w∈P+

Xv
0,w ≤ 1,∀v ∈ V (C3.3’)

∑
u∈P−

Xv
u,4n+1 ≤ 1,∀v ∈ V (C3.4’)

∑
w∈N

Xv
wu −

∑
w∈N

Xv
w,u+n = 0,∀u ∈ P+,∀v ∈ V (C3.5)
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∑
w∈P−∪

˜
P+

Xv
0,w = 0,∀v ∈ Vc (C3.6)

∑
w∈P−

Xv
0,w = 0,∀v ∈ Va (C3.6’)

∑
u∈N

Xv
u,0 = 0,∀v ∈ V (C3.7)

∑
u∈P+∪P̃−

Xv
u,4n+1 = 0,∀v ∈ Vc (C3.8)

∑
u∈P+

Xv
u,4n+1 = 0,∀v ∈ Va (C3.8’)

∑
w∈N

Xv
4n+1,w = 0, ∀v ∈ V (C3.9)

∑
v∈Vc

Xv
u,u+n ≤ 1, ∀P̃− (C3.10’)

∑
u∈P̃+

Xv
u,2n+u = 0, ∀v ∈ V (C3.11)

∑
w∈P̃+

Xv
2n+w,w = 0,∀v ∈ V (C3.12)

∑
u∈P̃+

Xv
u,3n+u = 0,∀v ∈ V (C3.13)

∑
w∈P̃+

Xv
3n+w,w = 0,∀v ∈ V (C3.14)

∑
u∈P̃−

Xv
u,2n+u = 0,∀v ∈ V (C3.15)

∑
w∈P̃−

Xv
2n+w,w = 0,∀v ∈ V (C3.16)

∑
w∈P̃−

Xv
n+w,w = 0, ∀v ∈ V (C3.17)

∑
v∈V

∑
w∈N

Xv
wu −

∑
v∈V

∑
w∈N

Xv
w,u+n = 0, ∀u ∈ P̃−. (C3.18)

∑
u∈N

Xv
uw = Xv

w,w+n,∀v ∈ V, ∀w ∈ P̃−
D1

(C3.19)
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Xv
u,u+n = 0,∀v ∈ V, ∀u ∈ P̃−

P (C3.20)

(4) Spatial connectivity constraints on the household members

∑
j∈η

∑
w∈N

Hj
uw = 1,∀u ∈ P+

M (C4.1)

∑
j∈η

∑
w∈N

Hj
uw ≤ 1,∀u ∈ P+

D , (C4.1’)

∑
w∈N

Hj
uw −

∑
w∈N

Hj
wu = 0,∀u ∈ P, ∀j ∈ η (C4.2)

∑
w∈P̃+

Hj
0,w = 1,∀j ∈ η (C4.3)

∑
u∈

˜
P−

Hj
u,4n+1 = 1,∀j ∈ η (C4.4)

∑
w∈N

Hj
wu −

∑
w∈N

Hj
w,u+n = 0,∀u ∈ P+,∀j ∈ η (C4.5)

∑
j∈η

Hj
u,u+n = 1,∀u ∈ P̃−

M (C4.6)

∑
j∈η

Hj
u,u+n ≤ 1,∀u ∈ P̃−

D (C4.6’)

∑
w∈

˜
P+∪P−

Hj
0,w = 0,∀j ∈ η (C4.7)

∑
u∈N

Hj
u,0 = 0,∀j ∈ η (C4.8)

∑
u∈P+∪P̃−

Hj
u,4n+1 = 0,∀j ∈ η (C4.9)

∑
u∈N

Hj
4n+1,w = 0,∀j ∈ η (C4.10)

∑
u∈P̃+

Hj
u,2n+u = 0,∀j ∈ η (C4.11)

∑
w∈P̃+

Hj
2n+w,w = 0,∀j ∈ η (C4.12)
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∑
u∈P̃+

Hj
u,3n+u = 0,∀j ∈ η (C4.13)

∑
w∈P̃+

Hj
3n+w,w = 0,∀j ∈ η (C4.14)

∑
u∈P̃−

Hj
u,2n+u = 0,∀j ∈ η (C4.15)

∑
w∈P̃−

Hj
2n+w,w = 0,∀j ∈ η (C4.16)

∑
w∈P̃−

Hj
n+w,w = 0,∀j ∈ η (C4.17)

∑
w∈

˜
P−

Hj
uw = 0,∀j ∈ η ∀u ∈ P̃+ (C4.18)

∑
u∈N

Hj
uw = Hj

w,w+n,∀j ∈ η, ∀w ∈ P̃−
D2

(C4.19)

(5) Capacity budget and participation constraints

Capacity constraints for household members

Hj
uw = 1 ⇒ Y j

u + dw = Y j
w,∀j ∈ η, u ∈ P,w ∈ P̃+ (C5.1)

Hj
uw = 1 ⇒ Y j

u − dw−n = Y j
w,∀j ∈ η, u ∈ P,w ∈

˜
P− (C5.2)

Hj
uw = 1 ⇒ Y j

u = Y j
w, ∀j ∈ η, u ∈ P,w ∈

˜
P+ ∪ P̃− (C5.3)

Hj
0w = 1 ⇒ dw = Y j

w, ∀j ∈ η, ∀w ∈ P̃+ (C5.4)

0 ≤ Y j
u ≤ Dj,∀j ∈ η, ∀u ∈ P+ (C5.5)
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Capacity constraints for vehicles

Xv
uw = 1 ⇒


Υv

u + dw = Υv
w if

∑
j∈η
∑

ũ∈N min∀v∈V tvwũH
j
wũ > 0 or w ∈

˜
P+

Υv
u = Υv

w otherwise

,

∀v ∈ V, ∀u ∈ P, ∀w ∈ P+ (C5.6)

Xv
uw = 1 ⇒


Υv

u − dw−n = Υv
w if

∑
j∈η
∑

ũ∈N min∀v∈V tvwũH
j
wũ > 0 or w ∈ P̃−

Υv
u = Υv

w otherwise

,

∀v ∈ V, ∀u ∈ P, ∀w ∈ P− (C5.7)

Xv
0w = 1 ⇒


dw = Υv

w if
∑

j∈η
∑

ũ∈N min∀v∈V tvwũH
j
wũ > 0

0 = Υv
w otherwise

,∀v ∈ V, ∀w ∈ P̃+ (C5.8)

0 ≤ Υv
u ≤ Dv,∀v ∈ V, ∀u ∈ P+ (C5.9)

Participation constraints

∑
u∈N

∑
w∈Ωv

ν

Xv
uw = 0,∀v ∈ V (C5.10a)

∑
u∈N

∑
w∈Ωv

ν

Xv
u,w+2n = 0,∀v ∈ V (C5.10b)

∑
u∈N

∑
w∈Ωj

H

Hj
uw = 0,∀j ∈ η (C5.11a)

∑
u∈N

∑
w∈Ωj

H

Hj
u,w+2n = 0,∀j ∈ η (C5.11b)
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(6) Vehicle and household member coupling constraints

Hj
uw = 1 ⇒

∑
v∈V

Xv
uw +Rj

uw = 1,∀j ∈ η, ∀(u,w) ∈ P2
v (C6.1)

Xv
uw = 1 and min

∀v∈V
tvuw > 0 ⇒

∑
j∈η

Hj
uw = 1,∀v ∈ Vc,∀u,w ∈ P (C6.2)

∑
v∈V

∑
w∈P

Xv
0,w ≤

∑
j∈η

∑
w∈P

Hj
0w (C6.3)

Rj
uw ≤ truwM, ∀j ∈ η, ∀u,w ∈ N (C6.5)∑

u∈P

Xv
u,w ≤

∑
j∈η

∑
u∈P

Hj
u,w,∀v ∈ V, ∀w ∈ P̃−

P (C6.6)

∑
w∈P

Xv
u,w ≤

∑
j∈η

∑
w∈P

Hj
u,w,∀v ∈ V, ∀u ∈

˜
P+
P (C6.7)

A.6 Constraints for Calculating Parking Time Rewrit-

ten for Implementation

τau − (Tw − Tu − tuw) ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P+,∀w ∈ P−, twu > 0, ku ≤ kw

(C1.10a.1a)

τau − (Tw − Tu − tuw) ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P+,∀w ∈ P−, twu > 0, ku ≤ kw

(C1.10a.1b)

τ bw ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P+,∀w ∈ P−, twu > 0, ku ≤ kw (C1.10a.2a)

τ bw ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P+,∀w ∈ P−, twu > 0, ku ≤ kw (C1.10a.2b)
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τau ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P+,∀w ∈ P−, twu > 0, ku > kw (C1.10b.1a)

τau ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P+,∀w ∈ P−, twu > 0, ku > kw (C1.10b.1b)

τ bw − (Tw − Tu − tuw) ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P+,∀w ∈ P−, twu > 0, ku > kw

(C1.10a.2a)

τ bw − (Tw − Tu − tuw) ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P+,∀w ∈ P−, twu > 0, ku > kw

(C1.10a.2b)

τ bw − (Tw − Tu − tuw) ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P+,∀w ∈ P+, twu > 0 (C1.10b.3a)

τ bw − (Tw − Tu − tuw) ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P+,∀w ∈ P+, twu > 0 (C1.10b.3b)

τau ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P+,∀w ∈ P+, twu > 0 (C1.10b.4a)

τau ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P+,∀w ∈ P+, twu > 0 (C1.10b.4b)

τau ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P−,∀w ∈ P+, twu > 0, ku ≤ kw (C1.11a.1a)

τau ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P−,∀w ∈ P+, twu > 0, ku ≤ kw (C1.11a.1b)

τ bw − (Tw − Tu − tuw) ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P−,∀w ∈ P+, ku ≤ kw (C1.11a.2a)

τ bw − (Tw − Tu − tuw) ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P−,∀w ∈ P+, twu > 0, ku ≤ kw

(C1.11a.2b)

τau − (Tw − Tu − tuw) ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P−,∀w ∈ P+, twu > 0, ku > kw

(C1.11b.3a)

τau − (Tw − Tu − tuw) ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P−,∀w ∈ P+, twu > 0, ku > kw

(C1.11b.3b)
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τ bw ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P−,∀w ∈ P+, twu > 0, ku > kw (C1.11b.4a)

τ bw ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P−,∀w ∈ P+, twu > 0, ku > kw (C1.11b.4b)

τau − (Tw − Tu − tuw) ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P−,∀w ∈ P−, twu > 0 (C1.11b.4a)

τau − (Tw − Tu − tuw) ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P−,∀w ∈ P−, twu > 0 (C1.11b.4b)

τ bw ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P−,∀w ∈ P−, twu > 0 (C1.11b.4b)

τ bw ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P−,∀w ∈ P−, twu > 0 (C1.11b.4b)

τau ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P+,∀w ∈ N, twu = 0 (C1.12a.1a)

τau ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P+,∀w ∈ N, twu = 0 (C1.12a.1b)

τ bw − (Tw − Tu) ≤ (1−
∑
v∈V

Xv
uw) ·M, ∀u ∈ P+,∀w ∈ N, twu = 0 (C1.12a.2a)

τ bw − (Tw − Tu) ≥ (
∑
v∈V

Xv
uw − 1) ·M, ∀u ∈ P+,∀w ∈ N, twu = 0 (C1.12a.2b)

τau − (Tw − Tu) ≤ (1−
∑
v∈V

Xv
uw) ·M, ∀u ∈ P−,∀w ∈ N, twu = 0 (C1.12a.3a)

τau − (Tw − Tu) ≥ (
∑
v∈V

Xv
uw − 1) ·M, ∀u ∈ P−,∀w ∈ N, twu = 0 (C1.12a.3b)

τ bw ≤ (1−
∑
v∈V

Xv
uw) ·M,∀u ∈ P−,∀w ∈ N, twu = 0 (C1.12a.4a)

τ bw ≥ (
∑
v∈V

Xv
uw − 1) ·M,∀u ∈ P−,∀w ∈ N, twu = 0 (C1.12a.4b)

τau ≤ (
∑
v∈V

∑
w∈P

Xv
uw) ·M, ∀u ∈ P (C1.13a)

τ bw ≤ (
∑
v∈V

∑
u∈P

Xv
uw) ·M,∀w ∈ P (C1.13b)
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A.7 Abbreviations

Table A.5: Abbreviations

ABA Activity-based approach
ABM Activity-based model
AV Autonomous vehicle
CPM Computational process model
CV Conventional vehicle
LSP Location selection problem
MaaS Mobility as a Service
MDSAM Multi-dimensional alignment method
MILP Mixed integer linear problem
NDP Network design problem
PAV Private autonomous vehicle
PDP Pick-up and delivery problem
PDPTW Pick-up and delivery problem with time window constraints
PT Public transit
SAV Shared autonomous vehicle
VMT Vehicle mile traveled
ZOT Zero occupancy trip
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Table A.6: Abbreviations for ABMs

ADAPTS Agent-based Dynamic Activity Planning and Travel Scheduling
ALBATROSS A Learning-based Transportation Oriented Simulation System
AMOS Activity-Mobility Simulator
CARLA Combinatorial Algorithm for Rescheduling Lists if Activities
CEMDAP Comprehensive Econometric Micro-simulator for Daily Activity-travel

Patterns
DEBNetS Dynamic Event-Based Network Simulator
FAMOS Florida Activity Mobility Simulator
HAPP Household Activity Pattern Problem
HAPP Household Activity Pattern Problem with Autonomous Vehicles
mHAPP multimodal Household Activity Pattern Problem
mHAPPAV multimodal Household Activity Pattern Problem with Autonomous

Vehicles
PCATS Prism-Constrained Activity-Travel Simulator
PESASP Program Evaluating the Set of Alternative Sample Paths
SimAGENT Simulator of Activities, Greenhouse Emissions, Networks, and Travel
SMASH Simulation Model of Activity Scheduling Heuristics
STARCHILD Simulation of Travel/Activity Responses to Complex Household

Interactive Logistic Decisions
TASHA Travel Activity Scheduler for Household Agents
SHAPP Stochastic Household Activity Pattern Problem
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