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Abstract

Recent urbanization and growing e-commerce have ignited freight demand, resulting in transportation challenges such as
traffic congestion. A promising solution to the growing freight demand is integrating freight and passenger transportation
to reduce the required number of vehicles. Shared Autonomous Vehicle (SAV) systems can efficiently integrate freight and
passenger flows by using optimized routes and ride-sharing. Not only vehicle-based integration but also freight-passenger
integration in urban spaces such as shared delivery locations (SDLs) such as lockers, would further enhance the performance
of the integrated transportation system. The difference in time value between freight and passengers requires us to operate
and design integrated transportation systems while explicitly evaluating trade-off relations between passenger convenience
and social costs. This paper proposes a multi-objective optimization problem for integrated transportation in SAV systems
that captures the dynamic features such as endogenous congestion and ride-share matching of freight and passengers. The
optimization model is formulated as a linear programming, allowing us to easily solve it and mathematically derive useful
properties for strategic planning. Our numerical experiments with New York City taxi data reveal that the employment of
integrated transportation and SDLs synergistically improve passenger convenience and social costs simultaneously.

Keywords Integration of freight and passenger - Multi-objective - Dynamic traffic assignment - Shared autonomous vehicles -
Shared delivery locations

1 Introduction
1.1 Background

Recent trends such as urbanization and the e-commerce boom
have boosted the demand for urban freight deliveries [14],
posing transportation challenges such as congestion [18]. The
prevalence of e-commerce has invited customers to purchase
goods online and have them delivered directly to their desired
locations (e.g., homes and workplaces). However, compared
to classical delivery to shops, direct delivery requires visits to
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geographically dispersed locations, putting further pressure
on transportation infrastructures due to the increased num-
ber of vehicles and mileage [1]. The future growth of the
e-commerce market will force us to formulate freight trans-
portation solutions to alleviate the negative impacts on urban
transportation.

A promising solution to the urban transportation chal-
lenges owing to growing freight demand is to integrate
freight and passenger transportation. According to Bruzzone
et al. [3], an integrated system includes vehicles, infras-
tructures, or urban spaces shared by freight and passengers
simultaneously. The European Green Paper on Urban Mobil-
ity [5] indicated the necessity of integrated transportation,
which has since been successfully implemented in long-haul
transportation [7] and fixed-route public transit [13]. In con-
trast, in the context of short-haul transportation in urban road
networks, freight and passenger flows compete over lim-
ited spaces, as seen in dedicated ride-hailing services (e.g.,
UberPool and UberEats). The unique features of short-haul
transportation require congestion-aware operation of flexible
vehicle routing and scheduling.
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Shared autonomous vehicle (SAV) systems present a high
potential for integrated freight and passenger transportation
in urban road networks. SAV systems utilize autonomous
vehicles shared by society to transport them using opti-
mal routes, schedules, and ride-sharing matching [17]. This
allows a single vehicle to efficiently carry heterogeneous
overlapping flows, thereby reducing the number of vehicles
required to meet the same traffic demand. According to Joerss
et al. [9], autonomous vehicles with parcel lockers will likely
cover 80% of last-mile deliveries in the future.

The integrated transportation system would bring greater
social benefits if freight and passenger flows could be shared
not only in vehicles but also in urban spaces such as transport
hubs. Transport hubs that have recently gained attention in
the context of freight transportation are shared delivery loca-
tions (SDLs), such as parcel lockers and shops [18]. Freight
is delivered from warehouses to SDLs, rather than to each
customer’s home or workplace, where it is stored as inven-
tory and eventually picked up by the customer who ordered
them. The system with SDLs can provide the following two
advantages [1, 18]. First, consolidating freight destinations
and passenger transit points at SDLs can provide an oppor-
tunity to increase the vehicle loading rate. Second, it avoids
magnifying congestion by storing freight at SDLs during off-
peak traffic demand.

The operation and design of the integrated transportation
system require us to explicitly investigate the trade-off rela-
tions between passenger convenience and social costs [3].
Passenger convenience includes total travel time, whereas
social cost includes total distance traveled by SAVs, total
number of SAVs, infrastructure construction costs, and total
inventories. For example, delivering to SDLs rather than pas-
sengers’ homes could reduce vehicle travel distances at the
expense of passenger travel time. Holding more inventories
at SDLs during off-peak demand could also avoid traffic
congestion. Similar to typical transportation systems, there
exist strong trade-off relations between construction costs
and travel time. Furthermore, the difference in time value
of freight and passengers highlights the importance of the
trade-off relations in the operation and design of integrated
transportation systems.

1.2 Literature Review

Many papers researchers have focused on the integration of
freight and passenger transportation since the publication of
the European Green Paper [5]. Related studies can be roughly
classified into two categories: those focusing on fixed-routes
public transits (e.g., rail [16]), and short-haul transportation
with flexible routes, such as taxis [12], on-demand buses [4],
and SAVs [2, 20]. This study is highly related to the latter.
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Most previous studies on integrated transportation with
flexible routes have been concerned with optimizing oper-
ational routing and scheduling, with fewer contributions to
strategic design. Li et al. [12] formulated a variant of the
Dial-a-Ride problem to optimize routes and schedules of
taxis that satisfy two types of traffic demand (i.e., passen-
ger and freight). Cheng et al. [4] proposed an integrated
transportation model in demand-responsive bus systems with
drones. Beirigo et al. [2] developed an integrated transporta-
tion model in SAV systems by relaxing the assumptions
on the combination of freight and passengers in [12]. They
revealed that integrated transportation performs on average
11% better than conventional one.

To our best knowledge, only two studies, Van et al. [20]
and Ji et al. [8], have investigated strategic issues for inte-
grated transportation with flexible routes. Van et al. [20] pro-
vided the Dial-a-ride problem with SAVs’ capacity design,
an extension of [2]. Numerical experiments on a hypotheti-
cal network demonstrated that vehicle capacity design varies
significantly with freight and passenger demand patterns. Ji
et al. [8] formulated a mixed integer linear programming
to explore the optimal routing and hub-and-spoke network
design in multimodal transportation consisting of metro, taxi,
and truck. Unfortunately, no studies have contributed to the
integrated freight and passenger transportation with flexi-
ble routes while explicitly considering endogenous traffic
congestion, the trade-off relations between passenger con-
venience and social costs, and the strategic design. These
concerns must be evaluated in the operation and design
of integrated transportation since the growing e-commerce
would boost freight demand loading the urban infrastruc-
tures.

Traffic assignment approaches are typical methodolo-
gies for evaluating the interaction between traffic phenom-
ena (e.g., congestion) and strategic network design. Its
dynamic extension, a dynamic traffic assignment (DTA),
can evaluate traffic congestion in SAV systems that require
dynamic matching in response to spatio-temporal passenger
demand. Since Levin [10] has formulated the SAV rout-
ing problem while considering endogenous congestion as
linear programming, the DTA approach for SAV systems
has focused on passenger transportation and incorporated
public transit [11, 15] and infrastructure design [15, 19].
Seo and Asakura [19] developed the multi-objective opti-
mization framework, which simultaneously optimizes the
dynamic operation and infrastructure design of SAV systems.
Maruyama and Seo [15] extended [19] to SAV systems with
fixed-route transits. This study extends [19] to the integrated
freight and passenger transportation, and can be a first step
toward developing a multi-objective optimization framework
for congestion-aware strategic design and operation of the
focused system.



International Journal of Intelligent Transportation Systems Research

1.3 Objective

This study develops a multi-objective optimization model
for integrated freight and passenger transportation that eval-
uates trade-off relations and traffic congestion. The objective
functions include total travel time of passengers, total dis-
tance traveled by SAVs, total number of SAVs, infrastructure
construction cost, and total inventories. The proposed model
employs a DTA approach to capture the dynamic features of
integrated transportation in SAV systems: endogenous con-
gestion, dynamic routing and scheduling of SAVs, storage of
freight, and ride-sharing matching of freight and passengers.
The model is formulated as linear programming; thus, we can
solve it easily. Furthermore, leveraging the linearity of the
problem can derive the following mathematical properties:
the employment of integrated transportation and SDLs can
improve passenger convenience and social costs simultane-
ously (i.e., Pareto improvement). Our numerical experiments
clarify the trade-off relations, as well as the Pareto improve-
ment produced synergistically by integrated transportation
and SDLs.

We should note that the proposed model is not oriented
toward the elaborate optimization of the detailed SAV oper-
ation (e.g., Dial-a-Ride route of individual SAVs) due to its
macroscopic nature based on the DTA approach. We also
note that the proposed model is not geared toward individual
shippers or logistics providers. Instead, this study focuses
on system optimum under a centralized decision-maker to
provide a benchmark for operational performances during
strategic planning phases.

2 Formulation

This chapter develops a multi-objective optimization model
for integrated freight and passenger transportation. Section 2.1
explains the problem settings, Section 2.2 formulates the
optimization model, Section 2.3 describes the solution
method, and then Section 2.4 shows the qualitative prop-
erties. Finally, Section 2.5 describes the limitations of the
proposed model.

2.1 Problem Settings

Integrated freight and passenger transportation system con-
sists of five elements: network, passengers, freight, SAVs,
and a decision-maker. The following sections describe the
problem setting for each element.

2.1.1 Decision-Maker

A single decision-maker (e.g., a central operator of the SAV
system) determines the routes and schedules of SAVs within a

given planning horizon while designing the network required
for efficient SAV operation. The system can transport freight
and passengers along optimal routes while satisfying all
traffic and freight demand in urban networks. The optimal
operation and design jointly minimize the total travel distance
and the total number of SAVs, the total amount of freight in
stock, the total cost of expanding infrastructure facilities such
as parking lots, roads, and SDLs, and the total travel time of
passengers. The objective function for the optimal strategy
may vary depending on the type of operators, such as public
or private sectors. The former may pursue the maximization
of social welfare, including the total travel time of passen-
gers. The latter may favor minimizing social cost incurred
by SAV operations, inventory holding, and so on. The pro-
posed multi-objective optimization problem simultaneously
considers the above objective functions with the following
decision variables:

— SAVs’ dynamic routing with pick-up and delivery of
freight and passengers,

— dynamic ride-sharing matching of freight and passengers,

— total number of SAVs,

— freight inventory,

— generation and attraction of freight,

— traffic capacity of links and storage capacity of nodes for
SAVs, and

— storage capacity of facilities such as warehouses and
SDLs for freight.

2.1.2 Network

A network consists of nodes and links. There are two types
of nodes: nodes on the road network and dummy nodes. The
former represents parking lots and intersections, while the
latter is an aggregated representation of origins, destinations,
and facilities such as warehouses and SDLs in each zone. The
road network structure, origins, and destinations are known.
In contrast, facilities can be installed at a set of some pre-
determined nodes, hereinafter referred to as a candidate set.

Each link has travel time and traffic capacity. The travel
time is given, while traffic capacity is determined through
network design along with the storage capacity of nodes on
the road network. The traffic and storage capacity restrict the
number of SAVs using the corresponding links and nodes.
Facility dummy nodes have inventory capacity, the maximum
number of freight stored. The capacities can be designed
within a given maximum and minimum value.

This study considers a time-expanded network—a net-
work that extends the static network along the time axis as
shown in Fig. 1. It describes movement and waiting and their
time consumption. Passengers, freight, and SAVs all move
on the time-expanded network.
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time step

(a) standard network (b) time-expanded network

Fig.1 An example of time-expanded network

2.1.3 Freight and Passenger

Passengers travel according to the optimal route directed by
the decision-maker and eventually return to their destina-
tions. They can move only when riding SAVs; otherwise,
they must wait at a node. There are two types of passengers:
with and without freight demand. Passengers with freight
demand move to the destination after receiving their desired
freight, while their counterparts move directly to the desti-
nation. Passengers can pick up the freight at the destination,
or pick it up at SDLs and take it back to their destination.

Similar to passengers, freight is also carried exclusively
by SAVs. If freight waits at a node, it must be stored at
warehouses, SDLs, or SAVs. All freight to meet passengers’
demand is pre-positioned at warehouses at the beginning of
the planning horizon and then delivered to passengers within
the planning horizon. In other words, all freight is gener-
ated from candidate warehouses and eventually is attracted
to candidate SDLs or passengers’ destinations. We note that
the spatial distribution of freight generation and attraction
can be determined by a single decision-maker.

Table 1 List of variable notation

We assume that passenger demand during the planning
horizon is given. Passenger demand is identified by origin,
destination, departure time, latest arrival time, with or with-
out freight demand, and volume and type of freight demand.
The location where passengers receive their freight is accord-
ing to the optimal routes, unlike origin and destination given.
For simplicity of notation, this study assumes volume and
type of freight demand are homogeneous; in other words,
passengers with freight demand desire the same volume of
a single commodity or a single set of multiple commodities.
This assumption can be relaxed to the case with heteroge-
neous groups by simply differentiating variables related to
freight and passengers by the groups.

2.1.4 SAV

SAV flow is described by a point-queue model with a limited
queue length. SAVs move on links at free-flow speed and stop
at nodes when parked or in congestion. Congestion occurs
when the traffic volume reaches the traffic capacity of links
or the storage capacity of nodes. Then SAVs cannot enter the
link or node, resulting in the propagation of traffic congestion.
The dynamic representation of SAV flow is identical to that
of [19].

SAVs follow the optimal itinerary and route directed by
the decision-maker. SAVs can pick up passengers and carry
freight subject to the pre-determined vehicle carrying capac-
ity. This study refers to transportation systems in which each
SAV can transport freight and passengers simultaneously as
integrated transportation, otherwise referred to as separated
transportation.

notation definition

X! flow of SAVs that start traveling link ij on time step ¢

Yyij ~ flow of passengers who start traveling link i; on time step ¢ with no freight demand, destination node s, and departure time step k

Zt flow of freight that starts traveling link 7 on time step ¢

total travel time of passengers (including waiting time on nodes)

T

D total distance traveled by SAVs

N total number of SAVs

C total cost of infrastructure construction
S

total number of inventories

flow of passengers who start traveling link ij on time step ¢ with unserved freight demand, destination node s, and departure time step k

Vsi;  flow of passengers who start traveling link ij on time step  with served freight demand, destination node s, and departure time step

Mij traffic capacity of link 7, which is within the minimum allowable value M?;i“ and the maximum allowable value M?}""‘
Ki storage capacity of node i for SAVs, which is within the minimum allowable value Kimi“ and the maximum allowable value ;"
€ storage capacity of facility dummy node v for freight, which is within the minimum allowable value G{Pi“ and the maximum allowable value

max

€
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Table 2 List of parameter notation

notation definition

tij free-flow travel time of link ij if i # j

tii waiting time at node i for one time step (i.e., equal to the time step width by the definition)

djj length of link i

cij unit cost of expanding traffic capacity of link i

CiCy unit cost of expanding storage capacity of node i for SAVs and facility dummy node v for freight, respectively
o carrying capacity of an SAV

o relative size of single freight against a single passenger

y volume of freight demand per passenger

Yr"A time-dependent demand of passengers with no freight demand, origin r, destination s, and departure time step k
Y;ks time-dependent demand of passengers with freight demand, origin r, destination s, and departure time step k
tmax final time step

2.2 Optimization Problem

A multi-objective optimization problem for integrated trans-
portation is formulated according to the problem settings
described in Section 2.1. The definitions of variables and
parameters are summarized in Tables 1, 2, and 3. The opti-
mization problem is expressed as follows:

Z k,t—tji
Sjl

J

Zys1j+ys—lt_yszl 0

Vi,s,k,t € Ty, (8)
~k,1—tji ~kot ~kt NN
Z Vs, ji T Z Veij TV —1i = Yslio = 0
J J
Vi,s,k,t € Ty, (9)
~k,t—tji ~k,t ~k,t ~kto
Z Vs ji Z Ysij T ¥s0i = V51 =0

J J

min{T, D, N,C,S} subjectto €))] )
Z - kit N vy N ~k,t) . @ Vi,s,k,t € Ty, (10)
ijWsij T Vsij T Vs,ij) =4 7 t,, _ o i
ijk,s,teTy Zz,, +z —2zip=0 Vi, t, (11)
> diyxl;=D 3) L,
J ’ 5ot
ijeE.itj1 Zys ij Z Vs.ij —i—Z(a—i—l)ys ij +oz; < pxj;
0
D ox%, =N, “ Vije E,i #j,t, (12)
ieV PP .
3 ety — )+ il — ) Ty
Cij(ij — My ) + ci(ki — K;
L SO T L e T x' <k Vi1, (14)
ijeE ieV ”t ,
R . 0z < px;. VieV,t, (5
+ Y ae-am=c, ) O Vo
eVt Zvv <€ ) Yve V" UV, ¢, (16)
Y. =S @ =T vrs. & (4D
r,veYVupl ys 0= Z Vs, k, (18)
t t, .
! Z Xii = Vi, t € (0, tmax), (7) etk
akk Ok
jEV ]EV ysy_lr - Yr_y Vrs» kv(lg)
Table 3 List of set notation
notation definition
T travel time window for passengers with departure time step k
V,E sets of nodes and links on road network, respectively
ARV sets of dummy nodes representing candidate warehouses and SDLs, respectively
vt set of dummy nodes where passengers with destination node s can receive freight (WL = {VF U {s}})
VR set of all dummy nodes where passengers can receive freight (VR = {VL | Vs
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Fioe =00 Vue Vi s, k1 € Ty, (20)
~k, ~k, ok

Yo Fo= D Fm = T Vs, k, (21)

UGV%,IET/( teTk r
0

2= )l o=y YA 22)
veYW 2% rs.k

Zdo=v > I Vo e VR 1, (23)

k,s
P < g < Vij € E, (24)
Kmm < ki < k"™ Vi e V,(25)

vu e VWUV (26)

Gll)l’lln S GU S Elr)nax
in combination with non-negative constraints.

Equations (2)-(6) define the objective functions, Eq. (2)
defines the total travel time of passengers, Eq. (3) defines
the total distance traveled by SAVs, Eq. (4) defines the total
number of SAVs, Eq. (5) defines the total infrastructure con-
struction cost, and Eq. (6) defines the total inventories. The
subscript of xgh. in Eq. (4) represents a dummy link —1i
from origin dummy node -1 to node i, where travel time of
dummy links is 0. ¢;;, ¢;, and ¢y are defined as unit costs
of expanding infrastructure capacity and could be calculated
based on land values.

The conservation law at a node must be satisfied; the
total inflow and outflow at a node must be equal. Equa-
tion (7) represents the node conservation law of SAVs,
Egs. (8)—(10) represent that of passengers without freight
demand, with unserved freight demand, and with served
freight demand, respectively, and Eq. (11) represents that of
freight. Figures 2 and 3 indicate the node conservation law of

time step
t+ty
% IZ' t+t;
[
‘ xiti_tﬁ
x].ti_tﬁ E t—ti
t—t;

node j node i

Fig.2 SAV flow conservation in time-expanded network
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time step
t+t;

t+ty

t—ty

t—t;

destination
dummy node

origin

dummy node e

node j

Fig. 3 Passengers flow conservation without freight demand in time-
expanded network

SAVs and passengers without freight demand, while Figs. 4
and 5 indicate that of freight and passengers with freight
demand. The square and circle nodes in Figs. 2—5 represent
road network nodes and dummy nodes, respectively. Dummy
nodes -1, 0, and 1 represent origin, freight receipt, and des-
tination, respectively. Note that travel time to/from dummy
nodes is 0. As shown in Figs. 2-5, the node conservation
law of x! ys i ! and y ys ij ! holds at road network nodei €V,

ij’
similar with [15, 19], while that of y . and z holds at
road network node i as well as dummy node v, excludlng
-1, 0, and 1. As an illustration, Fig. 4 shows freight flow at
a warehouse dummy node. The waiting flow at the ware-
house dummy node v, zgv, describes storing the freight in
the warehouse, whereas that at node i on the road network,
z;;» describes storing it in SAVs. Note that the definition of
node i and link ij in the above equations should be inferred
from the context and Figs. 2-5.

The flows of passengers, freight, and SAVs are constrained
by traffic and vehicle capacities. Equation (12) represents the
vehicle capacity constraint, where o is defined as relative size
of single freight against a single passenger; for example, the
load on the vehicle capacity of an SAV carrying a single
freight is equivalent to that carrying o passengers. p repre-

time step
tij
@ B Li; / tyy

freight moving

freight stored
fromitoj zf)

at warehouse z3,

@ 0
freight arriving freight departing
at warehouse z°%;,, from warehouse zJ;

freight stored
in SAVs zJ

origin warehouse

dummy node  dummy node node ¢

node j

Fig. 4 Freight flow conservation at warehouse dummy node in time-
expanded network
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sents the carrying capacity of an SAV in terms of passengers.
SAVs are occupied by passengers without freight demand,
shown in the first term of Eq. (12), and passengers with freight
demand and their freight, shown in the second through fourth
terms of Eq. (12). The latter consists of the following ele-
ments: the second term representing unserved passengers, the
third term representing served passengers and their freight,
and the fourth term representing freight in delivery. Under
the assumption that passengers take the freight back to their
destination, the return passenger and freight flows coincide;
hence, the return freight can be expressed by oy, shown in
the third term of Eq. (12). Equations (13) and (14) are traffic
capacity constraints on links and nodes, respectively. Equa-
tions (15) and (16) describe inventory capacity constraints.
Equation (15) ensures that when the freight stays at nodes
other than warehouses and SDLs (e.g., intersections), it is
stored in SAVs; while Eq. (16) represents the capacity con-
straints where the amount of freight stocked at warehouses
or SDLs is below their inventory capacities.

The integrated transportation system must satisfy pas-
senger traffic and freight demand. Equations (17) and (18)
indicate departure and arrival constraints at origin and des-
tination nodes, respectively, for passengers without freight
demand. Equations (19) and (20) describe departure con-
straints for unserved and served passengers with freight
demand, respectively. Equation (20) represents the flow con-
servation law of passengers with freight demand at the receipt
completion dummy node O: the passenger flows before and
after receiving the freight, )A)f”éo and &f"év, are equal. Equa-

— flow of freight

—— flow of passenger

tion (21) means arrival constraints for passengers with freight
demand. Passengers with freight demand, departing from the
origin, pick up their freight at SDLs and then travel to their
destinations, or they move directly to their destinations and
pick up their freight there, as shown in Egs. (19)—(21). Equa-
tions (22) and (23) explain departure and arrival constraints
for freight, where y is the amount of freight that one passen-
ger receives. Equation (22) ensures that all freight demand is
satisfied, Eq. (23) represents the synchronization that freight
service is completed only when freight and passengers are
available to each other. Figure 5 shows the flows of freight
and passenger with freight demand from node i to the desti-
nation. The departure and arrival of a passenger who receives
freight is the same as the flow of a passenger who does not
receive freight, shown in Fig. 3. The unique flow of passen-
gers with freight demand, compared to those without, is the
receipt of the freight. The flow of passengers receiving the
freight is as follows: from node i in the road network, via the
dummy node v, to the receipt completion dummy node 0, and
back to node i again. The dummy node v represents a receiv-
ing point, such as SDL or the passenger’s destination, where
they can wait for each other to complete the receipt and deliv-
ery of freight. The receipt and delivery are completed only
when both exist at the same receiving point. After receiv-
ing their freight, the passengers start traveling to their own
destinations.

Equations (24)—(26) show the feasible regions of traffic
capacity, vehicle storage capacity, and inventory capacity.
The minimum allowable values refer to the capacity of exist-

time step
t+t;

t+ty [ t+ty

it 1. yht Ysij
. Vsov | |Zww " k Ysiii i
zfy Zpo E i
[] —= O=—=OO— [ —— @
~k,t ~k,t
s,iv 1 Ysvo
kt—t t—t yk't_t“
skt—tyy - ii
Vsov Z Y su ~kt-tji

node i receiving point

dummy node  dummy node

Fig.5 Freight and passenger flow conservation in time-expanded network

receipt completion

destination

nede dummy node

node j
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ing infrastructure facilities. If the minimum allowable values
are set to 0, the optimal capacities mean where and how much
infrastructure facilities should be designed.

In separated transportation systems, counterpart to inte-
grated transportation, SAVs are divided into )ij and )?f]
which carry only passengers and freight, respectively. The
optimal strategy for separated transportation is the solu-
tion to the optimization problem in which vehicle capacity
constraint (12) is rewritten as

Zys ij Z Afttj +Z(U + 1)ys ij = ,ox,j

Vije E,i #j,t, (27)
azﬁj < ,Ol?fj Vije E,i #j,t. (28)

2.3 Solution Method

Solving a multi-objective optimization problem involves
deriving its Pareto frontier, which is a set of the Pareto
efficient solutions [6]. In this study, the weighted-sum
method—the standard solution method for multi-objective
optimization [6]—draws a Pareto frontier of the proposed
problem. The method iteratively solves the following single-
objective optimization problem:

mino; T +apD +ayN +a-C +agS (29)

subject to Egs. (2)-(26), where « is a non-negative constant
that expresses the priority of each objective function.

The linearity of the proposed problem guarantees that the
solutions of Eq. (29) with appropriate « are always all Pareto
efficient solutions of Eq. (1). Therefore, the Pareto frontier
can be approximated as a set of solutions of Eq. (29) with
different «.

2.4 Qualitative Properties

This subsection describes the qualitative properties of the
proposed model. Since the proposed problem is linear pro-
gramming, according to the definition of the Pareto frontier—
the lower envelope of a feasible domain, the larger feasible
regions of the objective functions due to the relaxation of
constraints ensure a weak Pareto improvement. Leveraging
the mathematical property, it can be proved that an increase in
vehicle capacity p, integration of freight and passenger flows,
and installation of SDLs cause a monotonous non-increase
in total travel time 7, total travel distance D, total number of
SAVs N, total infrastructure construction cost C, and total
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inventory S simultaneously. These mathematical properties
can be expressed as follows:

Theorem 1 For all py and p; satisfying p» > p; > 0 and for
all Pareto efficient solutions when p = py, there exist more
weakly Pareto efficient solutions when p = p».

Proof In the proposed problem, p appears only in Eq. (12).
From Eq. (12) and non negative constraints, the feasible
regions ofxlj, yb 1]’ yb U , yA lj ,and zltu monotonically expand
as p increases. Thus, the feasible regions of 7', D, N, C, and
S also expand monotonically with increasing p. O

Theorem 2 For all p > 0 with the same value with respect
to separated and integrated transportation systems and for
all Pareto efficient solutions in the former, there exist more
weakly efficient solutions in the latter.

Proof The difference between integrated and separated trans-
portation systems is the vehicle capacity constraint. The
former is subject to Eq. (12), while the latter is subject to
Egs. (27) and (28) From non- negative constraints, the fea-
sible regions of x,j, A f/, )Azf l’j, Vs u’ and z . under Eq. (12)
are larger than those under Eqs. (27) and (28) and xl. ;=
)?f i+ )?l’ i Thus, employing integrated transportation instead
of its counterpart enlarges the feasible regions of 7', D, N,
C, and S simultaneously. O

Theorem 3 For all VY and V5 satisfying V5 > Vi > @
and for all Pareto efficient solutions when V& = V-, there
exist more weakly Pareto efficient solutions when V& = VI2‘.

Proof Since V5 D VI > 0, Eqs. (20) and (23) in the pro-
posed problem with VL V are relaxed compared to that
with Y& = V%. Then, from non-negative constraints, feasi-
ble regions of fzf”lfj, if”l.tj, and zf ; are enlarged; thereby also
monotonically expanding feasible regions of T, D, N, C,
and S. m]

Theorem 4 For all Pareto efficient solutions where the pas-
sengers can receive their freight either at SDLs or destination
exclusively, there exist more weakly efficient solutions where
they can receive it at both.

Proof Since V& 2 V! and V! D {s}, switching the loca-
tions where passengers can receive freight from only either
destination {s} or SDLs V" to both VAL, relaxes Egs. (20) and
(23). Then from non negative constraints, feasible regions
of Af fj, Vsi ], and z are enlarged; thus, the feasible regions
of T,D,N,C, and S also expand monotonically. O

2.5 Limitation of Model

The proposed problem for integrated transportation describes
the routes of individual passengers, freight, and vehicles as
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continuous flows for unified decision-making on passenger,
freight, and SAV routes, schedules, freight and passenger
matching, and road, parking, and inventory capacity design.
While it is less rigorous than models that treat each decision
separately due to its macroscopic nature, this approximation
ensures mathematical tractability, providing a useful bench-
mark for assessing operational performances for strategic
designing. The limitations of the model are as follows:

— Routes of individual SAVs, passengers, and freight can-
not be uniquely identified, since each SAV, passenger,
and freight movement is represented by an aggregated
flow.

— SAVs waiting on a node for parking or in congestion
cannot be distinguished. Similarly, since we cannot com-
pletely identify whether an SAV is carrying passengers
or freight, the SAV is simply stopping, transferring, or
repacking cannot be distinguished.

3 Numerical Experiments

This section evaluates quantitatively the Pareto improvement
by the employment of integrated transportation and SDLs.
Section 3.1 describes the parameter settings in our experi-
ments, and Section 3.2 shows the experimental results and
discussion.

3.1 Numerical Settings

Our numerical experiments used traffic demand and network
data extracted from the New York yellow taxi trip data. The
generation procedure is the same as in Seo and Asakura [19].
The passenger demand data was extracted from the zone-
based taxi travel records in Manhattan from 8:00 to 9:00 on
April 1, 2019, for a total of 17,998 passengers. We input
traffic records aggregated with a 5-minute time discretiza-
tion width and a 30-minute departure time aggregation width
as time-dependent passenger demand into the optimization
problem.

The New York City network consisted of nodes repre-
senting each zone and links connecting neighboring zones.
Figure 6 shows the network considered in our numerical
experiments. The free-flow travel time 7;; and the distance
d;j were assumed as 5 minutes and 1 km, respectively. The
values of ¢;; and ¢; were determined to be proportional to the
land value of each zone. The distribution of ¢; given based
on land value is shown in Fig. 7. We assume ¢, to be equal
to ¢; at the corresponding node.
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Fig.6 New York City network

The other model parameters were set as follows: the max-
imum carrying capacity of an SAV was four passengers,
p = 4; the load on the vehicle capacity of an SAV carrying a
single freight was equivalent to that carrying two passengers,
o = 2; the amount of freight desired by a single passenger
was one unit, y = 1; the minimum traffic and storage capac-
ities were both 4, and their maximum counterparts were both
40, p™n = 4, pmaX — 40, MM = 4 and k™ = 40;
and the maximum allowable travel time was 30 minutes.
€™ and €™ were given by 0 and sufficiently large, respec-
tively, to represent the macroscopic facility location design.
The set of candidate nodes that can become warehouses or
SDLs is given randomly. Note, however, that candidate SDLs
and warehouses, in other words, the set of facility location
alternatives, must be carefully selected because they affect
the system performance. The maximum number of candidate
warehouses was 30, and that of candidate SDLs was different
in some cases. The storage capacity of the candidate facili-
ties and the facilities generating or attracting the freight are
determined by the decision-maker to minimize the objective
function.

We approximated the Pareto frontier by iteratively calcu-
lating the optimization problem with various «. The weight
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Fig.7 Spatial distribution of the unit cost of expanding storage capacity
proportional to land values

parameter for T, ar was varied between 0.1-10, while the
others were fixed at ap = 1, ay = 10, a¢c = 9, ag = 10.
In the base case, a7 = 5. We note that the values of « are
not rigorously consistent with reality, but the objective of this
study is to explore trade-off relations, not a single optimal
solution with appropriate «. We also note since the number
of the Pareto solutions is infinity, the Pareto frontiers drawn
in the next section are just approximations.

Our numerical experiments considered the following
cases. Three cases for the number of SDLs were set: 30, 60,
and 67 (equal to the number of nodes in the network). Fur-
thermore, we evaluated three cases for the location where
passengers can receive their freight: destination only, SDL
only, and both. The above cases are referred to as D-X, S-X,
and B-X cases, respectively, where X denotes the number of
SDLs.

3.2 Results and Discussion

The Pareto frontier of each case is presented in Fig. 8.
Although the actual Pareto frontier is five-dimensional, a
two-dimensional relation (i.e., a cross-section of the actual
Pareto frontier) is drawn to illustrate its important features.
As shown in Appendix A, we note that other two-dimensional
Pareto frontiers also have similar convex shapes and quali-
tative properties. The horizontal and vertical axes depict the
total travel time of passengers, T, and the total distance trav-
eled by SAVs, D, respectively. The left, center, and right of
Fig. 8 compare the Pareto frontiers of integrated and sepa-
rated transportation where the number of SDLs is 30, 60, and
67, respectively. The blue and red lines show the Pareto fron-
tiers of integrated and separated transportation, respectively.
The solid, dotted, and dashed lines show the Pareto frontiers
in the B-case, D-case, and S-case, respectively.

Comparing three figures in Fig. 8, we can explore the impact
of the employment of SDLs on the Pareto improvements.
For example, the solutions in the B-case are Pareto efficient
compared to other cases. Although the solutions in the S-
case are not Pareto efficient compared to those in the D-case
unless SDLs are installed at most nodes, they are significantly
Pareto-improved with the number of SDLs, which demon-
strate the qualitative properties discussed in Section 2.4.
From Fig. 8, the solutions in the S-case are eventually con-
sistent with that in the B-case. Note that this does not mean
that freight is received only at SDLs in the B-case; only

Integrated transportation (B)

Separated transportation (B)

"""""" Integrated transportation (D)
"""""" Separated transportation (D)

Integrated transportation (S)
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Pareto frontiers (left: 30, center: 60, right: 67 for the number of SDLs)
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Table 4 Percentage of passengers receiving freight at SDLs in the B-30 case

percentage of passengers 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
with freight demand

Integrated transportation 43.6% 40.0% 40.6% 45.4% 45.1% 49.4% 47.3% 50.4% 49.3% 47.9%
Separated transportation 32.6% 30.1% 34.3% 32.1% 32.6% 38.2% 36.9% 38.5% 39.5% 39.2%

the objective function is almost the same as that of the S-
case. In contrast, for the D-case, T and D do not depend
on the number of SDLs because no freight is received at
SDLs. Therefore, we can conclude that there always exists
facility location of SDLs where the S-case is more weakly
Pareto efficient than the D-case. The results also suggest that,
regardless of the employment of integrated transportation,
SDLs can provide Pareto improvements, although would not
replace classical delivery to specific locations, such as homes
or workplaces.

D-30 case

B-30 case D-30 case

(b) Separated transportation

Table 4 compares the percentage of passengers receiv-
ing freight at SDLs in the B-30 case between integrated and
separated transportation. From Table 4, we can confirm that
the percentage of passengers receiving freight at SDLs in
the integrated transportation system is higher than that in
the separated transportation system, regardless of the pas-
senger freight demand. The differences are caused by the
mechanism of separated transportation, which fragments the
freight and passenger flows at SDLs. These results indicate
that integrated transportation is more likely to benefit from
the employment of SDLs than its counterpart, suggesting

900
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Fig.9 Spatial distribution of the number of passengers receiving freight in the case of 30 SDLs
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o
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(b) Passengers receiving freight at their destinations

Fig. 10 Spatial distribution of the number of passengers receiving freight in B-30 case

that the integration with respect to urban space and vehicles
synergistically provides the Pareto improvements.

Figures 9 and 10 show the spatial distribution of the
number of passengers receiving freight in the case of 30
SDLs. Figure 9-(a) and (b) show the distribution in the inte-
grated and separated transportation systems, respectively.
The distribution in the B-30, D-30, and S-30 cases appears

@ Springer

from left to right, respectively. Figure 10-(a) and (b) also
draw the distribution of passengers receiving freight at SDLs
and their destinations, respectively. The left side of Fig. 10
illustrates the spatial distribution of integrated transportation,
while the right side illustrates that of separated transportation.
Darker colors in both Figs. 9 and 10 indicate a higher number
of passengers receiving freight in the area.
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Figure 9 compares the distribution in the B-30 case
and other cases, indicating that the change in the spatial
distribution between integrated and separated transportation
is significant in the B-30 case. The spatial distribution in the
D-30 case coincides between integrated and separated trans-
portation since passengers receive the freight at their own
destination. For the S-30 case, SDLs are employed in loca-
tions with lower land values, resulting in different pickup
locations from those for the D-30 case, whereas the spatial
distribution remains almost unchanged between integrated
and separated transportation, as in the D-30 case. This is
because the S-30 case restricts the receiving point to SDLs
only. In the B-30 case, passengers can receive freight both
at their destinations and the SDLs, thereby relaxing the con-
centration seen in the S-30 and D-30 cases. Figure 10-(a)
and (b) indicate that in the B-30 case, the introduction of
integrated transportation increases the number of passengers
receiving freight at the SDLs and decreases that at passen-
gers’ destinations, respectively. This result suggests that the
system becomes more efficient for receiving freight at SDLs
than at passengers’ destinations because integrated trans-
portation benefits more from SDLs, as shown in Table 4.
The property of different receiving points between integrated
and separated transportation is driven by an expanding set
of receiving points; hence, it would not strongly depend on
€xogenous parameters.

From Figs. 9 and 10, furthermore, the differences in the
spatial distribution suggest that the simultaneous employ-
ment of integrated transportation and SDLs for Pareto
improvement requires a significantly different operational
and infrastructure design compared to the conventional.
Specifically, SDLs could be installed in locations with more
passengers receiving freight, or the surrounding roads could
be expanded.

4 Conclusion

This study develops a multi-objective optimization model
for integrated freight and passenger transportation. The pro-
posed model describes the flows of passengers, freight, and
SAVs using a DTA framework to capture the dynamic fea-
tures of integrated transportation in SAV systems such as
congestion propagation and ride-sharing matching of freight
and passengers. This study formulates the proposed model
as a multi-objective linear optimization problem; thus, we
can easily calculate the Pareto frontier—a set of the Pareto
efficient solutions. Decision-makers can select a suitable
solution from the Pareto frontier based on their strategic
policy. Furthermore, the linearity of the problem provides

useful mathematical properties for system design: integrated
transportation can simultaneously improve passenger conve-
nience and social costs.

Numerical experiments validate the Pareto improvement
by the employment of integrated transportation and SDLs.
Furthermore, compared to separated transportation, inte-
grated transportation is likely to benefit from SDLs, and
requires a significantly different operational and infrastruc-
ture design.

Future studies could extend the model to a multimodal
transportation system, where SAVs serve last-mile deliveries
and fixed-route public transits cover long-haul transporta-
tion. The most critical strategy for multimodal transportation
is the facility location of transport hubs synchronizing last-
mile and long-haul transportation, as well as the scheduling
of public transit. A dynamic programming approach can
be adopted for this problem, where the first stage problem
solves the network design including facility location, and
the subsequent stages solve the dynamic routing and ride-
sharing matching of SAVs, passengers, and freight. One of
the challenging future studies is to explore a SAV system
that can achieve both system optimum and optimum for
individual shippers and logistics providers. A framework to
optimize service fares and congestion tolls would be essential
to achieve such a transportation system.

List of Abbreviations
Abbreviations Definitions

SAV Shared Autonomous Vehicle
SDL Shared Delivery Location
DTA Dynamic Traffic Assignment

Appendix A: Two-Dimensional Pareto
Frontiers

Figure 11 indicates the 2-dimensional Pareto frontiers between
the total travel time and another objective function. The hori-
zontal axes in Fig. 11 mark the total travel time of passengers,
T, and the vertical axis in Fig. 11-(a), (b), and (c) depicts the
number of SAVs, N, the total infrastructure construction cost,
C, and the total inventories, S, respectively. The left, center,
and right of Fig. 11 compare the Pareto frontiers with 30, 60,
and 67 SDLs, respectively. The representation of blue and
red lines in Fig. 11 is the same as in Fig. 8. Figure 11 shows
that the Pareto frontiers of 7 and another objective function
are convex shapes, as in Fig. 8. Figure 11 further illustrates
the qualitative properties regarding Pareto improvement, as
shown in Theorems 2—4.

@ Springer



International Journal of Intelligent Transportation Systems Research

Integrated transportation (B)
Separated transportation (B)

* Separated transportation (D)

Integrated transportation (D)

Integrated transportation (S)

Separated transportation (S)

Total number of SAVs N

Total infrastructure cost C

Total number of inventories §

Fig. 11

Acknowledgements Our thanks to the datasets comes from The New

70000

5200 5200 5200 - - -

5000 LY 5000 5000

4800 . > 4800 4800

4600 .‘-\ 4600 4600

4400 .‘\,\ 4400 4400

4200 “\_ 4200 4200

o #SDLs 30| **° o

000 50000 62000 64000 60000 68000 70000 O aB000 60000 62000 64000 66000 68000 70000 - 58000 60000 62000 64000 66000 68000
Total travel time of passengers T Total travel time of passengers T Total travel time of passengers T

(a) Pareto frontiers between T and N (left: 30, center: 60, right: 67 for the number of SDLs)

50000 — - - - - 50000 50000 - - - - - -

46000 } \ 46000 46000

44000 44000 44000

42000 42000 42000

40000 40000 40000

38000 _::_—“ 38000 38000

36000 36000 36000

3401 34000 3400

5000

4000

3000

2000

1000
G000 62500 65000 67500 70000 72500 T5000 77500 80000

00
GO000 65000 70000 75000 S0000 85000 90000 95000

Total travel time of passengers T

(b) Pareto frontiers between

7000

6000

5000

4000

3000

2000

G0000 65000 70000 75000 20000 85000 90000 95000

Total travel time of passengers T

T and C (left: 30, center: 60, right: 67

5000

4000

3000

2000

00
GO000 65000 TOOOD 75000 £0000 85000 90000 95000

Total travel time of passengers T

for the number of SDLs)

|

Total travel time of passengers T

1000
GO000 62500 65000 67500 70000 72500 T5000 77500 80000

Total travel time of passengers T

1000
G0000 62500 65000 67500 70000 72500 75000 77500 80000

Total travel time of passengers T

(c) Pareto frontiers between T and S (left: 30, center: 60, right: 67 for the number of SDLs)

Pareto frontiers between 7' and different objective functions (N, C, and S) with 30, 60, and 67 SDLs

York City Taxi and Limousine Commission (TLC) (data source: https://
www l.nyc.gov/site/tlc/about/tlc-trip-record-data.page).

Declarations

Author Contributions YI: Methodology, Software, Validation, Formal
analysis, Writing - Original Draft, Visualization, RK: Conceptual-

ization, Methodology, Formal analysis, Writing - Review & Editing,
Supervision, TS: Methodology, Writing - Review & Editing, Supervi-

sion, Project administration.

conflict of interest.

Availability of data and materials Not applicable.

Conflict of Interest statement The authors declare that they have no

Ethics approval and consent to participate Not applicable.

Funding This study was partially supported by JSPS Grant-in-aid
(KAKENHI) #23K 13420 and #24K01002.

@ Springer

Consent for publication Not applicable.


https://www1.nyc.gov/site/tlc/about/tlc-trip-record-data.page
https://www1.nyc.gov/site/tlc/about/tlc-trip-record-data.page

International Journal of Intelligent Transportation Systems Research

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. Azcuy, L., Agatz, N., Giesen, R.: Designing integrated urban deliv-
ery systems using public transport. Transp. Res. Part E Logist.
Transp. Rev. 156, 102525 (2021)

2. Beirigo, B.A., Schulte, F., Negenborn, R.R.: Integrating people
and freight transportation using shared autonomous vehicles with
compartments. IFAC-PapersOnLine 51(9), 392-397 (2018). 15th
IFAC Symposium on Control in Transportation Systems CTS 2018

3. Bruzzone, F.,, Cavallaro, F., Nocera, S.: The integration of passenger
and freight transport for first-last mile operations. Trans. Policy
100, 31-48 (2021)

4. Cheng, R., Jiang, Y., Anker Nielsen, O., Pisinger, D.: An adaptive
large neighborhood search metaheuristic for a passenger and parcel
share-a-ride problem with drones. Transp. Res. Part C Emerging
Technol. 153, 104203 (2023)

5. Commission, E.: Green paper on urban mobility. https:/
eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:
52007DCO0551&from=EN (2007). Accessed 25 May 2024

6. Ehrgott, M.: Multicriteria optimization, vol. 491. Springer Science
& Business Media (2005)

7. Hurtigruten: Norwegian coastal express. https://global.hurtigruten.
com/ (2024). Accessed 26 May 2024

8. Ji, Y., Zheng, Y., Zhao, J., Shen, Y., Du, Y.: A multimodal
passenger-and-package sharing network for urban logistics. J. Adv.
Transp. 2020, 16 (2020)

9. Joerss, M., Schroder, J., Neuhaus, F., Klink, C., Mann, E.: Parcel
delivery: The future of last mile. McKinsey & Company pp. 1-32
(2016)

10. Levin, M.W.: Congestion-aware system optimal route choice for
shared autonomous vehicles. Transp. Res. Part C Emerging Technol
82, 229-247 (2017)

11. Levin, M.W., Odell, M., Samarasena, S., Schwartz, A.: A linear
program for optimal integration of shared autonomous vehicles
with public transit. Transp. Res. Part C Emerging Technol. 109,
267-288 (2019)

12. Li, B., Krushinsky, D., Reijers, H.A., Van Woensel, T.: The share-
a-ride problem: People and parcels sharing taxis. Eur. J. Oper. Res.
238(1), 31-40 (2014)

13. Li,Z.,Shalaby, A.,Roorda, M.J., Mao, B.: Urban rail service design
for collaborative passenger and freight transport. Transp. Res. Part
E Logist. Transp. Rev 147, 102205 (2021)

14. Ma, M., Zhang, F,, Liu, W., Dixit, V.: A game theoretical analy-
sis of metro-integrated city logistics systems. Transp. Res. Part B
Methodol. 156, 14-27 (2022)

15. Maruyama, R., Seo, T.: Integrated public transportation system
with shared autonomous vehicles and fixed-route transits: Dynamic
traffic assignment-based model with multi-objective optimization.
Int. J. Intell. Transp. Syst. Res. 21(1), 99-114 (2023)

16. Mo, P, Yao, Y., Li, P., Wang, Y., Liu, Z., D’ Ariano, A.: Synergising
urban freight transportation in passenger-oriented transit corridors:
An efficient mixed-integer linear programming approach. Transp.
Res. Part C Emerging Technol. 163, 104644 (2024)

17. Narayanan, S., Chaniotakis, E., Antoniou, C.: Shared autonomous
vehicle services: A comprehensive review. Transp. Res. Part C
Emerging Technol. 111, 255-293 (2020)

18. Savelsbergh, M., Van Woensel, T.: 50th anniversary invited
article—city logistics: Challenges and opportunities. Transp. Sci.
50(2), 579-590 (2016)

19. Seo, T., Asakura, Y.: Multi-objective linear optimization problem
for strategic planning of shared autonomous vehicle operation and
infrastructure design. IEEE Trans. Intell. Transp. Syst. 23(4), 38 16—
3828 (2022)

20. van der Tholen, M., Beirigo, B.A., Jovanova, J., Schulte, F.: The
share-a-ride problem with integrated routing and design decisions:
The case of mixed-purpose shared autonomous vehicles. In: Com-
putational Logistics: 12th International Conference, ICCL 2021,
Enschede, The Netherlands, September 27-29, 2021, Proceedings,
Springer-Verlag, Berlin, Heidelberg, pp. 347-361. (2021)

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Yuki Ishii is a master student
of Institute of Science Tokyo
(formerly Tokyo Institute of Tech-
nology, prior to the merger in
2024-10). His research interests
are intelligent transportation sys-
tems and public transportation.

Riki Kawase is an Assistant Profes-
sor at Institute of Science Tokyo
(formerly Tokyo Institute of Tech-
nology, prior to the merger in
2024-10). He earned his doc-
toral degree in 2021 from Tohoku
University. His primary research
interests are transportation system
optimization and management
under uncertainty. He received
the Kometani-Sasaki Award for
Dissertation.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52007DC0551&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52007DC0551&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52007DC0551&from=EN
https://global.hurtigruten.com/
https://global.hurtigruten.com/

International Journal of Intelligent Transportation Systems Research

Toru Seois an Associate Professor
at Institute of Science Tokyo (for-
merly Tokyo Institute of Technol-
ogy, prior to the merger in 2024-
10). He earned his doctoral degree
in 2015 from Tokyo Institute of
Technology and has held posi-
tions as a postdoctoral researcher
at the University of Michigan and
as an Assistant Professor at the
University of Tokyo. His primary
research interests include trans-
portation engineering and science,
traffic flow theory, transportation
data analysis, and transportation

system modeling and management. He is the author of a Japanese
textbook entitled “Macroscopic Traffic Flow Simulation: Fundamental
Mathematical Theory and Python Implementation”. He received the
Transportation Research Part C Best Paper Award 2017, Kometani-
Sasaki Award for Dissertation, and Best Paper Award at IEEE ITSC

2015.

@ Springer



	Multi-Objective Optimization of Integrated Freight and Passenger Transportation in Shared Autonomous Vehicle Systems
	Abstract
	1 Introduction
	1.1 Background
	1.2 Literature Review
	1.3 Objective

	2 Formulation
	2.1 Problem Settings
	2.1.1 Decision-Maker
	2.1.2 Network
	2.1.3 Freight and Passenger
	2.1.4 SAV

	2.2 Optimization Problem
	2.3 Solution Method
	2.4 Qualitative Properties
	2.5 Limitation of Model

	3 Numerical Experiments
	3.1 Numerical Settings
	3.2 Results and Discussion

	4 Conclusion
	Appendix A: Two-Dimensional Pareto Frontiers
	Acknowledgements
	References


