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transported on rebalancing vehicles. This problem is first modeled as a mixed-integer pro-
gram for the multi-commodity inventory routing problem, where commodities represent
e-scooters with different states of charge. To avoid prohibitive computation burden, contin-
uous approximation techniques are proposed to estimate costs associated with the pickup

gfg::gzdz.cooter and drop-off operations in small local neighborhoods, and the formulation turns into a
Sharing discrete-continuous hybrid model for the integrated operations at both local and line-haul
Micromobility levels. A series of numerical experiments are conducted to demonstrate that, as compared
Mixed-integer program to direct application of the discrete formulation, the proposed hybrid approach can pro-
Continuous approximation duce good quality solutions for large-scale instances in a much shorter computation time.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Shared electric scooter (e-scooter) has recently become a popular mode of micromobility in the U.S. Since the first in-
troduction in California in 2017, companies such as Bird, Lime and Jump have expanded their services to nearly 100 U.S.
cities and deployed a total of over 85,000 e-scooters. According to the National Association of City Transportation Officials
(NACTO), the total number of micromobility trips in the U.S. in 2019 (about 136 million) increased by about 62% as com-
pared to that of the previous year (about 88.5 million), primarily due to the 50 million new trips by shared e-scooters in
that year (National Association of City Transportation Officials, 2018; 2019).

However, such a rapid growth of e-scooter sharing services also causes significant operational challenges. E-scooter shar-
ing companies must manage a total fleet size of over 10,000 e-scooters in large cities such as Los Angeles, San Francisco, and
Austin, and those e-scooters would inevitably require overnight charging and repositioning (or rebalancing) over space so as
to better capture the demand in the next day. Currently, one prevailing way to conduct these operations is that companies
pay individual contractors to perform overnight charging and placement of e-scooters at certain locations. For such a “crowd
charging” approach to work, companies usually need to pay around $4 to $5 per e-scooter per night depending on the e-
scooters location and battery level (Elkins, 2019; Domonoske, 2019), as compared to only between $0.10 and $0.40 electricity
cost to charge one e-scooter to full battery, according to Bird (Ha, 2019). Taking into account the fact that an e-scooter gen-
erates about $13 in revenue per day on average (Griswold, 2019), companies are spending a significant amount of their
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gross revenue on handling, charging and repositioning operations (Team, 2018). As such, the outsourcing cost for engaging
contractors is rather high and there is a considerable margin to save charging cost. In addition, the outsourcing approach
cannot always guarantee a reliable service, since its performance would highly depend on the engagement and dedication
of individual contractors. Consequently, how to get all e-scooters properly charged and rebalanced in a cost-effective way
has become a major operational challenge for e-scooter sharing companies.

One potential solution to these challenges is that companies can perform their own overnight charging and rebalancing
operations, such that they can consolidate both operations in a smart way and potentially take advantage of "economies
of scale". Furthermore, recently emerging battery technologies such as portable and fast-charging capabilities (Toll, 2019;
Buchmann, 2020; StoreDot, 2020; GBatteries, 2020) can allow e-scooters to be quickly charged while being shipped during
rebalancing operations. It is easy to see that this strategy not only eliminates the need to pay for expensive independent
contractors but also avoids moving e-scooters to/from charging stations solely for the purpose of charging. Additionally, by
hiring trained employees (instead of independent contractors) to handle e-scooters, the lifespan of e-scooters can be poten-
tially increased, and in turn, the operating costs can be significantly reduced in the long run. Nonetheless, implementing this
strategy is non-trivial. The company must create a charging-and-routing plan which simultaneously takes into account the
state of charge (SoC) of all on-board e-scooters while determining an efficient pickup and drop-off strategy. In the temporal
dimension, the charging time of e-scooters (which are picked up along the route) must be long enough so that e-scooters
can be sufficiently charged before being dropped off at the expected demand locations. Meanwhile, in the spatial dimen-
sion, the rebalancing vehicle routes must remain under a reasonable length limit so as to reduce cost and to complete the
necessary operations before the upcoming morning.

This paper develops a systematic optimization approach to overcome the challenges that come with the joint decision on
charging and rebalancing operations for e-scooter sharing systems. An e-scooter rebalancing and charging problem (ES-RCP)
is formulated to consider the trade-offs between efficient routing and charging times, while remaining efficient when han-
dling large-scale problems. We first present a discrete inventory routing problem formulation, which considers e-scooters of
different SoC as separate commodities linked through a transition function based on the charging capabilities of the rebal-
ancing vehicles. Then, we seek computational enhancement for large-scale instances by embedding a continuous approxi-
mation (CA) subroutine (which estimates costs for routing decisions in local areas) into the discrete formulation. A series of
numerical experiments, including hypothetical problem instances and a full-scale case study, are conducted to demonstrate
the applicability and effectiveness of the proposed hybrid approach for large-scale instances.

The remainder of the paper is organized as follows: Section 2 discusses the related literature, including that on shared
bike rebalancing, one-way electric vehicle systems, and continuous approximation. Section 3 presents the mathematical
modeling including both the discrete and hybrid models. Section 4 presents the numerical experiments. Section 5 presents
the conclusion and discusses future research directions. A list of notation is presented in the appendix.

2. Literature review

Despite the rapid surge of e-scooter sharing in many cities, there is still a lack of literature on operator-based rebalancing
and charging operations for e-scooter sharing services. Some very recent work only addressed some relevant aspects of the
problem. For example, Pender et al. (2020) developed high-level stochastic models to understand battery life dynamics for
e-scooters in a large network, and to determine the number of battery swappers (i.e., workers) needed to maintain a certain
level of service. Another relevant study by Masoud et al. (2019) focused on the scooter-to-charger assignment problem which
arises from the crowd-charging approach currently used by e-scooter companies. To the best of our knowledge, no effort
has been made to systematically account for the battery state as well as the spatial distribution of the e-scooters.

The closest literature on rebalancing operations has been studying bike-sharing systems (BSS), and the problem is usually
modeled as the discrete one-commodity pickup and delivery traveling salesman problem (1-TSPPD) or the vehicle routing
problem (1-VRPPD) (Hernandez-Pérez and Salazar-Gonzalez, 2003; Parragh et al., 2008), in which vehicles are typically used
to transport bikes from locations with excess supply to locations with deficit. Although numerous studies have proposed
formulation and solution methodologies for static (Chemla et al., 2013; Raviv et al., 2013; Dell’Amico et al., 2014; Ho and
Szeto, 2014; Erdogan et al., 2015; Forma et al., 2015; Alvarez-Valdes et al., 2016; Schuijbroek et al., 2017; Lei and Ouyang,
2018; Ho and Szeto, 2017; Liu et al., 2018) or dynamic bike-sharing rebalancing problems (Caggiani and Ottomanelli, 2012;
Kloimiillner et al., 2014; Brinkmann et al., 2015; Labadi et al., 2015; Raviv and Kolka, 2013; Regue and Recker, 2014; Sayar-
shad et al., 2012; Zhang et al., 2017), none of them considered the commodity’s change of state (i.e., charging of e-scooters)
during the rebalancing operations. First of all, the batteries of the e-scooter can be in a variety of states of charge (SoC),
which introduces complexity because the rebalancing problem more closely resembles a multi-commodity vehicle routing
problem (Hernandez-Pérez and Salazar-Gonzalez, 2014). Although rebalancing operations with multiple bike types has been
considered before (Li et al., 2016), in the e-scooter version of the problem is even more complex because the different e-
scooter types (i.e., with different SoC) are allowed to change states on board over time. Another main characteristic of the
ES-RCP is the absence of fixed charging docks, since in current services, e-scooters are allowed to park anywhere within
a service region resembling a dock-less bike-sharing system (DBSS). As a result, the problem size of ES-RCP is expected to
be large because dockless e-scooters can be parked anywhere (Pal and Zhang, 2017). In the literature, most studies on the
dockless bike rebalancing problem reduce the size of the problem against the spatial sparsity of the fleet by generating
spatial clusters or zones. As such, instead of defining the operations by considering the movement of each individual bike,
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the rebalancing operations are described by aggregated flow of bikes in between clusters (Reiss and Bogenberger, 2015;
2016; Caggiani et al., 2017; 2018; Liu and Xu, 2018; Barabonkov et al., 2020; Fan et al., 2020). In this work, the supply and
demand of e-scooters are defined on discrete nodes which represent small spatial neighborhoods such as roadway intersec-
tions, building entrances, or transit stops (where parked e-scooters usually cluster).

Nonetheless, in the ES-RCP, knowing the distribution of demand nodes or even the flow of e-scooters between surplus
and deficit areas is not enough, because the e-scooters must also be recharged. Therefore, information on the SoC of all
e-scooter batteries must be known to integrate the vehicle rebalancing operations with the charging of e-scooters over
time. To this end, joint consideration of charging and rebalancing operations has been studied for electric vehicles (EVs).
These application contexts include BSS rebalancing operations performed with EVs as well as operations of one-way electric
car-sharing systems. Usama et al. (2019) considered bike rebalancing operations with battery-powered EVs, which are only
allowed to be charged at the depot (under a linear charging/discharging rate) through multiple depot visits. They noted
that the battery capacity can have a significant effect on the routing plan of the vehicle. Regarding one-way electric car-
sharing services, the relocation problem has similarities to the ES-RCP because EVs are moved and charged by hired workers
among stations to meet the user demand (lligen and Hock, 2019; Brandstdtter et al., 2016). Yet, the charging of EVs is only
possible at fixed locations (e.g., parking lots or stations) when the EVs are stationary. In such problems, the most common
methodology to account for time-dependent service (due to charging operations) is to implement a spatiotemporal graph
to account for the time when vehicles are unavailable to the user (Gambella et al., 2018; Ait-Ouahmed et al., 2018; Xu
et al., 2018; Bruglieri et al., 2014). However, it is well known that spatiotemporal graphs grow exponentially in size with
the discretization of time and drastically increase the complexity of the problem. Li et al. (2016) overcame this challenge
by applying a continuous approximation model to develop a comprehensive design framework for one-way EV car-sharing
systems, in which the studied area is partitioned into small neighborhoods to easily approximate non-linear vehicle charging
times.

CA models have often been used as an efficient alternative approach for providing performance estimates for large-scale
location and vehicle routing problems (Daganzo, 2005; Hall, 1985; Hajibabai and Ouyang, 2016; Lei et al., 2019; Max Shen
and Qi, 2007); see Ansari et al. (2018) for a comprehensive review. Lei and Ouyang (2018) developed a discrete-continuous
modeling approach for 1-VRPPD by splitting vehicle travels into line-haul and local tours and solving large scale problems
with a Lagrangian relaxation approach. Other researchers have applied CA concepts to model vehicle sharing systems, which
aimed to inform strategic decisions such as the number and overall size of docking stations, fleet size, rebalancing pe-
riod length, and system performance for docked and dock-less bike-sharing systems (Daganzo and Ouyang, 2019; Soriguera
and Jiménez-Merofio, 2020). This paper focuses on the operations of the ES-RCP; the CA approach is used to propose a
discrete-continuous hybrid model at the operational level, as in Lei and Ouyang (2018), where well-known asymptotic ap-
proximations (Daganzo, 1984b; Beardwood et al., 1959) are applied to estimate the performance of local routing and service
strategies. Similar treatments in the temporal dimension are also used to approximate the charging of the e-scooters at the
local level for large scale ES-RCPs.

While appearing to be similar to the dockless bike sharing, e-scooter sharing is a relatively new mode of transportation
that comes with its unique logistical challenges. These challenges arise not only because of the large fleet deployed in
dense urban areas but also because the e-scooters must inevitably be charged. This additional consideration adds an extra
dimension of complexity to the traditional management of micromobility systems. The relatively small size of the e-scooters
makes it suitable for charging while on-board of the rebalancing vehicles, which opens up new opportunity for cost savings
through exploration of simultaneous charging and rebalancing.! As such, the following section presents the mathematical
models and solution approaches proposed to solve the ES-RCP.

3. Mathematical models

In this section, we first present the notation, key assumptions and a discrete mixed-integer program formulation for ES-
RCP. Then, a hybrid modeling approach is introduced for large scale instances. Finally, a methodology to generate a feasible
solution from the hybrid model solution is explained.

3.1. Discrete model

We assume that all e-scooters are distributed on a set of discrete nodes (small neighborhoods) in a network G(\, A),
where N is the set of nodes and A = {(i, j)|i, j € NV, i # j} is the set of arcs. For modeling convenience, we assume that all
the e-scooters share the same battery characteristics, and can be categorized into a set of types, denoted by B = {1, 2, ..., B},
according to their SoC. Type B represents sufficiently charged e-scooters ready for drop-off. For instance, Fig. 1a presents an
example of SoC change as a function of time, where B = 10 and each battery level represents a 10% SoC increment?; e-

1 The charging and rebalancing problem in this paper also applies to e-bikes, or other types of vehicle sharing services that require repositioning and
maintenance in between service periods. However, e-scooters tend to have smaller sizes and weights that are most suitable for the type of operations
studied in this paper. For companies such as Lime and Jump, the e-bikes have been recorded to weigh over 73 pounds (Swift, 2019), while Lime e-scooters
are about 27 pounds (Toll, 2018). This, along with the smaller size of e-scooters, makes them more suitable for easy transportation, and handling.

2 In general, however, battery levels do not necessarily have to be defined over fixed increments.
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Fig. 1. (a) Example of charging function discretization into B = 10 levels. (b) Example of label updates from b; to b; according to the total travel time between nodes i and j, I';;.
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scooters with a SoC above 90% are considered “full” and ready for drop off. Each node i € A/ is associated with a certain
amount of pickup demand, i.e., the number of deficient types of e-scooters that are available to be picked up there, denoted
by P, Yie N,be B and a certain amount of drop-off demand, i.e., the number of charged e-scooters that are desired at
node i to meet a target level, denoted by D;. Since the drop-off e-scooters should typically be sufficiently charged, here we
simply assume that only the e-scooters with the highest battery SoC, B, can be dropped off. Hence, the index for the battery
level is omitted in the drop-off demand notation, D;. The operator is assumed to have information about the number of e-
scooters needed to serve a given area in the following day, which is typically estimated through historical data or from a
separate strategic planning model (Reiss and Bogenberger, 2016; Caggiani et al., 2017).

In this paper, we assume that a set of designated rebalancing vehicles with a carrying capacity Q, denoted by V, are
responsible for rebalancing and charging e-scooters over the network. That being so, each vehicle is assumed to operate
at a constant speed s, and start and end their tours at the depots O and S, respectively. For convenience, we assume that
all on-board e-scooter can be continuously charged as needed. Therefore, the charging capacity of trucks is not modeled,
nor is it assumed to be a limiting factor for the length of vehicle tours.> Consequently, the decision maker can extend
the charging time of on-board e-scooters by delaying the vehicles (e.g., enforcing a lower speed, introducing a detour, or
dwelling at some locations). Such options are reflected by allowing vehicles to dwell at a subset of nodes, denoted by
M c N, for a certain length of slack time. Then, each vehicle can be in three types of modes: (i) picking up or dropping
off e-scooters at a node; (ii) moving from one node to another; and (iii) waiting at permissible nodes. The length of waiting
time is assumed to take value from a set of discrete options, denoted by £;; e.g., £; = {0 min,5 min, ..., 60 min}, Vi ¢ M
and £; = {0 min}, Vi e N\ M. As such, the routing and waiting decisions of the vehicles can be integrated into a single set
of binary variables, {x,; j,}; i.e, x,; j; = 1 if vehicle v € V travels through arc (i, j) € A after waiting [ € £; length of time at
node i € NV, or 0 otherwise. The charging duration from node i to j, denoted by I';;, can be calculated as the summation of
the pickup/drop-off duration 7,* the waiting time at node i, [;, and the travel time on arc tij; i.e.,

Fyy=t+i+6,VY(3, j) e A a

In order to keep track of the tour times of the vehicles, another set of variables {u,;} are defined to track the arrival time
of vehicles at nodes; u,, ; = u,; + I';  if vehicle i spends I'; ; time to travel to node j.

The on-board e-scooters can change state between two consecutive stops as the result of two factors: the initial state of
e-scooters and the charging duration. In practice, e-scooters are typically powered by lithium-ion batteries, which means the
charging curve is likely to be roughly piecewise linear with a threshold at SoC ~ 80%, as shown in Fig. 1a (Montoya et al.,
2017). We propose a general state transition function, f, which maps the battery level of type b e-scooters at node i, de-
noted by b;, and the charging duration I';, to the type e-scooters upon arriving at node j, denoted by b;. For instance, in
the example shown in Fig. 1b, b; = f(b; = 2, T';; = 65 min) = 8. Because of the nonlinearity of the charging function, the
transition function f does not necessarily produce a one-to-one mapping, i.e., it is possible that e-scooters with distinct
battery levels at node i transform into those with an identical battery level at node j. One simple and intuitive example
is that if a vehicle waits long enough at a node i, all e-scooters on board would become type B e-scooters. Therefore, we
define a set Cp; ;; to store all e-scooter types that would transition to type b € B after a vehicle waits | € £; units of time at
node i € A and traverses to node j € V. In the example of Fig. 1b, Cg; ;; = {2} because type 2 e-scooters will become type 8
e-scooters. In case that no initial battery levels can be mapped to a battery level b, then C; j; = @. This case typically arises
when the arc is very long, as in Fig. 1b (i.e., all e-scooters are charged to higher battery levels).

Now we can keep track of the inventory of on-board e-scooters along the tour. Let g, ;, denote the number of type
b € B e-scooters on vehicle v € V when arriving at node i € NV. Furthermore, let 9+ ib and 6, be the numbers of type b eB
e-scooters to be picked up and dropped off by vehicle v eV at node i N, respectlvely After traversing arc (i, j),
Xy ji =1, it can be updated as follows:

Ybec,, . \uiv +0,5 ) =00 if b= B,
Gojp = €Coiji i v.ib v.i , ,VbeBveV,(i,j) € A 2)
ey \ Qi +0555 ) otherwise

Eq. (2) updates the label of the e-scooters on board as the vehicle moves through the network; it does not allow drop-offs
of e-scooters with b < B, and hence only includes drop-off decision variable 6, when b = B. It is important to mention that
there is an approximation error due to the discretization of the SoC, making the charging quantity tracked by the discrete
model a conservative estimate of the real value. For instance, in Fig. 1b, even when the transition function landed halfway
between battery levels 8 and 9, the partial charging between those battery levels is lost the moment the truck travels from
node j to another node. This error however is found in our numerical experiments to be negligible for most reasonable
values of B.

3 We understand that the charging rates and charging capacity may be of concern in practice, but this could be achieved with emerging ultra-fast and
fast charging technologies which can charge the e-scooters within minutes. Moreover, portable generators can be used in trucks in order to achieve the
high voltage needed for faster charging.

4 In reality, the e-scooters picked up at a node would only charge for tjj + I;, but for simplicity, we assume all e-scooters, including the ones picked up
at a node i, experience a charging time of 7 +; + t;;.
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The primary objective of the company is to maximize the potential benefits for fulfilling the demand while minimizing
the total operational costs. The operational costs mainly consist of three components: the fixed cost of deploying vehicles
(i.e., including cost for drivers/staff), the travel cost, and the extra penalty for having a non-zero on-board e-scooter inven-
tory for distribution at the beginning of the tours. It is assumed that the operator has fully-charged backup e-scooters at
the depot that help vehicles do "start-up operations (i.e., drop-offs) at the beginning of the operation period. These backup
e-scooters would not be in service during the day, which is why there is a penalty for the used backup e-scooters.

Denoting c,., as the fixed cost for deploying a rebalancing vehicle in units of cost per vehicle deployment, cg as the
cost per unit distance traveled by a rebalancing vehicle, cexira @s the non-zero initial inventory penalty per e-scooter, the
total operational cost, denoted by TC, can be formulated as

TC=Cpen ) Y Xvojo+Casty 2. D, P diXpiji+Cetra Y Y Quob- (3)
VeV jeN VeV ieNUO0 jeNUS leL; VeV beB

On the other hand, the benefit from the rebalancing and charging operations includes two parts: that from fulfilling the
drop-off demand, and that for clearing deficient e-scooters from the system. The revenue produced by dropping off an e-
SCOOteT, Cqrop, iS assumed be positive only for type B e-scooters. The monetary benefit for picking a type b e-scooter, denoted
by Cpick b, €an be interpreted as the benefit associated with the “convenience” of the users for removing non-functioning e-
scooters on sidewalks. Therefore, ¢, is the highest for b =1 and decreases for higher battery levels. The total benefit can
be written as

TB = Z Z Cdropeyii + Z Z Z CpiCk.belj:j_b’ (4)

VeV ieN VeV ieN beB
At this point, the discrete mathematical formulation of the e-scooter rebalancing and charging problem can be presented
as follows:
max TB-TC (5)

s.t.(14), (15), (16), (17),

DY xiji= Y, Y X <1 YveVieN (6)

JeNUS leL; jeNUOleL;

Z Z qui,j,lil, VieN )

veV ieNUO0 leL;

eii.bfl’i,b Z va.i-fll’ YveV,ieNUO,beB 8)

JeNUS leL;

leiSDi Z va.i,j,l’ YveV,ieNUO 9)
JeNUS leL;

Uyi+ Fij < uv_j +M(] —Xy’i’]:[), Yv e V, (l, J) e A’l c Ei (10)

Uy i+ Fij = Uy j— M(l _xv.i.j,l)v Vv e V, (l, _]) €A, le Li (11)

Uyo = 0, YveV (12)

us<T, YveV (13)

QU,jb > Z Quiy + eij:i.b’> — M(] _xl/,i,j‘l)’ Yv e V, (1, ]) € A, be B\ {B},I € Ei, (‘14)
beCyiji

Qv = X (Guin +6015) + MO =550, WeV.(.i) e Abe B\ (BL.I €L, (15)
b'ec,,‘,-_,_,

Qs> Y. (qv,i,b/ + 9J.,-,U> — 0, M1 —x,;;). YweV.(ij)eAlecL, (16)
b'eCpii ji

Quip= ) (in,b’ + 0;,1;,,,) — 0+ M =%, Yvev, (ij)eAleL; (17)
b'eCpii ji
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Fig. 2. CA-based hybrid modeling framework; (a) discrete demand nodes; (b) partition of homogeneous regions; (c) routing plan including local service
and line-haul trips between zones.

qu.i.b <Q Z va~i-f~l’ YveV,ieNUO (18)
beB jeNus lec;

q,,,,-,Bzevji, YveV,ieNUOUS (19)
Xpij1 €{0,1}, YveV, (i,j)e AleL; (20)
0 ip 0hisQuin =0, YveV,ie NUOUS beB (21)
u,; >0, YveV,ie NUOUS (22)

The objective function (5) maximizes the expected revenues minus the total cost. Constraints (6) and (7) enforce conser-
vation of vehicles, and that each node can be visited at most once. Constraints (8) and (9) enforce the demand constraints.
Constraints (10)-(13) present the time constraints per vehicle. Constraints (14)-(17) are linearized versions of Eq. (2), utiliz-
ing a big number M (which could be set as the largest possible value of the {q,;,} variables). They update the inventory
of e-scooters on the vehicles according to the routing and waiting decisions (e.g., when the corresponding x,; ;; variable
equals 1). Constraints (18) enforce the capacity of the vehicle, while constraints (19) indicate that one cannot drop off more
e-scooters than the number on board. Finally, constraints (20)-(22) define binary and nonnegative variables.

The above mixed-integer program is challenging to solve due to multiple vehicles, large number of nodes, and large num-
ber of battery levels. In particular, if B is large, the discrete charging function better approximates the continuous charging
curve, but this results in a large set B, which in turn increases the number of constraints, the number of transition in the
set Cp; ;> and hence the computational difficulty of the problem. On the other hand, if B is too small, the effectiveness of
onboard charging will be largely inaccurate. The choice of B should clearly depend on the link travel times in the network
and the battery charging rate; e.g., a sparse network containing only long arcs and a fast charging rate could allow smaller B.
Technically, one should pick B such that the time to charge e-scooters from b to b+ 1 is comparable to min{t;; : V (i. j) € A}.

3.2. Hybrid model

To address the aforementioned computational challenges, we propose a discrete and continuous hybrid approach to the e-
scooter rebalancing and charging problem. The basic idea is to approximately consolidate the detailed operational decisions
at the nodes in a local neighborhood (called as “zone” from now on) into only a few decision variables, and model the
complementing inter-zonal operations over a much smaller size network (now with zones replacing the nodes) through the
discrete modeling approach.

We assume that the entire service area containing discrete demand nodes can be partitioned into a set of disjoint
zones Z ={1,2,...,|Z|} (see Fig. 2a and b), where the nodes in each zone are uniformly distributed and the associated
pickup/drop-off demand is approximately homogeneous.” We also assume that the distribution of nodes is so dense that

5 In practice, we understand that this may be challenging to achieve since the homogeneity of zones is defined regarding the spatial distribution of
nodes and the SoC of e-scooters. Zone partitioning is a step performed in the data processing stage, possibly through hierarchical clustering methods, and
is assumed to be given as an input. Our experience tells us that the CA models are robust even when homogeneity is not strictly satisfied (Daganzo, 2005).
Furthermore, the modeler could select both the number of battery levels and the SoC ranges for each battery level in order to maximize the homogeneity
within the zones.
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Fig. 3. Cumulative inventory of type B e-scooters when vehicles perform the local service.

the number of nodes within each zone is still large. In this way, we can use the average number of type b € B e-scooters
per node, denoted by ﬁLb, and the average number of e-scooters to be dropped off per node, denoted by D, to represent the
pickup and drop-off demand in zone z € Z, respectively. The operator’s decisions then become determining a routing plan
for the zones to be visited as well as constructing a local operation strategy (i.e., picking up and dropping off different types
of e-scooters) within each zone. As such, the entire routing plan of a vehicle can be decomposed into two types: (i) the
local tours within each visited zone to fulfill the pickup and drop-off demand at each individual node, and (ii) the line-haul
trips across different zones. The modeling frameworks for each type of trips are presented in the following sections.

3.2.1. Local approximation

Let a, denote the area of zone z € Z and A; as the node density. When the number of nodes in zone z € Z is sufficiently
large, i.e., a;A; > 1, and when the nodes within a zone share homogeneous demand characteristics, we perform an identical
service strategy for all the nodes, i.e., picking up and/or dropping off the same number of e-scooters of each type, such that
the zone can still remain homogeneous after the rebalancing operation. Here we simply assume that a vehicle would follow
the optimal TSP tour to visit all the nodes within a zone. According to Beardwood et al. (1959); Daganzo (2005), the length
that each stop in the TSP tour contributes toward the total traveling distance in zone z is asymptotically comparable with

the average separation between neighboring points, i.e., k(A;)~2, where k is a dimensionless parameter that depends on
the distance metric only. We can then estimate the total travel time within a zone as follows:

I; = %IC(AZ)%02+TAZGZ’VZ€Z’ )

where the two terms on the right-hand side represent the estimated total motion time and the total stopping time for
performing pickup/drop-off operations in zone z € Z, respectively.

Following the TSP touring plan and the identical pickup and drop-off strategy, the planner only needs to determine two
kinds of decisions to characterize how a zone z would be served, i.e., (i) the average number of sufficiently charged e-
scooters to be dropped off at each node by vehicle v, denoted by ®;,, and (ii) the average number of type b e-scooters
to be picked up at each node by vehicle v, denoted by ®; b Note that these decisions must satisfy the load and charging
constraints so as to guarantee a feasible operational plan, and the most critical issue for fulfilling this task is to keep track
of the amount of on-board e-scooters by type along the tour. To define the load and transition constraints, we use the two
variables g, ,, and q; b denote the type b e-scooters on-board before and after the local tour, respectively. We need to
guarantee that the load level stays under the capacity limit Q, and meanwhile, there are enough sufficiently charged type B
e-scooters to be dropped off at each node.

First we look into the inventory level of type B e-scooters along the tour. In Fig. 3, we illustrate the cumulative inventory
of type B e-scooters by the solid piece-wise linear curve and the cumulative drop-offs by a dash-dotted linear curve, where
r, denotes the amount of time needed to charge a type b e-scooter to a type B one (which can be computed from function
f). The vertical jumps on the solid line captures the transition of the initially onboard type b e-scooters, q, 5, to type

B. Since ®F.  , additional type b e-scooters will be picked up per %(Az)‘% + 7 time along the tour, they would gradually

v,i,b’
o . .
become available for drop-off at an estimated rate of % starting from time r,. As such, the overall rate that e-
5(Az2) 247

scooters become available for drop-off between time r;,,; and r, can be computed as

B et

Z v.z.b ) (24)

K 1
b'=b+1 E(AZ) i+T
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The inventory level of type B e-scooters at an arbitrary time instant is the difference between the cumulative inventory
curve and the cumulative drop-off curve. To ensure that there are enough type B e-scooters for drop-off, the drop-off curve
cannot go above the cumulative inventory curve - to guarantee that, we only need to check those critical time instants at
1y, Vb € B (illustrated as black dots in Fig. 3).

Simple geometry shows that the sought condition is satisfied as long as:

Similarly, the drop-off curve has a constant slope of

B
_ Ty Iy — Ty .
O, ———— = (q  + OF ,7), YveV,ze Z,be B\ {B} if r, < II,. (25)
vz %(Az)f% e b/;b_H v.z,b v,z,b ’;‘(Az)f% +T \ b z

The two sides of the above inequality compute the cumulative drop-off number and cumulative inventory value at every
step rp,. Note that Eq. (25) only needs to be enforced for drop-offs up to the end of the tour; i.e., when r, < I1,.

For all other battery levels b < B, no drop-offs are expected so we only need to track the initial inventory and the pickups
along the tour (since battery transitions are “internal”). Given piece-wise linearity and constant slopes, we only need to
ensure that ), q;z_b <Q and Y ,q,,,<Q YveV,zeZ in order to meet the vehicle capacity constraints. For any zone
z € Z, the value of I is fixed, and the state transition of e-scooters within each zone is actually known and can be pre-
processed. For example, for the initial e-scooter inventory, a similar C;.b table can be created to store all battery levels which
can be charged up to battery level b € B after serving zone z. For those e-scooters picked up en-route, some may be charged
fully, while others may not experience any state transition. Fig. 4 illustrates the cumulative pickups and conversion of type
b e-scooters along the tour. The set of time instants {t;} are defined from the transition function f, such that the duration
from t; to I1; is the necessary charging time for a type b e-scooter to become a type b’ > b at the end of the tour. Then,
parameter A,y is the proportion of all e-scooters picked up in zone z from battery level b which are charged up to battery
level b/, as computed in Fig. 4. Similar calculation can be done for every battery level b for which @;Z,b > 0 in each zone. A
set of transition constraints, as counterparts of (14)-(17), are applied; i.e.,, Vv e V,z€ Z2U0,Z ¢ ZUS,be B\ {B},l € L;:

Q:;,z,b = Z (QU,z,b’ + ®;Z,b/azAZAz,b’.b) - M(l - Xv.z,z’,l)s (26)
bec;,

q;}yz{b = Z (qv,z,b’ + ®;Z‘b/a2Az)\'z,b/.b) + M(l - xv,z,z’,l)s (27)
becl,

Q:;,z,s = Z (QU.z,b/ + ®;Z_braZAZ)\z,b’,B) — 0,0, A, — M1 =X, 7). (28)
bec,

q:/,z,B =< Z (qU.Z,b/ + ®Iz.b’a2AZ)‘z,b’,B) — 0,0 A+ M =Xy, 1). (29)
bec,

Once the onboard inventory at the end of the current local tour is obtained, it is used to generate the initial inventory at
the beginning of the next zone. This calculation involves the decisions made at the line-haul level, and is presented in the
following section.

3.2.2. Line-haul operations
At the line-haul level, the company needs to determine the routing and charging plan across zones, as shown in Fig. 2c.
The line-haul trips can be modeled similarly as the discrete mathematical model by replacing the node set A with the zone
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set Z. Then, the decision variable x,,, », in this context is interpreted as the decision of whether vehicle v serves zone z’
after serving zone z, and waits | € £, units of time. Each line-haul trip is assumed to happen between zone centroids and
the waiting is assumed to happen at z after the vehicle serves the zone. Similar to the discrete model, we can define a set
Cp, . to store all the types of e-scooters that can transition to type b after traversing zone pair (z,z') and waiting | units
of time. The total cost, TC, and the total benefit, TB, in the objective function can thus be formulated by using both the
line-haul and local decision variables as follows:

TC = cyen Z qu,az,o + Cextra Z q;,o_B + Cdist Z Z Z Z dz2Xy 2215 (30)

VeV zeZ vey veV zeZU0Z eZUS leL,
) . +
TB=Carop Y »_Op, @Az + Y DY Chicks O, y 0. (31)
vey zeZ veV zeZ beB

By combining the line-haul and local models together, the integrated formulation is presented as follows:
max TB-TC (32)

s.t. (25)-(31), and

Xyzz21= Xpr21<1, YveV,ze ZUOUS (33)
DD K= D ) X,

ZeZUSleL, 7200 leL,

Z Z va,z,z’,l <1, VZez 4

veV zeZU0 leL,

O5,p<Pb Y Y Xz YveV.zeZuObeB (35)
' ZezUSleL,
©,,<D: Y Y Xyzzi YWeV.zeZuO (36)
ZeZUSleL,

Uy, + T+t + 1 < Uy + M =Xy,,1), YveV,zeZ2U0,Z e ZUSle L, (37)

U+ T+t + 1> Uy =M =Xy ,,1), YveV,zeZ2U0,Z € ZUSle L, (38)

U,0=0, Yvev (39)

uys<T, YveV (40)

Quzp > Z Ty —MA =%,,,1), YveV,ze ZU0,Z e ZUSbeB leL, (41)
b/ECb.z.z’Al

Qzp< Y. Gy +MA=X,,,)). YweV.zeZU0.7Z cZUSbeB leL, (42)
b'eCy, .,

Gz <Q Y D Xyzzy. YUeEV.ZeZUO (43)

beB zZe2USleL,

>d,,,<Q Y. D Xyzzy, YUeEV,ZEZUO (44)

beB Ze2USleL,

Xpzz1.€{0,1}, YveV,ze ZU0,Z e ZUS,le L, (45)

Uz Quzbs Gy pO5 5 Opz =0, YV eV, ze ZU0US beB (46)

The objective function (32) is similar to the objective function (5) except now the distance is defined as the distance
between zone centroids. Constraint (25) ensures there are enough e-scooters on board for drop-off along the local tour.
Constraints (26)-(29) update the inventory based on the local tours according to the set C,;,Z and parameter A ;. All other
constraints, (33)-(44), are counterparts of constraints (6)-(18) from the discrete model which enforce the conservation of
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vehicles, demand constraints, time constraints, battery transition constraints in line-haul trips, and capacity constraints.
Finally, constraints (45) and (46) define binary and nonnegative variables.

Since |Z| « |V, the time needed to solve this problem is much shorter than that needed for the original discrete model.
This allows us to even solve the hybrid model with a greater number of battery levels. Nonetheless, the solution of the
hybrid modeling approach only provides an approximation to the original problem. In practice, operators would still need
to develop an implementable routing plan in the network. The following section describes how the output from the hybrid
network approach can be turned into a feasible solution.

3.2.3. Generating a feasible solution

The output of the hybrid model includes the sequence of zones for each vehicle to visit, the total waiting at each zone,
the initial inventory, and the average pickups and drop-offs for each e-scooter type in each zone. We next utilize this infor-
mation to route the vehicle in the original network while enforcing all the inventory and charging constraints. The basic idea
is to decouple the problem and first solve the routing of the vehicles, and then implement a simple heuristic to determine
which e-scooters are picked up or dropped off along the routes.

We solve a TSP among the nodes within each zone and connect the zones in the sequence with the following simple
rules:

o If there is a nonzero wait time | > 0 between zones z and Z/, the vehicle is assumed to wait at the centroid in zone z.
Therefore, the vehicle is routed through zone z, and the destination node in the TSP solution of the local tour is set to
be at the centroid of z. Then, the vehicle travels from the centroid of z to the nearest node j € z'.

o If there is no wait between zones z and Z/, the TSP is routed through zone z and the destination node is set to the
nearest node j € Z’ (i.e., no visits to the depot).

The TSP solution within each zone can be computed with most commercial solvers in reasonable computational times.
However, if necessary, heuristics such as those in Daganzo (1984b,a); Newell and Daganzo (1986b,a); Ouyang (2007) can be
applied to obtain feasible solutions. If it is found that a feasible vehicle routing time, including the waiting at the centroids,
is greater than T, time is subtracted from the waiting times at each of the centroids until the tour time becomes feasible.

Once the feasible routing of the vehicle is obtained, two heuristics are proposed to generate a feasible solution. The first
heuristic (from now on referred to as “CA heuristic 1”) is to feed the routing of the vehicle, the waiting at centroids, and
initial inventory from the CA model back into the discrete model, so the discrete model has to only make the pickup and
drop-off decisions. This can be achieved by simply adding more constraints to the discrete model enforcing x,,; ;; = 1 for
each traversed arc (i, j) in the TSP solution.

If the size of the problem is so large that CA heuristic 1 is still time-consuming, another simple heuristic can be applied
to generate a feasible solution in a short amount of time. For this second heuristic (for now on referred to as “CA heuristic
2"), we know that for a zone z, the pickup and drop-off strategy is given by performing an average of @:; b pickups and
®;,, drop-offs respectively. If in some specific node in a zone P,;, < ®;Z‘b, then the operator is only limited to pick up P,
e-scooters. Similarly, if D; < ®;,, the vehicle is only allowed to drop-off D; e-scooters. As such, by defining &; to be the set
of ordered directed arcs in zone z resulting from the local routing, a complete feasible solution can be generated by applying
Algorithm 1 to obtain the feasible TB. Then, the feasible TC can be computed with the set & and the original variables of

Algorithm 1 Feasible routing and charging.

1: Initiate variable: I, ; , = type b inventory level of vehicle v after visiting node i
2: Initiate variable: TB

3: forvevdol,op= q;,O.B (initial inventory from hybrid solution)

4: forve Vv do
5: for zc Z do

6: for e c & do

7: charge inventory through e = (i, j) with charging function f
8: if e-scooters need to be dropped-off at j and I, j 5 > O then
9: d = argmin{l, 5, ©;,, D;}

10: update live inventory,l, jp =1, jp —d

11: update total benefit, TB = TB + Cgrop, - d
12: for b e B do
13: if 3°p1,; < Q and type b e-scooters need to be picked up at j then
14: p=argmin{Q — I, ;. @;Z.b, P,p)
15: update live inventory, I, j, =1, jp + P
16: update total benefit, TB = TB + cpic p - P

the hybrid model with Eq. (30).
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Fig. 5. Example network with 4 zones and 105 nodes where the center square represents the depot and the circles represent waiting locations..

Table 1
Distribution of the number of pickups and drop-offs per zone.

Zone  Drop-off distribution  SoC (%)  Pickup distribution
1 N(4,0.5) 20 N(1,0.5)
40 N(2,0.5)
60 N(1,0.5)
2 N(5,0.5) 20 N(0,0.5)
40 N(1,0.5)
60 N(1,0.5)
3 N(2,0.5) 40 N(1,0.5)
60 N(3,0.5)
80 N(1,0.5)
4 N(2,0.5) 20 N(0,0.5)
40 N(1,0.5)
60 N(1,0.5)

4. Numerical tests

The performance of the hybrid model (including the feasible solutions) is tested with hypothetical networks and then
compared with the discrete model. Then, the model is applied to the Washington, DC transportation network to show the
performance of the model in a real-world instance. All the test cases are run on a computer with 3.40 GHz CPU and 8 GB
RAM. The MIP formulations are solved with the CPLEX solver with Python access (called DocPlex). The computation time
limit is set to be 1.5 h when |A/| < 80, or 3 h otherwise.

4.1. Hybrid vs. discrete

We test the performance of the hybrid model and compare it with that of the discrete one using the same hypothetical
networks with similar pickup and drop-off demand. Fig. 5 shows a 10-mile by 10-mile square region which is divided into
four contiguous 5-mile by 5-mile square zones. A vehicle starts and ends its tour at the depot located at (5,5) (the black
square in Fig. 5), and it is allowed to park at the center of each zone (the black circles in Fig. 5) to enable a longer charging
for on-board e-scooters. The coordinates of all the other nodes are generated according to a uniform distribution, and the
pickup and drop-off demand at each node is randomly generated according to normal distributions of each zone N(D,, op,)
and N (1521,,, op, ), respectively. More details of the demand distributions in each zone are shown in Table 1. The pickup and
drop-off demand for all nodes is normalized in each realization to make the total pickup demand equal to the drop-off
demand in the entire region (i.e., Y jcx-Di = Y icnr >pes Pip)-
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We also assume that only the e-scooters with SoC> 95% are allowed to be dropped off. For the discrete model, we let
B =20, 50, and 100, while the last battery level always represents the highest 5% increment; as such, each of the remaining
battery levels represents an increment of 5%, %%, and %%, respectively.

For the hybrid model, we assume B = 100, i.e., each battery level less than 95 represents a %% increment and the last
level represents a 5% increment. We consider two charging functions which, for convenience, are labeled as “slow” and
“fast” functions. The “slow” function allows the e-scooters to charge at 1%/min up to an SoC of 80% and then at 0.5%/min
afterwards; and the “fast” function doubles both rates but has the same 80% threshold.®

The parameters associated with rebalancing vehicles are set as follows: the speed of vehicles s = 30 mph, the tour time
limit T =360 min, the capacity of vehicles Q = 25 e-scooters, the time penalty for stopping at one node 7 =1 min, the
lengths of waiting duration allowed at waiting locations £, = {0, 5, 10, 20, 30, 45, 60} minutes, Vz € Z, the fixed cost for
deploying a vehicle c., = $100/deployment, the travel cost cg = 1 $/mile, the unit cost of having nonempty on-board
inventory at the beginning of the tour cextra = 1 $/e-scooter, the revenue for dropping off an e-scooter ¢4y, = 10 $/e-scooter,
and the benefit for picking up a type b e-scooter is cpicp =4, 3,2, 1 $/e-scooter for e-scooters with SoC = 20%, 40%, 60%,
and 80%, respectively.” All cases are solved when only one rebalancing vehicle is available, so as to better compare solution
quality and computation efficiency across all scenarios.

We selected six test network sizes with [N UOUS| € {15, 30, 55, 80, 105, 115}. For each network size, three instances
are randomly generated and solved for a total of 18 cases by applying both the hybrid and discrete models. The average
results across three instances for each network size are presented in Table 2 for the hybrid model, and Table 3 for the
discrete model, which include the average objective values, the average vehicle distance traveled, the average proportion
of fulfilled demand, the average CPU time and the MIP gap for the discrete model. The “Heuristic 1” and “Heuristic 2”
columns report the results from the two heuristic methods described in Section 3.2.3, while the “Estimate” column only
reports the approximated CA estimate produced by the hybrid model alone. Moreover, for the distance traveled, only the CA
estimate and “Heuristics 1&2” are reported because the same routing decisions are used in the CA heuristic 1 and heuristic
2 solutions.

The results in Tables 2 and 3 clearly show the superior performance of the hybrid model over the discrete MIP approach
in terms of solution quality and computation time, especially when the number of nodes is larger than 55. For the largest
instance, the hybrid model is able to produce reasonable solutions in about 5% of the computation time, as compared to the
discrete counterpart (for B = 20), while still producing higher objective values for both the fast and slow charging functions.
For the larger cases (e.g., those with B =50 and B = 100), the MIP solver could not find even a feasible solution within the
time limit of 3 h.

Fig. 6 plots the average objective function values for different test instances. Only the results with B = 20 is plotted to
portray the trend of discrete solutions; however Table 3 shows that for cases with 55 and 80 nodes, the discrete model
can produce slightly higher objective values when the number of battery levels is 50 and 100. Fig. 6 shows that, for both
charging rate functions, the hybrid model yields strictly better solutions when the number of nodes is greater than 55. Such
results is expected, as the CA method builds upon asymptotic results for large networks. Moreover, we also observe that
the hybrid model can produce comparable solutions to the discrete model even for a small number of nodes. Fig. 6 also
shows that the CA estimat is affected by both the number of nodes and the charging rate. For both slow and fast charging
functions tested, the gaps between the CA estimation and the CA heuristic solutions grow slowly as the number of nodes
increases. Furthermore, Fig. 6b shows that for a faster charging rate, the CA estimation can better approximate the CA
heuristic 1 solution (with an average relative error of 1.9%) than when the charging rate is slow (with an average relative
error of 6.6%). For the slow charging function, the gaps between the CA estimate and the CA heuristics 1 & 2 solutions
get wider as the number of nodes increases. This phenomenon may be due to the conservative charging performed by the
transition function f. For every arc traversed by the vehicle, there is a fraction of the charging time which is lost because
the function f does not account for partial charging between two battery levels b and b+ 1 (e.g., see Fig. 1). The transition
function f accumulates this small error for every node and for every battery level b < B until the e-scooters transition to
type B e-scooters. Once e-scooters transition into type B e-scooters, no error is accumulated because no further transitions
are performed. Hence, the more nodes a vehicle must visit in the local route and the slower the charging rate, the larger the
charging error. This may explain why both a slower charging rate and higher number of nodes in each zone are associated
with a larger error between the estimate and either heuristic solution. The heuristic 2 solution is shown to always produce
a lower value as compared to the CA heuristic 1 solution. This sacrifice of optimality comes with benefits regarding the
computation time since the longest it took to produce a solution was 570 s (i.e., with 115 nodes), while it took over 1 h to
produce the solution with CA heuristic 1.

6 Our choice of charging rate is somewhat arbitrary. Yet, companies such as StoreDot and GBatteries are starting to develop ultra-fast charging tech-
nologies specifically for electric vehicles which can charge e-scooters between 5 to 10 min (StoreDot, 2020; GBatteries, 2020). We suspect that onboard
charging capabilities of similar efficiency would be available in the near future.

7 The value of parameter ¢, includes driver's wage for T =6 h of operation per day, at $14/h, plus the prorated daily cost of about $16 for de-
pot/equipment maintenance and operations; the latter is estimated based on an annual cost of about $6000 for a charging station (Smith and Castel-
lano, 2015). The value of cgis; is prorated from a total life cycle cost of $80,000 for a light commercial electric vehicle that runs 80,000 miles in 8 years,
based on information in Lebeau et al. (2019). The values of other parameters such as Cextra and cpici p are based on our best guesses due to lack of real-world
data; however, the validity of our models does not depend on their specific values.
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Table 2

Average results of the hybrid model from numerical experiments varying the charging rate and number of nodes.

Charging function =~ Number of nodes Objective Distance traveled (mi) Fulfilled demand (%) CPU time (s)
Estimate  Heuristic 1 Heuristic 2 Estimate  Heuristics 1&2 Estimate  Heuristic 1 Heuristic 2 Estimate Heuristic 1 Heuristic 2

slow 15 145.4 159.0 134.7 55.3 44.4 99.5 100 93.0 64 101 64
30 554.4 549.2 463.7 68.6 71.7 93.0 92.3 83.3 39 131 51
55 940.9 931.5 777.1 84.9 88.6 71.3 70.7 62.0 377 597 381
80 1162.9 11203 871.2 97.6 106.3 59.0 55.7 47.0 435 825 507
105 1476.0 1281.7 948.6 108.2 115.5 55.0 48.0 393 100 981 221
115 1427.3 1294.5 1079.6 112.3 120.3 49.3 45.0 393 352 3800 500

fast 15 145.7 149.7 120.2 55.3 49.7 100 100 89.7 8 45 8
30 585.9 577.8 475.4 68.6 70.9 97.0 96.3 83.7 13 105 22
55 1137.1 1115.6 979.8 89.9 87.2 83.3 82.3 75.0 45 264 47
80 1579.8 1637.7 1298.5 97.6 102.1 75.3 76.7 64.0 14 404 223
105 2023.2 2021.2 1660.5 108.2 113.1 71.3 70.3 59.7 117 997 143
115 2203.6 2249.2 1784.9 1123 1203 70.1 70.7 58.3 251 3699 570
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Table 3
Average results of the discrete model from numerical experiments with varying charging rate, number of battery levels and number of nodes.
Charging function =~ Number of nodes Objective Distance traveled (mi) Fulfilled demand (%) CPU time (s) Gap
Number of Battery Levels
20 50 100 20 50 100 20 50 100 20 50 100 20 50 100
slow 15 156.4 156.0 151.9 43.2 439 45.8 100.0 100.0 100.0 817 746 1493 072 073 075
30 576.5 5774 561.2 83.9 90.2 99.3 99.0 99.3 99.0 4490 1293 973 0.26 026 030
55 765.6 927.7 1029.4 96.5 132.7 1413 63.0 75.7 84.0 5993 9488 10,228 094 060 044
80 7333 807.7 - 1044 1147 - 40.0 43.7 - 8100 10,154 - 2.07 1.81 -
105 501.7 423.4 - 106.5 92.8 - 21.3 20.0 - 10,740 10,800 - 9.16 6.10 -
115 614.9 - - 135.2 - - 25.0 - - 10,490 - - 4.42 - -
fast 15 156.6 158.8 153.9 44.7 42.7 45.0 100.0 100.0 100.0 400 474 1325 072 0.70 0.73
30 596.3 600.2 598.1 73.4 68.6 71.4 99.3 99.3 99.5 1330 1777 1401 022 021 022
55 12373 1266.6 1221.2 138.0 1392 1208 96.7 97.7 92.0 6995 7115 10,567 020 0.17 0.22
80 1257.7  1508.6 - 113.1 132.6 - 63.7 74.7 - 6594 10,428 - 084 0.50 -
105 11783 - - 126.8 - - 45.5 - - 10,153 - - 1.64 - -
115 718.4 - - 90.6 - - 27.0 - - 10,778 - - 4.74 - -
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Table 4
Objective value comparison as a function of the number of zones.

Number of zones Objective CPU time (s)

CA Estimate CA Heuristic 1 CA Heuristic 2 CA Estimate CA Heuristic 1 CA Heuristic 2

4 3961.4 3798.5 3191.2 1 1838 447
5 4147.6 3852.8 34333 3 5537 361
6 4163.1 3897.1 3478.9 18 14,864 561
7 4083.6 3818.2 3333.6 126 18,381 741
8 4043.87 3946.8 3306.3 164 20,003 519

Regarding the distance traveled, the hybrid model tends to produce a similar or lower distances when the number of
nodes is 30 or greater. The are some scattered exceptions when the number of nodes is greater than 80, but for those cases
Fig. 6 shows that the objective value of the discrete model is significantly lower as compared to both the CA heuristics.

4.2. Zone partitioning

In order to test the influence of zone partition on solution quality and computation time, the 200-node network pre-
sented in Fig. 5 was solved by further partitioning the original 4 zones, incrementally, into 8. Each partition is done by
applying the k-means clustering algorithm from the scikit-learn package with Python (Pedregosa et al., 2011). The 5-zone
case is produced by splitting zone 1 into two equal zones; the 6-zone case is produced by further splitting zone 2 into
two; and so on. Furthermore, To make the results comparable, no waiting was allowed at the zone centroids, otherwise the
vehicles would have had an extra centroid to wait, and the objective value would easily increase with the addition of zones.

Table 4 shows the objective values for the CA estimate, the CA heuristic 1 solution, and the CA heuristic 2 solution. It is
shown that the CA estimate increases by at most 5%, the CA heuristic 1 solution by 4%, and the CA heuristic 2 solution by
9%, as compared to the corresponding solutions with 4 zones. Even when waiting is not allowed at centroids, the solution
quality is always improved (as compared to 4 zones), because extra flexibility in vehicle routing always results on improve-
ment in the objective value. However, this improvement in objective value comes at a cost in solution time, as the CPU time
required to generate the heuristic 1 solution significantly increases with the number zones. In contrast, for the CA heuristic
2 solution, the CPU time increase is moderate (within 300 s).

4.3. Case study: Washington, DC

In this section, we implement the hybrid model for a real-world e-scooter system in Washington, DC, which involves a
significantly greater number of nodes. The municipal is divided into 392 traffic analysis zones (TAZ) and 8 historical wards
with definite boundaries, as shown in Fig. 7. For simplicity, the centroid of each TAZ is treated as a discrete demand node
while each of the 8 wards is considered as one of zones in the proposed hybrid model. As such, there are 30, 83, 49, 71,
45, 52, 71, and 39 nodes in zones 1 through 8, respectively. A depot is assumed to be located outside of the city limits in
the Northeast area and is illustrated as a square in Fig. 7. McKenzie (2019) made a spatiotemporal analysis of the demand
pattern of e-scooters by analyzing data from the company Lime, and showed that most demand originates from zones 1,
2, and 6, while the rest of the zones have relatively lower trip density. Following this pattern of trips, two scenarios are
evaluated: (i) the pickup and drop-off demands in each zone are more or less balanced, and (ii) zones 1, 2, and 6 (i.e.,
downtown area) have the majority of the pick-up demand, while the surrounding zones 3, 4, 5, 7, and 8 have predominately
the drop-off demand. Due to the large problem size, only CA heuristic 2 is applied, and the computation time limit is set to
be 3600 sec.

We again use B = 100 battery levels and the pickup and drop-off demands for each node are generated with the same
procedure as in the previous section. As such, the distributions in Table 5 are used for the two scenarios. It is assumed
that e-scooters have, at most, a SoC of 60%. In both scenarios, the randomly generated demand data are normalized to fit a
total fleet size of 750 e-scooters (which resembles the real-world fleet size data posted on the Washington DC government
website District Department of Transportation, 2020), and the total amounts of expected pickup and drop-off demands in
the DC area are the same. The model is solved for three different vehicle capacities Q e {20, 30, 40}, for initial charging rates
1%/min, 2%/min, and 3%/min for SoC less than 80% (and half the rate for SoC exceeding 80%), and for 3 different SoC ranges
for the “full” battery level b = B, 10%, 5%, and 1% (i.e., e-scooters with SoC greater than 90%, 95%, and 99% can be dropped
off, respectively). The other parameters are set as follows: T = 600 min, T =3 min, s = 30 mph, ¢, = $3/e-scooter for e-
scooters with SoC< 20%, or ¢y, = $2/e-scooter for e-scooters with 20% <SoC< 40%, or cpic p = $1/e-scooter for e-scooters
with 40% <SoC< 60%, and cgrop = $15/e-scooter.® All cases are solved while enforcing usage of exactly three rebalancing
vehicles, so as to better compare the impacts of other parameters.

The results of scenario 1, as presented in Table 6, confirm our expectation that the charging rate has a strong but di-
minishing marginal influence on the amount of fulfilled demand. All cases solved with a charging rate of 2%/min have, on

8 Some of the parameter values are slightly different from those in Section 4.1, so as to test variability of model inputs.
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Fig. 7. Washington DC map with the TAZ centroids as nodes.

Distribution of the number of pickups and drop-offs per zone in the Washing-
ton, DC case study.

Zone Drop-off distribution SoC (%) Pickup distribution

Scenario 1 Scenario 2 Scenario 1 Scenario 2

1 N(3,0.4) N(0,0.4) 20 N(1,0.5) N(1,0.5)
40 N(2,0.5) N(2,0.5)

2 N(3,0.4) N(0,0.4) 20 N(2,0.5) N(2,0.5)
40 N(1,0.5) N(1,0.5)

3 N(1,0.4) N(1,0.4) 40 N(1,0.5) N(0,0.5)
60 N(0,0.5) N(0,0.5)

4 N(1,0.4) N(1,0.4) 20 N(0,0.5) N(0,0.5)
40 N(1,0.5) N(0,0.5)

5 N(2,0.4) N(2,0.4) 20 N(1,0.5) N(0,0.5)
40 N(1,0.5) N(0,0.5)

6 N(2.5,04) N(2.5,04) 20 N(1,0.5) N(1,0.5)
40 N(1,0.5) N(1,0.5)

7 N(1,0.4) N(1,0.4) 20 N(0.5,0.5) N(0,0.5)
40 N(1,0.5) N(0,0.5)

8 N(1,0.4) N(1,0.4) 20 N(0.5,0.5) N(0,0.5)
60 N(1,0.5) N(0,0.5)

average, a 23.9% increase in fulfilled demand as compared to the cases solved with a rate of 1%/min. On the other hand, the
cases solved with a charging rate of 3%/min have, on average, only an additional 6.9% improvement over the cases solved
with a rate of 2%/min. The carrying capacity of the vehicles also seems to have a great influence, especially when the charg-
ing rates are low (i.e., probably because the e-scooters have to stay in the vehicles longer to be charged). For the charging
rate of 1%/min, increasing the capacity of the vehicles from 20 to 30 and 30 to 40, on average, increases the fulfilled demand
by 12.5% and 9.9%, respectively. For higher charging rates, increasing the capacity from 20 to 30 and 30 to 40 only improves
the demand by 5.9% and 2.9%, respectively. In contrast, the SoC range of the “full” battery level b = B has the least influence.
The fulfilled demand increases by only an average of 2.5% when the range is increased from 1% to 5%, and another 3.2%
when it is increased from 5% to 10%.

Table 7 shows that the capacity of vehicles and the charging rate remain as the two most influential parameters in
scenario 2. However, it should be noted that, unlike scenario 1, the marginal benefit for employing a larger size vehicle
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Table 6
Results from scenario 1 of the DC case study.

Charging rate (%/min)  Range for b=B (%)  Capacity Objective Fulfilled demand CPU Time

CA Estimate  CA Heuristic 2 CA Heuristic 2 CA Heuristic 2

1 1 20 5050.0 4271.0 38.4 2270
30 6783.6 5550.2 47.3 2024

40 8860.0 74121 61.3 2167

5 20 5894.0 4828.3 42.5 2314

30 7844.0 6340.3 533 2294

40 9325.8 7808.6 64.8 2274

10 20 6198.2 5506.3 47.0 2157

30 8901.5 7829.2 65.0 2263

40 9847.8 8402.7 69.3 2151

2 1 20 9077.7 8227.6 67.7 2289
30 11037.9 9531.2 77.8 2228

40 11490.3 10127.6 83.0 2286

5 20 9840.5 8715.0 70.9 2290

30 11255.6 9935.7 80.6 2344

40 11498.3 10083.7 82.0 2288

10 20 10349.3 9274.7 75.3 1971

30 11625.0 10159.2 82.9 2325

40 11710.9 10325.7 84.2 2264

3 1 20 11181.2 10027.1 81.5 2277
30 11551.9 10312.9 84.1 2095

40 11912.8 10701.0 87.9 2233

5 20 11518.3 10238.3 83.3 2028

30 11734.4 10453.1 85.3 2036

40 12066.5 10783.6 88.5 2025

10 20 11455.1 10114.0 82.2 2188

30 11956.8 10511.1 85.8 2234

40 12132.2 10785.2 88.5 2322

Table 7
Results from scenario 2 of the DC case study.

Charging rate (%/min)  Range for b=B (%)  Capacity Objective Fulfilled demand CPU Time

CA Estimate  CA Heuristic 2 CA Heuristic 2 CA Heuristic 2

1 1 20 4668.9 3636.4 323 2882
30 6086.1 4539.1 393 2760

40 6977.8 5844.7 49.6 3078

5 20 4944.0 3838.9 34.0 2980

30 6229.8 4787.9 41.0 2922

40 6592.4 4906.9 42.9 2756

10 20 5405.0 4258.4 374 2742

30 6790.1 5364.5 45.6 3000

40 7518.7 6079.5 51.0 2957

2 1 20 6399.9 5280.6 44.8 1990
30 7280.5 5623.8 47.8 2168

40 8110.7 6514.2 55.0 2295

5 20 6862.7 5927.6 50.0 1804

30 7849.3 6620.3 55.6 2030

40 8470.8 7502.0 63.1 2050

10 20 6953.3 6023.1 50.7 1903

30 7897.5 6608.2 55.5 2072

40 8517.5 7399.7 62.2 2011

3 1 20 7201.6 6240.2 52.6 2984
30 7761.5 6567.8 554 2507

40 8480.8 7415.1 62.5 2667

5 20 6759.8 5692.0 48.0 2815

30 7918.8 6847.4 57.7 3011

40 8480.8 7362.4 62.0 2068

10 20 7211.8 6015.6 50.7 2789

30 8046.7 6711.7 56.5 2998

40 8599.4 7355.4 62.0 2910
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tends to increase when the charging rate is high. For the charging rate of 1%/min, the marginal improvement for increasing
the capacity from 20 to 30 and 30 to 40 are 7.4% and 5.9%, respectively, while for higher charging rates, increasing the
capacity of vehicles from 20 to 30 and 30 to 40 have a marginal improvement of 5.3% and 6.4%, respectively. The reasons
behind this might be that, if the pickup and drop-off demands are unevenly distributed across zones as in scenario 2, the
vehicle capacity may become a extremely restrictive factor for line-haul shipments when the charging rates are high, such
that increasing its magnitude may result in greater improvements. Therefore, agencies should be encouraged to use large
vehicles if they can, as long as the marginal benefit exceeds the cost difference, especially for the cases that are similar to
those in scenario 2. In addition, it is also interesting to observe from the table that the agencies should charge the e-scooters
to 100% SoC whenever possible. This is probably because charging an extra 5% (i.e., either from a SoC of 90% to 95% or 95%
to 100%) only takes the trucks a short time (between 3.33 and 10 min, depending on the charging rate). This time can easily
be absorbed into the tours either through the line-haul trips or extra waiting at depots.

Finally, we can observe that, under the same total amount of expected demand and the same zone configuration, there
is a significant difference of 25.4% between the highest proportions of fulfilled demand in scenarios 1 and 2. This indicates
that the pickup and drop-off demand distributions across zones can greatly influence the performance of the rebalancing
and charging operations. In scenario 2, the majority of the pickup demand is concentrated in the downtown zones 1, 2,
and 6, which means that the vehicles entering those zones are in charge of fulfilling most of the drop-off demand in the
surrounding zones. This turns to be very limiting as the pickup demand within each of these three downtown zones easily
surpasses the capacity of vehicles, even when the capacity is set to 40 - the trucks would have to make many interzonal
trips to complete pickup and drop-off services. One possible way of enhancing the performance of the rebalancing and
charging operations in scenario 2 is to increase the number of zones (e.g., by splitting a large zone into multiple smaller
zones), such that the network (with our operational setting) can have a greater number of idling locations. In this way,
the vehicle capacity becomes a less restrictive factor when serving high demand zones. However, in practice, the choices of
these settings (e.g., zone partition) must be made on a case-by-case basis according to the demand distributions as well as
considerations over computational efficiency vs. solution quality.

5. Conclusion

E-scooter sharing systems come with its unique logistical challenges as compared to the widely studied bike rebalancing
problem. This is due to the extra dimension of complexity added by e-scooter charging. This paper presents ES-RCP with
on-board charging decisions, and develops a mixed integer programming formulation. The SoC of e-scooters is discretized
into a finite number of battery levels. Battery at each SoC level is treated as a separate commodity, and the various types
of batteries are linked through a transition function (which depends on the charging capabilities of rebalancing vehicles).
The mixed integer programming formulation is extremely difficult to solve. Then, a discrete-continuous hybrid model is
introduced by decomposing the routing plan of vehicles into local tours and line-haul trips in order to decrease the size of
the problem and handle large scale instances. Two heuristics methods are proposed in order to generate feasible solutions.
CA heuristic 1 generally produces higher quality solutions but it requires a significantly longer computation time, while CA
heuristic 2 can produce reasonable solutions in a very short time. Numerical experiments demonstrated that these heuristic
methods (especially heuristic 2) with hybrid CA modeling approach produce better solutions for large networks very fast
(e.g., in under 6% of the time it takes to solve the discrete model directly). On the other hand, experiments also show that
the CA estimate closely approximates the feasible solution from heuristic 1. Moreover, the charging function is shown to
affect the quality of the hybrid model estimation as compared to the feasible solutions. In the hypothetical networks, a
faster charging rate produce a better estimation while a slow one leads to a significantly greater difference between the CA
estimation and the feasible solutions from both heuristic methods. To demonstrate the capabilities of the hybrid model in
the real world, the regional system in Washington, DC is used as a case study under two demand scenarios. For scenario 1
in which the pickup and drop-off demands are similar in each zone, the charging rate has the most influence on the fulfilled
demand. In scenario 2, in which the pickup demand is concentrated on the downtown area, the vehicle capacity, along with
the charging rate are both found to be influential parameters.

Future research can be conducted in several directions. The size of the e-scooters allow for rebalancing vehicles to carry a
great number of e-scooters, so in practice, the restrictive factor in the rebalancing operations may not be the capacity of the
vehicles. Instead, it is more likely to be the charging capabilities of the vehicle (e.g., the battery size as well as the maximum
number of e-scooters that can be charged simultaneously). The battery could be a significant factor on the service and may
limit the size and the number of zones a vehicle can serve. This is natural extension of this paper and will be left for future
work. The model can also be extended to exploit the dock-less property of e-scooter service so that pickups and drop-offs
can occur anywhere in a zone. Additionally, this work assumes overnight operations and does not consider the dynamic
case in which e-scooter user trips and traffic conditions can affect the operator’s decisions. Therefore, another extension of
this work is to consider the dynamic rebalancing operations during the day. Finally, it would be interesting to explore other
application contexts of this model; e.g., the routing of line-haul trucks in truck-drone deliveries, where a group of drones
must be sufficiently charged on board of the truck before they can be deployed for last-mile deliveries.
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Appendix A. Notation

The following is a list of all mathematical notation utilized throughout the paper.

Parameters

A set of arcs

B set of battery levels

Cpijl set of battery levels which transition up to b after traversing arc (i, j) and waiting | units of time
C;‘b set of battery levels which transition up to b after local tour in zone z
& set of ordered arcs resulting from the local routing in zone z

Li set of waiting times allowed at node i

M subset of nodes where vehicles are allowed to wait

N set of demand nodes

Vv set of vehicles

Z set of zones

a; area size of zone z [mile?]

Cdrop benefit of dropping off a type B e-scooter [$/drop-off]

Cpickp ~ benefit of picking up a type b e-scooter [$/type b pickup]

Cyeh fixed cost of deploying a vehicle [$/vehicle deployment]

Cdist cost per unit of distance [$/mile]

Cextra penalty per e-scooter for having non-zero inventory in the beginning of the tour [$/e-scooter]
D; drop-off demand at node i

D, average drop-off demand per node in zone z [e-scooters/node]

d;j travel distance from node i to node j [mile]

B highest battery level representing sufficiently charged e-scooters ready for drop-off
f transition function for e-scooter battery levels

k dimensionless constant

M large number

(0] depot where vehicles start their tours

Py number of type b e-scooters available for pickup at node i

15“, average pickup demand of type b e-scooters per node in zone z [e-scooters/node]
Q load capacity of vehicles

T time limit of vehicle tours [min]

T time during the local tour in which type b e-scooters become type B [min]

S depot where vehicles end their tours

S speed of vehicles [mph]

tij travel time from node i to node j [min]

TB total benefit of rebalancing operations [$/day]

TC total cost of rebalancing operations [$/day]

A, node density of zone z

Ty charging duration from node i to node j [min]

Azbby proportion of type b e-scooters picked up in zone z which become type b’ at the end of the tour
I1, local tour time estimate in zone z [min]
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T pickup/drop-off duration [min]
Variables
Qy.ip number of type b e-scooters on board when vehicle v arrives at node (zone) i
q;,z,b number of type b e-scooter on board after vehicle v serves zone z
Uy i arrival time of vehicle v at node (zone) i [min]
Xyijl binary variable which equals 1 if vehicle v travels from node (zone) i to node (zone) j and waits [ units of time
J,—i,b type b e-scooters picked up by vehicle v at node i
i type B e-scooters dropped of by vehicle v at node i
6; ,p  average number of type b e-scooters picked up per node in zone z by vehicle v
0, average number of type B e-scooters dropped off per node in zone z by vehicle v
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