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ARTICLE INFO ABSTRACT
Keywords: In intralogistics and manufacturing, autonomous mobile robots (AMRs) are usually electrically powered and
Routing recharged by battery swapping or induction. We investigate AMR route planning in these settings by studying

Autonomous mobile robots
Electric vehicle routing problem
Branch-price-and-cut
Recharging strategies

different variants of the electric vehicle routing problem with due dates (EVRPD). We consider three common
recharging strategies: battery swapping, inductive recharging with full recharges, and inductive recharging with
partial recharges. Moreover, we consider two different objective functions: the standard objective of minimizing
the total distance traveled and the minimization of the total completion times of transport jobs. The latter is
of particular interest in intralogistics, where time aspects are of crucial importance and the earliest possible
completion of jobs often has priority. In this context, recharging decisions also play an essential role. For solving
the EVRPD variants, we propose exact branch-price-and-cut algorithms that rely on ad-hoc labeling algorithms
tailored to the respective variants. We perform an extensive computational study to generate managerial
insights on the AMR route planning problem and to assess the performance of our solution approach. The
experiments are based on newly introduced instances featuring typical characteristics of AMR applications
in intralogistics and manufacturing and on standard benchmark instances from the literature. The detailed
analysis of our results reveals that inductive recharging with partial recharges is competitive with battery
swapping, while using a full-recharges strategy has considerable drawbacks in an AMR setup.

1. Introduction (IR). In the former, used batteries are swapped with fully recharged
ones. In the latter, the AMRs drive to a station equipped with a recharg-
ing mat, where they are recharged by induction. Battery swapping is
usually faster but requires people or infrastructure for swapping. Induc-
tive recharging is slower but cheaper as it does not require additional

resources. Effective recharging decisions, i.e., when, where (at which

Advanced hardware and control software currently allows the intro-
duction of autonomous mobile robots (AMRs) for intralogistics tasks,
e.g., in manufacturing sites, warehouses, or transshipment terminals
(Fragapane, de Koster, Sgarbossa, & Strandhagen, 2021). Conventional
autonomous vehicles in intralogistics systems follow fixed tracks using

lines, magnets, or barcodes on the floor or reflectors on the wall to
determine their position (Furmans, Seibold, & Trenkle, 2019). The
new generation of vehicles (typically referred to as AMRs) is free of
infrastructure for localization and navigation (Furmans et al., 2019):
AMRs move freely observing their environment with laser scanners
or 3D cameras which enables them to avoid even dynamic obstacles.
The low infrastructure requirements and high flexibility make AMRs
successful on an industrial scale and, in many applications, outweigh
the higher price per vehicle, which is mainly due to the expensive
Sensors.

AMRs are usually electrically powered and two relevant technolo-
gies for recharging exist: battery swapping (BS) and inductive recharging

* Corresponding author.

recharging station), and for how long to recharge, are essential when
solving electric vehicle routing problems (EVRP) (Schneider, Stenger,
& Goeke, 2014). This is especially true in route planning for fleets of
electric AMRs where these decisions are crucial for the performance of
the system (Kabir & Suzuki, 2019; McHaney, 1995; Zou, Xu, De Koster,
et al., 2018), because the battery capacity of AMRs is typically limited
and several recharging stops are required throughout the day (Jun, Lee,
& Yih, 2021; Le-Anh & De Koster, 2006). If BS is employed, the recharg-
ing decisions reduce to the questions of when and where to recharge as
the time for swapping batteries is fixed assuming that the vehicle must
not wait. The same is true for IR if a so-called full-recharges strategy
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Fig. 1. Adding job node “new” to the tour results in a postponement of the completion times of stops 3, 4, and 5 in case of PR.

(FR) is applied, in which vehicles’ batteries are always fully recharged
whenever they visit a recharging station (Desaulniers, Errico, Irnich,
& Schneider, 2016). In this case, the amount of energy to recharge
and, thus, the recharging duration is directly determined by the battery
level upon arrival at the station. In a so-called partial-recharges strategy
(PR), on the other hand, the vehicles are free to recharge any amount
of energy when visiting a station so that the recharging durations are
part of the decision (Desaulniers et al., 2016; Keskin & Catay, 2016).
Because it strongly simplifies the decision process, FR is often applied in
the battery management of AMR fleets rather than the more flexible PR,
although it can be detrimental for the performance of the system (De
Ryck, Versteyhe and Shariatmadar, 2020).

In many intralogistics applications timing issues are crucial. Jobs
usually have due dates that must be met and the primary objective is
often to finish jobs as early as possible, i.e., to minimize completion
times of jobs. The latter reduces the risk of disruptions caused by
delays and makes vehicles available for future jobs and recharging.
While the minimization of the sum of completion times is a common
objective function of production scheduling problems (Pinedo, 2009, p.
130), it has received little attention in the literature on vehicle routing
problems (VRPs) in general and in the EVRP literature in particular.
The only exception we are aware of is the work of Jun et al. (2021)
who propose a heuristic algorithm for a routing problem considering
recharging decisions for AMR systems with a similar objective function,
namely the minimization of the sum of tardinesses, i.e., the sum of the
delays of all transport requests, also sometimes called the total tardi-
ness. To the best of our knowledge, no exact method has been proposed
considering recharging decisions, due dates, and the minimization of
completion times or another time-based objective function.

The particular challenge of this problem variant arises from the
interaction between the recharging decisions and the time-related con-
straints and objective. Any time spent for recharging (the detour to
visit a station as well as the actual recharging duration) postpones the
completion times of all jobs following a recharging stop, which gen-
erally favors short and late, i.e., with few succeeding jobs, recharges.
The interaction is particularly pronounced if PR is applied, where also
the recharging duration is part of the decision (see Fig. 1). When
recharging, this results in a direct tradeoff between the battery level
and the time: the longer the recharging duration the higher the battery
level, i.e., the longer the vehicle range, but the later the time, i.e., the
more unfavorable regarding the completion times, and vice versa.

1.1. Contributions

In this paper, we investigate the problem of route planning for
a fleet of electric AMRs in intralogistics under different recharging
strategies. The associated contributions are threefold.

First and to formalize the problem, we introduce a new family of
EVRPs coined the electric vehicle routing problem with due dates min-
imizing completion times (EVRPD-C). By applying the three common
recharging strategies BS, FR, and PR, we consider three different vari-
ants of the problem denoted EVRPD-C(BS), EVRPD-C(FR), and EVRPD-
C(PR), respectively. The novelty here lies in the new completion-time

based objective (CT) which is a main characteristic of the considered
intralogistic AMR route planning problem. Due to the interplay of
objective function and recharging decisions, the EVRPD-C is interesting
not only from a practical but also from a methodological point of view.
For comparison reasons, we also consider the corresponding problem
EVRPD-D for all recharging strategies, which takes the standard VRP
objective of minimizing the total traveled distance (DI) instead of the
completion times.

Second, we propose an effective branch-price-and-cut (BPC) ap-
proach based on state-of-the art techniques for VRPs for solving the
EVRPD-C. The core of the approach are ad-hoc labeling algorithms
tailored to the specific variant (BS, FR, or PR) for solving the column-
generation (CG) subproblems. The main novelty here relates to the
EVRPD-C(PR), for which the pricing subproblem is considerably more
complex compared to the equivalent problem minimizing distances.
We introduce new resource extension functions (REFs) and dominance
rules modeling the tradeoff between battery level and the time, which
translates into costs in the case of minimizing completion times. For the
EVRPD-C(BS) and EVRPD-C(FR), the labeling algorithms are very much
related to their distance-minimizing counterparts that can be adapted
straightforwardly. The same BPC is also used for solving the EVRPD-
D variants employing slightly modified versions (see Section 4.1.1 for
details) of the labeling algorithms of Desaulniers et al. (2016) for
solving the subproblems.

Third, we report an extensive computational study generating man-
agerial and computational insights based on two different sets of bench-
mark instances. The first is derived from the well-known Solomon
instances and is dedicated to planning problems of electrically powered
trucks (Schneider et al., 2014). These instances are mainly included
to assess the computational performance of our algorithm on well-
established instances. The second is a newly established benchmark
set derived from a real-world intralogistics application. These instances
feature the typical characteristics of AMRs in intralogistics which differ
considerably from road transportation with electric trucks. We provide
new managerial insights on the intralogistics AMR route planning prob-
lem with respect to the different recharging strategies and objective
functions based on a comprehensive analysis of the problems’ and
solution’s features. All instances and their corresponding solutions are
publicly accessible on Zenodo (Meyer, Gschwind, Amberg, & Colling,
2024).

1.2. Outline

The remainder of this paper is organized as follows. In Section 2,
we provide an overview of previous research on route planning for
AMRs and briefly discuss exact approaches to VRP variants that are
closely related to the EVRPD-C. Section 3 describes the setting of our in-
tralogistics AMR route planning problem, formally defines the derived
EVRP variants, and presents the extended set-partitioning formulation
used for their solution. The details of our BPC approaches are provided
in Section 4, with a focus on the labeling algorithms. In Section 5,
we introduce the benchmark instances and present the results of our
computational study. Section 6 summarizes the most important insights
about the impact of the objective functions and recharging strategies.
In Section 7, we conclude the paper with a summary and identify areas
for future work.
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2. Related work

The recent surveys (De Ryck, Versteyhe and Debrouwere, 2020;
Fragapane et al., 2021; Le-Anh & De Koster, 2006; Vis, 2006) provide
a good general overview of planning and control problems in the
context of fleets of conventional autonomous vehicles, often referred
to as autonomous guided vehicles or AGVs, and AMRs (note that while
there exists no clear definition or distinction of AGV and AMR, the
term AMR has become more common for freely navigating vehicles).
However, these surveys only briefly touch on battery management. In
contrast, solution approaches for variants of the EVRP were subject
to a large number of publications in the last decade (Erdeli¢ & Caric,
2019; Kucukoglu, Dewil, & Cattrysse, 2021). However in this area, most
of the authors had road transportation with electric trucks or cars in
mind, which has different characteristics than AMRs in an intralogistics
setup (we refer to Section 5 for details on these differences). We,
therefore, focus on reviewing approaches dedicated to route planning
for autonomous vehicles in intralogistics (Section 2.1) that also take
battery management into account or have a time-based objective func-
tion. Furthermore, in Section 2.2, we briefly review previous works on
exact approaches to closely related VRPs. Note that in the intralogistics
context, transport tasks typically are of pickup-and-delivery type. In
EVRPs, on the other hand, the tasks to be performed are of single-visit
nature. Therefore, we speak of (transport) jobs in the former case and
customers in the latter.

2.1. AMRs in intralogistics systems

In practice, rule-based approaches are often applied to incorporate
recharging decisions into vehicle routing in the intralogistics context.
There exist a couple of studies investigating the impact of these rules
on the system’s performance (e.g. Ebben, 2001; Kabir & Suzuki, 2018,
2019; McHaney, 1995; Zou et al.,, 2018). In general, they differen-
tiate between opportunity recharging, automatic recharging, and a
combination of both (e.g. De Ryck, Versteyhe, Debrouwere, 2020; De
Ryck, Versteyhe, Shariatmadar, 2020; McHaney, 1995). In opportunity
recharging, the vehicles use idle times for recharging. In automatic
recharging, the vehicles drive to a recharging station if the battery
is depleted to a certain threshold and fully recharge the battery or
recharge it to a given threshold. The recharging station is selected by
rules, such as the closest station or the first station on the current route.
The studies show that recharging decisions can have a considerable
impact on the system’s performance. This is especially true if no natural
breaks, such as off-shift times, can be used for recharging and if the
vehicles’ share of idle times does not exceed 50% (Kabir & Suzuki,
2018; Mangiaracina, Perego, Seghezzi, & Tumino, 2019).

To the best of our knowledge, there are only a few more sophisti-
cated optimization approaches to incorporate recharging decisions into
vehicle routing in the intralogistics context. An auction-based approach
for assigning vehicles to recharging stations is proposed in Selmair,
Hauers, and Gustafsson-Ende (2019). The objective of the auction-
mechanism considers the distance, occupation cost, and cost for the
difference of battery levels among the competing vehicles. The auction-
mechanism is applied as part of an opportunity recharging strategy.
Studies using a discrete-event simulation model show that frequent and
fast opportunity recharging is advantageous compared to infrequent but
long recharging because it can increase the number of jobs that can be
performed.

De Ryck, Versteyhe, Shariatmadar (2020) propose a particle swarm
optimization algorithm to add recharging stations to a predefined
route of a vehicle. The algorithm determines which recharging station
should be included at which position in the route and how long the
vehicle should recharge according to a partial (opportunity) recharging
strategy. The objective is to minimize the total traveling time including
the time for recharging. The approach is proposed as a base for decen-
tralized resource management. Computational experiments show that
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the total traveling time can be decreased compared to an automatic
recharging strategy.

Jun et al. (2021) addressed effective route planning of a fleet of
electric AMRs under application-specific conditions. They point out that
the battery capacity of AMRs is limited and that the main objective
is to respect the due dates of the transport requests rather than the
minimization of travel cost. The authors propose a mixed integer linear
program (MIP) for the pickup and delivery problem with due dates and
partial recharges for minimizing the total tardiness that can solve small
instances to optimality. For larger instances with up to 50 jobs and ten
AMRs, the authors proposed two simple heuristics for a construction
phase and three heuristics for an improvement phase. In contrast to
the MIP, the heuristic approaches only support a full recharge strategy.
Their results show that the total tardiness can be reduced by up to one
quarter if recharging with partial recharges is applied on instances with
a small number of transport requests and AMRs that are initially low
in battery. This effect decreases with increasing instance size but is still
clearly present in some cases.

The various studies show that the choice of a suitable recharging
strategy depends on the problem under consideration. If flexibility
in recharging is possible, opportunity recharging seems beneficial to
automatic recharging.

2.2. Exact algorithms for related VRPs

The main characteristics of the EVRPD-C are the inclusion of
recharging decisions and an objective that minimizes completion times.
In the following, we briefly discuss the main exact approaches for
closely related vehicle routing problems.

In Desaulniers et al. (2016), the first exact solution method for
the EVRP with time windows (EVRPTW) is introduced. The authors
propose BPC algorithms for four different variants of the EVRPTW
with regard to the recharging strategy: single and multiple recharges
allowed per route as well as full and partial recharges. For all variants,
the objective is to minimize total travel costs. The recharging time is
assumed to be linear. To evaluate the approach, instances are generated
based on the EVRPTW instances of Schneider et al. (2014) (which are
based on the 100-customer benchmark instances of Solomon (1987) for
the VRPTW). Instances with up to 100 customers and 21 recharging
stations can be solved to optimality. The authors point out that routing
costs and the number of employed vehicles can be reduced when
multiple and partial recharges are allowed (by 2.6% and by 4.0% on
average compared to full recharges). Then, the number of recharges per
vehicle increases significantly (by 20.7% on average). Duman, Tas, and
Catay (2022) adopt the approach of Desaulniers et al. (2016) to develop
an exact BPC algorithm and a BPC-based heuristic for the EVRPTW
variants with partial recharges. They are able to provide a few new
best known solutions. Finally, Desaulniers, Gschwind, and Irnich (2020)
propose an acceleration strategy for BPC algorithms on path-based
models, including the four EVRPTW variants considered in Desaulniers
et al. (2016).

Their results show that the acceleration strategy can reduce overall
computation times, and many previously unsolved instances can be
solved to optimality.

In the context of EVRPs, Montoya, Guéret, Mendoza, and Ville-
gas (2017) introduced the application of non-linear recharging func-
tions, i.e., piecewise-linear approximations of the real recharging func-
tion. Schulz (2024) proposes a first exact solution approach for an
EVRPTW with a non-linear and concave recharging function (EVRPTW-
NL). In contrast to former works, his piecewise linearization of the
recharging function never underestimates the real battery level. He
develops a branch-and-cut approach that ensures an optimal solution
for the real recharging function. A computational study on generated
instances with 10-100 customers and 2-10 recharging stations shows
that the average number of customers per vehicle mainly determines
whether an instance is difficult to solve. The number of recharging
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stations and the length of the time windows, on the other hand, have
less influence.

Keskin, Laporte, and Catay (2019) assume that recharging stations
(in road transportation networks) have a limited capacity so that ar-
riving vehicles have to wait if the station is occupied. The authors
model an EVRPTW with a piecewise-linear recharging function and
time-dependent waiting times at the stations (EVRPTW-NL-WS). They
formulate the problem as a mixed integer linear program and propose
a matheuristic that combines an Adaptive Large Neighborhood Search
with the solution of the MILP. To evaluate their approach, the authors
adapt the instances of Schneider et al. (2014). They narrow the time
windows to increase their impact on recharging decisions. Small in-
stances with 5-10 customers can be solved with a general-purpose MIP
solver. These solutions are used to evaluate the performance of the
heuristic approach. In general, the results indicate that waiting times
can have an impact on routing decisions.

Wang, Adulyasak, Cordeau, and He (2024) investigate routing a het-
erogeneous fleet with multiple recharging modes and time-
dependent waiting times at recharging stations (WS). Their EVRPTW-
NL-WS is modeled as mixed integer linear programming formulation
and evaluated on modified instances of Hiermann, Puchinger, Ropke,
and Hartl (2016) and instances of Montoya et al. (2017). For instances
with up to 320 customers, the problem is solved heuristically with an
iterated local search algorithm and a set partitioning model. For small
instances with 5-15 customers and 4-6 different vehicle types, their
formulation can be solved with a general-purpose MIP solver. However,
the small instances are used to evaluate the heuristic’s performance and
not to draw conclusions about the consideration of the various problem
characteristics.

Lam, Desaulniers, and Stuckey (2022) combine the examination
of non-linear recharging functions (NL) and capacitated recharging
stations (CS) in the context of EVRPTWSs. Their EVRPTW-NL-CS con-
tains a piecewise-linear recharging function and a scheduling part to
model recharging around the availability of recharging stations. They
propose a hybrid BPC algorithm where the scheduling part is solved
with constraint programming using logic-based Benders decomposition.
The authors evaluate their approach on modified instances of Schneider
et al. (2014) comprising 25-100 customers. The modified instances
contain fewer recharging possibilities, and the capacities of the recharg-
ing stations are limited to one or two vehicles. Their results indicate
that the capacity restrictions of the stations are not crucial in most
cases. They also show that an additional recharging capacity at each
station significantly reduces the capacity restrictions.

Lera-Romero, Bront, and Soulignac (2024) study the effects of time-
dependent travel times and energy consumption in transportation net-
works such as last-mile distribution in large cities and mid-haul logistics
in retail. They propose a formulation for the time-dependent EVRPTW
that includes time-dependent battery consumption, non-linear recharg-
ing times, and time-dependent waiting times at recharging stations
(TD-EVRPTW-NL-WS). The authors develop a BPC framework that
extends and generalizes the work of Desaulniers et al. (2016). For
their experiments, they extend the instances with 25-100 customers
from Desaulniers et al. (2016) with time-dependent information, non-
linear recharging functions, and time-dependent waiting time func-
tions. They evaluate solutions obtained from a time-independent model
with the time-dependent model and report average time window and
battery capacity violations of 1.4 to 3.6% and 0.5 to 1.1%, respectively.

Gschwind, Irnich, Tilk, and Emde (2019) investigate a variant of
the VRP with time windows minimizing weighted completion times
that arises when planning direct delivery trips in a just-in-time context.
Recharging decisions are not part of the model. The proposed BPC
algorithm consistently solves instances with 25 to 200 delivery trips.
For an overview of related problems minimizing completion times, such
as parallel machine scheduling, we refer to the literature presented
in Gschwind et al. (2019).
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Table 1 provides an overview of the most important characteristics
of closely related problems in order to show the differences to the
EVRPD-C considered here. For each problem type (Type), we summa-
rize main references to exact solution approaches (Main References),
objectives and main constraints (Obj. (Main Const.)), battery recharg-
ing strategies and assumptions (Recharging), and characteristics of the
considered fleet and optimally solved instance sizes (Fleet and Inst.).

Most EVRPTW variants are evaluated on the instances of Desaulniers
et al. (2016) and Schneider et al. (2014) that are dedicated to road
transportation with electric trucks or cars. This setting is also the
basis for most of the other instance sets. With regard to the choice
of a suitable recharging strategy, it can be summarized that for these
benchmark instances, multiple recharges per route are more beneficial
than single recharges, and PR is more beneficial than FR. A combination
of multiple recharges and PR usually leads to the greatest savings in
terms of routing costs and the number of vehicles used. Our findings
on the impact of recharging strategies for AMR route planning in an
industrial context are presented in Section 6.

3. Problem description and mathematical formulation

In this section, we first present the background and the assump-
tions of the intralogistics AMR route planning problem. We then de-
scribe the EVRPD-C, which formalizes our practical planning problem,
and the considered strategies BS, FR, and PR. Finally, an extended
set-partitioning formulation of the problem is given.

3.1. AMR route planning problem in intralogistics

In intralogistics, AMRs are used, e.g., to supply the assembly stations
of a production line or of a workshop production. Our focus is on
the route planning for a fleet of electric AMRs, including battery
management, given a set of transport jobs to be performed. In the
following, we describe the practical problem setup in more detail.

AMR characteristics. In operative decision making, a usually fixed fleet
of AMRs is available with known characteristics for each vehicle,
such as battery capacity, speed with and without load, or battery
consumption rates for driving and material handling.

* Capacity: AMRs often have a capacity of one unit, as they are able
to transport a single pallet, rack, or small load carrier at a time.

Range and recharging: Each vehicle has a given battery level at
the beginning and a minimum battery threshold to meet at the
end of its route. The driving range of AMRs is limited so that
several dedicated stops per shift or day are necessary if the AMRs
do not have a large share of idle times. State-of-the-art AMRs are
able to work autonomously with BS or IR. For induction-based
recharging, FR and PR strategies can be applied.

Positioning: Typically, the AMRs are not based at a common depot
but are spread over the production site. Hence, each vehicle has a
different start and end location for the route planning. Obviously,
the final battery threshold should be sufficient to drive to the next
recharging station.

Transport jobs. In many applications, the material handling part is fully
automated, and vehicles must not wait in front of a station to take over
or transfer a transport unit. The transport jobs are pickup and delivery
jobs, each with individual pickup and delivery locations. Each job has
a due date specifying the latest possible time at which the transport
unit is to be delivered at the delivery location. In some cases, jobs also
have an availability time for the pickup which we do not consider in
the following.
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Table 1
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Overview of the most important characteristics of related problems and main references to exact solution approaches. NL: non-linear recharging,
WS: time-dependent waiting times at recharging stations, CS: capacitated recharging stations, TD: time-dependent, PD: pickup and delivery, D:
due dates, VEH: number of vehicles, DI: distance (or travel time), TR: time for recharging, TV: time window violations, TT: total tardiness, CT:
sum of completion times, TW: time windows, SW: soft time windows, LC: load capacity, BC: battery capacity, SR: single recharge per route,
MR: multiple recharges per route, BS: battery swapping, FR: full-recharges strategy, PR: partial-recharges strategy, HO: homogeneous vehicle

types, HE: heterogeneous vehicle types, SD: single depot, MD: multiple depots, ?: not reported.

Type Main references Obj. (Main Const.) Recharging Fleet and Inst.
VRPTW Gschwind et al. (2019) min VEH, CT No recharging HO, SD
(TW) 25-200 cust.
EVRPTW Desaulniers et al. (2016) min DI SR/MR: FR, PR HO, SD
(TW, LC, BC) (linear) 25-100 cust.
EVRPTW-NL Schulz (2024) min DI, TR MR: PR HO, SD
(TW, BC) (non-linear) 10-100 cust.
EVRPTW-NL-WS Keskin et al. (2019) min VEH, DI, TV MR: PR HO, SD
(SW, LC, BC) (non-linear) 5-10 cust.
Wang et al. (2024) min VEH, DI, TR MR: PR HE, SD
(TW, LC, BC) (non-linear) 5-15 cust.
EVRPTW-NL-CS Lam et al. (2022) min DI MR: FR, PR HO, SD
(TW, LC, BC, CS) (non-linear) 25-? cust.
TD-EVRPTW-NL-WS Lera-Romero et al. (2024) min DI SR/MR: FR, PR HO, SD
(TW, LC, BC) (non-linear) 25-100 cust.
EVRPD-PD Jun et al. (2021) min TT MR: BS, FR, PR HO, SD
(D, LC, BC) (linear) 5-10 jobs
EVRPD-D This work min DI MR: BS, FR, PR HO, MD
(D, LC, BC) (linear) 12-96 cust.
EVRPD-C This work min CT MR: BS, FR, PR HO, MD
(D, LC, BC) (linear) 12-108 cust.

Objectives. As the traveled distances in intralogistics applications are
comparatively small and idle production resources are very expensive,
the main objective is typically either the minimization of the total
tardiness or the minimization of the sum of completion times. Our focus
is on the latter variant. By finishing jobs early, the risk of delays and
disruptions can be reduced irrespective of the due date.

Further assumptions. Apart from the characteristics introduced so far,
we make the following assumptions:

+ The recharging process is modeled in a linear fashion. This is a
common simplification for planning algorithms (e.g., Schneider
et al., 2014). To use non-linear recharging functions, in literature,
often piecewise linear approximations of the recharging functions
are applied (e.g., Montoya et al., 2017). For a recent overview on
approaches with linear and non-linear recharging functions, we
refer to Schulz (2024).

The capacity of recharging stations in terms of the number of
parallel recharges is not restricted (no waiting). This assumption
typically holds if there is one recharging station with a large num-
ber of parallel recharging mats or battery swapping appliances,
or if recharging stations with a capacity larger than one are well
distributed over the site.

Vehicles are available during the whole planning period. In prac-
tical applications, this assumption is largely valid, unless vehicles
will be withdrawn for maintenance or inspection work or other
tasks.

Vehicles only recharge between two jobs, i.e., without any load.
This restriction corresponds to the procedure in practice.

3.2. Electric vehicle routing problem with due dates

According to the description in the previous section, the considered
intralogistics route planning problem is a variant of an EVRP with
pickup and delivery. However, as AMRs have a unit load capacity
and can only recharge between two transport jobs, the problem can
equivalently be modeled as an EVRP in which pickup and delivery jobs
are represented by visits to a single customer and vehicles are empty
before/after each of these visits. Recall that we refer to customers in
the general context of EVRPs while we use the term jobs when address-
ing specifically the intralogistics context. For conciseness reasons, we

omit the detailed description of the corresponding pickup and delivery
EVRP and directly present the EVRPD-C in the following. The problem
transformation is described in detail in Appendix A.

The EVRPD-C can be defined on a directed graph G = (V, A). The
vertex set ¥V = N U RUO U D comprises the set of customers N, the set
of recharging stations R, and the sets of origin and destination vertices
O and D, respectively. The arc set is A = {(i,j)) € V XV |i # j}.

Let K be the set of different vehicle types. A vehicle type k € K
is characterized by origin vertex o, € O, destination vertex d, € D,
load capacity Q, initial battery level H™", battery capacity H;",
and final battery threshold H ,f”d . Two vehicles are of the same type
if they have the same characteristics. The number of vehicles of type
k is my. The set of vertices and arcs relevant for vehicle type k are
Vi,=NURU{o}u{d,} and A, = {(i,)) € Ali,j €V, }, respectively.

With each vertex i € V is associated a latest possible start of
service /;, corresponding to the due dates for the service at customer
vertices, while we assume /; to be not binding for all recharging stations
and origin/destination vertices. Furthermore, a non-negative demand
g; > 0 is associated with each vertex i, with ¢; =0 for i € V\N. Recall
that in the AMR route planning context, customer demands and vehicle
capacities are not involved. As we also solve benchmark instances from
the literature that include customer demands and vehicle capacities, we
keep them in the problem and algorithm descriptions.

A travel time 1;;, a travel distance c;;, and a battery consumption
h;;, all of which are assumed to be non-negative and satisfy the triangle
inequality, are associated with each arc (i, j)) € A. The travel times ¢, T
include a possible service duration at vertex i. Note that we assume an
identical speed profile and battery consumption for all vehicle types.
The generalization of problem description and solution approach to
vehicle-type specific values is straightforward.

As proposed by Desaulniers et al. (2016), all battery related pa-
rameters (H ,’;”” , H ;”"X, H,f"d , h; j) are given in recharging time units,
e.g., h; is the time it takes to recharge the amount of energy that is
consumed for traveling from vertex i to j. Consequently, there is a one-
to-one relation between recharging duration and the battery’s state of
charge in IR, i.e., recharging for A units of time increases the battery
level by exactly 4 units. In case of BS, the duration of a recharging stop
is b. The conversion of energy in recharging time units simplifies the
description and formulas and avoids numerical rounding errors in the
computational results.
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The EVRPD-C consists of finding a set of feasible vehicle routes,
at most m, for each vehicle type k € K, such that each customer is
visited exactly once and the sum of the starts of service at the customer
nodes is minimal (which is equivalent to the minimization of the sum
of completion times). If necessary, a vehicle can visit one or several
(not necessarily different) recharging stations. There is no limit on the
number of visits to recharging stations, neither for an individual vehicle
or recharging station nor in total. Recharging is performed according
to one of the recharging strategies BS, FR, or PR giving rise to three
different variants of the EVRPD-C denoted by EVRPD-C(BS), EVRPD-
C(FR), and EVRPD-C(PR), respectively. With BS, the vehicle battery
is swapped with a fully recharged one at each recharging stop. The
recharging duration equals the constant . With FR and PR, vehicles are
recharged by induction, and the amount of energy recharged depends
on the recharging duration. With FR, the vehicles have to be recharge
completely at each recharging stop, while with PR any amount of
energy can be recharged.

A feasible route for vehicle type k € K is an elementary oj-d,-
path in G, = (V,,A,) that respects the vehicle capacity Q, and for
which a feasible pair of schedule and battery-recharging plan exists.
Let an elementary oy-d,-path (o, = ig,iy,...,i, = dy) for some p > 1
be given. A pair of schedule (T;,, T}, ..., T,) and battery-recharging plan
(X¢, X1, ..., X,) is feasible is it follows the rules of the given recharging
strategy and fulfills the following conditions:

(i) recharging is only allowed at recharging stations

(ii) the service time limits /; at all visited vertices i are met

(iii) the battery charge level is never negative and never above the
battery capacity H,"*

(iv) when arriving at the destination d, the battery charge level is
not smaller than the threshold H{™

We now formalize these conditions for the three considered recharg-
ing strategies. For FR and PR, condition (i) translates to X ;=0 for

i; € VAR and 0 < X; < H,’(”"X for i; € R Condition (ii) requires

T +X; ¥t S T; and T; < I; to hold for all j = 1,...,p. The
battery tlmlts of condition (iii) imply H ;;'”" - ;? Vi 2‘1 1X >0
and HM =34 hy; +X0 X, < HP forallg=1,....p. Fmally, the
final battery threshold of condition (iv) is given by H; init _ 3P p, +

j=1 "1

Z X > H; end For FR, the following additional condltlon requires

the battery to be fully recharged at all recharging stations: H;"' —
it X Xy = Hif i, € R.

For strategy BS, only some shght modifications in these formal-
izations are necessary. First, the duration of all stops at recharging
stations now equals the constant b, independent of the amount of
energy that is restored by the swap. We, therefore, modify the service
time propagation of condition (ii) to become T G t+b+ Iy < T if

; € R. Second, the same condition as for FR can model the fact that
after each stop at a recharging station, the vehicle is equipped with a
fully recharged battery.

For comparison reasons, we also consider the related problem
EVRPD-D for all three recharging strategies. The only difference be-
tween EVRPD-C and EVRPD-D is that the latter uses the standard VRP
objective of minimizing the total traveled distances. Feasibility of a
route is not influenced by the altered objective function.

3.3. Mathematical formulation

Let ©, denote the set of feasible routes for a vehicle of type k € K.
Depending on the selected objective, each route p is associated with
a cost ¢, consisting either of the sum of service start times of the
customers visited on p (EVRPD-C) or of the total traveled distance of
route p (EVRPD-D). Parameter a,, with n € N is a binary parameter
indicating if customer # is visited by route p. Binary variable 6, becomes
one if route p is part of the solution and O otherwise.

Based on the notation above, we can formulate all problem variants

of the EVRPD as follows:
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min Z Z 0, (1a)

keK peQy
s.t. 2 Z a,,0,=1 neN, (1b)
keK peQy
Y 0,<m keKk, 1)
PEQy
€{0,1} keK,pe Q. ad)

The objective function (1a) minimizes the total cost while partitioning
constraints (1b) assure that each customer is visited exactly once. Con-
straints (1c) limit the number of vehicles of each type. Constraints (1d)
define the domain of the decision variable.

4. Branch-price-and-cut algorithms

As the number of feasible routes is typically too large, formula-
tion (1) cannot be solved directly, and we employ a BPC algorithm for
its solution. A BPC algorithm is a branch-and-bound algorithm in which
the lower bounds are computed using CG. Cuts are added dynamically
to strengthen the linear relaxations. CG is an iterative procedure that
alternates between the solution of a restricted master problem (RMP)
and the solution of one or several pricing problems. Our RMP is the
linear relaxation of model (1) in which the sets of feasible routes £,
are replaced by proper subsets €, C £,k € K. The task of the
pricing problems (Section 4.1), one for each vehicle type k € K,
is to dynamically identify routes (=columns) with negative reduced
cost, if any exist, which are then added to the RMP. If no negative
reduced-cost routes exist, the current linear relaxation is solved to
optimality. The corresponding lower bound can be strengthened by
adding valid inequalities (Section 4.2), and branching is required to
guarantee integer solutions (Section 4.3).

4.1. Pricing problems

Let z,,n € N and yu;, k € K be the dual variables corresponding to
constraints (1b) and (1c), respectively, with z, € R and g, < 0. For all
problem variants of the EVRPD, the reduced cost of a route p € &, is
given by ¢, = ¢, = ¥,y @,n7, — 4 and the pricing problem for vehicle
type k € K is given by
Imin . (2)

Similar to many other VRPs, the pricing problems (2) are variants of
elementary shortest path problems with resource constraints depend-
ing on the considered EVRPD variant. They can be solved by means
of dynamic-programming labeling algorithms (Irnich & Desaulniers,
2005). In a labeling algorithm, partial paths are iteratively extended
looking for a minimum-cost path from a given source to a given sink.
The partial paths are implicitly represented by labels that store the
accumulated reduced cost and resource consumption along the partial
paths. The labels are propagated along the network arcs by resource
extension functions (REFs). To avoid the enumeration of all feasible
paths, dominance rules are employed to eliminate labels that cannot
lead to an optimal solution of (2). We refer to Irnich and Desaulniers
(2005) for a more comprehensive description of labeling algorithms.

4.1.1. Labeling algorithms for EVRPD-D variants

For the variants with the objective of minimizing the total distance
of vehicle routes, we define Ei"j = ¢;; — 274, = V27; with 7, = x, for
all customers n € N, %, = 0 for all recharging stations r € R, and
%, = &g = p;. With these definitions, the reduced cost ¢, of a route
PEQis¢, = Z(,’j)eA(p) c"[?‘j, where A(p) denotes the sequence of arcs
traversed by route p.

Regarding the FR and PR cases, Desaulniers et al. (2016) have de-
rived ad-hoc labeling algorithms for the more general problem variants
with time windows, i.e., with lower and upper limits for the start of
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service. For the sake of completeness, we also present the core compo-
nents of the labeling algorithms for these variants, which are simplified
versions of those presented in Desaulniers et al. (2016), enabled by the
absence of lower time window limits in our case. Please note that the
resources we use slightly differ from those in Desaulniers et al. (2016),
but there is a direct relation between them. We feel, however, that
our resources are more intuitive to interpret. Furthermore, we present
details of the labeling algorithm for the BS variant, which results from
a rather straightforward adaptation of the FR case.

EVRPD-D with full recharges. For the EVRPD-D(FR), a partial path p of a
vehicle of type k € K from its origin o, to a vertex i € V is represented
by a label L, = (Tiwsr’Tiload’TiIMm’Tin’(T,'MnreaCh”)neN) The components

of the label have the following meaning:

T the reduced cost of path p;

T/o4 the total load delivered along path p;

Ti’M n the earliest start of service at vertex i;
T"

i

the cumulated required recharging time since the last

recharge (if any) or since leaving the depot (otherwise). It

is used to assure that the maximum battery capacity is not

exceeded, and, in case of FR, it determines the recharging time
in recharging stations.

7"’ binary parameters indicating if a customer n € N is reachable

1
(Ti""'mh" = 0) or unreachable (T“"**™ = 1), A customer # is

1
unreachable if it has already been visited on p or if traveling
directly from i to n violates its latest possible service time /,

or the vehicle capacity Q,, otherwise it is reachable.

The initial label at the origin o, is given by L, = (0,0,0, H* —
H ,’;”” ,0). The extension of a label L; along an arc (i, j) € A, is feasible
if the following conditions hold:

T/ 4 q, < Q. (32)
M 4y, <1, (3b)
Hmax _ Hend ifi=d ,
T +hy <yt " L (80)
H] otherwise,
h
7% =0 ifjeN. (3d)

i

If the extension is feasible, a new label L; = (TJ."”’,TJ.’”‘”I ,Tj’M "",Tj’ t

(T;””e[wh”)nE ) is created according to the following REFs:
chost — Ticost + CN:;" (43)
leoad — Tilzmd + qj? (4b)
. TMin 4t + T ifi €R,
zjMm — ’M' ) i (4C)
M + 1y else,
h;; ifieR,
T_rr — 1 . (4d)
J T/ +h;; otherwise,
punreach, _ |1 . ifj=nv T +q,>0 v ITM +1;,>1,
] T, otherwise.
(4e)

Since the REFs (4) are non-decreasing (see, e.g., Irnich, 2007)
and the label components are bounded only from above by (3), the
following dominance rule to eliminate unpromising labels is directly

valid (Irnich & Desaulniers, 2005). Let LK = (TE"S’,T,f””d,T,:Mi",TZ’,
(Tunreach
k

ending at the same vertex. Label L' dominates label L? if

pen)s k € {1,2}, be two labels associated with different paths

Tlcast < TZCDSI, (53)
Tlload < Tzlmzd, (5b)

TltMin < T2tMin, (5(:)
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T <T,, (5d)

Tlunreach,, < Tunreach,, neN. (5e)

2

Note that in case of zero demands for all customers, the load
component Til"”d together with the associated feasibility condition (3a),
REF (4b), and dominance condition (5b) can be omitted. The same
holds true for all other problem variants considered in the following.

EVRPD-D with battery swapping. The labeling algorithm for the EVRPD-
D(BS) is almost identical to the FR case. In fact, the same label com-
ponents, initial label, the feasibility conditions (3), and the dominance
rule (5) of the FR case are also used in the BS case. The only difference
is in the REFs (4), where we need to substitute (4c) by

piin _ {T;M"" +1;+b ifi€R, ©
J M4y, otherwise.

EVRPD-D with partial recharges. With an PR strategy, the amount to
recharge (=the recharging duration) at a recharging station can be
chosen freely. In general, there is a tradeoff between the battery level
(implying the potential range) and the time: the longer the recharging
duration, the higher the battery level, i.e., the longer the range, but
the later the time, i.e., the more unfavorable regarding the customers’
due dates, and vice versa. Even more, the amount needed to recharge
at a recharging station depends on the route-part after visiting this
recharging station, which is unknown for a partial path in a labeling
algorithm. Therefore, additional resources are needed to express and
propagate the corresponding tradeoff function.

A Label L, representing a partial path p of a vehicle of type k € K
from its origin o, to a vertex i € V comprises the following resources
L= (Ticosr, Tiload, TirM[n, (Ti“”’e“hn)neN’ Ti”RCh’ TiremBar, TiPDfRa"g@), where
T! Min has a slightly modified meaning compared to the FR and BS cases.
The modified and additional components are as follows:

T[’M in the earliest start of service at vertex i. If a recharging station
is visited on p prior to i, T‘.’M in incorporates a minimum
recharge, if necessary, to reach vertex i battery feasible. If no
recharging station is visited prior to i, T,.’M in is the standard
earliest start of service.

Ti"R"h the number of recharging stations visited along path p;

T;*mBa! the remaining battery level (from the initial level) at vertex i;
T’ otRange the maximum battery level which can be reached if all the
time available for recharging is used for recharging at the
preceding recharging station, taking into account the maxi-
mum battery level H"* and the due dates of all customers
between the recharging station and vertex i. It corresponds
to the potential range of the vehicle. If no recharging station
is visited on p prior to i, T,” oiRange oquals the remaining battery
level T7emBa! In Ti’”"R“"ge only the potential recharging time
of the last visited recharging station must be considered:
An increase in recharging time at a prior recharging station
would result in a higher remaining battery level on arrival
at the last visited recharging station. Hence, the potential of
the last visited recharging station would be reduced by the
increase in recharging time at the prior recharging station.

Resources T/Min, TremBal and Tl.””’R‘"’ge model the described tradeoff
between battery level and time as depicted in Fig. 2 (left plot). The
tradeoff function represents the possible battery level when reaching
vertex i given a specific start of service at vertex i. T,.’M in is the earliest
time vertex i can be reached, the corresponding battery level is T,.’“'”B‘".
It represents the remaining battery level (from the initial level), i.e., if
Tl.’e'”B‘” > 0 then no recharging is performed up to vertex i. Otherwise,
i, if T/*mBa = 0, then T/™™" includes the minimum duration for
recharging that is necessary to feasibly reach vertex i (implying that
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Fig. 2. Tradeoff between the earliest start of service time and the possible battery level.

a recharging station is visited on p prior to i). If a longer recharging
duration is chosen at the recharging station preceding i on p, the
battery level when reaching i increases but so does the start of service.
Note that the tradeoff functions are linear with slope 1 due to the
definition of the battery related parameters (see Section 3.2). The
maximum possible battery level when reaching vertex i is Ti”"’R“"g".
It is constrained by either the maximum battery capacity or the due
date of any customer visited after the recharging station preceding
vertex i. The corresponding start of service at i can be computed as
T/Min 4 (pporRanse _ remBaty and the maximum possible recharging
duration at the station preceding i is T,."O’R“”g" — TremBel f there is no
recharging station visited on p prior to i, T” otRange and TremBat coincide
and the tradeoff function diminishes to a single point.

The initial label at the origin o, is L, = (0,0,0,0,0, Himr gimit,
Extending a label L; along an arc (i, j) € A, is feasible if (3a), (3b),
(3d), and
T.potRange > {hij + H/ind ifj= dy. @

! g otherwise,
hold. In case of feasibility, the label components are extended using
REFs (4a), (4b), (4e), and the following components that model the
propagation of the function for the tradeoff between battery level and

(earliest service) time:

prReh _ T'Reh 41 ifjeR, (8a)
J TReh otherwise,
TiMin _ T/Min 4 L if TMReh = 0, 8b)
I TMin 1 + max{0, h;; — T/*"Be'}  otherwise,
TremBat TiremBaf _ hij if T’."RCh =0, (8 )
. = C
/ max{0,T7*"B4 — p;;} otherwise,
HIZ"“X if j € R,
T;‘emBat lfj ¢ R A Tichh — 0’
TfotRange — TipotRange _ hij_ (8(1)
max{o TPO’R“”ge _ TremBat
* i
= =TMm— 1)) otherwise.

The potential range 77 orRange s set to H 2ex whenever a recharging
station is visited as we assume no time limits on recharging sta-
tions so that the recharging duration is not restricted. Along the path,
TPoRanse i reduced by the consumption A, ; and possible restrictions on
the recharging time at the preceding recharging station. The restric-
tions can result from the remaining battery level and the due date of
customer j (see function (8d)).

To eliminate provably non-optimal partial paths, the following dom-
inance rule can be applied. Let L¥ = (T¢*, T}ood, T/Min, (T:"rmh")neN,
T]:’RC", TI:"”'B“’, Tlf"’R""gE), k € {1,2}, be two labels associated with
different paths ending at the same vertex. Label L' dominates label L?
if

Tlcast S T2cost’ (93)

load load
T} < T, (9b)
TtMin < TtMin (gc)
1 =72 ’
Tlmeange > szatRange’ (9d)
TlremBaf + T27Min _ TltMin > T{BMBM, (96)

Tunreach,, < Tunreach,,

| A ne N. (9H)

Conditions (9a), (9b), and (9f) are straightforward due to
non-decreasing REFs and resources being bounded only from above,
analog to the FR case. Conditions (9c)—(9e) model the dominance of
LD’s tradeoff function over L?’s. More precisely, they ensure that for
each relevant start of service T € [T} Min T2'M (T ”'R”"ge—Tz’ emBaty] and
corresponding battery level of Liz, Lil can achieve the same or a higher
battery level at the same or an earlier start of service. An illustrative
example is given in Fig. 2 (right plot). It depicts the tradeoff functions
L',1 =1,...,5 of five labels. Function L! dominates function L°, but
does not dominate functions L2, L3, and L* because condition (9¢) is
violated in the case of L2, condition (9d) in the case of L3, and (9e) in
the case of L*.

4.1.2. Labeling algorithms for EVRPD-C variants

In this section, we detail the labeling algorithms for the variants
with the objective of minimizing completion times and the three con-
sidered recharging strategies. For the EVRPD-C, we define Ef‘. = —1/27;—
1/2#; with the same definitions for 7,, 7,, 7, , and 7, as in Section 4.1.1.
Note the missing routing distance term ¢;; in the definition of E}‘j
compared to the EVRPD-D case. With these definitions, the reduced
cost ¢, of aroute p € 2 is ¢, = ¥, vy Tn + Zijrearm c”{‘j, where N(p)
denotes the customers visited on route p and 7, denotes the earliest
possible start of service at a customer n € N(p).

The labeling algorithms for EVRPD-C and the different recharging
strategies are all related to those for the corresponding EVRPD-D
variant. While in the FR and BS cases only the REF for the reduced-cost
resource has to be redefined, the required modifications in the PR case
are much more involved.

EVRPD-C with full recharges. For the EVRPD-C(FR), all components of
the labeling algorithm, i.e., label definition and resources, initial label,
feasibility conditions
(3), REFs (4) and dominance rule (5), are identical to the one for the
EVRPD-D, except for the REF (4a) of the reduced-cost resource which
is substituted by the REF

peost _ {T}cust +Tthin +5ikj lfj €N,
i =

(10)
T cos ~k
icmt cij

otherwise.

EVRPD-C with battery swapping. Similar to FR, the labeling algorithms
for the BS variants when minimizing routing distances and when min-
imizing the sum of completion times are almost identical. Again, we
just need to substitute the reduced-cost REF (4a) by (10) in the latter.
All other components remain.
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EVRPD-C with partial recharges. We now describe the labeling algorithm
for the EVRPD-C(PR). From an algorithmic point of view, this is clearly
the most challenging variant considered. As with PR in the distance-
minimizing variant, the amount to recharge at a recharging station has
to be decided. Again, this can only be done a posteriori because it
depends on the part of the route that succeeds the visit to the recharging
station which is unknown for all labels not ending at the destination. In
addition to the tradeoff between battery level and time, there is another
tradeoff between the battery level and the cost when minimizing the
sum of completion times: When recharging longer, all customers that
are visited after the respective recharging station are serviced later,
hence their service start time (and completion time) increases. Dealing
with this additional tradeoff requires an additional resource compared
to the distance-minimization variant. This resource is needed to model
and propagate the new tradeoff function. Moreover, the definition of
the reduced-cost resource, the reduced-cost REF, and the dominance
rule have to be adapted to account for the more complex situation.

A label L, involves the following resources L; = (T, T/,
TitMin’ (T,'unrthn)nGN’ TinRth’ TircmBat’ Timeﬂnge’ TinCusr). Compared to the
distance-minimization variant with PR, the additional resource T["C"SZ
is used, and the definition of the reduced-cost resource 77*' is slightly
changed. Their meaning is as follows:

T the minimum reduced cost of path p. If a recharging station is
visited on p prior to i, T¢* incorporates a minimum recharge,
if necessary, to reach vertex i battery feasible. T/ corresponds
to the reduced cost of p when the start of service at vertex i is
T/Min and the battery level reaching vertex i is 7784,

Ti"c'”’ the number of customers visited on p between the last recharg-
ing station and vertex i (inclusive).

As in the distance-minimization case, the tradeoff between battery
level and time is modeled with resources T/M", TremBai and T,.”"’R“"ge
(see Section 4.1.1). The tradeoff between battery level and reduced
cost is modeled using resources TF!, TremBa, Ti’”"R""ge, and T/, It
is illustrated in Fig. 3 (left plot). Note first that instead of the battery
level, we could also use the time on the x-axis describing the tradeoff
(recall that there is a one-to-one relation between the battery level
and the time as given by the first tradeoff function). As by definition
of the resources, the minimum reduced cost T/°" is obtained with
the minimum battery level 7" Bat or equivalently the earliest start of
service T} Min To realize a higher battery level, the recharging duration
at the preceding recharging station has to be increased. This implies
that the visits at all customers after the recharging station are delayed
by exactly the same amount of time. Hence, their service start times
and the reduced-cost increase correspondingly. The slope of the tradeoff
function is therefore equal to the number Tl.”c'“" of customers between
the last recharging station and vertex i (inclusive).

The components of the initial label L, at the origin o, are initialized
to the same values as in the distance-minimization variant, and the
new resource T"“**' s initialized to zero. The feasibility conditions for
label extensions and the REFs also remain, with the exception of the
reduced-cost REF. Its updated version and the REF for T,."C”s’ are given

by:

Ticoxt + Tthin _ Ezkj if TinRCh =0 A jEN,
T — e, if T/Rh=0 A jgN,
T}Cost + 1"}Min+
chost —y (Tanust _ 1) (113)
~max {0, hy; = T/"P*y — ¢l A T'" >0 A jEN,
T}Cost + T'anust
~max {0, by — T/mB) — &t A TR >0 A j &N,
0 ifieR A j&N,
Tanust .y lnCust Tf ’ ER A j EN, Reh (11b)
T, +1 ifigR A jENAT, >0,
Tycust otherwise.
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Let Lk — (choxt, Tlioad, T]:Min’ (T:rlreach,, )neN! Tkchh, TkremBat’ TZWRG"EE’
T, :C”S’), k € {1,2}, be two labels associated with different paths ending
at the same vertex. Label L! dominates label L? if

T][oad < Tzload’ (12a)
TltMin < thMin’ (12b)
TlpatRange > szotRunge’ (1 2C)
TremBat + TtMin _ TtMin > TremBat (12(1)
1 2 1 =72 ’
Tltoxt + IIl'dX{O, TzremBut _ TlremBat} . TInCust < Tzeost’ (12€)

1R R
Tlcost + max{0, T2Pl7 ange TlremBal} . TlrlCust < Tzcosr + (szm ange TzremBar)

. Tanusr, (12f)

Tunreach,, < Tunreach,,

; <T neN. (129

Again, conditions (12a) and (12g) are straightforward due to non-
decreasing REFs. Conditions (12b)-(12d) ensure the dominance of L}’s
first tradeoff function (battery level vs. time) over Liz’s analog to the
distance-minimization case. The dominance of L,.l ’s second tradeoff
function (battery level vs. reduced cost) over LI.Z’S is guaranteed by
conditions (12c), (12e), and (12f) in a similar fashion. For each poten-
tial battery level H € [TZ"’”'B”’,T;‘”R”"“] and associated reduced cost
of L2, label L! can realize the same or a higher battery level with
reduced cost that are not larger. The situation is exemplified in Fig. 3
(right plot), which shows the tradeoff functions L',/ = 1,...,5 of five
labels. Function L! does not dominate functions L2, L3, and L* because
conditions (12c), (12e), and (12f) are not fulfilled. Function L' does
dominate function L.

4.1.3. Acceleration techniques

Since the solution of the pricing problem consumes by far the most
computation time in the BPC, we use additional techniques to speed
up the pricing process. First, we relax the elementary conditions of the
routes and use the well-known ng-path relaxation (Baldacci, Mingozzi,
& Roberti, 2011) resulting in pseudo-polynomially solvable pricing
problems instead of the strongly NP-hard elementary case. For details
on the general impacts on the BPC algorithm and on the necessary
modifications of the labeling algorithms, we refer to Baldacci et al.
(2011).

Second, partial pricing (Desaulniers, Desrosiers, & Solomon, 2002)
is used to quickly identify negative reduced-cost routes. It is realized
by subsequently performing pricing on a series of arc-reduced networks
specified by a parameter « as follows. Given «, for each vehicle type
k € K and vertex i € N U R, the number of ingoing arcs (i, j) € A, with
i # oy is at least min{x, d;" }, where d; = |{(j, i) € A, }| is the in-degree of
i in the full network. We always choose the arcs with the best reduced
costs. The number of outgoing arcs is limited in the analog fashion.
In addition, we keep all depot arcs {(i,j) € A, : i = o, Vj = d;}.
In each CG iteration, we execute the labeling algorithm for all vehicle
types k € K and the same value of x one after another. We start with
the smallest value of x and increase x when no route with negative
reduced cost is found for any of the vehicle types. As soon as one or
more negative reduced-cost routes are found by the labeling algorithm
for any combination of vehicle type and «, they are returned to the
RMP, and pricing is terminated for this iteration. In our experiments,
we use the sizes « € {2,5,10,|V,]|}.

4.2. Cutting

To strengthen the linear relaxations of the RMP, several families of
valid inequalities have been successfully applied in BPC approaches
for VRPs. In our BPC for the EVRPD variants, we only use limited
memory subset-row inequalities. In pretests, we also experimented with
the well-known rounded capacity cuts (Naddef & Rinaldi, 2002) and 2-
path cuts (Kohl, Desrosiers, Madsen, Solomon, & Soumis, 1999). Both
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Fig. 3. Tradeoff between the battery level and the possible reduced cost.

families, however, did not prove helpful, so we do not use them in our
BPC.

Subset-row inequalities (SRIs) were originally introduced by Jepsen,
Petersen, Spoorendonk, and Pisinger (2008) for the VRP with time
windows. Each SRI is defined on a subset U C N of customers. As
commonly done, we restrict ourselves to subsets of cardinality three. In
this case, a subset-row inequality is given by Y, ., ZpEQk [%”Jep <1,
where u, denotes the number of times route p visits customers in U.
Violated SRIs can be separated by straightforward enumeration.

SRIs are non-robust cuts. Each SRI requires an additional binary
resource in the labeling algorithms for solving the pricing problems,
thus making pricing harder. To reduce the negative impact on the pric-
ing problems, Pecin, Pessoa, Poggi and Uchoa (2017) have proposed a
limited memory variant of the SRIs. Their idea is similar to the ng-route
relaxation: A vertex memory controls at which vertices the state of an
SRI resource remains relevant. We use the same separation algorithm
and vertex memory as described in Pecin, Contardo, Desaulniers and
Uchoa (2017).

4.3. Branching

Let (ép)pE.Qk,kE x be a fractional solution of the RMP (1) and denote
by b,, and b;;, the numbers of times a route p € @,k € K visits
recharging station r € R and uses arc (i,j) € A, respectively, in this
solution. To ensure integer solutions, we apply the same hierarchical
branching scheme as in Desaulniers et al. (2016) slightly adapted to
the heterogeneous case.

First, we branch on the number of routes ¥ ., 8, of a vehicle
type k € K. Second, we branch on the total number of recharges
Yrer Lpeq, brp Of @ vehicle type k € K. Third, we branch on the
number of recharges Y, re, b,, of a vehicle type k € K at a rechflrging
station r € R. Finally, we branch on the total flow Y, ., > on
an arc (i, j) € A.

For all levels, we always select a branching variable for which the
fractional value is closest to 0.5. We then create two branches, one
forcing the branching variable to be larger or equal to the rounded-
up value and the second one forcing it to be smaller or equal to the
rounded-down value. Branching decisions of the first three levels are
imposed by adding a linear inequality to the RMP, while those of
the fourth level are imposed by temporarily removing infeasible arcs
from the pricing problem networks. Moreover, in all cases, all routes
in the RMP that are not compatible with the branching decisions are
temporarily forced to zero. Note that all branching decisions leave the
pricing problems structurally unchanged.

We explore the search tree using a best-bound-first strategy for the
selection of the next branch-and-bound node.

PEQ bffP

5. Computational study

The aim of our computational study is twofold. First, we analyze
the computational performance of our BPC. Second, we generate man-
agerial insights on the AMR route planning problem with respect to
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the different recharging strategies and compare the different objective
functions. To this end, we consider two different benchmark sets: Our
first benchmark set (Sol) is derived from a standard benchmark from
the literature for road transportation with electric trucks (Schneider
et al.,, 2014). This set is primarily used to assess the computational
performance of our algorithm on well-established instances. Our second
set (Karis) introduces new instances originating from a real-world
pilot study in which AMRs were used to supply an assembly line for
sports cars. These instances feature typical characteristics of AMRs in
intralogistics, which differ considerably from road transportation with
electric trucks. For example, in the former, we often see:

short driving times due to short distances,

short recharging durations due to small battery capacities,
initial battery level might be low (in contrast, trucks are usually
recharged over night),

a layout with optimized positions for recharging stations on links
of important sink-source relations,

a rather regular network, usually without differentiation of street
types and related speeds,

starting/ending locations of vehicles are distributed,

symmetric transport jobs with exchange of full and empty trol-

W(leegfl'blished all instances and their corresponding solutions on a
Zenodo repository (Meyer et al., 2024).

The BPC algorithm was implemented in C++ and compiled into
64-bit single-thread code with MS Visual Studio 2015. CPLEX 12.9
with default parameters (except for the time limit and allowing only
a single thread) was used to reoptimize the RMPs. The computations
were carried out on a standard PC running Windows 10 with an Intel(R)
Core(TM) i7-6900k processor clocked at 3.2 GHz and equipped with
64 GB RAM main memory. The computational time limit was set to
3600 s.

5.1. Benchmark instances

Sol instances. The Sol benchmark is based on the EVRPTW instances
introduced in Desaulniers et al. (2016) and Schneider et al. (2014)
that extend the well-known Solomon benchmark instances for the
VRPTW (Solomon, 1987). They reflect a pure distribution or pick-up
use case with electric trucks on a street network. For the problem
variants addressed, we adapt the instances as follows: First, we ignore
the lower time window limits as we only consider due dates and,
therefore, only need the upper time window limits. Second, we set a
reasonable time for BS. Third, we add reasonable bounds on the fleet
size. In the following, we briefly sketch the main characteristics of the
instances and detail our adaptations.

The original Solomon benchmark comprises instances with different
geographical distribution of the customers (customers clustered across
the area of consideration, randomly distributed customers, a mixture
of both) and different lengths of the scheduling horizon (short horizon
with narrow time windows, long horizon with wide time windows).
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Table 2 Table 3

The number of instances solved to optimality in pre-tests. Factor variations of Karis instance set.
#Cust BS FR PR Factor Variants
25 156 165 165 Scenario size (per cycle) S: 6 assembly stations, 12 jobs, 4 vehicles
50 117 120 126 M: 12 assembly stations, 24 jobs, 8 vehicles
All 273 285 291 L: 18 assembly stations, 36 jobs, 12 vehicles

In all instances, an unlimited fleet of homogeneous vehicles is avail-
able at a common depot. The 100-customer Solomon instances were
adapted to the EVRPTW by Schneider et al. (2014). For details on how
the recharging stations are placed and how the battery capacity, the
consumption rate, the recharging rate, and the time windows are set
in the adapted instances, we refer to Schneider et al. (2014). Please
note that the battery-related parameters were created for algorithmic
benchmarking at the instance level. They do not reflect the technologi-
cal characteristics of electric trucks. For example, the charging rate was
set in relation to customer service times. The homogeneous vehicles all
start with a full battery and are allowed to return to the depot with an
empty battery. For our study, we use the mid-sized instances introduced
by Desaulniers et al. (2016) containing only the first 25 or 50 customers
of each instance.

Typically, BS is considerably faster than recharging. For our in-
stances, we set the duration b for BS to 10% of the maximum battery
capacity H;'"*, i.e., the duration for recharging the battery from 0% to
100% load, to work with a scalable value.

If completion times are minimized, the fleet size needs to be limited.
Otherwise, a solution in which each customer is serviced as early
as possible by a dedicated vehicle is trivially optimal. To generate
reasonable bounds on the fleet size for each instance, we solved the
EVRPD-D with the three recharging strategies and an unlimited fleet in
a preprocessing step and imposed the number of resulting vehicles as
the fleet size limit (vO instances). To vary the number of vehicles, we
also consider instances with one (v1) or two (v2) additional available
vehicles. If no optimal solution could be found in the preprocessing
phase, the instance was not considered any further. Table 2 shows the
number of resulting instances per recharging strategy and instance size
given by the number of customers (#cust).

To interpret the results of the computational study correctly, it
is important to understand that our fleet limit procedure may result
in a different number of vehicles for the same instance but different
recharging strategies. This design assures that recharging decisions play
an important role in all recharging setups: The number of necessary
vehicles in case of FR is the highest. If this number is taken as fleet size
limit for the other two strategies, preliminary tests showed that most
tours for BS and PR only contained one recharging station, and studies
on the effects of recharging decisions would not be meaningful. As a
result, we can only compare the solutions for the different objectives
but not for the different recharging strategies. To compare the effects
of different recharging strategies, we designed the Karis instances
introduced next.

Karis instances. This set of instances originates from the KarisPro Audi
Sport pilot study, in which the AMR KarisPro (see Fig. 4) was tested in
a production site of the Audi Sport GmbH (KARIS PRO Consortium,
2016). In this setup, the sports car Audi R8 was produced in a syn-
chronized assembly with 16 cycles and a cycle time of approximately
20 min. KarisPro AMRs took over the sequenced delivery of vehicle-
specific material trolleys between the picking area and the assembly
line, i.e., they transported full trolleys from the picking area to the
assembly line and returned empty trolleys. Before, employees took over
the transport of 33 of these trolleys in each cycle. The pilot study was
conducted in 2016 with the research prototypes of the AMR KarisPro.
The AMR is now commercially available (GEBHARDT Intralogistics
Group, 2022).

Commonly in intralogistics, AMRs have no fixed depot. They either
wait at different recharging stations or at positions where pickup jobs
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XL: 24 assembly stations, 48 jobs, 16

vehicles
Number of cycles 1,234
Cycle time 30 min

Battery capacity 39 min (duration for recharging battery
from 0% to 100% load)

5 min

FAST: 0.25 (20 s for 1 min driving)
SLOW: 0.5 (30 s for 1 min driving)
EMPTY: initial and final level 20%
FULL: initial and final level 80%

SHIFT: initial level 80%, final level 20%
25%, 50%, 75%, 100% (of original battery
capacity)

One recharging station between picking
area and assembly line with a capacity
corresponding to the number of vehicles

Battery swapping duration
Recharging speed

Recharging state

Battery capacity variants

Recharging station

arrive. In our study, the AMRs start and return to different pickup
stations of the picking area. Hence, we have to handle a heterogeneous
fleet with different origins and destinations.

To cover a broad context of industrial applications and instance
sizes, we varied the setup of the pilot application and the vehicle
characteristics. Table 3 gives an overview of the factors determining
the instances and the variants we derived.

The scenario size determines the number of assembly stations, the
number of jobs per station and cycle, and the number of available
vehicles. The jobs either correspond to the delivery of a full trolley or
the pickup of an empty trolley. The scenario size S corresponds to the
pilot study with six assembly stations, twelve jobs, and four vehicles.
We added three more variants comprising up to 48 jobs and up to 16
vehicles referred to as M, L, and XL (see Table 3). We furthermore
varied the number of cycles from one to four, assuming a fixed cycle
time of 30 min. If we consider the S scenario size and two cycles, four
vehicles have to cover 24 jobs (12 jobs in each cycle) within 60 min
(twice the cycle time of 30 min).

The battery-related parameters are set as follows: We assume a
battery capacity H;"* of 39 min (duration to fully recharge an empty
battery) as a base value. Additional instances are considered by reduc-
ing H"™ to 25%, 50%, and 75% of the original value of 39 min. For
BS, we assume a battery swapping duration b of 5 min. We consider two
recharging speeds: FAST and SLOW. In the former, for one minute of
driving, 20 s of recharging is necessary. In the latter, the corresponding
recharging duration is 30 s. SLOW was valid for the KarisPro research
prototype. However, in the meantime, the recharging technologies have
improved considerably. We can calculate h;; by multiplying 7;; with
the respective recharging speed. The recharging state describes the
initial battery level (H"") and the final battery threshold (H ,ﬁ”d ) of the
vehicles as percentage of the battery capacity. In the EMPTY (FULL)
instances, the initial battery level of the vehicles is 20% (80%), and
the final battery level must not be below 20% (80%). For SHIFT, the
vehicles start with almost full batteries (80%) and are allowed to finish
almost empty (20%). This scenario assumes that the vehicles can be
recharged, e.g., overnight.

As in the pilot case study, we assume one recharging station located
between the picking area and the assembly line and whose capacity
corresponds to the number of available vehicles. Distances, driving
times, and energy consumption have been derived from the layout and
the vehicle characteristics of the KarisPro research prototype AMR.

In our computational study, we limit the scenario size and number
of cycle combinations to the following: For battery capacity of 100%,
{S,M,L}x{1,2,3,4} and {X L} x {1,2}, for battery capacities of 25%,
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Fig. 4. The KarisPro AMR research prototype delivers a material

Table 4
Overview of Karis instance set.
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50%, and 75%, {S} x {1,2,3,4} and {M,L,XL} x {1,2}. All other
factors are treated according to a full factorial design. In total, this
results in 264 instances that we solved for all objective-recharging
strategy combinations. This results in 264 instances that we solved for
all objective-recharging strategy combinations.

Table 4 provides an overview of the Karis instance set. In par-
ticular, it highlights the main information regarding instance size,
i.e., number of jobs transformed to customers (#cust) and number of
vehicles (#veh), of the corresponding transformed EVRPD. A complete
overview of instance characteristics is given in Appendix B.

5.2. Results for the Sol instances

In this section, we briefly discuss the algorithmic performance of our
BPC variants on the Sol benchmark set and focus on the comparison
of the results considering the two different objective variants. Please
remember that the results of different recharging strategies are not
comparable as the number of vehicles for the same instances varies (see
Section 5.1).

5.2.1. Algorithmic performance

Table 5 summarizes the algorithmic performance of our BPC vari-
ants. It provides the number of instances (#inst), the percentage of
instances solved to proven optimality within the time limit (opt [%]),
the total run time (rt [s]), and the run time for solving the root node (rtr
[s]) in seconds for the instances solved to optimality, and the root node
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transport trolley from the picking area to the assembly line.

gap (gap [%]) and number of branch-and-bound nodes solved (#nds)
for the instances solved to optimality. Consistently over all recharging
strategies, the BPC is able to solve to optimality slightly more instances
for the DI objective (76%—-79%) compared to the CT objective (66%—
69%). This can be attributed to the harder-to-solve pricing problems in
the CT case, which can be seen from the overall much longer compu-
tation times for the root node. This effect is especially pronounced for
PR, where for CT only a much weaker dominance rule than for DI is
applicable in the labeling algorithm. Root node gaps are very small in
general and consistently smaller for the CT objective, leading to smaller
branch-and-bound trees compared to DI.

5.2.2. Comparing objectives

To analyze the impact of the different objective functions, we filter
the results to the 133 instances for which all six variants — two objec-
tives with three recharging strategies — are solved to optimality. Clearly,
DI objective solutions result in shorter total distances but higher total
completion times compared to CT, and vice versa. The percentage
deviations are shown in Table 6. Over all recharging strategies, the
total traveled distance increases on average by around 23% with a
maximum of 60% if objective CT is applied, while the average increase
in completion times when using the DI objective compared to using the
CT objective is as high as 50% to 60% with a maximum of more than
200%.

We can also observe structural differences in the resulting solutions
of the different objective functions and recharging strategies. For the
sake of brevity, we only summarize the main characteristics in the
following. A more detailed analysis is provided in Appendix C.

Used vehicles: CT solutions always schedule all vehicles, as CT in-
centivizes short routes with early completion times and uses
the initial energy level of the whole fleet. In DI solutions, the
extra vehicles of vl and v2 are not used to avoid the extra
distance from and to the common depot of the vehicles and
create longer routes to increase the probability of good customer
combinations.

Number of recharging stops: CT solutions tend to have slightly more
recharging stops than DI solutions.

Timing of recharging stops: In CT solutions, recharging stops are
scheduled later than in DI solutions. A large share of routes
contains a recharging stop just before returning to the depot.

Duration of recharging: The recharging duration mainly depends on
the recharging strategy. The insights are similar to the Karis
benchmark and are discussed in the following section.
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#cust Strategy #inst DI objective CT objective
opt[%] rt[s] rtr[s] gap[%] #nds opt[%] rt[s] rtr(s] gap[%] #nds
25 BS 156 86 123.4 43.4 0.012 6.8 79 134.1 100.4 0.004 33
FR 165 81 183.9 87.2 0.011 5.4 79 161.4 91.0 0.006 11.3
PR 165 80 199.0 13.8 0.013 8.0 84 197.3 159.0 0.004 5.0
50 BS 117 69 809.7 214.9 0.018 26.7 50 659.4 316.8 0.005 8.5
FR 120 70 607.5 227.2 0.018 26.9 56 520.4 224.2 0.009 19.1
PR 126 71 478.1 166.1 0.017 24.3 48 654.3 237.9 0.007 15.0
All BS 273 79 381.9 108.0 0.014 14.3 66 302.4 169.8 0.005 5.0
FR 285 76 347.1 141.2 0.014 13.7 69 282.9 136.1 0.007 13.9
PR 291 76 311.4 75.1 0.014 14.6 68 335.8 182.9 0.005 8.0
Table 6
Differences in total distance and completion time on the Sol benchmark.
DI objective CT objective
BS FR PR BS FR PR
Mean total distance +23.4% +22.6% +24.0%
Min total distance +1.1% +4.4% +2.8%
Max total distance +58.9% +51.7% +59.8%
Mean total completion time +56.1% +66.0% +62.6%
Min total completion time +1.7% +8.9% +3.3%
Max total completion time +235.7% +241.4% +235.6%
Table 7
Performance overview of the BPC on the Karis benchmark.
Objective #inst opt[%] inf[%] found[%] unkn[%] rt[s] rtr(s] gap[%] #nds
DI 792 43.2 20.3 5.4 31.1 254.6 4.1 0.003 126.2
CT 792 54.4 20.3 8.2 17.0 179.8 18.1 0.001 30.8
5.3. Results for the Kar1s instances Table 8
Overview of solution status for instances with 48 customers.

In this section, we detail our computational results for the Karis Objective Cyc Scemario #inst opt[%] infeas[%] found[%] unkn[%]
benchmark, focusing on an in-depth comparison of the obtained solu- DI 1 XL 72 55.6 44.4 0.0 0.0
tions to generate managerial insights on the AMR route planning prob- i g’[ ;i 63'3 12'; 1?'1 8;'8
lem Yv'lth respect to the different recharging strategies and objective or 1 AL 72 48.6 44.4 6.9 0.0
functions. 2 M 72 62.5 18.1 15.3 4.0

4 S 72 70.8 6.9 5.6 17.0

5.3.1. Algorithmic performance

Table 7 summarizes our results aggregated by objective function.
The additional columns have the following meaning: the percentage
of provably infeasible instances (inf[%]), i.e., instances for which we
could prove that no feasible solution exists, the percentage of instances
for which a feasible solution without proven optimality could be found
(found[%]), and the percentage of instances for which no feasible
solution has been found within the time limit (unkn[%]). Overall, and
in contrast to the Sol instances, we can see that the CT variant seems
to be easier compared to DI: More instances are solved to proven
optimality, and the average run time is smaller. This behavior can
mainly be attributed to the smaller gaps leading to much smaller search
trees in the CT case. The times for solving the root node, on the other
hand, are much larger for CT, indicating that the corresponding pricing
problems are harder to solve compared to those of the DI objective.

For both objectives, our BPC was able to determine feasibility (opt
or found) or infeasibility for the majority of instances (83% for CT,
69% for DI). Fig. 5 shows the percentage of instances with known
status (feasible or infeasible) of the two objectives over the number
of customers. Our BPC reaches a high share of instances with known
status for up to 48 customers per instance, especially in the case of
CT and irrespective of the recharging strategy. However, the numbers
drop considerably below 50% if we include 96 and more customers.
Another factor influencing the hardness of the instances can be read
from Table 8. It provides an overview of solutions for instances with
48 customers resulting from different combinations of the number of
cycles (Cyc) and the scenario sizes (Scenario). Apparently, the instances
become harder when the number of cycles and, hence, the planning
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horizon increases leading to generally longer routes. This effect is not
surprising, but it is much more pronounced for the DI objective. This
can be attributed to the fact that in CT always all vehicles are used to
obtain the shortest possible routes with small completion times, while
DI incentivizes long routes using a low number of vehicles to minimize
distances.

5.3.2. Comparing objectives

For comparing the results of the different objectives, we filtered the
instances to those for which we found an optimal solution for both
objective variants. In the case of BS, 139 instances are left, in the
case of FR 91, and in the case of PR 134. Table 9 shows the mean,
minimum, and maximum increase of the total distance and the total
completion time if the respective other objective is used. It can be
seen that differences in this AMR scenario are smaller than for the
Sol benchmark. The total distance traveled increases by about 10%
to 15% on average (with maximum of around 30%) when using the
CT objective, while the average increase in completion time when
using the DI objective ranges from 33% for FR to around 50% for BS.
Maximum values are consistently above 100% for the latter case.

5.3.3. Comparing recharging strategies

We now perform an in-depth comparison of the recharging strate-
gies by looking at the feasibility of the instances, the recharging behav-
ior, and the solution quality.
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Table 9
Differences in total distance and completion time on the Karis benchmark.
DI objective CT objective
BS FR PR BS FR PR
Mean total distance +14.0% +11.7% +13.5%
Min total distance +1.8% +0.1% +0.7%
Max total distance +29.6% +28.3% +26.7%
Mean total completion time +52.3% +33.5% +43.0%
Min total completion time +6.7% +3.7% +5.9%
Max total completion time +148.7% +176.7% +183.9%

Table 10
Overview of solution status by recharging strategy for CT variant for instances with
100% battery capacity.

Strategy #inst Opt Found Infeasible Unknown
BS 84 51 7 0 26
FR 84 25 5 33 21
PR 84 42 6 7 29

Feasibility. Table 10 shows the solution status by recharging strategy
for the considered 84 instances with a battery capacity of 100%. As
the objective does not affect feasibility, we only show the results for
CT. If BS is applied, no instance is provably infeasible. If IR is applied,
on the other hand, several instances turn out to be infeasible. With an
FR strategy, 33 out of the 84 instances (39%) are infeasible. If an PR
strategy is applied, the number decreases to only seven instances (8%).
This shows that in the case of IR, a larger AMR fleet size compared to
BS is necessary to remain feasible. However, the PR strategy is able to
considerably reduce this drawback of IR.

We next analyze the impact of the battery on feasibility, also con-
sidering the instances with a battery capacity of 25, 50, and 75% of
the original capacity. In Fig. 6(a), we compare the number of infeasible
instances out of the 41 instances for which there is no unknown solution
status over all considered battery capacities and recharging strategies.
Interestingly, not all recharging strategies benefit from a larger battery
capacity. While for BS and PR the number of infeasible instances
decreases with a larger battery, for the FR strategy, the number of
infeasible instances stays at a very high level and even increases
if the battery capacity goes up from 75 to 100%. This somewhat
counter-intuitive behavior can be easily explained. An increased battery
capacity results in a longer average recharging duration for FR, which
in turn may imply that some deadlines can no longer be met. Fig. 6(b)
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highlights that this effect is particularly pronounced if the vehicles start
with an empty battery (EMPTY) and have to recharge relatively early
during the route. However, even if the vehicles start with a full battery
(FULL), the increase in battery capacity from 75 to 100% results in
more infeasible solutions.

Recharging Behavior. We analyze the recharging behavior of the differ-
ent recharging strategies separately for each objective. Also, we filter
the instances to the ones for which optimal solutions are known for all
recharging strategies. In the CT case, this leaves us with 100 instances:
6 for EMPTY, 39 for FULL, and 55 for SHIFT.

Fig. 7(a) depicts the total number of recharges per instance dif-
ferentiated by the recharging state. As expected, recharging plays a
major role in scenarios EMPTY and FULL in which the vehicles start
and may return with almost empty and full batteries, respectively. In
these scenarios, the average number of recharges per route is above
one, irrespective of the recharging strategy, see Fig. 7(b). For scenario
SHIFT, where the vehicles start almost full and may return almost
empty, recharging plays a minor role with an average number of
recharges per route of less than 0.5.

An overview of the total time spent for recharging and the average
recharging duration is provided in Figs. 7(c) and 7(d), respectively.
Fig. 7(e) gives the total recharging duration relative to the total route
duration. Note that for BS, the average recharging time equals the
duration b = 300 s for swapping the battery. The total recharging
duration makes the advantage of the BS technology obvious. Over all
three scenarios, PR needs, on average, 2.2 times longer for recharging
while FR even needs 3.7 times longer. This advantage does not only
affect feasibility (see above) but also the total completion times (see
below). The only exception is in scenario SHIFT, where the total
and even the average recharging duration for PR is lower. Here, PR
solutions use the flexibility to recharge more often but even shorter
than 300 s on average. This picture is reconfirmed by Fig. 7(e).



A. Meyer et al

20

18
3
o 16
c
9]
® 14
£
% Recharging Strategy
7] —e— BS
@
Q9 FR
b @ PR
)
5 | D SO .
e}
S )
=]
z \

®: ®
25 50 75 100
Battery Capacity

(a) CT objective.

European Journal of Operational Research xxx (xxxx) xxx

14
/.
o 12 e
8 /
% [}
% 10
£
% 8 Recharging State
'@ —e— EMPTY
g s —#-- FULL _ox
o= Xemm SINGLE SHIFT ~ __~~
5 4 TT==a Xo o o o o e x="
Q
£
= 2
0
25 50 75 100
Battery Capacity

(b) CT objective, FR.

Fig. 6. Number of infeasible instances over the battery capacity by recharging strategy (a) and by recharging state in case of FR (b) for the 41 instances with known status for

all considered variants.

The figures also clearly unveil the shortcomings of the FR strategy:
As expected, the average recharging duration lies considerably above
those of the other two strategies. Even more, also the total recharging
duration is, on average, 1.7 times longer over all recharging states than
for PR. This means that the battery level at the end of the planning
horizon is considerably higher than necessary, especially in the EMPTY
and SHIFT scenarios, in which vehicles are allowed to return almost
empty.

We can also see that the additional flexibility of PR compared to FR
is intensively used in the optimal solutions. This is especially true for
the EMPTY scenario for which the number of recharges is highest, but
the average recharging duration is comparatively short. For reaching
a low total completion time, many but short recharging stops are
scheduled.

For the DI objective, the number of instances used in this analysis,
i.e., for which optimal solutions are known for all recharging strategies,
are 3 for EMPTY, 19 for FULL, and 48 for SHIFT. Fig. 8 corresponds to
Fig. 7 for the DI objective. Figs. 8(a) and 8(b) show that both the total
number of recharges and the average number of recharging stops per
route are lower than in the CT case. This confirms that DI incentivizes
to avoid recharging stops in order to avoid detours to the recharging
stations. In contrast, the effects considering the sum of recharging
durations, the average recharging duration, and recharging duration
relative to the route duration as depicted in Figs. 8(c), 8(d), and 8(e),
respectively, are very similar to those observed for the CT objective.

In Fig. 9, we analyze the structure of the resulting routes of all
optimal solutions. The graphs provide the following information. On
the x-axis, we depict the positions of all recharging stops relative to
the number of stops of the corresponding route. On the y-axis, the
recharging durations of all recharging stops relative to the planning
horizon of the corresponding instance are given. Recall that for BS
a constant battery swap duration b is assumed. The differences in
the chart result from different planning horizons and should not be
interpreted otherwise.

The graphs illustrate that the objective mainly influences the dis-
tribution of the relative positions of the recharging stops. With a CT
objective, clearly, left-skewed distributions are obtained compared to
the considerably more symmetric distributions with DI. The relative
recharging durations, on the other hand, are determined by the recharg-
ing strategy. With both objectives, PR allows considerably shorter
recharging durations than its FR counterpart.

Solution quality. To compare solution quality, we look at the relative
deviations of the resulting total distance and total completion time of
FR and PR compared to BS. Table 11 provides an overview of these
deviations when the CT and DI objectives are applied. To maintain
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Table 11

Relative deviations of total distances and total completion times compared to BS
solutions over 100 (70) instances for which an optimal solution was found for all
three recharging strategies and CT (DI) objective.

Objective Strategy #inst Relative deviation DI Relative deviation CT

Mean Min Max Mean Min Max
CT FR 100 -0.3% -8.6% 9.9% 8.4% 0.0% 134.6%
CT PR 100 0.6% -3.0% 11.7% 0.6% -52% 17.6%
DI FR 70 1.6% 0.0% 10.5% 1.0% -35.3% 38.8%
DI PR 70 0.8% -0.8% 4.7% -2.7% -35.2% 15.4%

comparability, we filtered the instances to the 100 (70) instances for
which we found an optimal solution applying the CT (DI) objective for
all three recharging strategies.

Table 11 indicates that the recharging strategy only has a rather
small impact on the resulting distances if the DI objective is applied.
For FR, the total distance is, on average, 1.6% higher with a maximum
of 10.5%. For PR, the increase is 0.8% on average, with a maximum of
4.7%. In some cases, PR even enables shorter distances than BS.

The picture is different if we compare the total completion time
applying the CT objective. In this case, FR solutions are, on average,
more than 8% worse than BS solutions with a maximum of 134%.
In contrast, the CT objective value of the PR strategy is, on average,
only 0.6% higher than that of the BS strategy with a maximum of
18% and, hence, seems to be almost competitive. The more detailed
analysis in Fig. 10, which provides the percentage deviation for the
different recharging state scenarios, reveals that the impact of the
recharging strategy on the total completion time is most pronounced
for the EMPTY scenario, in which recharging is most relevant. There,
the total completion time of FR is, on average, more than 50% higher
compared to BS. When looking at total distances while applying the CT
objective, the deviations of FR and PR compared to BS are with —0.3%
and +0.6%, respectively, almost negligible.

6. Impact of recharging strategies

To the best of our knowledge, exact solutions for practical instances
of AMR route planning in an industrial context have been generated for
the first time in this paper. Our results allow the comparison of two dif-
ferent objective functions and, more importantly, different recharging
strategies in a realistic manufacturing scenario. In the following, we
summarize the main insights:

» BS decouples recharging and route execution and can generally
be considered the most time-efficient recharging technology. This
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Fig. 7. Recharging behavior over 100 instances for which an optimal solution was found for the CT objective by recharging strategies.

is confirmed by our study. BS results in solutions with lower
total completion time than IR in almost all of our scenarios.
This comes at the cost of more expensive infrastructure and a
larger number of batteries, which belong to the most expensive
components of AMRs. Furthermore, the time-efficiency advantage
of BS decreases if recharging in known off-peak hours, e.g., after
a shift, is possible.

An FR strategy, which is often proposed as a simplifying heuristic
if IR is applied, performs poorly in our AMR scenario. A large
number of infeasible instances can, in practice, only be countered
with a larger vehicle fleet. Furthermore, in cases where recharg-
ing plays an important role, e.g., scenario EMPTY, solutions show
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a 50% higher average total completion time compared to BS. Even
more and regardless of the results for our specific scenario, the
effect that a larger battery capacity of the vehicles leads to more
infeasibilities is not only counter-intuitive but, in our opinion,
unacceptable.

Surprisingly, for our AMR scenario, PR proved to be almost
competitive to BS. Its solutions show only a few infeasibilities,
and the average total completion time is, on average, below
4%, even in the EMPTY scenario. The results also highlight that
the additional degree of freedom of deciding on the recharging
duration compared to FR is extensively used. A route structure
with many short recharging stops and a tendency to late recharges
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Fig. 8. Recharging behavior over 100 instances for which an optimal solution was found for the DI objective by recharging strategies.

is beneficial. This has to be considered when designing new
heuristics for the problem.

In general, we can state that the battery recharging strategy
mainly impacts the feasibility and, hence, the fleet size. If a
sufficiently large vehicle fleet is in place, the CT objective is
considerably more sensitive to the recharging strategy than the
DI objective. This means that if time is critical, e.g., in the man-
ufacturing context, PR or BS are advantageous. Our results also
indicate that it depends on the setup whether BS or PR performs
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better. Hence, the use of case-specific assessments considering
also the investment cost is necessary.

7. Conclusions and outlook

In this paper, we investigated the problem of AMR route planning in
an intralogistics context. To this end, we introduced several variants of
an electric vehicle routing problem with due dates considering different
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recharging strategies and objective functions. For recharging, we stud-
ied battery swapping (BS) and inductive recharging with charging mats
(IR). For the latter, we further considered the widely applied recharging
strategy with full recharges (FR) and the considerably more complex
recharging strategy with partial recharges (PR). As objective functions,
the classical minimization of travel distances and the minimization of
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all routes of all optimally solved instances by recharging strategy and objective.

the total completion time of all jobs were investigated, where the latter
is of particular interest in the intralogistics context.

We proposed an effective branch-price-and-cut approach (BPC) for
solving all six problem variants. From an algorithmic point of view,
the core contribution of this paper is the development of an ad-hoc
labeling algorithm for solving the pricing problems of the PR variant,
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minimizing the total completion time. The crucial point here is dealing
with the tradeoffs between battery level and time as well as battery
level and cost (in terms of total completion time of all jobs).

We reported an extensive computational study on instances adapted
from the Solomon standard benchmark set (Sol) and a newly intro-
duced benchmark set from an industrial intralogistics use case (Karis)
to demonstrate the performance of our exact algorithms. In the case of
the Sol dataset, we analyzed 1698 instances with up to 50 customers.
Across all recharging strategies, the BPC approach consistently solved
a slightly higher proportion of instances to optimality under the DI
objective (76%-79%) compared to the CT objective (66%—69%) within
a run time limit of 3600 s. In the case of the Karis dataset, we
evaluated 1584 instances with 12 to 144 customers. We solved 74%
of the instances, proving either optimality or infeasibility for the DI
objective and 63% for the CT objective, also with a run time limit of
3600 s.

Apart from the computational aspects, we extensively analyzed the
impact of the different recharging strategies and objective functions
by comparing solution quality and discussing structures of optimal
solutions. Surprisingly, PR shows very good objective values compared
to BS, while the simplifying FR strategy seems inappropriate for the
addressed context. The results of our study motivate the development
of new heuristics for PR, while the typical solution structures should be
used in their development.

In future work, broader studies incorporating more instances with
different layouts and positioning of recharging stations or transport
job situations could be considered to evaluate other logistics scenarios:
Aspects such as a capacity larger than one, release dates for transport
jobs, a fleet size varying over time, or dynamically arriving transport
jobs might be relevant. To find a suitable recharging strategy for a
specific application context, the investment cost and maintenance for
the infrastructure need to be incorporated.

Apart from the intralogistics use case, modern AMRs are also at-
tractive for other domains. Delivery robots are currently considered as
one of several concepts to tackle challenges caused by the continuously
increasing number of packages in urban areas (Boysen, Fedtke, &
Schwerdfeger, 2021; Mangiaracina et al., 2019). In package delivery,
“companies like Amazon want to make deliveries to customers as
soon as possible” (Poikonen, Wang, & Golden, 2017), meaning that
the total completion time as an objective also plays a crucial role in
route planning. However, the characteristics of package delivery differ
from those of the context of intralogistics. Hence, in future work, we
would like to extend our models to urban logistics and consider related
benchmark instances. In this context, it could also be relevant to take
into account the possibly limited capacities of recharging stations.
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Appendix A. Transformation of EVRP with pickup and delivery to
EVRP

As stated in Section 3.2, the considered AMR route planning prob-
lem corresponds to an EVRP with pickup and delivery (EVRP-PD).
Because AMRs have a unit load capacity and can only recharge between
two jobs, the EVRP-PD can be modeled as an EVRP. In this section, we
explain the transformation.

In the EVRP-PD, a transport job consists of transporting some load
from a given pickup location to a given delivery location. If the capacity
of the vehicles is assumed to be one and recharging with loaded
transport units is not allowed, the AMRs immediately have to drive
to the delivery station of a job after they have picked up the load at
the corresponding pickup station without the possibility to visit any
other location in between. Hence, the transport jobs can be treated as
visiting a single customer in an EVRP. To this end, the following input
data needs to be transformed:

» Each customer n € N represents a transport job. Visiting a cus-
tomer corresponds to performing this transport job, i.e., picking
up the load at the pickup location, transporting the load from
the pickup to the delivery station, and delivering the load at the
delivery location.
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Detailed characteristics of Karis instances.
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Instance group #inst Num Cust Num Veh Rch. Sp. Battery cap Init battery Final battery
n |K| h” /,U Hmax Hinit | /inal

Scenario size

S 96 {12,24,36,48} 4 {0.25,0.5} {9.75,19.5,29.25,39} {0.2,0.8} H™> {0.2,0.8% H™=

M 60 {24,48,72,96} 8 {0.25,0.5}

L 60 {36,72,108,144} 12 {0.25,0.5}

XL 48 {48,96} 16 {0.25,0.5}

Number of cycles

1 96 {12,24,36,48} {4,8,12,16} {0.25,0.5} {9.75,19.5,29.25,39} {0.2,0.8} H™> {0.2,0.8} H™>~

2 96 {24,48,72,96} {4,8,12,16} {0.25,0.5}

3 36 {36,72} {4,8,12,16} {0.25,0.5}

4 36 {48,96,144} {4,8,12,16} {0.25,0.5}

Recharging speed

SLOW 396 {12,24,36,48, {4,8,12,16} 0.25 {9.75,19.5,29.25,39} {9.75,19.5, {9.75,19.5,
72,96,108,144} 29.25,39} 29.25,39}

FAST 396 {12,24,36,48, {4,8,12,16} 0.5

72,96,108,144}

+ Consider an arc (i,j) € A. If i € N, then i geographically
represents the delivery station of the corresponding job. If j €
N, then j geographically represents the pickup station of the
corresponding job.

If i € N, the parameter ¢;; represents the time for performing the
job corresponding to customer i € N as well as the time to reach
vertex j € J. More precisely, ;; then comprises the service time
at the pickup location, the travel time from the pickup location
to the delivery location, and the service time at the delivery
location of the transport job corresponding to customer i € N.
Furthermore, it comprises the travel time from the corresponding
delivery location of i to the geographic location represented by j,
i.e., the pickup location corresponding to j if j € N, the location
of recharging station j € R, or the location of destination depot
jED.

The interpretation of parameter h;; with i € N is analog to
t;;. It includes the battery consumption for handling the load
at the pickup location, traveling with load from the pickup to
the delivery location, and for handling the load at the pickup
location of the job corresponding to customer i. Additionally, it
includes the battery consumption for traveling without load from
the delivery location corresponding to i to the geographic location
represented by ;.

Similarly, if i € N, then parameter c;; comprises the travel
distance from pickup to delivery location of the job corresponding
to customer i as well as the travel distance from the delivery
location corresponding to i to the geographic location represented
by j.

Appendix B. Detailed characteristics of Karis instances

Table 12 gives an overview of the instance characteristics differen-
tiated by the three instance groups Scenario Size, Number of Cycles,
and Recharging Speed.

Appendix C. Detailed computational results for the Sol instances

In this section, we discuss the structure of the resulting routes,
applying the different objectives and recharging strategies in more
depth. As in Section 5.2.2, we filter the results to the 133 instances for
which we solved all six variants — two objectives with three recharging
strategies — to optimality.

Fig. 11(a) displays the share of available vehicles that are used in
the optimal solutions. CT solutions consistently use always all vehicles

20

in all recharging strategies, while in DI solutions, the number of used
vehicles corresponds to the number of vehicles determined in the pre-
processing step. This is because the DI objective incentivizes long but
fewer routes, avoiding the extra distances from and to the origin and
destination depot of the vehicles and increasing the probability of good
customer combinations. The CT objective, on the other hand, bene-
fits from scheduling all available vehicles. The positive effect for the
completion times results from shorter routes with earlier completion
times of the contained customer visits, and from the usage of the initial
energy of the whole vehicle fleet.

Fig. 11(b) shows that, on average, the number of recharges in CT
solutions is higher than in DI solutions. Apparently, the DI objective
tries to avoid frequent recharges to reduce detours to the recharging
stations. In contrast, the CT objective accepts more and preferably short
recharging stops to avoid the postponement of customer visits later on
the routes. This difference is most evident for PR where the durations
of the recharging stops can be kept as short as possible.

With the DI objective, the selection of a recharging station strongly
depends on the shortest detour. Furthermore, we can observe a ten-
dency to recharge in the middle of the route which can be explained
as follows. Visiting a recharging station early on the route is only a
good choice if the delays of the arrivals at later stops have no negative
effects on the due dates. Visiting a recharging station late on the route
is only possible if the battery level allows it. The charts in Fig. 12
illustrate that this effect consistently occurs for all recharging strategies.
On the x-axis, they show the positions of the recharge stops relative to
all stops of a route for all routes of all solutions. For the DI objective,
the distribution is quite symmetric, with a mean of 0.5 and a rather
high variance. Fig. 11(c) shows that less than 20% of the routes contain
a visit to a recharging station just before returning to the destination
depot. On the contrary, in CT solutions, the share of routes for which
the last vertex before the destination depot is a recharging station is
high for all recharging strategies. For PR, this happens in almost all
routes. Accordingly, in Fig. 12, the distributions of the relative positions
of the recharging stops are strongly skewed to the left for all recharging
strategies.

To analyze the impact of the objective function and the recharging
strategies on the length of the recharging stops, Fig. 12 depicts on
the y-axis the recharging duration per recharging stop relative to the
planning horizon of the corresponding instance. Recall that for BS, the
battery swap duration was set to 10% of the battery capacity (H"**)
and, hence, the duration of each recharging stop of a given instance is
constant. The differences in the chart result only from different battery
capacities of the instances and should not be interpreted otherwise.

For FR, the recharging duration depends directly on the current
battery charge level, and hence, a recharging stop relatively early in
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Fig. 11. Recharging behavior over 133 instances for which an optimal solution was found for all six variants.
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Fig. 12. Relative recharging duration and relative position of recharge stop over all routes of all instances by recharging strategy (different plots) and objective (color). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the route results in relatively short recharging durations. Even more,
Fig. 12 shows that also most of the late recharging stops still feature
rather short recharging durations, indicating consistently high battery
charge levels. For the CT objective, however, a considerable share of
the late recharging stops take around 20% of the planning horizon. This
explains the difference in the sums of the recharging durations between
DI and CT depicted in Fig. 11(d).

For PR, Fig. 12 reveals that most recharging stops are rather short,
irrespective of the objective function. This shows that the additional
degree of freedom of this strategy is heavily used, especially with
the CT objective. The strongly left-skewed distribution of the relative
recharging duration in Fig. 12 and the number of recharges per instance
in Fig. 11(b) mean that solutions for the variant with CT and PR com-
prise comparatively many but short recharging stops. This is especially
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noteworthy because the use of the whole vehicle fleet leads to higher
initial battery charge levels, and yet more recharge stops are scheduled.
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