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1. Introduction

Grocery distribution is characterized by the supply of a variety
of different types of store (e.g., hypermarkets, supermarkets, and city
stores) and likewise a variety of products and segments (e.g., frozen,
fresh, and ambient products). The supply of each store type has its
own particularities, and retailers have to deal with these to ensure
cost- and time-efficient distribution (Agrawal & Smith, 2015; Hiibner
et al., 2013). Convenience stores constitute the smallest but at the same
time an important store type in an urbanized world. The range of
convenience stores in Europe comprises small city markets (e.g., REWE
to go, SPAR express), kiosks, and gas stations. The variety of types
and locations results in a heterogeneous structure of opening hours
and delivery restrictions. Convenience stores are usually situated in
dense urban areas and characterized by small and frequent orders due
to their limited store space and backroom capacities. This leads to
frequent and heterogeneous deliveries as convenience stores offer —
despite their small size — a large product variety, ranging from tobacco
and magazines through frozen products to an increasing assortment of
fresh products for takeaway. The heterogeneous orders across different
temperatures and generally small order sizes call for a combination of
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the different product flows to leverage synergies and enable economies
of scale. Multi-compartment vehicles (MCVs) enable this combina-
tion as they are designed to split up their loading area into different
chambers (compartments), each dedicated to one temperature zone.
This perfectly suits the supply of convenience stores. Thanks to their
flexibility and the combination of different product flows, MCVs are
used successfully in retail practice (see e.g., Griinrock-Kern (2013)) and
for other areas of application (e.g., waste management (Henke et al.,
2015; Zbib & Wghlk, 2019)).

In addition to industry-specific requirements, there are legal restric-
tions for the driving and working times of drivers. These are generally
controlled by Regulation (EC)561/2006 (European Union, 2006) as
well as the Directive 2002/15/EC (European Union, 2002) of the
European Union (EU). The first mainly concerns the driving periods and
respective rest periods and break times, the latter provides additional
provisions for working hours, breaks, and night work (Goel, 2018).
These regulations therefore impact the possible route planning in short-
distance last-mile delivery such as for the supply of convenience stores.
We consider the daily routing at a retailer in our application and thus
delivery tours that are characterized by frequent stops and respective
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activities such that the driving is interrupted frequently. The regula-
tions on uninterrupted driving periods of 4.5 h and rest periods between
two consecutive days (see EU Regulation (EC)561/2006) can therefore
be neglected for the daily route planning. Instead, restrictions on the
working time (i.e., daily working hours) and the scheduling of breaks
are central aspects for the routing problem discussed as they limit
possible tour duration and dictate breaks during the tours that drivers
have to take.

The requirements described need to be considered in distribution
planning. The supply of convenience stores is a major challenge for
retailers and has so far not been addressed, despite its relevance in mod-
ern retail practice. It requires tailored solution approaches to enable
realistic planning of associated tours and to adhere to all regulatory
and operational requirements: small order sizes across different temper-
ature zones, multiple time windows, and the integration of breaks and
maximum tour duration. While working hour regulations and driving
time limitations have been considered in long-haul transportation (see
e.g., Goel and Irnich (2017), Goel and Vidal (2014), Kog et al. (2018)
and Tilk and Goel (2020)), these practical requirements are mostly
neglected in short-distance distribution planning. Vehicle routing prob-
lem (VRP) variants, including VRPs with MCVs, often ignore working
hour regulations or tour duration restrictions (see e.g., Ostermeier
et al. (2021)). The consideration of these is, however, essential for
actual planning in the retail industry. The integration of breaks impacts
arrival times at stores and overall tour duration. This is critical when
time windows have to be met and the duration of tours is limited.
Neglecting mandatory breaks on tours may lead to significant delays
of deliveries and to non-feasible tours as delivery time windows or
store opening hours are not respected. This paper addresses this issue
and takes into account the break time scheduling for the daily routing.
We address the supply of convenience stores that occurs in grocery
retailing. This study is based on a cooperation with a major European
retailer. It reflects planning restrictions at our industry partner and the
corresponding routing problem. Despite the underlying case, the setting
and requirements are transferable to related distribution problems. We
formulate a general multi-compartment vehicle routing problem with
multiple time windows and breaks (MCVRP_TWB) that extends the
classical capacitated vehicle routing problem (CVRP, see Toth and Vigo
(2014)) and takes into account the particularities of the supply of con-
venience stores. This allows us to contribute to the existing literature
by considering the following problem characteristics simultaneously:

The supply of convenience stores (i.e., short-distance routing)
with MCVs.

The decision on joint and/or separate deliveries of product seg-
ments, i.e., the decision on the number and size of compartments.
The delivery within predefined multiple time windows according
to store types, employee availability, and opening hours.

The adherence to working time regulations. This includes the
adherence to maximum tour duration, the scheduling of breaks
within tours, and the general decision on the duration of tours to
control the need for breaks.

We present an adaptive large neighborhood search (ALNS) to solve
the MCVRP_TWB for realistic problem sizes. The ALNS uses problem-
specific operators to address the problem characteristics given and
integrates break times within the search. We show that our solution
approach outperforms existing state-of-the-art approaches for MCVRP.

The remainder of this paper is organized as follows. Section 2
describes the planning problem considered and Section 3 discusses
literature related to our problem. Section 4 formulates a comprehensive
model formulation for the MCVRP_TWB. The solution approach devel-
oped is presented in Section 5. Section 6 first analyzes the performance
of the ALNS proposed by comparing it to a state-of-the-art approach and
then examines the impact of working hour regulations for the routing in
retail practice. We therefore provide a case study and further numerical
experiments in our analysis. We conclude our work by summarizing our
findings in Section 7.
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2. Problem description

This section details the planning problem of supplying convenience
stores when working hour regulations are considered. The setting de-
scribed is motivated by the actual distribution problem of our partner
in industry. We first describe the distribution system for the supply of
convenience stores before detailing corresponding restrictions and legal
regulations.

The supply of convenience stores. Most retailers supply their own (con-
venience) stores and customers via central or local distribution centers
(DCs; see Fernie and Sparks (2009), Kuhn and Sternbeck (2013)).
Further, distribution is carried out by the retailer’s own distribution
fleet, by external carriers, or a mix of both. The scheduling of tours is
in all cases subject to the regional planners. Distribution starts and ends
at the DC, where goods are loaded, and the deliveries are carried out by
MCYV tours to supply all stores with demands on the respective planning
day. Convenience stores are small retail outlets with limited space and
restricted accessibility in a mostly urban environment. This leads to
high customer frequency and at the same time to a broad assortment
in terms of product segments offered. Convenience stores thus require
small (due to lack of storage/space) and frequent (due to high customer
demand) deliveries with a heterogeneous structure. This means that
orders comprise small amounts of individual products but at the same
time across different product segments (i.e., temperature zones). The
order of a gas station may comprise small amounts of frozen and fresh
foods (e.g., single packs of ice cream and ready-made sandwiches),
ambient goods plus tobacco products, as an example. A higher number
of orders is combined on the same route, and consequently tours
with up to 24 stops per tour are common. This contrasts with the
supply of supermarkets, where usually around six stores are served (see,
e.g., Hiibner and Ostermeier (2019)), or the supply of hypermarkets,
where even fewer stores are on the same tour due to frequent full-
truck deliveries. The prevailing order structure for convenience stores is
therefore predestined for the use of MCVs. These vehicles are beneficial
for the delivery of small orders across multiple segments and especially
multiple temperatures (see e.g., Ostermeier and Hiibner (2018)) as
they are able to combine the different product flows. In detail, the
loading area of an MCV can be subdivided into several compartments,
each dedicated to one temperature/product type, which enables the
simultaneous transportation of different temperature zones. Orders
across several zones can be combined on the same vehicle and store
demands for multiple segments can be fulfilled by a single truck. The
short distances and the high number of stores are especially beneficial
for the use of MCVs as this ensures the use of all compartments with
sufficient capacity usage. In contrast, the use of single-compartment
vehicles leads to a higher number of deliveries (e.g., multiple deliveries
for each temperature segment) or the use of cooling boxes requiring
additional handling effort. The products ordered are commissioned at
the DC in the respective warehouse sections of the associated segments
(e.g., frozen, fresh, ambient, and tobacco), and all goods are consoli-
dated within a buffer area at the loading ramp of the corresponding
tour. Please note that products with cooling requirements (i.e., fresh
and frozen goods) are loaded directly to vehicles as soon as the loading
is possible such that the cooling chain is not interrupted. Drivers are
responsible for the loading of their trucks, which consumes available
working time and affects the feasible tour duration (see below). They
load all orders of a tour into the compartments of the MCV and start
the tour at the scheduled starting time. Drivers are a rare and costly
resource these days. The objective of the distribution is therefore to
minimize the overall time consumed. Fig. 1 illustrates the complete
distribution process.
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Fig. 1. Distribution system for the supply of convenience stores with MCVs.

Time restrictions for the distribution. The system has additional require-
ments that have to be respected within the planning process. The
distribution process depicted in Fig. 1 is restricted by several time
constraints that impact the routing decisions. To begin with, the arrival
times at convenience stores are subject to delivery time restrictions.
First, the opening hours of stores are heterogeneous across the different
types of store. A gas station may be open 24 h a day, while small kiosks
have restricted opening hours or can only be supplied at specified
times due to limited accessibility or legal restrictions (e.g., deliveries
in pedestrian zones only between 6 and 10 am or 6 pm and 9 pm).
Second, core customers and corresponding stores may have contracted
delivery time windows and therefore need to be served within the times
defined as otherwise fines apply. Finally, the workforce in small stores
is limited and stores may be dependent on defined delivery times such
that enough workers are available. These time restrictions of the stores
result in multiple time windows for the delivery throughout the day.
Additionally, individual stores require individual service times as the
service at stores is dependent on the site specifics. Some store deliveries
may be hindered by limited accessibility or restricted unloading areas.
The delivery process is consequently characterized by process- and
store-specific service times.

Alongside store-specific restrictions, there are legal regulations with
respect to the labor time of drivers. More precisely, there are limits for
the total labor time (i.e., an absolute maximum of 10 h per day) and for
break times during work that need to be respected for all employees.
Total labor time limits the tour duration, which is further reduced due
to other tasks a driver is responsible for (e.g., loading of the truck before
the tour starts, return of empty roll cages). The working day of a driver
is consequently separated into tasks at the DC (e.g., loading of goods,
paperwork, return of empties) and the actual delivery tour. As such, the
full working hours are not available for the tours. The mandatory break
times further imply that breaks during the delivery tours are required
between stops at stores if the tour length exceeds a defined duration
(i.e., exceeds six working hours). The exact regulations are controlled
by the respective authorities and differ between countries and regions
(see e.g., Regulation (EC)561/2006 (European Union, 2006)). In the
application considered, breaks can be taken between two consecutive
stops, i.e., before or after a stop on the tour. The first and last (store)
stop are an exception in this context: there must not be a break before
the first nor after the last store on a tour. After the last stop, vehicles
return straight to the depot. The mandated break times may be taken
in one break (i.e., a single break of 45 min) or split into two smaller
breaks (i.e., two breaks of 30 and 15 min). In any case, it needs to be
ensured that a break of at least 30 min is scheduled during the first six
hours of a tour in the event that the tour exceeds this duration.

The combination of break times and strict time windows for deliv-
eries poses additional planning challenges. The overall tour duration as
well as the arrival times at all subsequent stores are affected as soon as
breaks are mandatory for tours. This complicates the planning as these
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times need to be integrated into the process such that delivery times are
not violated and tour duration is not exceeded. Neglecting break times
leads to non-feasible tours and in the worst case to failed deliveries
(arrival after opening hours) or high fines (if service agreements are
not met). The need for breaks (through the duration of tours) and the
actual time when a break is taken is thus part of the decision problem.
An example of breaks during a tour for the supply of convenience stores
is illustrated in Fig. 2. It shows a tour visiting 20 stores (stops). The
break time of 30 min may be taken any time between stop 1 (after)
and stop 12. After stop 13 the duration of 6 h is exceeded and thus the
30-min break has to take place at a previous stop. The 15-min break
on the other hand may happen any time on the tour (before stop 20 as
the last stop). The tour duration is limited to 8 h and 45 min.

3. Related literature

This section discusses related literature and concludes with a sum-
mary that details the contribution of our work. The MCVRP_TWB
extends the literature on MCVRPs and CVRPs with respect to time
windows and working hour regulations. We therefore discuss related
publications in these areas. For a detailed review on VRPs and their
variants we refer to Toth and Vigo (2014), Laporte (2009), Pollaris et al.
(2015) as well as (Golden et al., 2008), and to Ostermeier et al. (2021)
for a detailed review of MCVRPs.

MCVRPs in grocery distribution. Our review focuses on MCVRPs in gro-
cery distribution. Chajakis and Guignard (2003) present a first study on
the supply of convenience stores with multiple temperatures. However,
the authors do not explicitly consider MCVs but two alternatives, where
either bulkheads are used to separate temperature zones or cooling
boxes. They present the corresponding mathematical models and solve
the variants using Lagrangean relaxation. Derigs et al. (2011) are the
first to present a comprehensive mathematical model for the use of
MCVs in fuel and grocery distribution. The authors present a solver
suite of various solution methods (e.g., local search and large neigh-
borhood search (LNS) components). They analyze the performance of
different operator combinations in numerical experiments. Hsiao et al.
(2017) consider a problem variant where the exact temperature setting
within compartments is adjusted in addition to the compartment sizes.
They analyze the impact of temperature and storage time on the goods,
i.e., the quality of foods. Moreover, time windows and service times
are taken into account. The problem is solved using biogeography-
based optimization. Hiibner and Ostermeier (2019) examine the impact
of additional loading and unloading costs when MCVs are used and
different shipping gates at the DC have to be approached. In contrast to
our application, the warehouse and corresponding loading gates are or-
ganized according to the different temperature segments, and traveling
between gates to collect different segments is necessary. They solve the
corresponding MCVRP with loading and unloading costs with an LNS
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Fig. 2. Possible break times during a delivery tour (example).

and analyze the benefits of MCVs in grocery distribution. Further, Os-
termeier and Hiibner (2018) extend their previous work by selecting
either single- or multi-compartment vehicles for delivery tours. In a
similar problem setting, Ostermeier et al. (2018) study the impact of
loading constraints on the distribution with MCVs. The authors present
an exact approach for their problem formulation (branch-and-cut) as
well as a neighborhood search that integrates loading restrictions. Chen
et al. (2019) study an MCVRP for the distribution of perishable food.
They take time windows into account and limit the number of stores to
be visited to ensure the freshness of products. The problem is solved
using an ALNS approach. Chen and Shi (2019) consider a problem
variant for urban/last-mile delivery with time windows. They take
into account orders for products that need to be separated due to
odor or mutual contamination. The authors propose two variants of
swarm optimization to solve the problem. Lastly, Martins et al. (2019)
and Frank et al. (2021) study multi-period MCVRPs. The former work
defines product-specific time windows and introduces an ALNS with
daily and weekly operators to simultaneously address the routing and
multi-period aspects of the problem. The latter work optimizes delivery
patterns for the distribution with MCVs and analyzes the corresponding
impact of combined product flows. The authors also use an ALNS to
solve the multi-period problem. The existing publications highlight
the importance of MCVs for grocery distribution and the increasing
interest in this field of study. Yet, as pointed out in the MCVRP review
by Ostermeier et al. (2021), publications in this area with respect to
real-world limitations are lacking. None of the existing publications
deals with the combination of duration constraints, store-individual
(multiple) time windows and service times, and - in particular — no
break times are considered.

VRPs with time windows. The VRP with time windows (VRPTW) is
closely related to our problem variant. There are numerous publications
on VRPTW as it represents one of the most studied VRP variants. We
therefore refer to Desaulniers et al. (2014) for a more detailed survey
on VRPTW. There are many different solution approaches due to the
high number of publications. Besides exact approaches (see e.g., Bal-
dacci et al. (2012)) there are various heuristics for the VRPTW (see
e.g., Gendreau et al. (2008), Gendreau and Tarantilis (2010)). Heuristic
approaches are required to solve large-scale problem instances of the
complex routing problem. Among others, (A)LNS heuristics belong to
the best-performing approaches (see e.g., Prescott-Gagnon et al. (2009),
Ropke and Pisinger (2006)), and thus motivated the development of our
ALNS approach.

VRPs with break considerations. In addition to VRPTW, VRPs with
consideration of break times are related to our work. The literature on
this topic can be divided into two streams: the vehicle routing and truck
driver scheduling problem (VRTDSP), and the vehicle routing problem
with break times. The VRTDSP combines the truck driver scheduling
problem (TDSP) and classic VRPs for long-haul transportation. Drivers
in long-haul transportation are required to adhere to given driving
hours and rest periods to avoid excessively long driving times through-
out the week or several consecutive days. The TDSP arose from the
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need to address different country- and region-specific regulations in
long-haul transportation and thus different planning requirements for
drivers (see e.g., Archetti & Savelsbergh, 2009; Bowden & Ragsdale,
2018; Goel, 2010; Goel et al., 2012; Goel & Kok, 2012; Kleff, 2019).
The related works focus on the adherence to regulations for driver
scheduling, i.e., they often assume a given sequence of nodes for which
a valid schedule has to be determined for the planning horizon con-
sidered. Goel (2012) provides a general formulation of the minimum
duration TDSP that can be flexibly applied to different sets of rules. The
VRTDSP extends the TDSP by integrating routing decisions and time
windows. The first work in this context was presented by Savelsbergh
and Sol (1998), who consider lunch and night breaks within fixed time
intervals and provide a solution approach based on a branch-and-cut
algorithm. Following this early research, there are various publications
that address model extension and different regulatory settings. Both
exact approaches (see e.g., Goel & Irnich, 2017; Tilk & Goel, 2020)
and heuristic approaches (see e.g., Goel, 2009; Goel & Vidal, 2014; Ko¢
et al., 2018; Kok, Meyer, et al., 2010; Prescott-Gagnon et al., 2010;
Rancourt et al., 2013; Xu et al., 2003) have been proposed to solve
the VRTDSP efficiently. Kok, Hans, et al. (2010) study a problem for
the driving times of daily routing, but the planning framework is based
on long-haul transportation with driving time limits of 4.5 h. All these
publications deal with explicit driver regulations due to the long-term
horizon, i.e., extensive driving times for multiple hours. In contrast to
our work, the driving itself (e.g., 4.5 h) is the bottleneck, and breaks
as well as rest periods between consecutive stops/days need to be
planned. In our problem context, we deal with daily delivery tours that
are characterized by short-distance transportation and frequent stops
with service requirements such that accumulated driving periods are
not an issue. The working hour regulations that apply are not just
valid for drivers but for all employees in Europe and comprise the
complete working time, i.e., driving as well as service times. Breaks
can be scheduled freely after each stop on the tour and a decision
is required regarding when the break fits best (if mandatory), or if
shorter routes are constructed to avoid breaks. This decision is la-
beled as break time scheduling. Moreover, the total break time may
be split into multiple breaks (e.g., 15+30 min), which adds to both
flexibility and complexity. We therefore consider the scheduling of
break times in short-distance transportation as is the case for the supply
of convenience stores. Publications that deal with a similar problem
setting, i.e., break times during daily delivery tours, focus on lunch
breaks. The first work that explicitly addresses break times in the
form of lunch breaks is found in Sahoo et al. (2005). The authors
consider single lunch breaks within waste management and model the
breaks by adding a dummy node to the network that represents the
break stop. The authors apply an iterative two-phase algorithm that
is based on the insertion algorithm of Solomon (1987) and exchange
operators of Taillard et al. (1997). Kim et al. (2006) extend this work
and present a clustering-based algorithm for the problem. In the same
field, Buhrkal et al. (2012) present another work for the consideration
of lunch breaks. The authors add binary variables to their model to



account for the position of break times. They use an ALNS to solve the
corresponding VRP. Finally, Coelho et al. (2016) consider lunch breaks
in the context of the furniture industry. They present a mixed integer
linear program that does not use additional variables for breaks but
an extended distance matrix that links all breaks with customers. The
authors present a multi-start randomized local search heuristic as the
solution approach. All of these publications consider break times, but
break times are fixed to specific, predefined time windows (lunchtime)
in each study. Break times are therefore restricted to time windows and
not freely chosen during the tour. Further, breaks are inserted into all
tours independent of the tour duration. This distinguishes our work
from other publications and constitutes the genuine character of the
MCVRP_TWB, where the need for breaks depends on the tour duration
(i.e., if breaks become mandatory as tour duration exceeds a given
threshold), and only the length of breaks, not the actual time of the
breaks, is predefined.

Summary and contribution. The supply of convenience stores has sim-
ilar requirements to that of standard grocery distribution, but also
poses additional challenges. As such, we take into account small and
frequent orders for short-distance transportation and the use of MCVs
to address these requirements. In addition to the general distribution
setting, we need to consider strict time restrictions due to time window
requirements and the adherence to break times for workers. Review
of the pertinent literature shows the importance of MCVs for grocery
distribution and the consideration of both time windows and break
times. Yet most publications dealing with break times focus on long-
haul transportation and its specifics (e.g., rest and driving periods),
while only a handful of publications consider breaks (i.e., lunch breaks)
for daily routing. The consideration of working hour regulations is an
important topic for retailers as it directly impacts routing decisions and
the overall distribution planning. The insertion of break times impacts
delivery times and — in combination with time windows — the planning
of feasible routes. Break times and limited route duration need to be
taken into account to provide applicable routing solutions and to enable
a realistic evaluation of tours. There is no publication that deals with
the integrated planning of breaks for the supply of convenience stores
or other short-distance routing applications. Break times have also
not been considered within MCVRP literature and the corresponding
combination of different product flows. Our study fills this gap. It
provides a general problem formulation for the integration of breaks
into an (MC)VRP and analyzes the implications of the corresponding
routing problem for direct application in the retail industry.

4. Model development

This section presents the mathematical model of the MCVRP_TWB.
We provide a general problem formulation for the consideration of
multiple breaks and time windows, driving time restrictions, and store-
individual service times that also applies to related short-distance
routing problems in other regions, including single-compartment ap-
plications (i.e., assuming a single compartment). The MCVRP_TWB is
defined on a complete, undirected, weighted graph G = (NO, E ), where
Ny ={0,1,...,n} represents the set of nodes including the depot (node
0) and N = Nj\{0} the set of store locations. E = {(i,j) : i,j € N}
represents the set of edges, each weighted with the traveling time r;;.
The traveling times satisfy the triangle inequality. All tours start and
end at the depot. The planning horizon comprises one delivery day
on which each tour has a maximum duration of T hours. Breaks are
mandatory on a tour if the duration exceeds R hours. The break time is
split up into a set of breaks B, and each break is associated with a break
time r,. This means that the complete break time required (e.g., 45 min)
is the sum of all breaks, i.e., Y ,.pr,. This allows us to model the
possibility of a single break (i.e., | B| = 1) as well as the segmentation of
break time into smaller breaks (e.g., 30 and 15 min). Breaks can only
happen after the first and before the last stop at a store on the tour.
Further, a certain share of breaks has to be taken within the first R
working hours, which is represented by the subset B C B. A sufficiently
large, homogeneous set ¥ of MCVs with capacity Q is available at
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the depot. The distribution comprises orders across a set of different
product segments S. The subset S; C S summarizes all segments
ordered by a store, i.e., the corresponding order quantity g;, is positive.
The loading area of an MCV can be split into up to ¢ compartments
to accommodate the different segments (i.e., temperature zones). We
assume ¢ = |S|, i.e., all segments considered can potentially be deliv-
ered jointly by a single MCV, and the set of segments S also represents
the potential compartments on an MCV. However, the assignment of
segments to vehicles is restricted by a maximum compartment capacity
for individual segments (Q,, s € S, e.g., limited frozen compartments).
Note that not all compartments that are potentially available have to
be used. The number of available compartments defines the maximum
number of possible compartments and their maximum capacity on a
truck. Further, each store is associated with a fixed service time sf and
a variable service time s}, that depends on the store location and the
order size of segment s. The supply of store i has to take place within
a set of predetermined time windows TW,, where r € TW, is a time
window denoted by [a;, §;], with «;, and p;, as the lower and upper
bound, respectively.

For the mathematical formulation, we further introduce the follow-
ing binary decision variables.

Poiv {
=1, if vehicle v travels from location i to j
X .
v =0, otherwise

=1, if break b is scheduled after store i on tour (vehicle) v
=0, otherwise

=1, if store i is supplied with segment s in time window ¢
Yist ' =0, otherwise
B =1, if store i is supplied with segment s by vehicle v
isv =0, otherwise

Additionally, we introduce three auxiliary variables: The binary
variable v, indicates if a break is mandatory on tour v, i.e., if the tour
length exceeds the duration R. The continuous variable w;, represents
the arrival time of vehicle v at store i, and d, indicates the total tour
duration of vehicle v. Using the defined sets, parameters, and variables,
the MCVRP_TWB can be formulated as follows.

min /= Y, d &)
vev
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The objective function of the MCVRP_TWB (1) minimizes the total
duration of all tours. Constraints (2) and (3) ensure the start of each
tour at the depot and the flow conservation. Each segment ordered by
a store has to be delivered (Constraints (4)). A store needs to be visited
by a vehicle if at least one segment ordered is assigned to the corre-
sponding tour (Constraints (5)). The assignment of orders to vehicles
is only possible within the given capacity restrictions of the vehicle
and compartments (Constraints (6) and (7)). The term .y g;s - Zigy
consequently indicates the actual compartment size used for segment
s on vehicle v. Please note that Constraints (6) are only required if
the theoretical capacity of all individual compartments exceeds the
vehicle capacity (},c¢ Q, > Q). By allowing the sum of compartment
capacities to exceed the total truck capacity, it is ensured that each
compartment size can be chosen flexibly within the maximum truck and
compartment capacities QO and Q,. This means that each compartment
can be set at any feasible size between 0 and Q; < Q, where 0 indicates
that the compartment is not used. Exactly one time window is assigned
for the supply of segment s to store i, which is ensured by Constraints
(8). Constraints (9) define the total tour duration d, of vehicle v. The
tour duration must not exceed the maximum duration of T working
hours as indicated by Constraints (10). Constraints (11) to (14) concern
the scheduling of breaks. First, breaks become mandatory on tour v if
the tour duration exceeds R working hours. Second, in the event that
breaks are required on a tour (y, = 1), Constraints (12) ensure that
all breaks b € B are set to active. Third, no breaks are allowed after
the last store stop of the tour. Lastly, a certain share of breaks has to
be scheduled within the first R working hours according to Constraints
(14). Constraints (15)-(18) set the arrival times at stores, ensuring that
travel, service, and break times (Constraints (16) and (17)) as well as
the given time windows (Constraints (18)) are respected. Finally, the
variable domains are defined in Constraints (19)-(24).

5. Solution approach

The MCVRP_TWB extends the classic CVRP and constitutes an NP-
hard optimization problem (see Toth and Vigo (2014)). The use of
standard solvers is limited to small problem instances with respect to
number of stores, orders, segments, and vehicles. Heuristic solution
approaches are usually applied for industry-relevant problem sizes with
several hundred orders. We present an ALNS to solve the MCVRP_TWB
for this purpose. ALNS approaches have successfully been used on
various VRPs (see e.g., Amorim et al. (2014), Kovacs et al. (2014)

and Ropke and Pisinger (2006)), for MCVRPs (see e.g., Alinaghian and
Shokouhi (2018), Derigs et al. (2011) and Martins et al. (2019)), and
also for VRPs with consideration of lunch breaks (see e.g., Buhrkal
et al. (2012)). It can be classified as a state-of-the-art approach for
rich routing problems. Typically, an ALNS comprises the following
steps: (1) generation of initial solution (Section 5.1), (2) improvement
phase by changing large parts of the incumbent solution (Sections 5.2
and 5.3), (3) acceptance of new solutions according to defined criteria
(Section 5.5), and (4) update of operator scores according to their
performance (Section 5.6). Our ALNS framework uses problem-tailored
operators to steer the search for promising solutions. We further split
the ALNS into two search phases: phase 1 solves the MCVRP without
the consideration of break times, and phase 2 solves the complete
MCVRP_TWB. This means that breaks are ignored for the initial solution
and within the first phase. The breaks are then inserted before the
second search phase starts. The allowed tour length in phase 1 is limited
to the maximum total driving and service time for drivers, excluding
the potential time required for breaks. Only after the first search phase,
the allowed duration is increased to the maximum tour duration. This
ensures feasibility of the break insertion. For example, if we assume
a maximum tour duration (7) of 8 h and 45 min and a required
(total) break time of 45 min, the maximum driving and service time
is set at 8 h in the first search phase. Once the second phase starts,
the maximum tour duration T is used. Moreover, the adherence to
Constraints (11)-(14) is ensured using a dedicated break adjustment
mechanism (Section 5.4). Algorithm 1 outlines the complete solution
approach.

We further allow non-feasible solutions with respect to the time
window constraints during the search (see e.g., Vidal et al. (2012)).
This means that early or late deliveries are possible but penalized.
This results in the modified objective function f’ = f + ¢ - X.cn ;5
where { is a penalization weight and u; the extent of time a store time
window is missed. The parameter ¢ is increased in regular intervals
to steer the search towards a solution without violations by setting
¢ = expliterations/®) where 6 is used as a control parameter.

Please note that in our context the algorithm removes/inserts orders
(i.e., a combination of store i and segment s) and not, as is common in
single-product cases, complete customers (i.e., stores) from the solu-
tion. We define an order as a combination of store i and segment s in
the remainder of this work.

5.1. Initial solution

The ALNS approach proposed is based on an initial set of routes.
The initial route building is done by a variation of the well-known
savings procedure of Clarke and Wright (1964). The savings algorithm
has been successfully applied in other MCVRP and VRP variants (see
e.g., Muyldermans and Pang (2010)), and especially serves as basis for
modified heuristics in the context of time windows (see e.g., Solomon
(1987), Van Landeghem (1988)). It was chosen as it provides a fast
initial solution and a solid basis for the subsequent improvement phase
of the ALNS. Our savings have been modified to take into account the
arrival times within the predetermined time windows. It is defined by

s;; = vt +1tg; — 11;;), where 11;; represents the travel times between
two locatlons and v;; the delivery time similarity between the two
corresponding locations. The parameter v;; € [0, 1] indicates the share
of time in which the time window(s) of the successor location is met
with respect to the given time window(s) of the predecessor location.
For instance, if store i has a time window between 6 am and 10 am
(i.e., a time span of 4 h), and store j can be supplied between 6 am
and 8 pm (i.e.,, time span 14 h), v;; equals 1 as j can be reached at
all possible start times from i (v;; = W = 10 6) The
other way round, store i is only reached in time from store j if the
vehicle starts at j between 6 am and (10 — 11;;) am, i.e., v;; 10_”4 =6
In this sense, v can be seen as the hkehhood that store j is reached




Algorithm 1 ALNS - complete algorithm

> Section 5.1

> Section 5.2 & 5.3

> Section 5.5

> Section 5.6

> Section 5.4

1: Input: Order and customer data, time and distance matrix between locations;
2: Generate initial solution .S (no breaks)
3: Set best solution §* = §
4: Start first search phase (no breaks)
5: repeat
6: Select a destroy-repair heuristic pair (d, r) based on adaptive weights (p,,.)
7: Apply pair (d,r) to generate new incumbent solution S’
8: if ' < .S* then
9: Set S*=S"and S =5’
10: else if S’ meets acceptance criterion then
11: Set S =5’
12: end if
13: Update performance of destroy-repair heuristic pair (d, r)
14: until Termination criterion is met
15: Insert breaks into tours while adhering to Constraints (11)-(14), update solution .S*
16: Start second search phase (including breaks)
17: repeat
18: Select a destroy-repair heuristic pair (d, r) based on adaptive weights (p,,)
19: Apply pair (d,r) to generate new incumbent solution S’
20: if S’ < S* then
21: Apply break adjustment mechanism to generate S”’
22: if S” < S* then
23: Set S*=S5" and S = S”
24: else if S” meets acceptance criterion then
25: Set S :=8"
26: end if
27: else if S’ meets acceptance criterion then
28: Apply break adjustment mechanism to generate .S”
29: if S” meets acceptance criterion then
30: Set S :=5"
31 end if
32: end if
33: Update performance of destroy-repair heuristic pair (d, r)

34: until Termination criterion is met
35: return S*

in time from store i. Please note that the savings are calculated for
all store combinations regardless of the segments ordered while service
times are neglected. The savings calculated are therefore equal for all
segments (orders) of a store.

5.2. Destroy operators

The improvement phase of the ALNS starts by destroying parts of
the current solution using destroy operators. We define two groups of
destroy operators in our implementation: diversification and intensifi-
cation. A total of five destroy operators are used.

Diversification. The diversification destroy operators aim at explor-
ing different, random neighborhoods and therefore at broadening the
search to overcome local minima. The first operator for diversification
is random removal. It operates by randomly removing o orders from the
current solution. Second, a tour removal operator is used to diversify the
tours used. It randomly selects m existing tours and removes the tours
completely, i.e., all corresponding orders are removed.

Intensification. Alongside diversification, the search needs to be inten-
sified to exploit promising neighborhoods. The intensification operators
make use of problem specifics and are tailored to the problem setting
at hand. This enables a more guided search. We define three differ-
ent operators for intensification: penalty removal and two versions of
relatedness removals.

The relatedness removals are based on the original relatedness op-
erators by Shaw (1997), Ropke and Pisinger (2006), and Pisinger
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and Ropke (2007). The first operator is denoted as routing relatedness
and considers travel times between stores, order quantity, and order
segment. The relatedness measure R}Sljsz is defined in Eq. (25) and
indicates the relatedness between the order of store i for segment s,
and the order of store j for segment s,. The lower the value of R!, the

more two orders are related.

| 1;; ) |qis1 _qjszl

isyjsy T

(25)

+e€ @ e s,
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The first term considers the travel times, where 17,55 indicates the
maximum travel time across all stores. The second term compares the
order quantities of orders for the corresponding segments of stores i
and j, where g,,, represents the maximum order quantity across all
orders. Finally, the last term indicates whether the same segments are
considered for both stores (i.e., if s5; = 5,5, €5, = 0, 1 otherwise).
Each term is weighted according to its relevance for the search, using
the weights ¢, e, and w. One order from the order(s) already removed
is then chosen as the starting point for calculating the relatedness
to all other orders not yet removed. The remaining orders are then
sorted with respect to the calculated relatedness to the selected (already
removed) order. If no order has yet been removed, the first order is
chosen randomly. Further, following Shaw (1997), it is not the most
related order that is chosen for removal. Instead, using the random
number z € [0, 1) and the randomization parameter 4, the order z*- 100
percent down the list is removed. This process is repeated until o orders
are removed.

The second relatedness removal is denoted as time relatedness and
has been developed to take into account the heterogeneous delivery



times of stores. It is defined as
tﬁj H

2 =N et (=) —————
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The first term indicates the relation of travel time and overlapping
delivery times. Here, y;, ;,, indicates the time span in which both
stores i and j can be reached for the corresponding segments s; and
s, i.e., the total overlapping delivery time. The higher y;, ;,,, the
higher the similarity (which decreases Rl.zsljsz). Further, in cases where
store delivery times do not overlap (v ;,, = 0), p represents a small
number to ensure dissimilarity (4 < 0.1). The second term represents
the share of time in which both stores can be reached in relation to
the complete planning horizon H. Again, the importance of the two
terms is indicated using the weight 5. The removal process follows the
same logic as for the routing relatedness. Please note that, while the
time windows are not segment-specific, the time relatedness removal
concerns the removal of orders and is consequently calculated for each
individual order (i.e., the combination of store and segment, see also
above).

The penalty removal is a variation of the classical worst removal and
considers the penalty costs incurred by early/late deliveries. The orders
that cause penalties are ranked according to the penalty costs incurred
(in decreasing order). Again, o orders from this list are removed from
the current solution: it is not the most costly orders that are chosen for
removal; instead, orders are selected using the randomization z* (see
above).

5.3. Repair operators

After orders have been removed using one of the destroy operators,
the routes need to be repaired by reinserting all orders removed. For
repairing solutions we use two insertion operators: greedy insertion and
regret insertion. Using the greedy insertion, the orders removed are
inserted at the position that causes the least increase in costs. The order
with the lowest cost increase is inserted first. The insertion of orders is
repeated until all orders are reinserted. The regret insertion extends the
logic of the greedy operator by applying a more foresighted insertion
logic. In contrast to the greedy insertion, it is not the order with the
least cost increase that is inserted, but the order with the highest regret.
Regret is here defined as the opportunity costs if an order is not inserted
at its best but only at the kth best position. The parameter k represents
the degree of regret. Formally, the regret is defined in Eq. (27). The
delta in the objective function value for inserting the order of store i
for segment s at the best position (i.e., the position with the smallest
cost increase) at the /th best tour, is denoted by Azl':' This means that
I =1 is the tour with the lowest cost increase and would thus be chosen
using the greedy operator, and 4!, > 4”’, for 1 > I'.

k

regret;f = Z(Aﬁs
=2

1
-4 (27)

The regret operator then chooses the order of store i for segment s
with the highest regret according to Eq. (27) for reinsertion and repeats
this process until all orders are reinserted. As the value of regret may
change after each insertion, the regret values have to be calculated

within each iteration of the insertion.
5.4. Break adjustment mechanism

The integration of breaks into the search is an essential part of the
solution algorithm. The need for breaks is dynamic as the duration
of tours changes with every iteration, i.e., with every removal and
insertion of stores to tours. A continuous break-control during the
search that adjusts breaks with every change applied is computationally
costly and significantly increases runtimes. For example, the insertion
of a store into a tour would require simultaneously checking the impact
on tour duration, a possible removal/adding of breaks, a shift of breaks
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within tours (as mandatory breaks need to happen within the first
R hours of a tour), arrival times at stores and possible time window
violations, and finally, the cost implications of all these actions. We
further found that not allowing insertions whenever break constraints
are violated, restricts the search and hinders promising moves. As a
consequence, we decided on a practical approach - the break adjust-
ment mechanism — that controls break adherence whenever a promising
solution was found, i.e., if a current solution is a candidate for a
new incumbent solution (see acceptance criterion in Section 5.5). The
adjustment mechanism operates only during the second search phase,
as the first phase ignores breaks completely. The ALNS improves the
routing solution when breaks are integrated into the second phase by
removing and reinserting store orders using the operators introduced
in Sections 5.2 and 5.3, and the adjustment mechanism shifts breaks
within the routes according to the movement of orders. The mechanism
consequently ensures that the breaks adhere to the given restrictions
(see Section 4) and are moved within tours accordingly. At the same
time, the mechanism represents an optimization of break times within
tours as it moves all breaks to the cost-optimal position of the cor-
responding tour — even if a break does not violate any restriction.
For this, we apply the mechanism to every tour found and check if i)
breaks are mandatory on the tour, ii) breaks are scheduled at a feasible
position of the tour, and (iii) breaks are at their cost-optimal position.
Algorithm 2 details the break adjustment mechanism.

The procedure chosen significantly reduces computation times while
it ensures adherence to working time regulations and minimizes pos-
sible time window violations through re-optimization of the break
scheduling.

5.5. Acceptance criterion and termination

The acceptance criterion for new solutions is the efficient Record-to-
Record Travel (RRT) proposed by Dueck (1993). The RRT has produced
very good results for other MCVRP applications (see Derigs et al.
(2011)) and represents a simple acceptance criterion that can easily
be adjusted to different problem settings. The RRT only requires the
definition of the threshold parameter §, § € (0, 1). A new solution (S”)
is then accepted as an incumbent solution if the cost delta to the best
solution (S*) found so far is equal to or less than § - S*, i.e., S’ — S* <
5 - S*. A particularity of our implementation is that the acceptance
criterion is checked twice in the second phase (see Algorithm 1). First,
the current solution S’ is checked after the removal and reinsertion
is finished. Second, if the acceptance criterion evaluation for S’ as
incumbent solution is positive, the break adjustment mechanism is
performed, resulting in a new solution .S”’, and the check is repeated.
The solution S” is only accepted as incumbent solution if the condition
still holds after the break adjustment. A new solution is of course
accepted as new best solution if it is better than the current best
solution. The search ends after both search phases are completed. The
first search phase stops as soon as the routing solution has not been
improved for a defined number of iterations (/imit,). Afterwards, search
phase 2 starts and continues the search. Again, the search terminates if
the limit of unsuccessful iterations (/imit,) is reached.

5.6. Adaptive search mechanism

The signature feature of the ALNS is the adaptation of the search
to the given problem. The adaptive search assigns weights to destroy-
repair operator pairs and evaluates the pairs’ performance during the
search. The performance is measured via the solution improvement
induced by the operator pair used as introduced in Ropke and Pisinger
(2006). To achieve this, a probability @, based on the weight p,, is
assigned to the destroy-repair operator pair (d, r), where d represents a



Algorithm 2 Break adjustment mechanism

1: Input: Current solution .S, set of tours in .S tours(S), sets of breaks B and B, break limit R;

2: for tour € tours(S) do

if length of tour > R then

4 for b € B do

5 Check break feasibility w.r.t. position and time (time(b))
6: if non-feasible position or time(b) > R then

7: Check all feasible positions on tour with time(b) < R.
8.

9

w

Move b to cost-optimal position.
: else if Penalty of tour > 0 then
10: Check all feasible positions on tour with rime(b) < R.

> Break(s) mandatory?

> Break needs to be re-positioned

> Possible improvement?

11: Move b to cost-optimal position.

12: end if

13: end for

14: for b € B\B do > Check remaining breaks
15: Check break feasibility w.r.t. to position

16: if non-feasible position then

17: Check all possible positions on tour and impact on mandatory breaks b € B.

18: Move b to cost-optimal position that does not violate time restrictions of mandatory breaks.
19: end if

20: end for

21: else

22: Remove breaks if any breaks are on the tour

23: end if

24: end for

25: return S with updated tours

destroy operator and r a repair operator (n,,n, indicating the number
of destroy/repair operators). @, is defined as

b, = $. 28
ST e @
The weights p,,. are initialized with value 1 and updated during
the search depending on the corresponding performance of the pair
(d,r). The performance is measured by a dedicated score ¥,,, which
is updated after every application of the operator pair according to the
improvement achieved:

+ A new best solution was found and the score ¥,, is increased by
oq.

+ A new solution is accepted as an incumbent solution and the score
is increased by o,.

+ A new solution is not accepted as an incumbent solution and the
score does not increase.

Following Ropke and Pisinger (2006), scores are initialized with the
value zero and updated after each iteration. Moreover, weights p,, are
updated using the current scores after a predefined number of iterations
(e.g., 100 iterations), as defined in Eq. (29). Here, a represents a control
parameter weighting the past and recent performance, and ©,, denotes
the number of times the operator pair (d,r) was used. Scores are reset
to zero after the update of weights.

l”dr (29)

= (1= a)py, + a—2
Par = = @par ¥ a6

6. Numerical analysis

Our numerical experiments analyze the performance of the ALNS
proposed and the impact of breaks on routing. The ALNS is compared
to an existing approach for an MCVRP in grocery distribution. The anal-
ysis shows the performance of our algorithm with respect to runtime
and solution quality (Section 6.1). The second part of the numerical
experiments is concerned with the impact of working hour regulations
on distribution planning. We provide several tests to analyze how break

times influence short-distance routing when strict time window restric-
tions have to be respected (Section 6.2). The analysis is based on real
data from our industrial partner and therefore provides implications for
actual planning in the retail industry.

Parameter setting. The ALNS was implemented in Java and all exper-
iments were run on a 1.8 GHz PC with 16 GB RAM (Windows 10).
The algorithm-specific parameters are set at the following values. The
limit for unsuccessful iterations is set at limit; = 200 for the first and
at limit, = 2000 for the second phase. The threshold parameter for the
acceptance criterion is set at § = 0.4%. The weights for the relatedness
removals are defined as follows: ¢ = w = 1, ¢ = 0.5, n = 0.66. The
randomization parameter A equals 4 and two regret operators are used
(k = 2 and k = 3). If not stated otherwise, the number of orders to be
removed from the incumbent solution is randomly selected between 1
and min(4, |n/2]) for tour removals (m), and between 2 and min(80, [0.4-
n|) for the other removal operators (o). The penalization weight ¢ is
increased every 100 iterations based on the control parameter § = 500.
The values of the parameters have been tuned according to the case
data specifics in pretests.

6.1. Benchmark comparison

The first set of experiments deals with the performance of our
algorithm. We compare the solution quality of our ALNS to the existing
approach of Hiibner and Ostermeier (2019). The authors propose an
LNS for an MCVRP in grocery distribution, where they explicitly deal
with loading and unloading operations incurred by the use of MCVs.
In contrast to our partner company, they consider a DC setup with
dedicated shipping gates for individual product segments, which causes
additional costs for loading and unloading operations. We adjust our
objective function and restrictions to the reported MCVRP by Hiibner
and Ostermeier (2019) to enable fair comparison, i.e., we include
loading and unloading costs and assess the overall distance traveled.
The authors have shown the efficiency and effectiveness of their LNS for
various problem settings. Moreover, they compare their approach to the
solver suite of Derigs et al. (2011), and show that their LNS is able to
match the results. We use the instances and solutions reported in their



Table 1
Runtime: comparison to LNS of Hiibner and Ostermeier (2019).

Test instance Runtime (in s) Delta (in %)

ALNS LNS of ALNS vs. LNS
10n_200_7tu_4s <1 <1 -
50n_1000_7tu_4s 5 14 —-64%
100n_2000_7tu_4s 18 26 -32%
200n_4000_7tu_4s 140 144 -3%
400n_8000_7tu_4s 285 285 —0%

Table 2
Solution quality: comparison with scenarios of Hiibner and Ostermeier (2019).

Delta (in %)

Test instance Objective value

ALNS LNS of ALNS vs. LNS
199n_4000_7tu_3s (TestA.1) 11,675 11,980 —2.5%
199n_4000_5tu_3s (TestA.2) 8,804 9,029 —2.5%
199n_4000_3tu_3s (TestA.2) 6,366 6,614 —3.8%
199n_4000_7tu_3s (TestA.2) 11,675 11,980 —2.5%
199n_4000_9tu_3s (TestA.2) 14,789 15,128 —2.2%
199n_4000_7tu_3s (TestB) 9,732 9,939 -2.1%
106n_1980_7tu_3s (TestC.1) 5,005 5,135 -2.5%
106n_1060_7tu_3s (TestC.2) 2,993 3,025 -1.1%
Average -2.4%

work, publicly available on http://www1.ku.de/wwf/pw/forschung/.
The benchmark instances comprise two sets of instances: a set for
runtime performance, and a set for a detailed solution quality analysis.
We would like to note that the order and customer (store) structure
in their setting (e.g., six vs. 24 stores on a single tour) as well as the
cost structure (i.e., considering loading and unloading cost and total
travel costs vs. total tour duration as in our case) differ significantly
from ours. The LNS formulation therefore addresses a different problem
setting. Our comparison aims to show that our ALNS still performs well
for this special case.

Runtime comparison. Hiibner and Ostermeier (2019) provide runtime
tests for instances with ten to 400 customers and two to four segments
with up to 800 orders. We focus on the instances with four segments in
our comparison as this is the more demanding setting. The instances are
denoted as "performance analysis with randomly generated data". The
results of the comparison are reported as the average values for ten runs
and are summarized in Table 1. The instances are denoted according to
the following logic: customers_orders_avg. order size_segments, where
order sizes are indicated in transportation units (TUs). Vehicle capacity
is set at 33 TUs.

The results show the efficiency of the ALNS compared to a state-
of-the-art approach for an MCVRP in a related application. The ALNS
outperforms the LNS for small instances and converges to the same
runtime for the largest instances (400 customers, 800 orders). Even
when four segments are available (vs. three in our application), a
runtime below five minutes is acceptable for daily route planning.

Solution quality. The second analysis assesses the solution quality of
our ALNS. The test instances are denoted as "experiments on the effects
of loading and unloading costs" by Hiibner and Ostermeier (2019). The
instances comprise eight different test scenarios, varying with respect
to the number of customers, orders, segments, as well as average order
sizes. The results of our comparison are displayed in Table 2. Again,
we report the average values across ten different runs.

The average delta of the ALNS compared to the LNS for the MCVRP
with loading and unloading costs is 2.4% in favor of the ALNS. Our
approach achieves a better solution across all instances and generates
improvements of up to 3.8% (Test A.2 with 3tu). The significant saving
for Test A.2 is especially notable as it comprises a scenario with
small order sizes. Small order sizes are characteristic for the supply of
convenience stores and are thus the focus of our work.
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6.2. Detailed analysis

Case description. In the second part of the numerical experiments,
we present a detailed analysis using the case data from our industry
partner. The case company is a major German retailer that operates
in several European countries. The data comprises five representative
working days for a DC located in southern Germany. It covers more
than 1200 store locations (i.e., convenience stores) with > 4100 orders
for four segments: tobacco, fresh foods, frozen goods, and ambient
goods. Tobacco and ambient goods are, however, consolidated and
treated as a single segment for deliveries (belonging to the same
compartment). The number of stores supplied on a single delivery
day varies between around 160 and 260, covering orders across all
segments. The capacity of the standard vehicles used is 3000 TUs,
and compartment sizes are completely flexible within the total vehicle
capacity (i.e., O, = Q,Vs € S). We assume that enough trucks to fulfill
all demands are available. Order sizes vary greatly between 1 and 1700
TUs due to the variety of convenience stores supplied, resulting in an
average order size of around 160 TUs across all delivery days. The
delivery days and quantities of each store are predetermined. Each store
supplied has a defined delivery time window or (as in most cases) mul-
tiple time windows in which the service needs to take place. The time
windows depend on the type of store, opening hours, and additional
service agreements (e.g., for premium customers). The actual time
windows therefore range from a single 24-h window (e.g., gas station
with 24-h service) through split delivery times (e.g., opening hours in
the morning and/or afternoon) to tailored (i.e., store-individual) time
windows defined by a service contract. For the case study, we test three
different time window settings to analyze the implications of different
company policies. In the base scenario (denoted as opening hours, OH),
we relax time windows to opening hours of stores and therefore a less
restricted planning. Additionally, we analyze two scenarios with stricter
time windows. In the second scenario (denoted as mixed time windows,
MTW), we consider a mix of opening hours and store-individual time
windows, while in the third scenario (denoted as store-individual time
windows, STW) we assume that only store-individual time windows
apply. For STW, time windows have a length of two hours and there is
one time window available in the morning and one in the afternoon.
The tour length is restricted to 8 h 45 min, which represents the daily
working hours available for the delivery. Break time is split into two
breaks that are mandatory if a tour lasts more than six hours: one 30-
min break that has to take place within the first six hours of a tour, and
one 15-min break that may happen anytime during the tour, but not
before the first nor after the last stop. Finally, the DC covers a large area
of multiple cities with a maximum travel time of around 5 h between
the two most remote locations.

Test overview. The detailed analysis aims at providing insights into the
ALNS performance and the integration of breaks when time window
restrictions exist. We conduct several tests to assess different settings
relevant to industry. Table 3 summarizes the tests performed.

6.2.1. Algorithm analysis
Operator frequency. This test analyzes the use of operators within
the ALNS and as such the contribution of single operators for the
search. Operators are chosen with respect to their performance (see
Section 5.6), and therefore their frequency is a good performance indi-
cator. We conduct two tests for the operator analysis. First, we apply
the ALNS without breaks, i.e., only the first search phase is used with
limit, = 2000. Second, we apply the complete ALNS (including breaks)
with the limits specified above. The tests are executed for scenario OH.
Figs. 3 and 4 illustrate the corresponding operator frequencies.
Random removal is the most frequently used operator for the ALNS
without breaks. Together with the routing and time relatedness mea-
sure, it accounts for 94% of removal operators used. This shows the
need for both intensification and diversification operators and their
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Fig. 3. Operator frequency for unrestricted routing (ALNS without breaks).
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Fig. 4. Operator frequency for integrated breaks (ALNS with breaks).

Table 3
Overview of detailed analysis.

Table 4
Scenario STW — Comparison of ALNS with and without first search phase.

Section Experiment Description Day ALNS w/o first search phase ALNS proposed

6.2.1 Algorithm analysis Analysis of operator frequency setting; # tours/ Late Delta (in %)*  # tours/ Late
analysis of search phase and operator incl. break  delivery® incl. break  delivery”
setting; 1 16/7 - ~2,20% 15/6 -

6.2.2 Integration of break times Impact of integrating break times on 2 25/9 - -3,57% 23/11 -
routing; status quo without breaks and 3 21/11 - -0,84% 18/11 -
scenario analysis; comparison with 4 24/13 - -3,24% 22/13 -
ex-post consideration of breaks 5 23/9 - —5,49% 21/10 -

6.2.3 Impact of break setting Impact of break time length on routing Total ~ 109/49 - -3,14% 99/51 -

solutions, i.e., impact of extended long
break (60+15 min), and 45-min break
vs. two breaks (30+15 min)

combination to improve results. The analysis also shows that the tour
and penalty removal operators are used less frequently with a total
share of around 6%. The most frequent repair operator is regret-2
insertion with 37%, closely followed by regret-3 (34%) and greedy
(29%).

Operator use within the ALNS including breaks paints a similar
picture. Repair operator use is almost identical to the case without
breaks. Please note that a total frequency above 100% results from
rounding. Again, random removal as well as the relatedness removals
are used most frequently, at around 30% each. However, when breaks
are considered, the importance of the penalty removal increases, re-
sulting in a frequency of 7%. This can be attributed to the increased
violation of time windows due to the time consumed by breaks. A
repair operator for violated time windows therefore becomes more
important. The tour removal frequency slightly increases from 3% to
4%. At first glance it seems that the removal of complete trucks does
not significantly help the search to improve results. Yet additional tests
without tour removal show that tour removal is needed for a diversified
search as it helps to restructure the solutions found (see below).
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2 Improvement in favor of ALNS proposed, i.e.,, complete algorithm including all
operators and search phases.
b Extent to which deliveries are late (in minutes).

Impact of first search phase. Subsequent to the operator frequency, we
analyze the ALNS performance when only the second search phase is
used. This means that breaks are added to the search right after the
initial solution was found and /imit, is set at 0. The tests are applied
for Scenario STW since it is the most challenging scenario with respect
to break times. Table 4 displays the comparison of the ALNS with and
without the first search phase.

The ALNS proposed, i.e., including both search phases, outperforms
the ALNS version without the first search phase by around 3% for the
complete planning week. This shows the importance of the first search
phase, where no breaks are considered. The first search phase builds
a valuable basis for the subsequent search as it first solves an MCVRP
without break times and thus a less restricted search for good routing
solutions. Alongside the improvement of the overall solution quality,
the search using both phases reduces the number of tours by 10 across
the week. If only the second phase is used, the search for improved
solutions is hindered by the breaks and tends to use more tours to
compensate for the break times.



Table 5
Scenario STW — Comparison of ALNS including and excluding tour and penalty removal
operators.

Day  ALNS excl. tour/penalty removal ALNS proposed
# tours/ Late Delta (in %)® # tours/ Late
incl. break delivery® incl. break delivery®
1 14/7 - —4,16% 15/6 -
2 26/13 - -5,40% 23 /11 -
3 22/12 - -9,10% 18/11 -
4 23/13 - -1,65% 22/13 -
5 25/10 - -8,51% 21/10 -
Total 110/55 - -5,73% 97/54 -

2 Improvement in favor of ALNS proposed, i.e., complete algorithm including all
operators and search phases.
b Extent to which deliveries are late (in minutes).

Reduced removal operator set. The final algorithm analysis provides
insights into the use of the tour and penalty removal. In general, these
operators are used less frequently than the other removal operators. We
therefore compare the ALNS performance when the two operators are
excluded to the complete ALNS proposed. Table 5 displays the results
of the comparison.

The results show that the two removal operators significantly con-
tribute to the overall performance of the ALNS. The ALNS including
all operators performs 5.7% better than the setting without tour and
penalty removal across the planning week. The penalty removal be-
comes more important with a more restrictive time setting. The tour
removal is further a central operator to decrease the number of tours
(110 vs. 97 tours across the planning week) and thus to concentrate
the deliveries on fewer trucks. The removal of complete tours enables
a new assignment of orders to other (existing) tours. The removal is
therefore most important for the start of the improvement phase as
otherwise the algorithm struggles to remove tours with a suboptimal
setting. The reduction of tours is a secondary goal in retail practice,
and in particular at our case company. Using fewer tours leads to
additional savings as fewer drivers (and thus a more limited workforce)
are needed.

6.2.2. Integration of break times

Subsequent to the algorithm performance, this section analyzes the
impact of break times on short-distance routing with time window
constraints. We examine the general impact of breaks and compare
the results of the time window scenarios defined with and without
the integrated consideration of breaks. In the event that break times
are not integrated within the search — which resembles the prevailing
approach in literature — an ex-post insertion is applied. This means
that the routing problem is solved without break restrictions (i.e., the
ALNS is reduced to search phase one), and after a final routing solution
is obtained, breaks are inserted according to the requirements given
(see Section 4). This may however lead to non-feasible results, i.e., a
violation of delivery time restrictions (time windows and tour dura-
tion). We therefore allow a violation of time windows and assess the
overall solution using the modified objective function f’. This allows
us to directly compare the results and assess the magnitude of delays
when breaks are neglected in the planning. We apply a linear penalty
proportional to the extent of the delay to account for possible recourse
in the event of time window violations, i.e., the penalization weight ¢
is set at 1 for the final evaluation. A ten-minute delay thus results in
a time penalty of ten minutes as well. Note that a violation of time
windows represents a non-feasible solution in industry as hard time
limits are contracted/mandatory. Simply adding a linear penalty to the
solution underestimates actual costs as possible compensations would
weigh considerably higher. The results are reported for each weekday
of the case study and reveal the best solution for ten runs per instance.

1008

Table 6
Status quo: route planning without break considerations.

Day OH scenario MTW scenario STW scenario
Total # tours/ Total # tours/ Total # tours/
duration tours > 6 h  duration tours > 6 h duration tours > 6h
1 3,978 10/7 4,377 12/7 4,864 14/7
2 6,096 15/11 6,558 16/13 8,127 24/14
3 5,711 15/9 5,842 15/10 7,004 21/10
4 6,278 15/11 6,531 16/13 7,497 21/12
5 5,324 14/9 5,913 15/10 7,034 20/11
Total 29,475 69/47 31,607 74/53 36,956 100/54

Status quo - no breaks. We first evaluate the solution of the case
study without break consideration. This means that the MCVRP_TWB
presented is solved excluding break restrictions, i.e., the problem is
reduced to an MCVRP with time windows. This enables us to assess
the status quo for route planning and to analyze how many tours ac-
tually require breaks. Table 6 presents the results of the corresponding
MCVRP with time windows.

The status quo analysis shows that up to 81% (MTW, day 2) of tours
exceed 6 h of working time, which means break time is mandatory.
Even in the STW scenario with the highest number of tours, and thus
shortest routes, over 50% take more than 6 h. The distribution planning
presented is consequently not feasible as it is not aligned with European
regulations and could not be operated as planned. The consideration
of breaks is therefore highly relevant for route planning in industry
and needs to be integrated into route planning. We analyze how this
integration impacts routing in the following scenarios.

Scenario OH. The results of the comparison for OH are displayed in
Table 7. It shows that considering breaks increases overall tour duration
by 7.19% (ex-post) and 6.4% (integrated) across the complete week.
This represents a substantial impact on the distribution planning and
the availability of drivers and vehicles. The additional time needed can
be reduced by up to 1.4% (day 3) on a single day, and by 0.85% across
the complete week when breaks are integrated in the search (vs. ex-
post evaluation). Looking at the best solutions of the ex-post approach,
a feasible solution (i.e., a solution without delayed deliveries) was
obtained for three out of five delivery days as for days 1 and 5 a delay
of around eight and 26 min occurs. The integrated approach always
achieves feasible solutions. It further requires one tour less (68 tours),
and the number of tours including breaks (i.e., tours that last more
than 6 h) is 44 compared to 47 for the ex-post solutions. Table A.12
provides additional information on central tour characteristics of the
OH scenario.

Scenario MTW. The MTW scenario additionally considers service agree-
ments for individual stores. It is therefore more restricted than OH with
respect to delivery times and offers a more realistic setting, resembling
the prevailing situation at the retailer. Table 8 summarizes the results.

The findings of MTW paint a different picture from that of OH.
While the overall increase in duration is comparable for both ap-
proaches at around 8% and 7.8%, the ex-post approach fails to find a
feasible solution for any of the weekdays. In fact, the total delay across
the complete week amounts to 2.65 h. This highlights that considerable
changes to route planning are needed to implement break restrictions
and adhere to time windows at the same time. This is demonstrated
especially in the case of day 3, where the integrated approach leads
to a 2.2% longer duration. While this result is counterintuitive at first
glance, it shows the ability of the integrated approach to incorporate
tighter time restrictions and to rebuild tours accordingly. In detail,
an additional tour is required to adhere to the time restrictions. This
enables a feasible delivery schedule and contrasts with the delay of
45 min in the ex-post scenario. The 45-min delay and the corresponding
penalty can be compensated for by the shorter routes that are possible
when breaks are neglected in the search. This solution is, however, not



Table 7

Scenario OH - Impact of break times for integrated vs. ex-post consideration.

Day Ex-post Integrated
Ex-post # tours/ Late Integrated Integrated # tours/ Late
vs. w/o breaks incl. break delivery® vs. w/o breaks VSs. ex-post incl. break delivery®
1 7.51% 10/7 8 6.67% —-0.90% 10/7 -
2 7.51% 15/11 - 7.04% —-0.51% 15/9 -
3 6.62% 15/9 - 5.35% -1.36% 14/9 -
4 7.31% 15/11 - 6.75% —-0.61% 15/11 -
5 7.07% 14/9 26 6.16% —0.98% 14/8 -
Total 7.19% 69/47 34 6.40% —0.85% 68/44 -
2 Extent to which deliveries are late (in minutes).
Table 8
Scenario MTW - Impact of break times for integrated vs. ex-post consideration.
Day Ex-post Integrated
Ex-post # tours/ Late Integrated Integrated # tours/ Late
vs. w/o0 breaks incl. break delivery® vs. w/o breaks Vvs. ex-post incl. break delivery?
1 7.31% 12/7 30 7.29% —-0.02% 11/8 -
2 8.85% 16/13 52 7.71% -1.24% 17/12 -
3 7.81% 15/10 45 9.84% 2.20% 16/10 -
4 8.59% 16/13 29 8.27% —-0.35% 16/12 -
5 7.12% 15/10 3 5.73% -1.50% 16/11 -
Total 8.01% 74/53 159 7.82% -0.21% 76/53 -
a Extent to which deliveries are late (in minutes).
Table 9
Scenario STW - Impact of break times for integrated vs. ex-post consideration.
Day Ex-post Integrated
Ex-post # tours/ Late Integrated Integrated # tours/ Late
vs. w/o breaks incl. break delivery® vs. w/o breaks Vs. ex-post incl. break delivery®
1 9.00% 14/7 166 3.73% -5.79% 15/6 -
2 9.53% 24/14 226 5.17% —4.81% 21 /14 -
3 8.32% 21/10 186 5.35% -3.24% 18/11 -
4 10.58% 21/12 347 10.12% -0.52% 22/13 -
5 9.10% 20/11 209 1.35% -8.52% 21/10 -
Total 9.36% 100/54 1,134 5.39% —4.37% 97/54 -

2 Extent to which deliveries are late (in minutes).

feasible as time windows are violated. The number of tours required to
accommodate breaks increases by two trucks across the complete week,
with 74 trucks (ex-post) vs. 76 (integrated).

Scenario STW. The last scenario represents the most restrictive time
window setting, with store-individual time windows of two hours
across all stores. Table 9 illustrates the results.

The impact of an even stricter time window setting accentuates the
results of MTW. The extent to which deliveries are late for the ex-post
approach increases significantly with store-individual time windows.
The time involved in late deliveries exceeds 18 h across the complete
week, and results in an additional duration of 9.4%. As such, the
building of shorter routes (ex-post) is not able to compensate for the
resulting time accounted for by late deliveries. The integrated approach
is able to compensate for the break time, resulting in feasible solutions
for all days and an additional duration of only 5.4%. This highlights
the strong need to already integrate break times in route building as
otherwise non-feasible solutions with a significant amount of delay are
obtained. This is also reflected in the comparison of solution values. The
possible savings of the integrated search are 4.37% across the week,
with a maximum of more than 8% (day 5). Moreover, the integrated
search reduces the number of vehicles (tours) needed, while the number
of tours including breaks equals 54 for both approaches. A reduction of
tours is possible as break times can also be used as buffer time to reach
the time windows of stores.

Scenario comparison. Our results highlight the complexity of the plan-
ning problem with break times and time windows. Route planning

requires the minimization of tour duration and the feasibility of de-
livery times at the same time. The adherence to time restrictions when
breaks are needed shows the tradeoff between shorter tours and punc-
tual deliveries. Comparing the results of all three scenarios, we see that
the need for integrating breaks increases with a more restricted time
window setting. Otherwise, delays and thus non-feasible solutions have
a significant impact on routing costs, culminating in more than 18 h of
delay for the complete planning week. Moreover, the different scenarios
show that the retailer’s time window policy has a major impact on route
planning. The number of tours rises from 68 (OH, integrated approach)
to 97 (STW, integrated approach). At the same time, possible savings
increase when using an integrated planning approach. Summarizing
our findings, we can state that the consideration of break times may
be neglected if no strict time window agreements exist. However,
integrated planning is indispensable in a setting with store-individual
time windows for some (MTW) or all stores (STW).

6.2.3. Impact of break setting

The final analysis addresses the impact of break settings. The model
approach (see Section 4) enables the use of multiple breaks of different
lengths. So far, we focused on two breaks of 30 and 15 min, as used at
our partner in industry. We compare this standard setting to a possible
scenario with an increased break time of 60 min plus 15 min as well
as to a one-break policy. Both comparisons are conducted for the STW
scenario since it is the most restrictive setting and most sensitive to
break times.
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Table 10
STW scenario: Impact of extended break time.

Day Ex-post Integrated
# tours/ Late Integrated # tours/ Late
incl. break delivery? VS. ex-post incl. break delivery®
1 14/6 246 -1,89% 14/7 -
2 20/12 890 0,84% 22 /15 -
3 19/11 716 -3,25% 21/12 -
4 20/13 892 -7,12% 22/12 -
5 20/10 570 -2,79% 19/12 -
Total 93/52 3,315 -2,85% 98/58 -
2 Extent to which deliveries are late (in minutes).
Table 11
STW scenario: Advantage of multiple breaks.
Day 45-min break 30- & 15- min breaks
# tours/ # tours/ # combined Improvement
tours incl. break tours incl. break breaks® for 30+15
1 14/7 15/6 2 -1.73%
2 22/13 22/13 13 -
3 20/13 18/11 6 -1.64%
4 21/11 21/11 11 -
5 20/9 21/10 7 -2.90%
Total 97/53 97/51 39 -1.16%
a2 30-min and 15-min breaks combined to one 45-min break, i.e., scheduled

consecutively.

Extended long break. The first analysis of the break setting considers
the case when a 60 min break instead of a 30 min break is needed as
long break. The short break of 15 min stays unchanged. This could,
for instance, reflect the need for lunch breaks or a longer period of
time where stores are closed during the day. We further extend the
total tour duration by 30 min (i.e., 9 h 15 min) to enable the same
tour duration with respect to driving and service time of 8 h and to
reflect the longer break time. Table 10 summarizes the comparison of
the ex-post evaluation and the integrated approach.

The experiment endorses the results of our tests for the standard
setting. The extent of late deliveries further increases due to the longer
break times and intensifies the issue of non-feasible deliveries. The
lateness of deliveries sums up to more than 55 h for the complete
week, and to more than 14 h for a single delivery day (day 4). The
longer the break time needed, the longer are the resulting lateness and
potential penalties in the event that breaks are neglected within the
route planning.

One-break policy. The second analysis reduces the number of breaks
to one. This setting allows us to assess the advantages of a more
liberal two-break setting compared to a predetermined single break.
We therefore apply a single break of 45 min (total break length as in
the standard setting) that has to be taken within the first six hours of
the tour in the event a break is needed. Table 11 displays our findings.

The comparison of break settings shows that a flexible setting
(30+15) leads to improvements of up to 2.9% and an overall improve-
ment of 1.16% compared to a strict one-break policy. For three out
of five days, an improvement is possible when breaks are split, while
for two days the best solution found can be achieved when breaks are
combined, i.e., a 45-min break is used. Interestingly, also for days 3
and 5, 54% and 70% of breaks are combined to a 45-min break in the
two-break setting. The results indicate that even for a higher degree of
freedom with respect to break times, many breaks are combined and
result in 45-min breaks.

7. Conclusion

The work presented addresses a delivery problem relevant in prac-
tice for the supply of convenience stores. Besides this special ap-
plication, our model and solution approach are relevant for similar
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applications in the retail industry and short-distance routing. It fur-
ther provides an essential contribution to existing VRP and MCVRP
literature. We consider the actual distribution requirements for a large
European retailer that mostly supplies gas stations, kiosks, and other
variants of convenience stores. We formulate the MCVRP_TWB to ad-
dress all relevant distribution requirements. The model takes into ac-
count multiple time windows for the supply of stores, ranging from
opening hours to strict delivery time windows. Moreover, we integrate
working hour regulations for drivers that are strictly regulated and thus
need to be considered in distribution planning to obtain feasible routing
solutions. Despite their relevance for practical applications, break times
have not been considered sufficiently within VRP literature for daily
routing. The MCVRP_TWB is solved using a tailored ALNS formulation
that applies problem-specific operators and a break adjustment mecha-
nism step. The ALNS outperforms an existing state-of-the-art approach
for MCVRPs by up to 3.8%. Our solution approach is further able to
solve different problem settings with respect to break requirements
effectively and provides feasible solutions when time windows are
restrictive and breaks are needed.

In our numerical experiments, we leverage a case study and show
the impact of break times on planning when time restrictions exist.
Assessing the status quo for distribution planning, we show that breaks
are needed in up to 81% of tours planned and thus highlight the need to
take break times into account. We compare our integrated approach to
a solution where breaks are inserted ex-post once the routing has been
solved. In the event that breaks are not integrated within the search,
non-feasible solutions are obtained for all delivery days. This leads to
more than 18 h of late deliveries for a complete planning week in the
most restrictive scenario, which is not acceptable from a practical point
of view. The integrated search on the other hand provides feasible so-
lutions (i.e., meeting all time window requirements) while integrating
break times into the routing solutions. This results in the opportunity to
make time savings of up to 4.2% compared to an ex-post insertion. Our
experiments demonstrate the important tradeoff between an integrated
planning of breaks for in-time deliveries (i.e., respecting time window
and tour duration restrictions), and a complete focus on an improved
routing without breaks, risking penalties for delayed deliveries. The
latter may only be beneficial when no tight time restrictions exist
(e.g., wide opening hours of stores without delivery time windows).

Following our work, there are various opportunities for future areas
of research. The integration of break times and further practice-driven
restrictions are often neglected in related routing problems. These
requirements should, however, be integrated into other applications
and problem variants to ensure feasible solutions and to analyze their
impact on distribution planning. This may be especially true for appli-
cations in last-mile delivery when customers are supplied directly. We
further assume predetermined travel and service times. The consider-
ation of stochastic times further contributes to more realistic planning
for industry, and break times may be used as buffer times for possible
uncertainties during delivery. A further step towards solutions for real-
world problems would be an extension to consider different vehicle
types. Retailers often operate mixed fleets with small trucks for de-
liveries in inner cities and larger ones for deliveries in rural areas. In
general, MCVs are considered to be fuel-powered. The use of electric
vehicles in this context and a possible combination of recharging and
break times are interesting options for future research. Finally, we
apply an ALNS to solve realistic problem sizes. The development of
exact approaches for smaller problem sizes could help to further assess
the impact of break times and different settings on the overall planning
problem.
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Appendix. Statistics on routing solution

Table A.12 summarizes essential information on the capacity utiliza-
tion and shares of compartments for the base scenario (OH). It shows
an average utilization of 81% across the entire planning week, with full
trucks on every delivery day (utilization > 99%).

Table A.12
Scenario OH: tour statistics for the planning week.

Day Capacity Utilization Average share of
Average Max Min Segment 1 Segment 2 Segment 3
1 80% 99% 39% 82% 5% 13%
2 87% 99% 50% 83% 6% 11%
3 81% 99% 32% 80% 6% 13%
4 78% 100% 30% 82% 6% 13%
5 80% 100% 19% 79% 9% 12%
All 81% 100% 19% 81% 6% 12%
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