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Abstract

In steel coil storages, gantry cranes store steel coils in a triangular stacking pat-
tern and retrieve them to serve customer demand on time. The crane movements
cause high energy consumption depending on the weight of the steel coils and the
direction of the crane movement, which provides a starting point for more effi-
cient crane operation in terms of energy consumption. However, current literature
on crane scheduling in steel coil storages and neighboring domains mainly focuses
on time-oriented objectives and neglects energy consumption. Therefore, we justify
the problem of energy-oriented crane scheduling in steel coil storages and develop a
mixed-integer linear programming model and a simulated annealing algorithm. The
methods aim to minimize the energy consumed by crane movements while serving
customer demand. We present extensive computational experiments comparing the
energy-oriented approach against two popular alternatives from the literature. The
energy consumption of crane movements can be reduced by 2-22% using energy-
oriented crane scheduling compared to the alternatives with an identical customer
service level. The simulated annealing algorithm solves instances of the size com-
monly found in the industrial practice of steel coil storage within an amount of time
suitable for practical applications. Since extensive test instances for crane schedul-
ing of steel coil storages have not been available thus far, we make our test instances
accessible as a starting point for future research efforts.
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1 Introduction

In the manufacturing of flat steel, the refined liquid steel is transformed into solid
cuboid steel slabs using continuous casters, converted into hot-rolled steel strips,
and coiled up (Puttkammer et al. 2016; Tang et al. 2001; Wichmann and Spen-
gler 2015). The following cold-rolling process changes product-specific attributes
like dimension and breaking stresses according to customer specifications. The
cold-rolled steel coils are then coated, e.g., with zinc or organic coatings. Con-
sequently, steel manufacturing processes are customer-specific and refer to the
casting of individual steel slabs, their reshaping to coils, and surface treatment
(Liu et al. 2006).

Along these processes, the steel coils are repeatedly stored in steel coil stor-
ages serving as decoupling points in the value chain. Coils entering the storage
are called incoming coils and require a storing operation from the input point
into the storage area by a specified deadline. Coils leaving the storage area are
referred to as outgoing coils and require a retrieving operation to the output
point of the storage by a specified deadline. As coils are stored in multiple layers
according to a triangular stacking pattern, coils in a lower layer may be blocked
by coils in an upper layer. Occasionally, reshuffling operations may be required to
retrieve a blocked coil. The structure of steel coil storages is schematically illus-
trated in Fig. 1.

Gantry cranes operate the steel coil storage. They consist of the portal, trolley,
and hook, allowing for independent movements in three dimensions (cf. Fig. 2).
To operate the cranes, electrical energy is consumed depending on the individ-
ual movements and coils. As trolley movements require significantly less energy
than portal movements, and heavier coils induce a higher energy consumption
than lighter coils, the energy consumed by crane movements during a consid-
ered period is variable. Considering the energy consumption of cranes in plan-
ning their operation might be an excellent lever to reduce the consumed electric

output point

— — —_

|,- - _\l P—
k g ——
k > R < = =
N
™
layers | -—lmws
(k) E;o el |iL-m

available
place

available
place

—
r— - e
== —>
L r
' . .
positions input point

{l,....n}

Fig. 1 Elements of a steel coil storage
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Fig.2 Elements of a gantry crane and elements of a coil transport

energy of crane movements. The associated planning problem is called crane
scheduling and covers two interdependent planning tasks. The first planning task
involves sequencing the required storing, retrieving, and reshuffling operations
and their allocation over time. The second planning task addresses the storage
place assignment for the incoming and reshuffled coils. Surprisingly, existing lit-
erature on crane scheduling neglects the energy consumption of cranes. In this
article, we strive to evaluate the impact of an energy-oriented approach on crane
scheduling in steel coil storages regarding potential reduction in energy consump-
tion. To this end, we develop a mixed-integer linear programming approach and
a simulated annealing algorithm to simultaneously cover the two interdepend-
ent planning tasks associated with energy-oriented crane scheduling in steel coil
storages. To derive quantitative evidence on the potential reduction of consumed
energy, we conduct extensive computational experiments and compare the results
of the energy-oriented approach with two popular alternatives from the literature.

The main contributions of this article are threefold: first, a mixed-integer lin-
ear programming approach for energy-oriented crane scheduling in steel coil stor-
ages is presented. This is the first exact approach considering the cranes’ energy
consumption in crane scheduling. Second, the developed simulated annealing
algorithm can solve instances typically found in industrial practice, and therefore
provides a tool to lift the potential for energy savings in the real-world practice of
steel coil storage. Third, we provide our systematically generated test instances as
benchmarks for future research efforts.

The remainder of this article is structured as follows: Sect. 2 provides an overview
of the associated literature. The general background of energy-oriented crane sched-
uling and an illustrative example are introduced in Sect. 3. The modeling approach is
introduced in Sect. 4, and the simulated annealing algorithm is described in Sect. 5.
The computational experiments are conducted in Sect. 6 to show the potential of the
proposed approach to reduce energy consumption compared to alternative planning
approaches and to illustrate the effectiveness of the developed simulated annealing
algorithm. Managerial implications are derived in Sect. 7. The article concludes in
Sect. 8.
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2 Literature overview

General overviews of planning problems in the context of steel manufacturing can
be found in Tang et al. (2001) and Xu et al. (2021). This section provides an over-
view of crane scheduling problems relevant to our approach. These can be found in
three different literature streams. First, related literature may be directly associated
with crane scheduling in steel coil storages. Second, crane scheduling approaches
for steel slab storages may yield promising results. Third, the yard crane scheduling
problem in container storages has attracted the attention of researchers.

The crane scheduling problem in steel coil storages is first described by Zip-
fel and Wasner (2006). They formulate a generalized dynamic job shop model, in
which each place in the storage and the crane is modeled as a machine with variable
processing times. Compared to a classic job shop problem, they assume processing
times of the crane as variable and depending on the routing and sequencing deci-
sions of coils and the dynamic allocation of coils to storage places. Their objective
is to minimize the makespan of storing and retrieving operations. Besides a mixed-
integer nonlinear program, they develop a local search heuristic to solve the prob-
lem and prove that the crane scheduling problem in steel coil storages is NP-hard.
Yuan and Tang (2017) propose an integer nonlinear program based on a network
flow formulation for the crane scheduling problem. They minimize the makespan of
all storing and retrieving operations while limiting the number of reshuffles per coil
to one. Further contributions in this stream exclusively consider retrieving opera-
tions and neglect storing operations, e.g., for loading trucks. Among these, Tang
et al. (2014) formulate a mixed-integer linear program (MILP) to minimize the
makespan for retrieving a set of steel coils from a storage area with a single crane
and propose a greedy heuristic to solve the problem. Xie et al. (2014) formulate
an MILP and develop a greedy heuristic to solve a problem in a similar setting but
with two cranes sharing the same rail and a non-interference constraint. Maschi-
etto et al. (2017) formulate an MILP where retrieved steel coils must be loaded on
trucks by two overhead cranes operating on the same rail. They aim to minimize
the sum of truck loading times. In conclusion, most articles on crane scheduling in
steel coil storages are only associated with retrieving operations. Only two articles
consider storing and retrieving operations jointly. Additionally, neither of the arti-
cles mentioned above considers the energy consumption of crane movements.

Steel slab storages are used for decoupling the production processes of casting
and hot-rolling, during which the steel slabs cool down and are sorted according to
the predetermined sequence required for rolling in the next production stage. Com-
parable to the problem addressed in the article at hand, a gantry crane stores and
retrieves products with a prespecified identity in a storage area. However, the prod-
ucts are not stored according to the triangular stacking pattern. To our knowledge,
Rei et al. (2008) first discuss crane scheduling in steel slab storages. They consider
one crane and propose a simulation-based optimization approach to evaluate differ-
ent strategies for place assignment and crane sequencing. They aim to minimize the
number of reshuffles while fulfilling all storing and retrieving operations on time.
Dohn and Clausen (2010) propose an MILP for scheduling two cranes and develop
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a two-stage greedy heuristic to minimize the maximum tardiness. Zhao et al. (2020)
consider cranes that may transport two coils simultaneously. They aim to minimize
the makespan of all storing and retrieving operations. Peng et al. (2021) propose
an integer linear program (ILP) for storing and retrieving steel slabs with multiple
cranes. They solve the problem with a genetic algorithm to minimize the number of
reshuffles and the sum of waiting time for all orders. Wang et al. (2021) propose an
ILP for scheduling two cranes considering storing and retrieving coils to minimize
makespan. In the literature on crane scheduling in steel slab storages, no article con-
siders the energy consumption of crane movements.

The third literature stream addresses yard crane scheduling in container storages.
Existing research on container handling is vast. An overview of planning problems
in container terminal operations is given in Steenken et al. (2004), Stahlbock and
VoB (2007), and Gharehgozli et al. (2016). An overview of quay crane scheduling
in container terminals is provided by Bierwirth and Meisel (2010) and Bierwirth
and Meisel (2015). While the sequencing of crane movements and the storage place
assignment are usually considered simultaneously in crane scheduling approaches
in steel coil and steel slab storages, the planning tasks are often considered succes-
sively or hierarchically in container yards. An overview of scheduling approaches
for (yard) cranes without place assignment is provided by Boysen and Stephan
(2016) and Boysen et al. (2017), while Lehnfeld and Knust (2014) give an overview
of approaches to problems in container terminals focusing on place assignments. To
the best of our knowledge, Galle et al. (2018) propose the first simultaneous plan-
ning approach. They develop a multi-objective ILP to minimize the crane travel time
and the expected number of blocking containers to anticipate the expected number
of future reshuffles. Heshmati et al. (2019) consider multiple cranes storing and
retrieving containers with release and due dates, minimizing a weighted function of
total tardiness and costs for storing products in a specific location. They develop an
MILP and a local search heuristic to solve the problem. However, both approaches
do not consider the energy consumption of cranes.

To conclude this section, no existing approach has so far considered the energy
consumption of crane movements. The next section presents the general background
of energy-oriented crane scheduling in a steel coil storage and an illustrative example.

3 Energy-oriented crane scheduling in steel coil storage

Steel coil storages decouple adjacent stages of the value chain in terms of time. This
is achieved through the storage of coils. The cranes are responsible for storing coils
from the preceding stage and retrieving coils for the subsequent stage, considering
the requests regarding the timing of storage and retrieval. In terms of time, the portal
moves faster than the trolley. However, these movements may co-occur. In terms of
energy, an example is provided in Fig. 3, which shows that portal movement con-
sumes more energy compared to trolley movement. A large part of the energy is
consumed already at the initial activation of the movement. In contrast, each addi-
tional unit of distance moved contributes to a lesser extent to the overall energy
consumption.
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Fig.3 Examples of energy consumption by moving coils in different directions, data based on Labitzke
(2011)

A planning approach that aims for minimal crane travel time may, therefore, pre-
fer a portal movement due to its higher velocity, while an energy-oriented planning
approach may favor an exclusive trolley movement due to its lower energy consump-
tion. Additionally, the amount of energy needed to lift and drop the coils strongly
depends on the weight of the coil and the height to which it is lifted. Consequently,
the overall movements must be carefully coordinated by the crane operator.

The energy-oriented and the crane travel time-oriented planning approaches are
illustrated through an example in Fig. 4. In the example, two incoming coils (green)
must be stored, and two outgoing coils (red) must be retrieved. In the energy-oriented
approach, the first incoming coil is assigned to a place requiring only portal movement
(Step 1). Afterwards, the energy-oriented approach chooses a coil to retrieve, which
can be accomplished by moving only the trolley due to the assignment of the previous
step. After its delivery, the second incoming coil is reached only with a portal move-
ment (Step 2 and Step 3). The last retrieval is again initiated with trolley movement
only (Step 4). In contrast, the crane travel time-oriented planning approach frequently
uses simultaneous movements of portal and trolley. However, the slight reduction in
crane travel time is accompanied by a significant increase in energy consumption.

Certainly, time-oriented planning approaches are suitable for various situations,
and they are frequently investigated in scientific literature. A hands-on example is
the loading of container vessels, which must be accomplished with a minimal makes-
pan. In the practice of steel coil storages, however, we observe crane utilization rates
below 50%. The main challenge in such situations is the storage and retrieval, com-
plying with the requested times to avoid disruptions in the adjacent stages of the
value stream. In this context, an energy-oriented planning approach may be favorable.
Therefore, in the following section, we develop a model based on mathematical pro-
gramming for the energy-oriented crane scheduling in steel coil storages.

4 Model development
This section presents the model developed for energy-oriented crane scheduling in
steel coil storages. To this end, further assumptions of the approach are justified in

Sect. 4.1. In Sect. 4.2, the used notation is introduced. The mathematical problem
formulation is given in Sect. 4.3.
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Fig.4 Illustrative example of energy-oriented and crane travel time-oriented crane movements (Color
figure online)

4.1 Assumptions

Our modeling approach is based on further assumptions regarding the steel coils, the
storage area, the gantry crane, the orders, and the discretization of time via stages:

e Steel coils may vary in weight. However, they are homogeneous in quality, i.e.,
each coil can be stacked on top of another.

e The storage area comprises two layers. It is homogeneously structured, i.e., each
coil can be allocated to each available place. Each place can be identified by its
layer, row, and position (cf. Fig. 1). Positions are numbered consecutively, i.e.,
positions adjacent to one another are in different layers.

e Individual velocities apply for gantry cranes’ portal, trolley, and hook move-
ments. For each, the velocity is constant. The portal and trolley can move simul-
taneously with the hook at a prespecified lifting height. During a hook move-
ment, neither the portal nor the trolley may move.

e The neighboring stages of the value chain impose restrictions on the fulfillment
of orders. Based on the production processes in the upstream stage, the coils
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must be stored promptly. Regarding the downstream stage, customer orders must
be fulfilled in a timely manner. Therefore, time windows apply for storing and
retrieving operations. The time windows must be respected, i.e., tardiness is not
acceptable. The crane travel times and the associated energy consumption are
known for each coil and combination of places.

e Like Yuan and Tang (2017), we decompose the continuous time of the planning
horizon into several discrete stages. Each stage allows a maximum of one empty
or loaded crane movement and is characterized by its start in continuous time. As
the number of stages corresponds to the number of possible crane movements,
it must be chosen sufficiently large to avoid limitations of crane movements.
Yuan and Tang (2017) use the formula 2 - (m + n + b) to determine the number
of stages, where m is the number of incoming coils, n the number of outgoing
coils and b the number of blocking coils. However, they assume that coils can-
not be placed on top of outgoing coils. This simplification does not apply in our
case, meaning we cannot determine the number of blocking coils a priori. We
determine the number of stages using the formula 2 - (m + 3 - n). Consequently,
we assume that at most two reshuffle movements, each involving an empty and a
loaded move, are required for each outgoing coil. This assumption could prevent
finding globally optimal solutions. However, this is a rare scenario. The number
of stages is limited globally, not per coil, i.e., if only one reshuffle is needed to
retrieve one coil, then three reshuffles are available to retrieve another coil. Thus,
for the number of stages to prevent the optimal solution from being found, the
optimal solution must require two reshuffles for all but one of the outgoing coils,
and three reshuffles for the remaining one. In our case study presented later in
this paper, the optimal solution used on average only 52% and at most 59% of the
theoretically available stages.

4.2 Notation

We adapt and extend the notation published in Yuan and Tang (2017). The storage
area comprises storage places k,g € ¥ = {1, ..., |¥|}. Storage places are allocated
in the first (P! C ¥) or the second layer (¥? C ¥, ¥2 N ¥! = @) of the storage area.
One place of each row is allocated at its first position (W1 ¢ W') or last position
(WPmx ¢ W), Together with the input point  and output point O they form the set of
all places k,q e ® = {I,0} U V.

Coils are comprised in the set a € A = {1, ..., |A|}. Coils may already be initially
stored or are incoming within the planning horizon T'. Incoming coils A;, C A are char-
acterized by their time window for the storing operation [¢, 6] in continuous time,
i.e., pick up from I must be conducted within the interval. Outgoing coils A, C A are
characterized by their time window for the retrieving operation [}, w*], i.e., dropping
at O must be conducted within this interval. Coils can be part of the incoming and out-
going coils set.

The travel time t,lc‘;"‘d for the loaded move of coil a between two places (k, g) and the

. . . t
associated energy consumption E°¢ are known. Travel time 7. "~ and energy con-
kq.a kq
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sumption Ei;nply of empty moves between two places (k, ¢) are known. The large posi-
tive number M serves as a Big-M parameter with M > T.

The course of time is modeled as continuous. However, discrete movements with a
variable duration must be allocated among this continuous time. To this end, discrete
stages s,5 € S = {1, ..., S|} serve to depict a maximum of one empty or loaded move
each. The continuous decision variable 7* € R* defines the start time for every stage.
Binary decision variables W;q,a = 1 indicate that coil a is moved between places (k, g)
in stage s (0, otherwise). Binary decision variables V;q = 1 indicate an empty move
between places (k, ¢) in stage s (0, otherwise). Binary decision variables x]‘m = 1 indi-
cate that coil a is stored in place k in stage s (0, otherwise). An overview of the defined
sets, parameters, and variables is given in Table 1.

Table 1 Definitions of sets, parameters, and variables

Sets and parameters

b4 Set of all storage places k,q € ¥ = {1, ..., |¥|}

! Set of all storage places in the first layer ¥! C ¥

p2 Set of all storage places in the second layer ¥> C ¥, 9> n¥! = @
wh Set of all storage places in the first position ¥*1 C P!

W Set of all storage places in the last position W/mx C P!

1 Input point of the storage

o Output point of the storage

(0o} Set of all places k,g € ® = {[,0} UY

A Setofallcoilsa € A ={1,...,|Al}

Ay, Set of all incoming coils 4;, C A

Ao Set of all outgoing coils A, C A

S Set of all stages s,5 € S = {1, ...,|S|}

ti;“l"y Travel time of the empty crane movement between places k, g € ®
;}(‘;ﬂd Travel time of the loaded crane movement between places k, g € @
Ez;npty Energy consumption of the empty crane movement between places k, g € ®
E/lc:}dg Energy consumption of the loaded crane movement with coil a € A between places k, g € ©
o, Release date of storing order of coila € A

of Deadline of storing order of coil a € A

o Release date of retrieval order of coil a € A

ot Deadline of retrieval order of coil a € A

T Planning horizon

M Big-M parameter M > T

Decision variables

V‘qu Binary variable with value 1, if an empty movement between places k, g € @ in stage s € S
happens, 0 otherwise
W;M Binary variable with value 1, if a loaded movement with coil a € A between places k,g € ® in
' stage s € S happens, 0 otherwise
X, Binary variable with value 1, if coil a € A occupies place k € ® at stage s € S, 0 otherwise
¢ Non-negative continuous variable indicating the starting time of stage s € S
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4.3 Mathematical model

The objective function (1) minimizes the energy consumption of all loaded and empty
crane movements.

mink = Zkedn qu@ Zses ZaeA( /lf(;ag W ) + ZkECD qurb ZSGS(EZ;“PW ' V/it])

(L
Z Z ha=1 VaeAa, )

qeD@|q#l sES
Y Wi, =1 VaeA, 3

kE@[k£0 sES
2 W/iO,a =0 Vae A\Aout (4)

kED|k£O sES

1—0’ <(=-x,)-M Va€A,,seS 5)
o, -7 <x, M Va€A,s€S (6)
T Y (W, 08 —of <X, M Va€A,.sES o

kE®D|k£0

<r + Z Wi, "’ad)) (1-x5,) M Va€A,,s€S (8)

ked|k#0

Equations (2)—(8) ensure that all orders are fulfilled and the time windows for the
storing and retrieving operation are respected. Equation (2) ensures that all incom-
ing coils are placed in the storage area or are directly transported to the output
point, while all outgoing coils have to be placed on the output point according to
(3). Only outgoing coils can be placed on the output point, according to (4). Equa-
tion (5) ensures that a coil is not allowed on the input point after its storing deadline
of. According to (6), a coil must remain on the input point until its storing release
date o . Equation (7) describes that a coil must arrive at the output point before its
retrieval deadline w?. Equation (8) prevents a coil to be placed on the output point
before its retrieval release date ;. Please note that these constraints ensure the cor-
rect sequence of storing and retrieving for each coil also in cases of overlapping
storing and retrieving time windows.

o> 1+Zz(tempty Vs 1)+Zzz<load qui) Vs € Sls#l )

ke® ged ke® ged acA
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'=0 (10)

Equations (9)—(10) define the structure of time. Equation (9) enforces the starting
time of any but the initial stage to depend on the starting time of the previous stage
and the duration of the activity of the previous stage. The formulation as an inequal-
ity allows waiting times of the crane within the stages. Equation (10) defines the
starting time of the initial stage as zero.

kez;)x;m=1 Va€AseS (11
L;Ax‘,:asl VaeA,s€S (12)
;AkeZCD W, =0 Vses (13)
;Akez:f) Wi, =0 VseS (14)

Equation (11) ensures that every coil a is located at exactly one place k at every
stage. As defined by (12), there may be upmost one coil stored at each storage place
per stage. Equation (13) prohibits loaded moves to the input point and (14) prohibits
loaded moves from the output point.

PIDIEDIDIDNUFES IR (15)

ke® ged ked ged acA
s—1
Z Z kga = Z qu Vk€ @5 € S| (16)
qed acA qeP@
s s—1
2 qu - 2 2 qu,a <0 Vked,se Sl#l (17
ged q€D acA

X =x, - ZZ kqa+zz da VSES|gnkedacA  (18)

ged = qged =

According to (15), only one loaded or empty move is allowed in each stage. Equa-
tion (16) ensures that loaded moves start where the previous empty move ended.
Analogously, (17) ensures that an empty move starts where the previous loaded
move ended. Please note that the valid inequality allows ending movements in the
planning horizon after a loaded move if all orders have been fulfilled. Equation (18)
maps the storage occupation of coils to the movements conducted with them, taking
the initial location of the coil into account.
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ZZWS <1- sz VSES7k€lIl1\\IIPmax o

qed acA

qez:%,;A ko <1 Zxk La Vs € S,k € PI\P" o)
2 kqa52< +x‘;+1a> Vs €S,q € ¥? 21)

ked acA

Equations (19)—(21) refer to the triangular stacking pattern in steel coil storages.
Loaded moves from a storage place in the lower layer are allowed only if the neigh-
boring storage place with a higher position index is not occupied, according to (19).
Analogously, (20) enforces this for the neighboring storage place with a lower posi-
tion index. Therefore, the occasional blocking of coils in the lower layer is consid-
ered. Please note that these constraints do not apply to the first or last positions,
respectively. Equation (21) defines that a loaded movement can only end at a storage
place in the second layer if the two neighboring storage places are occupied.

Zg)"klgk:l (22)
W]iqae{(),l} Vke ®,ge d,seS,aeA (23)
V,jqe{O,l} Vke P,ged,s€ S (24)
X €{0,1} Vked,seSacA (25)
0LLT VseS (26)

Equation (22) initializes the model with an empty move from the initial position of
the crane k to any place. Equations (23)—(26) define the range of decision variables.

5 Development of a simulated annealing algorithm

The crane scheduling problem in steel coil storages is a short-term operational
planning problem and requires methods that identify sufficiently good solutions
within an appropriately short time. To this end, we develop a simulated anneal-
ing algorithm consisting of a construction heuristic to generate initial solutions,
and an improvement procedure. In this section, we first introduce the concept of
simulated annealing, followed by the introduction of the construction heuristic.
Subsequently, the different problem-specific operators to find neighboring solu-
tions by modifying previous solutions are discussed. Finally, the parameters of
the simulated annealing algorithm are introduced.
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Simulated Annealing (SA) is a metaheuristic framework inspired by the cool-
ing behavior of liquids such as metals or glass, during which the substance crys-
tallizes in an energy-minimal configuration of the atoms in the solid state. This
behavior is adopted by the SA framework introduced by Kirkpatrick et al. (1983).
The procedure starts with an initial solution and subsequently explores the solu-
tion space through neighboring solutions. To avoid getting stuck in local optima,
worse neighboring solutions are accepted with a certain probability depending on
the so-called temperature. Following the decrease in temperature, the probability
of accepting worse solutions reduces. The procedure intends to converge toward
an optimal solution.

Our algorithm is described in the following. First, a construction heuris-
tic is executed to generate an initial solution. As our problem is similar to the
pickup and delivery problem with time windows, we adapt an insertion-based
construction heuristic from the literature (Lu and Dessouky 2006). The general
idea is to initially construct a valid crane tour only consisting of retrieval orders,
as their start and end points are known a priori. Subsequently, the other orders
are iteratively inserted into this sequence. In our algorithm, the retrieval orders
are sequenced with an increasing release date of the retrieval order. As one or
two other coils may block a coil from being retrieved, reshuffling may be nec-
essary before the retrieval. The reshuffles do not have to be performed imme-
diately before the retrieval but at any earlier point in the sequence. However, a
place assignment is required for the blocking coils. Therefore, for each possible
position in the sequence where the reshuffling can be conducted, the place with
the lowest increase in energy consumption of the current sequence is determined
for the reshuffled coil. Subsequently, the reshuffling operation is allocated to the
position in the sequence, which results in the lowest increase in energy consump-
tion. Inserting the reshuffling operations into an existing sequence may change
the starting positions of already planned movements. The correct consideration
of movements is ensured through updating the place assignments. Further, it is
ensured that the time windows for each order are met, and orders are moved to
an earlier position in the sequence if necessary. Finally, the storing orders are
inserted similarly.

The constructed initial solution is subsequently altered during the improve-
ment procedure. To this end, two operators for adjusting the existing solution are
considered. One operator focuses on altering the sequence of crane movements,
the second operator alters the place assignment. The sequence can be altered if
the time windows of the associated orders overlap. Therefore, this operator refers
to a sequence shift of two consecutive orders (cf. Fig. 5a, orders R2 and S3). The
second operator alters the place assignment. To this end, a storing or reshuffling
order in the sequence is selected randomly, and a different available place is ran-
domly designated (cf. Fig. 5b, green coil). After both operators, the place assign-
ment of all succeeding storing and reshuffling orders is updated according to the
procedure described in the construction heuristic (cf. Fig. 5b, red coil).
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(a) Operator 1: Alteration of the order sequence (b) Operator 2: Alteration of the place assignment

t

old place assignment: new place assignment:

( storing 1(s1) | Storing2(s2) | Storing3(s3) )

3
=]
=
=z

[ Retrieval IRD) ] [ Retrieval2R2) ]

old sequence:

® @ G
2 new sequence: sequence shift
:

Fig.5 Operators applied in the improvement procedure (Color figure online)

Two additional functions control the algorithm, i.e., the cooling function and the
acceptance function. The cooling function describes the temperature behavior over
the iterations of the algorithm. We use the cooling function of Lundy and Mees
(1986) which has shown promising results in the field of crane scheduling problems
(Lee et al. 2007). Accordingly, Tj | = H‘T‘T".Tk, where f is a small constant and 7, is

the temperature in iteration k. Regarding the acceptance function, we use the
Metropolis acceptance function, where the probability to accept a new solution
Pyceptance depends on the difference between the current accepted solution’s objec-
tive value f(old) and the new neighboring solution’s objective value f(new)
(A = f(new) — f(old)) (Metropolis et al. 1953). The Metropolis function is defined
as:

P = exp(—%)ifA >0
acceptance .
IifA <0

In the first iteration, the algorithm is initiated via a start temperature. The algorithm
terminates when the temperature of an iteration falls below the predetermined end
temperature. The required parameters are defined in Sect. 6.4 on the computational
experiments with the simulated annealing algorithm.

The procedure can be summarized as:

Find an initial solution using the construction heuristic.

Find a neighboring solution by randomly choosing and applying an operator to

alter the solution.

3. If the neighboring solution is invalid, set this move to tabu and repeat Step 2.
Otherwise, reset the tabu list and continue with Step 4.

4. Accept or reject the solution based on the acceptance function.

Proceed with the next iteration, taking the cooling function into account.

6. Terminate the heuristic if the temperature falls below end temperature. Report

the best solution. Otherwise, start again at Step 2.

DN =

d
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6 Computational experiments and results

In this section, computational experiments are conducted to evaluate the effective-
ness of the proposed approach. Section 6.1 introduces the design of the study regard-
ing the storage structure, the crane, the coils, and operational settings. Section 6.2
justifies the alternative planning approaches used for comparison and explains the
computational setup. The results of the exact approach are presented in Sect. 6.3,
while the results of the simulated annealing algorithm are presented in Sect. 6.4.

6.1 Instance generation and data

Reasonable assumptions about the storage and the crane must be made. Regarding
the storage, the indexing of places and the distances within the storage must be spec-
ified. Therefore, each place k is characterized by its row (r;), position (p,), and layer
(). d I'defines the distance between rows, d” the distance between positions, and d>
the distance between layers. A detailed overview of the storage structure is depicted
in Fig. 6.

Regarding the crane, the crane travel times between places (t]i;npty and t]gad) and
the associated energy consumption (E}{‘;‘i‘s and E,irqnply) must be specified. First, the
travel time between places k and ¢ is justified. Portal and trolley of gantry cranes
can move simultaneously, i.e., the travel time depends on the maximum of the
two movement axes (Chebyshev metric). These movements require the hook at
lifting height which is identified by the corresponding layer [;. However, for
safety reasons neither portal nor trolley movement may co-occur during hook
movements. The velocity of the movements depends on their direction. Different
velocities are defined for the portal movement (v'), trolley movement (v?), and
hook movement (v?). Therefore, the travel time for an empty movement between

— ri; — Qg
layers f—-’_E(?D_E L. TOWS
{1,2} {1,2,3,4}

positions
{1,2,3,4,5}

Fig. 6 Structure of the steel coil storage, specified for the set of small test instances
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two places (k, g) results to t;;np‘y

Compared to an empty move, a loaded move requires an additional closing and
opening of the hook for pickup and dropping of the coil. The associated time is
referred to as u (t}c‘;ad = t;;npty + p). For the study, we assume the time for pickup
and dropping of coils as u =35 s. We assume the distances to d' =2.2 m,
d>=0.8m, and d° = 1.0 m, and the lifting height to 5 m. Further, velocities are
vl = 1.667 m/s, v? = 0.833 m/s, and v* = 0.2 m/s.

Second, energy consumption requires justification. Different authors assessed
(gantry) crane energy consumption in different settings, which can serve to
parameterize the energy consumption of crane movements (Alasali et al. 2019;
Labitzke 2011; Papaioannou et al. 2017; Wu and Xia 2014). We base our param-
eters on the findings of Labitzke (2011). Accordingly, the energy consumption of
an empty move E;;nply considers lifting and lowering the empty hook and portal
and trolley movements between the places k and g. The energy consumption E}(‘;“s

d"“|r=ry| &> |p=py| ) 4 Pty | Pl
V3 :

=max< N =

V3

considers lifting and lowering coil a and portal and trolley movements between
the places k and g depending on the weight m,, of each coil a.

The operational settings we consider are derived from applications observed
in practice. A planning horizon of 120 min is considered. The time windows of
the incoming coils do not overlap. We refer to an application where a production
stage precedes the coil storage, in which a refinement process is carried out on
the coils. These facilities typically require the refined coil to be retrieved by the
crane from the facility (i.e., it needs to be stored) before the next coil completes
its refinement. The time windows of the outgoing coils overlap with other outgo-
ing and incoming coils, requiring order sequencing.

To provide insights into the structure of our problem and to derive implica-
tions for practice, nine different scenarios are considered varying the initial occu-
pancy levels and the time window length for outgoing coils. These scenarios aim
to examine the effects of higher or lower flexibility in crane scheduling, allow-
ing decision-makers to assess the extent to which efforts to increase the available
flexibility may be beneficial. To this end, we vary the initial occupancy level of
the storage between 30, 50, and 70%. Further, we vary the length of the time
windows for outgoing coils to 10, 20, and 30 min, respectively. The setup of the
scenarios is summarized in Table 2.

We construct two sets of instances of different size. The small instances consist
of a storage area with 4 rows with 5 places each in 2 layers, resulting in 20 storage
places. The large instances consist of a storage area with 20 rows with 25 places
each in 2 layers, resulting in 500 storage places. The large instances are of a size
found in real-world industrial applications. The small instances serve for testing the
solution procedures. For each of the resulting scenarios, 20 small and large instances
are generated randomly.

While benchmark data have been published for other crane scheduling problems
(Meisel and Bierwirth 2011; Vallada et al. 2023), those datasets differ in the struc-
ture and dimension of the storage and lack product weight data and the energy con-
sumption of crane movements. To facilitate future research efforts specifically for
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Table2 Scenario parameters and identifiers

Initial occupancy level

30% 50% (initially placed coils from the 70% (initially placed coils from
30% scenario + additional coils) the 50% scenario + additional
coils)

Time window length for outgoing coils

10 min C830%10 min CS50%10 min CS70%10 min
20 min CS30920 min CS50%20 min CS70%20 min
30 min CS30%30 min CS50%30 min CS70%30 min

For all scenarios:

@ The identical eight incoming coils with fixed time windows and the same eight outgoing coils with a
fixed deadline

@ 20 storage places (small instances)/500 storage places (large instances)

For scenarios with different time window lengths for outgoing coils:

@ 20 instances for each initial occupancy level, where the initially placed coils are assigned in a random
or der to a random storage place

@ The place assignment stays identical between scenarios with different time window length, i.e., only
the time window length for outgoing coils changes

crane scheduling in steel coil storages, we provide the data for all instances as sup-
plementary material to this article, which is available Open Access under Wecken-
borg et al. (2023).

6.2 Alternative planning approaches and setup

We compare the energy-oriented approach with established approaches from the
literature to gain insight into the effects of energy-oriented crane scheduling and
to analyze its benefits. In scientific literature, mainly time-oriented objectives are
addressed (e.g., minimizing cycle time, makespan, or tardiness). As time windows
apply for the orders in steel coil warehouses, these time-oriented objectives can-
not reasonably be used in this setting. Therefore, we consult alternative planning
approaches for an appropriate comparison with the energy-oriented approach.

In place assignment in container yards, minimizing the number of reshuffles is the
most common objective function (Lehnfeld and Knust 2014). As reshuffles require
additional crane movements and thus consume additional energy, minimizing the
number of reshuffles reduces energy consumption. Therefore, we use this as the first
alternative planning approach for comparison.

In simultaneous place assignment and sequencing of crane movements in con-
tainer yards, minimizing the crane travel times was proposed Galle et al. (2018). As
cranes consume energy during their travel, minimizing crane travel times reduces
energy consumption. Besides estimating the energy consumption, the crane travel
times may also serve to anticipate the crane utilization as another operative per-
formance indicator. Therefore, this is the second alternative planning approach.
To consider the two alternative planning approaches, the objective function of the
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mathematical model is adapted. Therefore, the energy-oriented objective function
(1) is exchanged with the alternative objective function (27) to minimize the total
number of reshuffles (res;,) and (28) to minimize the total crane travel time (ctt;,),
respectively. The remainder of the model formulation remains unchanged. This
ensures that the results for the three planning approaches are generated ceteris pari-
bus, facilitating their valid comparison.

TCSmin i min Z Z Z Z W;:‘Iﬂ (27)

ke¥ ge¥ seS acA

gy s min 37 D7D D Wy, 109+ D Y DV, ™) g

ke® ged seS acA ke® ged seS

6.3 Analysis of MILP results

This section illustrates the results of energy-oriented crane scheduling (ener,,;,)
compared to the alternative planning approaches res;, and ctt,;,. To this end, we
detail each approach’s energy consumption and crane travel times. Finally, the com-
putational time required for the approaches is provided. The analysis is based on the
180 small instances solved once for each planning approach using the MILP. The
resulting energy consumption of the alternative planning approaches is calculated
ex-post based on the determined crane movements. The models are implemented
in Python 3.10.4 and solved using Gurobi 9.5.0 on machines with 64 GB RAM and
eight threads of an Intel Xeon Platinum 8180 CPU at 2.5 GHz. All instances were
solved to optimality.

First, we look at the energy consumption. Using the energy-oriented approach
ener,;,, the energy consumption can be reduced by 15.92% on average (22.34% best
case, 5.97% worst case) compared to res;,, and 6.66% on average (11.24% best
case, 1.96% worst case) compared to ctt,;,. Therefore, a significant improvement in
energy consumption can be achieved using the energy-oriented approach. The con-
sumed energy is affected by the initial storage occupancy level and the time win-
dow lengths of outgoing coils. For ener,,;,, an increase in time windows length from
10 to 20 min lowers the average energy consumption by 0.8%. A further increase
from 20 to 30 min lowers the average energy consumption by an additional 1.8%. A
reduction of the initial occupancy level from 70 to 50% results in energy savings of
3.8-4.0%. A further reduction to 30% reduces the energy consumption by another
0.0-0.7%. Regarding minimizing the crane travel times, ctt,; profits in the same
way from longer time windows as ener,,;,. This is due to longer time windows ena-
bling the planning model to shift the sequence so that retrieval operations free stor-
age places such that the subsequent storing operations find beneficial places regard-
ing crane travel time and energy consumption. Assigning this freed place to the next
storing operation may lower the energy consumption and crane travel time but does
not impact the number of reshuffles. Consequently, on the one hand, the energy con-
sumption of res,;, cannot consistently be reduced with longer time windows of out-
going coils. On the other hand, a lower initial occupancy level leads to more free
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storage places. This lowers the average number of reshuffles from 1.17 for 70% ini-
tial occupancy levels to 0.35 for 50% and 0.05 for 30%. However, this effect is the
same for the three approaches, i.e., ener,,;,, ctt,,;,, and res;. achieve an identical and
minimal number of reshuffles for all instances. Therefore, the results on minimizing
the overall reshuffles are not reported in detail. Generally speaking, minimizing the
number of reshuffles seems to be a proper preliminary objective function, as yield-
ing a minimal number of reshuffles seems necessary to achieve solutions with mini-
mal energy consumption or crane travel times. However, additional potential can be
lifted using ener,;, and ctt,,.

Please refer to Table 3 for detailed results in which we report the average and
standard deviation of the energy consumption of the 20 instances in each scenario
for all three objective functions. Further, we report on the average delta between
the energy-oriented approach and the two alternative planning approaches, and the
worst and best solution compared to the alternative planning approaches. In sum-
mary, energy-oriented crane scheduling can reduce the average energy consump-
tion compared to the alternative planning approaches established in literature by
5.36-17.44%.

Second, we relate to crane travel times the different approaches yield (cf.
Table 4). Naturally, ctt. ;. achieves the best results. However, the crane travel time
of ener,,;, increases only by 2.12% on average compared to ctt, ;.. Therefore, crane
utilization is only slightly negatively affected while a relevant extent of energy can
be saved using ener,;,. Additionally, compared to res;,, the average crane travel
time of ener,;, is 6.43% lower, showing that the energy-oriented approach is supe-
rior to minimizing reshuffles in energy consumption and crane travel time. Please
note that it is ensured that the orders are fulfilled without tardiness in all considered
approaches, i.e., a higher crane utilization does not affect order fulfillment.

Finally, we relate to the computational time required to find the optimal solu-
tions and prove their optimality (cf. Table 5). The lowest time is required by
res,,- ener,,, takes on average 412% the time of res_;, and 69% of the time of
ctt,;,- Comparing the solution times of ctt ;, and ener,;, across the scenarios
with different time window lengths for outgoing coils reveals major deviations
in computational time. While in scenarios with 10 min time window length for
outgoing coils, the computation of ener,,;, takes 129% of the time of ctt;,, it
takes 52% of the time of ctt;, for scenarios with 30 min time windows. This
is mainly caused by a few instances taking up to 14 days to solve optimally for
ctt,i,, indicated by the high standard deviation. The average time to find a feasi-
ble solution using ener,;, is 2.4 h and its average gap is 9.98%. Only in 37.8% of
the instances, a feasible solution is found in less than an hour.

In conclusion, the energy-oriented crane scheduling approach ener,;, reduces
the energy consumption of crane movements by 15.92 and 6.66% on average
compared to res,;, and ctt,;,, respectively. The crane travel times resulting from
ener,;, are only slightly higher than those of ctt;,. However, all orders are pro-
vided without tardiness. All three approaches yield an equal number of reshuf-
fles for each instance. The required computational times of ener,,;, are signifi-
cantly higher than those of res

min* min

min

min*
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6.4 Analysis of the simulated annealing algorithm

As shown in the previous section, an energy-oriented approach to the crane
scheduling problem in steel coil storage can be considered advantageous com-
pared to other planning approaches. However, the required computational times
of the MILP are not suitable for practical applications. In this section we evalu-
ate the performance of the simulated annealing algorithm. First, the parameters
for the SA are configured. Second, using the small instances previously solved
to optimality, the SA results are compared to MILP results regarding computa-
tional times and solution quality. Finally, results on the large instances generated
with the SA are reported. The SA is implemented in Python and the experiments
are executed on the same system as the MILP experiments.

The required parameters for the SA are selected based on preliminary stud-
ies. The start temperature is chosen to be 7, = 25. The end temperature is set to
t.,q = 0.01 indicating a compromise between the quality of solutions and compu-
tational time. For the cooling function, we set f = 0.01, resulting in 10,000 itera-
tions of the SA for the given set of parameters. The last parameters account for
choosing the operator to alter the solution. In each iteration, one operator is ran-
domly chosen. The operators sequence shift and place shift occur in 75 and 25%
of iterations, respectively. We use a multi-start approach for the SA, in which the
first run starts with the solution of the construction heuristic, while the second
and third runs start with a random solution of the previous run. The solution
times reported in the following account for the sum of the three runs, while the
information on the gap refers to the best solution found among the three runs.

With this set of parameters, the SA solves the small instances in 59.7 s on
average, with an average gap to the optimal solution of 2.59%. Solving the large
instances took an average of 302.8 s. Detailed data on the solution times and
quality is provided in Table 6.

This indicates that the SA finds close-to-optimal solutions for the small
instances. Large instances of a size encountered in practice can be solved in a
reasonable time. Please note that the instances account for a planning horizon of
two hours. Based on the feedback from our collaborator in practice, the reported
solution times are suitable for practical application.

7 Managerial implications

In this section, insights into the relevance of the findings for practice are derived.
Those are threefold: an estimation of the impact of energy-oriented crane scheduling
on the bottom line of a steel company, insights into the contribution of flexibility to
efficient crane scheduling, and a structural analysis of the solutions to highlight pat-
terns enabling energy savings.

First, an estimation of the impact of the findings on the bottom line of a steel
company is desired. To this end, we discussed the approach of energy-oriented crane
scheduling with a German steel manufacturer and transferred the results to a real-
world application. Our collaborators move 1750 coils per day on average using 26
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Table 6 Solution quality and times for the SA approach

Scenario Small instances Large instances

Avg. (std.) Gap [%] min/max Gap [%] Avg. (std.) CPU [s] Avg. (std.) CPU [s]

CSypmomn  1.96 (0.30) 1.41/2.61 59.7 (2.7) 189.5 (24.0)
CSappmomn  2.62 (0.44) 1.66/3.30 555 (2.6) 158.4(17.2)
CSypuzomn 434 (0.77) 2.36/5.37 53.5(24) 153.0 (22.7)
CSspuiomn  2-33(0.81) 1.26/4.25 62.0 (4.5) 323.2 (32.7)
CSspraomn  2.35(0.75) 1.30/3.62 56.9 (3.1) 233.6 (34.4)
CSspuzomn  3-06 (0.80) 2.03/5.20 54.1 (3.6) 222.1 (27.4)
CSumiomn  2.22(1.27) 0.41/5.74 723 (10.3) 526.1 (90.5)
CSopmmomn  2-14(1.18) 0.32/4.77 63.6 (7.7) 475.1 (72.4)
CSopzomn  2.30 (0.67) 0.93/3.51 59.6 (6.5) 444.1 (84.1)

Average (avg.) and standard deviation (std.) of the gap to optimal solutions of small instances in %, mini-
mal and maximal gap of the instances contained in this scenario in % (min/max Gap), average solution
time of the instances contained in this scenario in seconds

gantry cranes. For the instances used in our computational experiments in Sect. 6.3,
we found the energy-oriented approach to consume less energy than the alternative
planning approaches by 2-22%. If this range also applies to instances of real-world
size, this could result in savings between 8000-103,000 € annually, based on the
average German electricity costs of 26.5 ct/kWh for industrial customers in 2023
(BDEW 2024). Please note that these savings are based on comparing the energy-
oriented approach to the optimal results of the two alternative planning approaches.
In the practice of our collaborator, crane scheduling is mainly conducted by human
crane operators, and algorithms are barely found. Therefore, we assume energy-ori-
ented crane scheduling might have an even more significant impact in practice. Cur-
rently, we are working on the roll-out of our approach to practice.

Second, the computational experiments allow anticipating the impact of flex-
ibility in the operational setting of manufacturers. As described in the previous
results, increasing the length of the time windows can reduce the average energy
consumption by 0.8% for an increase from 10 to 20 min and an additional 1.8%
for an increase from 20 to 30 min (cf. Table 3). Therefore, on the one hand, longer
time windows may serve as a straightforward measure to yield minor energy
savings if the operational setting of the manufacturers allows adapting them.
On the other hand, a reduction of inventory levels from 70 to 50% initial occu-
pancy level results in energy savings of 3.8-4.0%. However, a further reduction
to 30% reduces the energy consumption only by another 0.0-0.7%, i.e., decreas-
ing marginal returns apply (cf. Table 3). Consequently, maintaining flexibility on
the operational level may facilitate a further reduction of energy consumption.
However, manufacturers must carefully evaluate the potential economic tradeoffs
between maintaining flexibility and the potential improvements.

Third, we facilitate the readers’ understanding of the patterns enabling energy
savings for crane scheduling in steel coil storages. As previously reported in the
results, all three approaches successfully avoid reshuffles. As reshuffles represent
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non-value-adding operations, it is easily understood that they should be avoided.
Consequently, all three approaches are characterized by the same number of
loaded and empty movements. However, further insights can be concluded from
the structural analysis of the solutions. Accordingly, in energy-oriented solutions,
travel in multiple directions to fulfill an order is avoided. A causal relationship
between overall energy consumption and the number of movements differentiated
by directions seems plausible, given the high mass of the portal and the trolley.
Consequently, overcoming the cranes’ inertia significantly contributes to energy
consumption. Therefore, crane operators may want to avoid initializing move-
ments in multiple directions for an order.

8 Conclusions and outlook

In this article, an energy-oriented approach for crane scheduling is addressed for
the first time and applied to steel coil storages. The developed mixed-integer lin-
ear programming model for energy-oriented crane scheduling is compared to pop-
ular alternatives from the literature that aim to minimize the number of reshuffles
and the crane travel time. The analyses indicate that the energy-oriented approach
decreases the crane operations’ energy consumption by 5.4-17.4% at compara-
ble crane utilization and without tardiness compared to the alternative planning
approaches. The consideration of the specific energy consumption of the crane
movements within planning approaches for crane scheduling can therefore be rec-
ommended. However, from a methodological standpoint, the mixed-integer linear
programming model does not generate results in an adequate computational time.
Therefore, we develop a simulated annealing algorithm which finds good solu-
tions for instances of real-world size within a reasonable amount of time.

This article is dedicated to crane scheduling in steel coil storages, where a tri-
angular stacking pattern must be considered. However, the idea of energy-ori-
ented crane scheduling can be transferred toward general settings based on our
findings. This is particularly relevant, for example, for scheduling yard cranes,
and seems like a promising way to reduce the energy consumption of operations
in container terminals.
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