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Abstract. Buffer zones for moveable shelves or pallets with intermedi-
ate products are ubiquitous in production systems to decouple produc-
tion stages. These buffer zones, usually organized by humans in dense
grids, pose a challenge for direct access to all unit loads. To access the
retrieval unit load, it often becomes necessary to reshuffle blocking unit
loads. When autonomous mobile robots supply production machines
without human intervention, their responsibilities encompass both the
reshuffling of buffer zones and the transportation of unit loads to pro-
duction cells adhering to the sequence prescribed by the production plan.
This paper introduces the buffer reshuffling and retrieval problem, which
is a variant of the block relocation problem known from container ter-
minals at shipyards. We propose an integer programming formulation
designed for the static variant of the problem. We created an instance
generator with customizable layout sizes and found optimal solutions to
solve these instances.

Keywords: block relocation problem · vehicle routing problem · ware-
house optimization · integer programming

1 Introduction

Buffer zones are a common way to compensate for differences in material flow
velocity between two process steps, such as different machine speeds in produc-
tion supply. They act as a temporary storage area for materials or products,
allowing them to accumulate until they can be processed in the next step. This
helps smooth the flow of materials and products through the production process,
reducing the risk of bottlenecks and disruptions.

The rapid growth of the autonomous mobile robot (AMR) market reflects
the industry’s urgent need for more efficient warehouse and production supply
solutions. According to Grand View Research [24], the AMR market is projected
to expand at a compound annual growth rate of 15.5% between 2023 and 2030.
This underscores the potential for AMRs to transform intralogistics operations,
including the management of buffer zones in production environments, general
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warehousing and distribution centers, and e-commerce fulfillment centers, where
efficient retrieval and reshuffling are critical for meeting customer demands and
optimizing operational efficiency.

Buffer zones traditionally relied on human operators and forklifts for man-
agement. Decisions like incoming unit load placement, retrieval prioritization,
and relocation of obstructing unit loads were made by drivers, rule-based sys-
tems, or heuristics. To enable autonomous operation of buffer zones by AMRs,
these decision-making processes must also be automated. Previous research has
addressed the unit-load pre-marshalling problem [22] [23], which involves op-
timizing buffer bay reshuffling based on retrieval priority. Our work tackles a
related challenge: the retrieval of unit loads, which includes their removal from
the warehouse at runtime.

We introduce the buffer reshuffling and retrieval problem (BRR) in its static
variant. Modeled as a combination of the block relocation problem (BRP) (fa-
miliar from container terminals) and a vehicle routing problem, the BRR incor-
porates routing and dispatching decisions for AMRs. For the static variant of
the BRR, where the focus is solely on retrieval and reshuffling of existing unit
loads, we propose an integer programming model aimed at minimizing AMR
travel distance (with a single AMR assumed).

To gain insights into potential solution patterns and inform future heuristic
development for larger, real-world instances, we also visualize solutions for small
test cases.

2 The buffer reshuffling and retrieval problem

The buffer reshuffling and retrieval problem focuses on finding the shortest routes
for AMRs operating in a buffer zone while ensuring the timely retrieval of unit
loads. In addition, AMRs must strategically reshuffle the buffer to improve access
to blocked unit loads. A unit load x is considered blocked if another unit load y
is placed in front of it and the AMR has to relocate y to access x.

The BRR draws inspiration from the Unit-load Pre-Marshalling Problem
(UPMP) and utilizes the BRP, where containers in a harbor are stacked on top
of each other and must be reshuffled for retrieval with a freight crane. Similarly
to container stacks accessible only from the top, unit loads in a buffer zone often
form lines with a single access point (see Figure 1). This similarity allows us to
leverage research on the BRP and adapt it by incorporating a vehicle routing
problem to model the movements of an AMR in a buffer zone. Throughout this
work, we will refer to the rows in a buffer that resemble container stacks as lanes
(see also UPMP). For the purpose of solving this problem, we assume that these
lanes remain constant and unchanging. This means that we will neglect scenarios
where moving unit loads could theoretically open access from other directions.
The storage slots available in a lane will be called slots.

The goal of the buffer reshuffling and relocation problem lies in finding op-
timal decisions for the AMR to retrieve all unit loads from the buffer according
to their time windows. Therefore, retrieval and relocation decisions for the unit
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Fig. 1: Access for the AMR in a buffer compared to the access of a crane in a
container terminal

loads as well as repositioning decisions for the AMR have to be taken to ensure
smooth operation of the buffer zone.

The block relocation problem has been shown to be NP-hard by [4]. Like the
block relocation problem, the BRR involves determining the optimal sequence of
movements under similar constraints in order to minimize an objective function.
This shared combinatorial structure strongly suggests that the BRR is also NP-
hard.

3 Previous Work

The Block Relocation Problem (BRP) was formally introduced by [14] in 2006.
However, research on this problem had already been conducted, such as by [19],
who investigated the Slab Stack Shuffling Problem (SSS), which was later clas-
sified as a variant of the BRP. In the literature, the BRP is also known as the
Container Relocation Problem (CRP), as most research on this topic focuses on
container terminals in shipyards, where this problem arises during the loading
and unloading of container ships [18].

A related problem to the BRP is the Pre-Marshalling Problem (PMP). In
the PMP, the focus shifts away from retrieval and exclusively targets the pre-
sorting of unit loads or containers. This rearrangement ensures a relocation-free
retrieval sequence, optimizing efficiency [18]. Building upon this concept, [22] and
[23] adapted the PMP to intralogistics as the UPMP. Their approach involves
dividing storage bays into virtual lanes, mirroring container stack organization
in harbor logistics. Unit loads within these bays are then strategically reshuffled
according to the virtual lanes, establishing an optimal configuration for later re-
trieval. Another related problem, encountered in container shipyards, is the Yard
Crane Scheduling Problem (YCSP) [18]. In contrast to the CRP, which empha-
sizes the optimal container relocation sequence, the YCSP prioritizes scheduling
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yard cranes to perform various operations within a container terminal. Addi-
tionally, the YCSP considers a broader range of constraints, including physical
limitations of the cranes, in contrast to the CRP’s focus on container relocation
constraints [16]. Lastly, another related problem is the Parallel Stack Loading
Problem (PLSP), which considers the retrieval sequence already during the stor-
ing process and attempts to optimize the stacking of unit loads into the storage
[1].

Table 1: Variants of the Block Relocation Problem
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Lixin Tang and Yang [19] #  G# # # # # Reshuffles IP
Kim and Hong [14] # # G# # # # # Moves DP
Wan et al. [28] # # # # # # # Reshuffles IP
Tang and Ren [26] #  G# # # G# # Workload IP,DP
Caserta et al. [3] # # # # # # # Relocations IP
Ünlüyurt and Aydın [27] # # # # # # # Time DP
Hakan Akyüz and Lee [11] # # # # # #  Relocations IP
Borjian et al. [2]  #   # #  Time IP
Ji et al. [12] # # # # # G# # Rehandles IP
Ku and Arthanari [17] # #    # # Reshuffles DP
López-Plata et al. [21]  #   # # # WT IP
de Melo da Silva et al. [8] # # G# #  # # Relocations DP
Galle et al. [10] # #  #  # # Relocations IP
Chu et al. [5] #  # # # G# # Time MIP
da Silva Firmino et al. [7] # # # # # # # Time IP
Jovanovic et al. [13] # # # # # # # Moves CP
Feng et al. [9] # #    # # Reshuffles (WT) DP
Lu et al. [20]  # G# # # # # Relocations MIP
Tanaka and Voß [25] # # # # # # # Relocations IP
Kimms and Wilschewski [15]  # # # # G# # Relocations MIP

Legend Priorities Other Features
# distinct not included
G# duplicate -
 both included

[18] recently conducted a comprehensive survey of optimization methods for
the BRP, classifying its variants, which will be used in this publication. Primarily,
BRPs differ in the prioritization of unit loads to be retrieved. Unit loads can
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have distinct priorities, implying a predefined retrieval sequence, or duplicate
priorities, where a group of unit loads can be retrieved in any order. The BRP
is then classified into the restricted BRP (rBRP) and the unrestricted BRP
(uBRP). Although the uBRP allows for any feasible relocation, the rBRP only
allows relocations of unit loads that directly obstruct the retrieval of the target
unit load.

Traditionally, the number of moves for a crane in a shipyard terminal while
loading or unloading a ship was minimized. Today, alternative objects such as
minimizing the total working time [27] or minimizing the crane working time
by optimizing the crane trajectories [6] [7] can be found in the literature. [2] in-
troduced the time-based CRP, which falls under the variant with time windows.
Instead of assigning fixed priorities to containers, which can be directly trans-
lated into a retrieval sequence, time windows are calculated for each container,
specifying the time interval within which the container must be retrieved. Other
publications on the variant with time windows were formulated by e.g. [17], [21]
or [10], who added a stochastic component to this variant, where the time win-
dows for retrieval are not fully known in advance. [9] extended the objective
considering not only the number of reshuffles but also the total working time
(WT).

The aforementioned Slab Stack Shuffling Problem deals with slab yards, com-
monly found in the steel industry, where slabs are stored in stacks. Unlike other
variants of the BRP, the relocated slabs are placed back after retrieval. These
yards have existed longer than the necessary computer programs to track the
relocated slabs, which led to the practice of putting back the slabs from where
they were taken. Additionally, the varying sizes of slabs introduce the constraint
that larger slabs cannot be placed on top of smaller slabs for stability reasons.
[19] With the advent of sophisticated computer programs capable of tracking
slab relocations, [26] introduced an optimization approach that minimized the
total workload in the slab yard. Their novel approach incorporated multiple
cranes into the optimization framework, considering the distinct operation areas
assigned to each crane. The focus of their work was on identifying the optimal
set of slabs for retrieval, in order to minimize overall workload.

[12] and [13] considered the stowage plan of a container ship while loading
container ships, while the former also considered multiple cranes in the opti-
mization model, however, these cranes served a single bay each. [8] introduced
the Block Retrieval Problem (BRTP), where only a subset of the containers has
to be retrieved, while keeping the remaining items sorted for loading the next
ship.

Finally, the Dynamic Container Relocation Problem deserves attention. Here,
new incoming unit loads need to be stored within the storage area while the
retrieval process is ongoing. [11] and [2] among others investigated this variant.
Table 1 summarizes publications on the BRP with the variants used in each
article, the modeling approach used, and the optimized objective.
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4 Integer Programming Model

The integer programming model developed here is based on the model proposed
by [2] for the BRP and is further developed to address the specific challenges of
our problem. First, we introduce the necessary sets for the integer programming
model: Let N = {1, . . . , N} represent the set of unit loads. Let I = {1, . . . , I}
represent the set of lanes, and let Ji = {1, . . . , Ji} represent the set of positions
within lane i ∈ I. A specific slot is defined as [i, j] for i ∈ I and j ∈ Ji. The
slots are counted from the innermost to the outermost. The sink is referenced by
[I, 1], where I denotes the lane containing the sink, and we model this lane with
a single slot. We differentiate between the set I and I ′, with the latter defined
as I ′ = I \ {I}, thus excluding the sink. Let T = {1, . . . , T} represent the set
of discrete time steps used to model time within the problem. This discretiza-
tion allows for computational tractability. Traditionally, most of the research on
BRP has employed a staged approach, where each stage corresponds to a single
action performed by the crane in the container terminal. However, a time-based
model offers several advantages over a staged model. First, it facilitates the
straightforward incorporation of time windows for retrieval. Second, it enables
the extension of the model to handle multiple AMRs operating simultaneously,
which would be significantly more challenging using a staged approach. Lastly,
we define dijkl as the distance between the slots [i, j] and [k, l].

With the definition of these sets, we refer to Table 2 for additional nota-
tions for the unit loads and their retrieval windows, the storage slots and their
distances, and the moves performed by the AMRs.

The decision variables for the IP model will be declared as follows:

bijnt =

{
1 if unit load n is in slot [i, j] at time t,

0 otherwise;
(1)

∀i ∈ I′, ∀j ∈ Ji,∀n ∈ N , ∀t ∈ T

xijklnt =

{
1 if unit load n is relocated from [i, j] to [k, l] at time t,

0 otherwise;
(2)

∀i, k ∈ I′, ∀j ∈ Ji, ∀l ∈ Jk, ∀n ∈ N , ∀t ∈ T

yijnt =

{
1 if unit load n is retrieved from [i, j] at time t,

0 otherwise;
(3)

∀i ∈ I′, ∀j ∈ Ji,∀n ∈ N , ∀t ∈ T

gnt =

{
1 if unit load n has been retrieved at time t′ ∈ {1, ..., t− 1},
0 otherwise;

(4)

∀n ∈ N ,∀t ∈ T

eijklt =

{
1 if the AMR repositions from slot [i, j] to slot [k, l] at time t,

0 otherwise;
(5)

∀i, k ∈ I,∀j ∈ Ji, ∀l ∈ Jk,∀n ∈ N , ∀t ∈ T
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Notation Description

Unit load (un, rn) A unit load with label un. The time-step at which
the retrieval time window opens at rn.

Slot [i, j] The slot notation [i, j] represents the slot in lane i
and position j within the lane. This slot indexing
scheme is used to efficiently locate and manage
items within the buffer zone. Slots are numbered
from the back of the lane.

Outermost slot in a lane [i, Ji] The outermost slot Ji in lane i.

Sink [I, 1] = [I, JI ] The sink will be modelled as a slot in the lane
with the highest value for the index i.

Relocation move [i, j] → [k, l] A relocation move from slot [i, j] to slot [k, l].

Retrieval move [i, j] → [I, J ] Retrieving a unit load from slot [i, j].

Repositioning move [i, j] ↪→ [k, l] Repositioning the vehicle from slot [i, j] to [k, l]

Retrieval window [rn, rn + ρn] Time window for the retrieval of unit load un with
ρn being the maximum amount of delay of un.

Distance between slots dijkl The distance between the slots with the indices
[i, j] and [k, l].

Travel time between slots τijkl The time difference between the slots with the in-
dices [i, j] and [k, l].

Table 2: Notation for Integer Programming Model

cijt =

{
1 if the AMR is at slot [i, j] at time t,

0 otherwise;
(6)

∀i ∈ I, ∀j ∈ Ji, ∀t ∈ T

These decision variables are all binary and will be used to represent the decisions
taken for the AMR on how to retrieve and reshuffle the unit loads. (4) introduces
an additional index t′, which denotes all the time steps that occurred before
time step t. For instance, if t = 5, t′ would indicate all time steps 0 < t′ < t.
Therefore, the variable gnt in (4) with t = 5 would have a value of 1, if the
unit load with the index n was retrieved during any of the time steps {1, 2, 3, 4}.
We furthermore extended the model formulated by [2] with additional variables
eijklt and cijt which allow us to also model the repositioning decisions for the
AMR and consider repositioning moves in the total distance traveled.
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The variables bijnt, xijklnt and yijnt are defined for all slots except the sink.
This distinction is crucial for modeling the flow of unit loads and the movement
of the AMR, as the sink does not hold unit loads but serves as a departure point
for retrieved loads.

With the retrieval window of a unit load defined as [rn, rn+ρn], the maximum
number of time steps T allowed to retrieve all the unit loads in the problem
setting can be expressed as follows:

T = max
n∈N ,rn<∞

{rn + ρn} (7)

To simplify the model, we assume that the travel time for the AMR is equal
to the travel distance. This eliminates the need to calculate the travel time τ
from the travel distance d, which could be done using (8). This equation could
be adapted in future work to include acceleration and deceleration, as well as
different velocities for the AMRs. Furthermore, we assume here a minimum of
1 for the travel time, to prevent multiple repositioning decisions for an AMR
during a single time step.

τijkl = max(1, dijkl) (8)

The objective is to minimize the distance traveled by the AMR during the
reshuffling and retrieval processes (9). This is achieved by multiplying all de-
cisions taken by the corresponding travel distances and summing all those de-
cisions and their distances up. While traditionally research on block relocation
problems focuses on optimizing the number of relocations, crane movements, or
similar measures, we argue that the distance traveled by autonomous mobile
robots (AMRs) is a more critical performance indicator for this problem. First,
AMRs consume energy while operating, and thus keeping the distance travelled
minimized will also reduce the energy consumption and the associated energy
costs. Additionally, a lower distance traveled will lead to an improved efficiency,
as AMRs can complete their tasks more quickly, leading to increased through-
put and productivity. Finally, AMRs will experience less wear and tear on their
hardware when moving shorter distances, which could extended lifespans of the
components.

Objective function

min
∑
i∈I′

∑
j∈Ji

∑
n∈N

∑
t∈T

(
yijnt · dijI1 +

∑
k∈I′

∑
l∈Jk

xijklnt · dijkl
)

(9)

+
∑
i∈I

∑
j∈Ji

∑
k∈I

∑
l∈Jk

∑
t∈T

eijklt · dijkl

Subject to:∑
i∈I′

∑
j∈Ji

bijnt + gnt ≤ 1, ∀n ∈ N , ∀t ∈ T (10)

∑
n∈N

bijnt ≤ 1, ∀i ∈ I′,∀j ∈ Ji, ∀t ∈ T (11)

∑
n∈N

bijnt ≥
∑
n∈N

bij+1nt, ∀i ∈ I′, ∀j ∈ Ji \ Ji, ∀t ∈ T (12)
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∑
k∈I′

∑
l∈Jk

∑
n∈N

xijklnt +
∑
k∈I

∑
l∈Jk

eijklt +
∑
n∈N

yijnt = cijt,

∀i ∈ I′,∀j ∈ Ji, ∀t ∈ T (13)∑
k∈I

∑
l∈Jk

eI1klt = cI1t, ∀t ∈ T (14)

yijnt +
∑
k∈I′

∑
l∈Jk

xijklnt ≤ bijnt, ∀i ∈ I′, ∀j ∈ Ji,∀n ∈ N , ∀t ∈ T (15)

bijnt = bijn(t−1) +
∑
k∈I′

∑
l∈Jk

(
xklijn(t−τklij) − xijkln(t−1)

)
− yijn(t−1),

∀i ∈ I′, ∀j ∈ Ji,∀n ∈ N , ∀t ∈ T \ 1 (16)

cijt = cij(t−1) −
∑
n∈N

yijn(t−1) +
∑
k∈I′

∑
l∈Jk

∑
n∈N

xklijn(t−τklij) +
∑
k∈I

∑
l∈Jk

eklij(t−τklij)

−
∑
k∈I′

∑
l∈Jk

∑
n∈N

xijkln(t−1) −
∑
k∈I

∑
l∈Jk

eijkl(t−1),

∀i ∈ I′,∀j ∈ Ji, ∀t ∈ T \ 1 (17)

cI1t = cI1(t−1) +
∑
i∈I′

∑
j∈Ji

∑
n∈N

yijn(t−τijI1) +
∑
i∈I

∑
j∈Ji

(
eijI1(t−τijI1) − eI1ij(t−1)

)
,

∀t ∈ T \ 1 (18)

gnt =
∑
i∈I′

∑
j∈Ji

t−1∑
t′=1

yijnt′ , ∀n ∈ N , ∀t ∈ T (19)

∑
i∈I′

∑
j∈Ji

rn−τijI1∑
t=1

yijnt = 0, ∀n ∈ N (20)

∑
i∈I′

∑
j∈Ji

rn+ρn−τijI1∑
t=rn−τijI1

yijnt = 1, ∀n ∈ N (21)

∑
i∈I′

∑
j∈Ji

T∑
t=rn+ρn−τijI1+1

yijnt = 0, ∀n ∈ N (22)

Constraints (10) ensure that the model accounts for all unit loads, prevent-
ing loss or misrouting. These constraints enforce that a unit load must be ei-
ther in the storage area or marked as retrieved. Constraints (11) restrict the
storage area to a maximum of one unit load per slot at any given time. these
constraints prevent overloading of slots and ensure efficient utilization of storage
space. Constraints (12) enforce a full storage area, prohibiting empty slots in the
lanes. These constraints ensure compact storage and prevent hollow spaces from
forming. Constraints (13) restrict each available vehicle to a single retrieval or
relocation action per time step, preventing simultaneous movements. Similarly,
constraints (14) limit each available vehicle at the sink to one repositioning action
per time step. Constraints (15) ensure that unit loads can only be moved from a
slot in the storage area if they are present in this slot. Constraints (16) serve as
a tracking mechanism for unit load movements. They update the storage area
configuration in t based on the previous configuration in t− 1 and the previous



10 M. Disselnmeyer et al.

decisions taken. These constraints maintain a record of the unit load positions
and retrievals. We adapted these constraints from the model proposed in [2] and
modified them to also incorporate the repositioning procedures of the AMR.
Constraints (17) offer the same update mechanism as (16) for the position of
the AMR by checking if the AMR was at a specific location in the previous time
step and updating this value by the previous decisions taken. Constraints (18)
handle these updates for the sink. Constraints (19) establish a connection be-
tween the configuration variables g and their corresponding retrieval variables y.
These constraints ensure that the retrieval actions align with the updated stor-
age configurations. Constraints (20), (21), and (22) collectively mandate that
unit loads are retrieved within their designated retrieval time windows. These
constraints prevent premature or belated retrievals and ensure timely fulfillment
of customer requests.

Finally, the starting points for the unit loads and the AMR must be set. This
can be achieved by configuring the values of bijnt and cijt for t = 1 according to
the instance’s specifications (see constraints (23) and (24)).

bijn1 =

{
1, if unitload n starts in slot [i, j]

0, otherwise
∀i ∈ I′, ∀j ∈ Ji, ∀n ∈ N (23)

cij1 =

{
1, if the AMR starts in slot [i, j]

0, otherwise
∀i ∈ I, ∀j ∈ Ji (24)

5 Computational Experiments

5.1 Instances

In our experiments, we use an instance generator with a symmetrical layout
for the buffer zone, where the storage area is divided into same-size bays (see
Figure 2). However, this problem and our proposed integer model are affected
by the curse of dimensionality, making larger instances almost unsolvable in a
realistic time frame. Therefore, in this paper, we focus on a single bay.

We employ a network flow model, adapted from [22] and [23], to partition
the bay into virtual lanes. This approach prioritizes minimizing initial blockages
within access points and lanes, thus enhancing retrieval efficiency. First, we define
the access directions for the bay and calculate optimal access points and the
virtual lanes behind them (see Figure 3). For an in-depth explanation of the
process, we refer to [22] and [23].

This partitioning of the bay into virtual lanes enables us to apply our model
to storage with multiple access directions, a layout often operated by AMRs. To
further reduce complexity, we neglect the acceleration and deceleration processes
of the AMR as well as the handling times for loading and unloading the unit
loads. For the unit loads, we define an initial fill level for the buffer area and
generate retrieval windows according to a normal distribution with a specified
mean and standard deviation.
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Fig. 3: Partitioning the bay into virtual lanes (adapted from [23])

5.2 Example Solutions

Our experiments were carried out on an Intel(R) Xeon(R) w5-2445 CPU with
Gurobi Optimizer version 11.0.1. Runtimes varied significantly depending on the
instance size and selected parameters, such as fill level and latest time window.
For small instances (3x3 bay, low fill level of 30%), we could find optimal solutions
in under two minutes in most cases. However, for larger instances with either
higher fill levels or larger bays, no solution was found within two hours of runtime.

Figure 4 illustrates reshuffling and retrieval decisions for a 3x3 bay instance.
This solution was found in 400 seconds with a MIPGap of 4.6%. We color-code
each slot based on access direction (south access in yellow, east access in red).
The illustration highlights the static buffer reshuffling and retrieval problem’s
similarities to scheduling problems, especially its need to optimize retrieval se-
quences and potentially schedule reshuffling for efficient retrieval. In this variant,
the optimal solution depends less on specific unit load storage locations (initial
or relocated) and more on the retrieval sequence and timing of relocations. Con-
sequently, the focus shifts away from complex storage and dispatching toward
minimizing AMR travel distance for reshuffling actions. This emphasizes the
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Fig. 4: Example solution for a 3x3 bay showcasing multiple reshuffling moves

need for further research to include multiple AMRs and accommodate incoming
unit loads that require storage within the buffer.

Figure 5 demonstrates part of the nearly optimal solution for a 4x4 bay
instance with access from the east and south side. We illustrate only loaded
AMR movements (retrieving or relocating unit loads) to enhance readability.
Movement arrows include the carried unit load and are colored darker the later
they are executed. We colored the virtual lanes behind the access points 2 and 7
to illustrate unit loads 01 and 03 blocking unit loads 09 and 07 respectively. This
example suggests a potential reshuffling strategy: unit loads (e.g., UL 01 and UL
03) are relocated closer to the sink shortly before their due dates and when
blocking other unit loads, offering first insights for developing heuristics. The
solver took 40,000 seconds to find this solution with a 6% MIPGap, highlighting
the problem’s complexity and the curse of dimensionality, which hinders solving
larger instances.

Lastly, Figure 6 shows the solution found for a 4x4 bay with access from
all four directions. This solution has a MIPGap of 6.2% to the optimal, found
after 40,000 seconds of runtime. This instance indicates that increased access
directions result in shorter virtual lanes and fewer unit load blockages. Conse-
quently, unit load relocations here primarily serve to enable faster retrievals in
later time steps by moving them closer to the sink. This highlights an alternative
problem-solving approach: carefully designing buffer layouts to minimize block-
ages can reduce the need for intensive computation. However, limitations exist
– the shape of unit loads and available warehouse space may not always allow
retrieval from multiple access directions.
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Fig. 5: Example solution for a 4x4 bay with 2 access directions

Fig. 6: Example solution for a 4x4 bay with 4 access directions
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6 Conclusion

This work introduced the BRR, a novel combinatorial optimization problem
merging concepts from the BRP and vehicle routing while drawing inspiration
from the UPMP. We illustrated the problem’s real-world applications, estab-
lished its relationship to block relocation, and surveyed the relevant literature
on variants and modeling approaches. Building upon this foundation, we formu-
late an integer programming model for the static BRR, extending the BRP with
vehicle routing considerations for autonomous mobile robot optimization.

Computational results on small instances illustrated the model’s functional-
ity and provided insights for developing heuristics or approximation algorithms
to achieve solutions within practical time constraints. However, the complexity
of the problem makes larger instances unsolvable in realistic timespans. Future
research directions should include accommodating dynamic unit load arrivals, in-
corporating multiple AMR, and developing efficient solution methods for larger,
more complex instances.
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