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Transition from the sequential approach to the joint optimization framework.

Public summary

m An integrated optimization model for storage assignment and picker routing with storage occupancy constraints is
proposed.

m The numerical results show that the proposed algorithm quickly attains optimal or near-optimal solutions.

m Compared with the sequential approach, the integrated approach reduces the total processing time by approximately
12.6%.
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Abstract: Storage assignment and picker routing are critical factors influencing warehouse operational efficiency, with in-
herent interdependence between them. However, existing studies rarely investigate their coupling relationships, instead ad-
opting a sequential decision-making approach, optimizing one while keeping the other fixed. Moreover, most prior studies
assume an initially empty warehouse, neglecting the practical scenario where certain storage locations are occupied during
previous picking operations. This paper establishes an integrated optimization model for storage assignment and picker
routing that incorporates storage occupancy constraints, aiming to minimize the total processing time required to complete
given orders. The problem is proven to be NP-hard, and a variable neighborhood search (VNS) algorithm is proposed. Nu-
merical experiments demonstrate that the algorithm quickly obtains optimal solutions for small-scale instances and near-
optimal solutions for large-scale instances within a short computation time. Compared with the sequential approach, the in-
tegrated approach reduces the total processing time by approximately 12.6%. Furthermore, in contrast to methods in the lit-
erature that ignore storage occupancy constraints, the proposed algorithm can reduce the total processing time by up to
7.8%. Finally, a real-world case study is used to validate the superiority of the model and algorithm.

Keywords: warehousing; storage assignment; variable neighborhood search algorithm; routing
CLC number: C934 Document code: A

1 Introduction stored SKUs, and their respective quantities. These issues
have prompted in-depth research, with one key assumption
being that the FPA is sufficiently small, rendering the travel
distance of pickers negligible™.

However, diverse warehouse configurations often necessit-
ate spatially extensive FPAs. Industry practices reveal two
prevalent spatial designs: (1 ) Multi-level layout: This design
uses vertical space, with the lower level serving as the pick-
ing zone and the upper levels reserved for storage. In this
configuration, the FPA footprint spans the entire

Reserve storage area warehouse!”. (ii) Separated planar layout: Here, the func-
S S P SR tional areas are distributed across independent racking sys-

tems, requiring the FPA to occupy a large operational surface.

Empirical examples include a 60-meter-deep cosmetics logist-
ics picking zone'! and a 300-meter linear footwear picking

channel”. In both designs, the picker travel distance becomes

HHHHH R non-negligible and is jointly influenced by storage assign-
ment and picker routing decisions. Studies have demon-
H_I—H_H_H ’_H_H_H_H H_H_I_H—H H_H_*_H_H strated that optimized storage assignment enhances rack space
g retenismen utilization and reduces inventory management costs by dy-
- namically aligning with stock keeping unit (SKU) turnover
EEEEEEEpAEEEEEEE rates and access frequencies'”. Moreover, picker routing op-
S P timization can directly decrease the order processing time!'"l,
(ITTTTT CITTTIT In warehouse optimization, storage assignment and picker
routing exhibit significant interactions. The storage location
distribution determines the spatial topology for routing, while
Fig. 1. Schematic layout of a typical RSA and FPA. routing policies, in turn, shape the evaluation criteria for stor-

Order picking constitutes over 55% of the total operating
costs in DCs!", necessitating optimization to improve opera-
tional efficiency. Many distribution centers partition their
space into a forward picking area (FPA) and a reserve stor-
age area (RSA). The FPA is primarily used for rapid order
picking, whereas the RSA is used for bulk storage and replen-
ishment, as shown in Fig. I. Designing the FPA involves
critical decisions, such as determining its size, selecting

Forward picking area
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age assignment. This bidirectional coupling creates inherent
limitations for sequential decision-making approaches. Op-
timizing one decision while keeping the other fixed typically
yields suboptimal solutions, leading to inefficient picker
productivity and challenges in meeting delivery time
requirements.

This study is motivated by FPA operations in a Chinese
distribution center. The FPA operates in waves, with each
wave consisting of consecutive replenishment and order pick-
ing operations. At the start of a wave, picking orders are con-
firmed (i.e., the demand for various SKUs is known). Before
order picking begins, pickers must replenish the FPA to en-
sure that all the required SKUs are available. The SKUs are
classified into two categories: (1) Already-stored SKUs:
They remain in the FPA from previous waves, with their stor-
age locations fixed until the current wave ends; (ii) To-be-
stored SKUs: They are not present in the FPA before the
wave starts and must be transferred from the RSA to the FPA.
Similarly, storage locations are divided into ( 1) occupied
locations that hold already stored SKUs and (i) open loca-
tions that are available for storing to be stored in SKUs. At
present, the distribution center adopts a sequential decision-
making approach, employing a random storage policy for
storing SKUs followed by a return routing policy (detailed in
Section 5). This method restricts further improvements in
picker efficiency.

Furthermore, most previous studies on storage assignment
assume an initially empty warehouse, where all locations are
freely available. However, in wave-based FPAs, the assign-
ment of locations to SKUs to be stored represents a dynamic
operational-level problem that evolves with each wave. This
dynamic nature stems from two primary factors: order variab-
ility across waves, where each wave typically involves differ-
ent SKU combinations, and fluctuating inventory states,
where the quantity and composition of already stored SKUs
vary at each wave’s initiation, consequently changing the set
of required SKUs to be stored. A critical operational con-
straint arises from the fact that already stored SKUs remain
fixed in their locations throughout the wave, meaning that
new SKUs can only be placed in the limited available open
locations, whose quantity and spatial distribution vary across
waves. The occupancy state of locations directly influences
routing efficiency. High occupancy conditions with few open
locations significantly constrain route optimization, particu-
larly for orders requiring minimal SKU storage, whereas
greater availability of open locations provides more opportun-
ities for strategic placement to optimize routing paths. Recent
research has begun to address warehouse operations subject
to storage occupancy constraints. Weidinger and Boysen' in-
vestigated multi-location placement of single items in e-
commerce fulfillment, developing a bisection-based al-
gorithm to minimize the maximum travel distance. Similarly,
Guo et al.'"! examined storage assignment subject to storage
occupancy constraints for predetermined routing strategies
and proposed a dynamic programming solution. Li et al.'¥
and Li et al.'” addressed task assignment and multi-AGV
scheduling in an automated container terminal and an intelli-
gent warehouse, respectively. The former proposed a hier-
archical framework that combines reinforcement learning

-2

with path planning, whereas the latter developed a hyper-
heuristic based on a multi-armed bandit algorithm. Santos et
al.l' employed an A* search-based method for path genera-
tion in automated warehouses. This study advances the literat-
ure in two significant aspects. First, it incorporates real-time
order information available at wave start, reflecting actual op-
erational conditions in practice. Second, more importantly, it
recognizes and addresses the inherent interdependence
between storage assignment and picking routing through an
integrated optimization approach, moving beyond the limita-
tions of sequential decision-making prevalent in current im-
plementations.

This paper investigates the joint optimization of storage as-
signment and picking routing in FPAs while accounting for
storage occupancy constraints. Specifically, three research
questions are considered: First, how should to-be-stored
SKUs be allocated to available open locations, and what pick-
ing route should be followed to minimize the total processing
time for the given orders? Second, what performance im-
provements can the proposed algorithm achieve? Third, how
do storage occupancy constraints affect system performance
in this joint optimization framework?

In response to these three research questions, we make
three contributions to the literature. First, we develop a novel
integer programming model for the joint optimization prob-
lem subject to storage occupancy constraints and design an
efficient variable neighborhood search (VNS) algorithm. The
proposed solution method demonstrates strong computational
performance. Second, numerical experiments reveal that,
compared with conventional sequential decision-making
methods, our joint optimization approach reduces the total
processing time by up to 17.5%. Third, the results show that
explicitly considering storage occupancy constraints yields
significant benefits, with our algorithm achieving up to a
7.8% greater total processing time reduction than approaches
that neglect these constraints.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the problem setting and presents the mathem-
atical model. The proposed VNS algorithm is developed in
Section 3. Section 4 reports the numerical experiments, while
a real-world case study is presented in Section 5. Several ex-
tensions are discussed in Section 6, and concluding remarks
are provided in Section 7.

2 Problem description

This section describes the manual warehouse configuration
considered in this study. Fig. 2 represents the layout of the
FPA. The FPA has |A| picking aisles and three cross aisles,
with the middle cross aisle dividing racks into two identical
blocks. A ={1,2,---,]Al} is the set of picking aisles. Pickers
start and end at the depot. The distances between adjacent
aisles and adjacent storage locations are w, and w,, respect-
ively. The middle cross-aisle has a width of w,, and each side
cross-aisle is w,./2 in width. For clarity, racks adjacent to
aisles / and [+ 1 (where [ is odd) belong to row (/+1)/2.
Define Sy as the set of to-be-stored SKUs replenished
from the RSA, S, as the set of already stored SKUSs in the
FPA, and S =S§,US, as the total SKU set. The set of stor-
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Fig. 2. Layout of the FPA. The black square represents the storage loca-
tions to be visited, and the dotted line represents the picker route.

age locations L comprises occupied locations L, and open
locations L;. Let r, denote the location of the already stored
SKU k. Given a set of orders O, let vy, represent the number
of SKUs in the order o € O. The number of orders is n. This
paper addresses the joint optimization of storage assignment
and picker routing subject to storage occupancy constraints.
The model simultaneously determines the assignment of to-be-
stored SKUs to open locations and the sequence of visiting
storage locations to fulfill the demand of each order. The ob-
jective is to minimize the total processing time for all orders.
The processing time for an order comprises a fixed setup time
for order preparation, a picking time for SKU retrieval at each
location, and a travel time for movement between locations
(including travel to and from the depot). We define the setup
time per order as °, the picking time per SKU as #, and the
travel time per length unit as #'.

The following assumptions are made:

(1) Our model focuses solely on minimizing the order-
picking processing time, excluding replenishment costs. This
focus is justified by the fact that order picking operates under
tighter time windows and demands higher labor intensity than
replenishment activities do.

(ii) We assume that pickers can reach all items regardless
of the rack’s height, so the vertical movement up or down the
shelves to different levels for picking is ignored. This as-
sumption is relaxed in Section 6.1, where height variations
are incorporated.

(iii) It is assumed that replenishment and order picking op-
erations are scheduled in separate, non-overlapping time win-
dows rather than being performed concurrently. This sequen-
tial mode prevents stockouts during picking by ensuring that
inventory is replenished beforehand; it also avoids conges-
tion and resource conflicts between equipment and personnel.

(iv) Order information is known before the wave starts
under wave picking.

(v ) Pickers walk along the centerline of aisles; turning dis-
tance errors are negligible.

The travel distance d;; between locations i (block b;, row
I;) and j (block b;, row ;) depends on their relative positions.
Let p be the length of a picking aisle. The formulas of d; are
given in Table 1.

Decision variables: x,; =1 if the order o is completed by

-3

Table 1. Distance calculation formulas for different cases.

Cases dij
bi=bjli=1; wp li—jl
bi#bjli=1; wpli+ jl+we
bi=bjli# 1 walli— 1|+ min(wy(i+ j) + we, ~wp(i + j) + we +2p)
bi#bili#l  welli— 1|+ min(wp(i+ j) + we, wp li— jl+ 2w+ p)

traveling from location i to j; otherwise, x,; =0. y, =1 if to-
be-stored SKU k is assigned to open location i; otherwise,
Y =0.

The joint optimization model for storage assignment and
picker routing, considering the storage occupancy constraints,
is as follows:

min Z(’EOZiSLZjEL\‘I_)t’d[ X 0L+ Zneot”% )
st ). we=1 Vkes; 2)

ol <1 VielL; 3)

kaoy,(, = Zjdumxa,., Vie LU{0},0€ 0; 4)
W=D Xy VjELU(O)o€O;  (5)
Ziv/_ﬁx,,,, <|Pl-1 VPCL1<P<|Ll,o€0; (6)
Voo =1 VkeS,; 7

x,;€{0,1} Vi,je LU{0},0€ O; ®)

ve €{0,1} VYkeS,ielL. 9

Objective (1) minimizes the total processing time for all or-
ders. Constraints (2) and (3) ensure that each to-be-stored
SKU is assigned to one open location and that each open loc-
ation holds at most one SKU, respectively. Constraints (4)
and (5) link the assignment and routing variables. Constraint
(6) eliminates subtours. Constraint (7) fixes already stored
SKUs to their occupied locations. Constraints (8) and (9)
define the variable domains.

Silva et al.'? proved that the joint optimization problem
without storage occupancy constraints (P1) in a single-block
warehouse is NP-hard. Consider an instance where Block 2
contains no pickable SKUs and no orders contain SKUs from
S 4. P1 reduces to our problem, establishing its NP-hardness.
Thus, finding optimal solutions for large-scale instances in
reasonable time is intractable. We design a variable neighbor-
hood search (VNS) algorithm to efficiently obtain near-
optimal solutions.

3 VNS algorithm

The VNS algorithm was first introduced by Ref. [18] and has
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been widely used to solve various combinatorial optimization
problems, such as the vehicle routing problem!”, the flexible
job-shop scheduling problem™”, and the personnel scheduling
problem™. The core idea of VNS is to expand the search
scope, after constructing an initial solution, by using multiple
different neighborhoods to find a local optimum within the
current search space. If local search fails to find a better solu-
tion, a perturbation operator is used to transition from one
neighborhood structure to a new one, thereby broadening the
search range, followed by another local search. The details of
the main features are described below.

Initial solution: To generate an initial feasible solution, we
decompose the problem into two sequential subproblems:
(1) storage assignment and ( ii) picker routing. For the stor-
age assignment subproblem, the open storage locations
nearest to the depot are first selected. We consider two stor-
age assignment rules. The first prioritizes SKUs with a high
turnover frequency, assigning them to storage locations that
minimize the travel distance to the depot. The second rule im-
plements a correlated storage policy, where the compatibility
between SKUs and storage locations is evaluated via the
method established by Pang and Chan™. This assignment
problem is formulated to maximize the total compatibility
value and solved to optimality via the Hungarian algorithm.

Neighborhood structures: Once a storage assignment de-
cision is given, the algorithm proposed by Roodbergen and
De Koster™ can be used to derive the optimal picker route.
Therefore, this paper designs three neighborhood structures
for storage assignment as follows:

Neighborhood Structure 1: replacing one open storage loc-
ation with another.

Given the set S, of chosen open storage locations in the
current solution and that the to-be-stored SKU & is stored at
open storage location i (y, = 1), Neighborhood Structure 1
randomly selects an open storage location j from S,\S} and

sets y,; = 1. The worst-case size of this neighborhood struc-
1Sl
ture 1s T .

Neighborhood Structure 2: swapping SKUs between two
open storage locations.

Given an open storage location i containing to-be-stored
SKU k (y, =1) and an open storage location j containing to-
be-stored SKU £ (y,; = 1), Neighborhood Structure 2 assigns
k to location j and A to location i, i.e., sets y,; = 1 and y,, = 1.
The worst-case size of this neighborhood structure is |S N

Neighborhood Structure 3: swapping SKUs between two
picking aisles.

Find two picking aisles, then swap all to-be-stored SKUs
between the two aisles. Neighborhood Structure 3 requires
that the sets of chosen open storage locations within the two
swapped aisles be identical. In other words, let the binary
variable e, = 1 indicate that SKU « is stored in picking aisle
a. Given that SKU £ is stored in picking aisle a (e, = 1) and
SKU # is stored in picking aisle b (e, =1) in the current
solution, Neighborhood Structure 3 swaps the SKUs k and &
such that e,, = e, = 1. The worst-case size of this neighbor-
hood structure is |A[.

Perturbation: The purpose of perturbation is to prevent
the algorithm from becoming trapped in local optima. In this

paper, perturbation is applied to the current best solution by
randomly swapping SKUs between two open selected stor-
age locations.

Solution acceptance and termination criterion: This
paper adopts an acceptance criterion analogous to that of the
simulated annealing algorithm. Let z denote the current solu-
tion and z° denote a new solution. The objective function
value of a feasible solution z is f(z). When f(2) < f(z), the
current solution z is replaced by the new solution z".
Otherwise, z' replaces z with a probability of
exp(—(f(z)— f(2))/T), where T represents the temperature.
The temperature decreases linearly at a cooling rate of 0.95,
with the initial temperature set to 100. The proposed VNS is
designed to terminate once a predetermined number of itera-
tions, numlterMax, has been reached.

Algorithm procedure: The procedure of the VNS is as
follows: First, an initial solution is obtained and designated as
the current solution z. Subsequently, Neighborhood Struc-
tures 1, 2, and 3 are employed sequentially for searching un-
til no improvement occurs. During each computation step, the
current best solution is perturbed to generate a new solution.
If the new solution is superior to the current solution, the cur-
rent solution is replaced, and the search continues within the
current neighborhood. Otherwise, the acceptance criterion of
the simulated annealing is used to determine whether to ac-
cept the new solution. If accepted, the search continues with-
in the same neighborhood; if rejected, the algorithm switches
to the next neighborhood structure and continues computa-
tion. This process repeats until the stopping criterion is satis-
fied, at which point the algorithm stops.

4 Numerical analysis

This section validates the performance of the VNS algorithm
through numerical experiments. The overall code for the VNS
algorithm is written in MATLAB R2021a. The experimental
hardware environment consists of a PC with an Intel Core i5-
8250U CPU at 1.6 GHz and 8 GB of RAM running 64-bit
Windows 10. The JSAR model is solved via CPLEX 13, with
a runtime limit of 3600 s for CPLEX.

4.1 Instance generation

This section uses two types of test instances: One type con-
sists of small-scale instances where CPLEX can find the op-
timal solution (4 picking aisles, each with 10 storage loca-
tions); the other type consists of large-scale instances (20
picking aisles, each with 40 storage locations). Furthermore,
the warehouse shape parameters originate from a case com-
pany: w,=4, w,=1, w.=5, ©=10, =1, and ' =5. If
CPLEX exceeds the 3600-second runtime limit, the solution
obtained by CPLEX at the end of its execution is output. Con-
sidering the cross-combinations of n = {50,100,200} (num-
ber of orders), @ =1{0.2,0.5,0.8} (the ratio of empty locations
to the total number of locations), and S ={10,15,20} (the
maximum number of SKUs per order), a total of 27 groups of
instances at different scales are generated. For each group, 10
random instances are generated, and the average travel dis-
tance is taken. Let f(zepex) denote the solution obtained by
CPLEX, f(z.;) the initial solution for the VNS, and f (zyxs)
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the final solution obtained by the VNS.

The performance of the VNS is indeed significantly influ-
enced by the termination condition (i.e., the maximum num-
ber of iterations, numlterMax). To determine an appropriate
value for numlterMax, we conduct a parameter tuning analys-
is on newly generated small-scale instances with n=
{50,100}, @ ={0.2,0.5}, and B8 = {10,15}. For each parameter
combination, five instances are generated. We evaluate the
performance of VNS under different numlterMax values by
comparing the average percentage deviation from the best-
known solutions obtained by CPLEX (denoted as “gap”) and

Table 2. Tuning results.

the average computational time (denoted as “sec”). The res-
ults are summarized in Table 2. Our analysis shows that in-
creasing numlterMax beyond a moderate value leads to only
negligible improvements in the solution quality while increas-
ing the computational time. Therefore, to balance solution ac-
curacy and efficiency, we select numlterMax = 100 as a ro-
bust setting for the VNS termination criterion.

4.2 Experimental results

The results for the small-scale instances are presented in
Table 3. Here, g, represents the percentage gap between the

numlterMax
40 60 80 100 120 140 160
Gap (%) 1.4 1.0 0.8 0.5 0.5 0.5 0.5
Sec (s) 1.7 2.5 3.6 3.9 4.7 5.9 7.3
Table 3. Comparison of CPLEX and VNS on small-scale instances.
CPLEX VNS
n/a/B - - 81 82
S (zepLEX) CPU time (s) f @ini) f(zvns) CPU time (s)
50/0.2/10 1469.4 3.6 1515.1 1469.4 43 0% 3.1%
50/0.2/15 1523.5 6.7 1584.5 1523.5 3.7 0% 4.0%
50/0.2/20 1839.4 9.5 1889.1 18394 3.4 0% 2.7%
50/0.5/10 1126.5 10.6 1161.7 1126.5 3.4 0% 3.1%
50/0.5/15 1382.6 15.5 1423.9 1382.6 5.4 0% 3.0%
50/0.5/20 1554.2 17.4 1616.4 1554.2 5.3 0% 4.0%
50/0.8/10 946.7 78.2 946.7 946.7 34 0% 0%
50/0.8/15 1026.8 85.6 1066.0 1026.8 4.8 0% 3.8%
50/0.8/20 1472.3 55.3 1511.7 1472.3 42 0% 2.7%
100/0.2/10 2304.1 16.2 2367.6 2304.1 43 0% 2.8%
100/0.2/15 2663.5 16.8 2783.7 2663.5 5.1 0% 4.5%
100/0.2/20 3350.2 17.0 3438.6 3350.2 4.6 0% 2.6%
100/0.5/10 1837.1 64.6 1912.4 1837.1 3.7 0% 4.1%
100/0.5/15 2484.3 84.5 2553.8 2484.3 4.8 0% 2.8%
100/0.5/20 2937.9 131.6 2937.9 2937.9 5.5 0% 0%
100/0.8/10 1801.0 281.1 1883.7 1801.0 5.5 0% 4.6%
100/0.8/15 1925.6 297.0 1925.6 1925.6 3.7 0% 0%
100/0.8/20 2215.7 304.7 2290.6 2215.7 3.4 0% 3.4%
200/0.2/10 5787.5 38.6 5950.1 5787.5 53 0% 2.8%
200/0.2/15 5937.6 40.9 6189.7 5937.6 4.8 0% 4.2%
200/0.2/20 6752.2 43.6 7004.3 6752.2 4.0 0% 3.7%
200/0.5/10 4080.1 90.7 4244.8 4080.1 3.8 0% 4.0%
200/0.5/15 4254.7 93.0 4367.9 4254.7 4.1 0% 2.7%
200/0.5/20 4886.7 92.7 5087.9 4886.7 4.6 0% 4.1%
200/0.8/10 3608.9 419.6 3720.3 3608.9 5.2 0% 3.1%
200/0.8/15 3780.9 396.2 3860.3 3780.9 4.0 0% 2.1%
200/0.8/20 4664.8 411.7 4833.8 4664.8 6.5 0% 3.6%
Avg 2874.6 115.7 2965.5 2847.6 4.5 0% 3.0%
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solution found by the VNS and the optimal solution found by
CPLEX, calculated via the following formula:

— S @yns) = f (Zeprex)
& S (Zuns)

g, represents the percentage gap between the initial solution
and the final solution obtained by the VNS, calculated via the
following formula:

x 100%.

— f(Zini) _f(ZVNs)
’ f ()

The numerical results indicate that both CPLEX and the VNS
can find optimal solutions, and the computation time of the
VNS is consistently less than that of CPLEX across all
instances.

Table 4 presents the results of large-scale instances.
CPLEX found the optimal solution in 44% of the instances. In

x 100%.

Table 4. Comparison of CPLEX and VNS on large-scale instances.

these cases, the gap between the solutions obtained by the
VNS and the optimal solutions is less than 1.7%. For the re-
maining instances, CPLEX can find only a feasible solution
within the limited time frame. In contrast, as shown in g,
column, the VNS improves the solution quality by an aver-
age of 7.5%. Considering all instances, the average travel dis-
tance obtained by the VNS is 3.0% lower than that of
CPLEX. In terms of computational efficiency, the average
computation time of the VNS is 24.7 s, which is significantly
less than 2727.3 s consumed by CPLEX. Additionally, as the
number of empty storage locations increases, the travel dis-
tance of the pickers for completing orders gradually de-
creases, which is attributed to the increased flexibility in
choices offered by the greater number of empty storage posi-
tions. When the number of picking aisles and the number of
SKUs in the order increase, the travel distance obtained by all
algorithms also increases. This conclusion is relatively intuit-

CPLEX VNS
nfa/p 81 &
f (zcpLEX) CPU time (s) f @ini) f(zyns) CPU time (s)

50/0.2/10 21864.1 591.1 23149.0 22107.3 17.0 1.1% 4.5%
50/0.2/15 23643.1 624.7 24950.2 24052.0 31.9 1.7% 3.6%
50/0.2/20 24457.7 652.1 26805.1 24982.3 22.7 2.1% 6.8%
50/0.5/10 17232.5 1018.6 18204.9 17494.9 29.9 1.5% 3.9%
50/0.5/15 32848.9 1089.7 36269.3 33113.8 27.1 0.8% 8.7%
50/0.5/20 22214.6 934.6 25028.6 22575.8 36.5 1.6% 9.8%
50/0.8/10 17585.6 2473.2 20960.1 17962.8 22.7 2.1% 14.3%
50/0.8/15 28556.2 2618.7 31025.9 29288.4 16.2 2.5% 5.6%
50/0.8/20 221854 2738.6 24045.9 22242.5 39.2 0.3% 7.5%
100/0.2/10 50132.7 1767.3 53516.7 50947.9 13.8 1.6% 4.8%
100/0.2/15 71095.0 2282.7 79589.8 73143.0 37.7 2.8% 8.1%
100/0.2/20 81379.0 2851.3 89272.1 83380.2 29.6 2.4% 6.6%
100/0.5/10 52264.9 3600 56769.8 52114.7 294 -0.3% 8.2%
100/0.5/15 64229.1 3600 68374.0 64339.9 29.6 0.2% 5.9%
100/0.5/20 52651.0 3600 55707.8 519753 24.8 -1.3% 6.7%
100/0.8/10 30495.9 3600 33131.6 29752.1 21.6 -2.5% 10.2%
100/0.8/15 47748.4 3600 49720.5 45345.1 23.8 =5.3% 8.8%
100/0.8/20 54058.1 3600 55938.7 51631.4 31.6 —4.7% 7.7%
200/0.2/10 83549.6 3600 85805.6 78597.9 17.0 -6.3% 8.4%
200/0.2/15 111138.3 3600 117482.2 106556.4 18.2 —4.3% 9.3%
200/0.2/20 112832.1 3600 116514.2 103231.6 19.6 -9.3% 11.4%
200/0.5/10 61585.1 3600 62652.1 57076.1 22.0 =7.9% 8.9%
200/0.5/15 94549.4 3600 91891.2 85642.6 17.1 -10.4% 6.8%
200/0.5/20 133522.6 3600 129891.3 119110.3 22.8 -12.1% 8.3%
200/0.8/10 69568.5 3600 69946.5 63301.6 239 -9.9% 9.5%
200/0.8/15 96122.5 3600 88020.9 84764.1 22.6 —13.4% 3.7%
200/0.8/20 90421.7 3600 83260.6 78764.5 17.8 -14.8% 5.4%

Avg 58071.6 2727.3 59923.1 55314.6 24.7 —3% 7.5%
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ive, as in larger warehouses, the travel distance of pickers nat-
urally increases.

4.3 Comparative analysis with the literature on sequen-
tial decision-making

This section presents a comparative experimental analysis
between sequential approaches and the integrated approach
(e.g., the proposed VNS). Two sequential approaches are de-
scribed as follows:

(I) Given a route, optimized storage (GROS): Here, the
picker route is predetermined before the storage assignment
decision is optimized. Three commonly used routing policies
are evaluated: S-shaped routing, return routing, and midpoint
routing. For each policy, the algorithm proposed by Guo et
al.l'”l'is used to determine the optimal storage assignment for
to-be-stored SKUs. The most effective solution across all
three routing policies is selected.

(II) Given storage, the optimized routing approach
(GSOR): In this approach, the storage assignment is fixed be-
fore routing optimization. Four storage assignment policies
are assessed, including random storage (RND), full-turnover
storage (FT), and the minimum delay algorithm (MDA)".
RND randomly assigns a to-be-stored SKU to an open loca-
tion. The FT places SKUs in the closest open location on the
basis of the demand frequency. Following Ref. [24], the
MDA first generates SKU sequences to minimize the linear
travel distance, then allocates SKUs to locations accordingly.
The algorithm proposed by Roodbergen and De Koster™! is
subsequently used to solve the picker routing problem. The
best solution among the four storage assignment policies is
reported.

Specifically, we consider large-scale instances with 100 or-
ders. The default parameters are set as n =50 and 8 =10. To
comprehensively evaluate parameter impacts on warehouse
performance, the following value sets are tested: n=
{20,50,100,150} and B={5,10,20,30}. Each experimental
group consists of 100 instances, and the average travel dis-
tance is calculated. The percentage gap (gcros) represents the
solution difference between GROS and VNS, whereas ggsor
represents the difference between GSOR and VNS. The res-
ults are shown in Figs. 3 and 4.

The following observations are made: (1) As the number
of orders increases, the advantage of the integrated approach
becomes more pronounced. Compared with GROS, the total
processing time reduction ranges from 4.5% to 17.5%. Relat-
ive to GSOR, improvement spans 2.6% to 12.6%. Optimiz-
ing picker routes yields better results than optimizing storage
assignment. This is because optimizing storage assignment
decisions under a predetermined routing policy merely
achieves the optimal travel distance for that specific routing
strategy at best. Compared with the overall optimal strategy,
significant room for improvement remains. (ii) When the
number of SKUs per order is large (8 =30), the sequential
approach maintains competitive performance. This occurs be-
cause SKUs are distributed throughout the entire FPA, ren-
dering optimal routes nearly identical to S-shaped routing. As
aresult, the travel distances under different policies are al-
most identical. Additionally, the probability of encountering
stored SKUs in the last picking aisle is high, meaning that the
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last aisle must be visited regardless of storage assignment op-
timization. This leads to similar travel distances across the
aisles. Consequently, the total processing times obtained by
all three routing policies are nearly identical, with negligible

gaps.
4.4 Impact of storage occupancy constraints on ware-
house performance

We investigate the value of incorporating the storage occu-
pancy constraints, under which certain locations are unavail-
able due to pre-stored items. We consider the following
benchmark algorithm. Storage occupancy constraints are ig-
nored, and all storage locations are assumed to be available.
Let rr, be the storage location assigned to SKU k. This solu-
tion may be infeasible if rr, is occupied. Infeasibly assigned
SKUs need to be reassigned to minimize the total relocation
distance from their assigned locations to all feasible open loc-
ations. This problem can be solved optimally in polynomial
time as a linear assignment problem via the Hungarian meth-
od. After assignment, the optimal picker routes are determ-
ined via the algorithm proposed by Roodbergen and De
Koster!™.

Fig. 5 compares the results from the benchmark algorithm
and our VNS. Compared with the benchmark, the VNS re-
duces the total processing time by 1.8%—7.8%. This reduc-
tion increases with the proportion of available storage loca-
tions, as greater availability enhances assignment flexibility
and routing optimization. These findings underscore the im-
portance of incorporating storage occupancy constraints in
decision-making. Therefore, warehouse managers should base
decisions on actual open storage location positions and
quantities.

3

—— YGros

16 b ===~ YGsor
14 | 3.1

12

o

2 e

Total processing time reduction (%)

20 50 100 150
Number of orders n
Fig. 3. Impact of the order quantity on the improvement of joint

optimization.
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Fig. 4. Impact of the maximum number of SKUs per order on the im-

provement of joint optimization.
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Fig. 5. The impact of storage location occupancy constraints on ware-
house efficiency.

4.5 Robustness of the model
deviations

against travel time

In the problem under our study, the warehouse layout fea-
tures ample aisle width, allowing at least two pickers to pass
each other or operate simultaneously with minimal interfer-
ence. For this reason, route conflicts are not considered in our
model. However, in warehouses with narrower aisles, route
conflicts and congestion can indeed become critical issues
that affect picking efficiency. To address concerns regarding
potential conflicts or congestion when multiple pickers oper-
ate simultaneously, we conducted additional experiments
under a multi-picker setting. In these tests, we assume that
there are 40 orders and five pickers and that the orders are as-
signed to pickers via the seed algorithm™. We use our VNS
to determine the picker route for each picker, and the object-
ive is to minimize the makespan, which is defined as the max-
imum processing time among all pickers.

Since congestion essentially increases the expected travel
time between locations, we perform robustness tests to evalu-
ate whether our algorithm remains effective when travel times
are perturbed. Specifically, we identify shared route seg-
ments across pickers and applied a 5%-50% increase to the
travel times of those segments to simulate congestion. The
results presented in Fig. 6 show that the makespan based on
the planned routes deviates by less than 1.6%, even when ac-
tual travel times exceed estimates by up to 50%. This demon-
strates the robustness of our algorithm against unanticipated
delays, including those caused by route conflicts or
congestion.

5 Case study

This section tests the proposed algorithm via real-world data

1.8
1.6

1.6

14 b 1./
12 + 1./

1k O.V

08 | /
0.6,

06 F

4} 0.3

0 o 3

02 [p1_—
ol 1 1 I ! 1 1 I 1 )

5 10 15 20 25 30 35 40 45 50
Travel time-related parameters’ deviation (%)

Makespan deviation (%)

Fig. 6. Robustness test of travel time-related parameters for the proposed
algorithm.

from a third-party logistics (3PL) provider (Company A),
which was established in 2015 and specializes in warehous-
ing and distribution. The company operates a distribution
center that processes thousands of orders daily. Its FPA con-
tains four picking aisles, each with 40 storage locations. Adja-
cent aisles are spaced 4 m apart, whereas adjacent storage loc-
ations are 1 m apart.

The current operational procedure of Company A involves
cyclic replenishment and picking within waves. After a wave
begins, pickers replenish the FPA from storage (taking ap-
proximately one hour) to ensure item availability. Order pick-
ing must then be completed within a short timeframe. The
company handles multiple waves daily. Currently, the FPA
uses a random storage policy for storing SKUs and a return
routing policy (entering and exiting aisles from the same
end), often resulting in unnecessarily long travel distances
and shipment delays. Company A’s dataset includes 2456 or-
ders spanning eight waves during May 17-18, 2022. These
orders involve 52 SKU types, averaging 10.7 items per order.
The proposed VNS was embedded into the warehouse man-
agement system. Fig. 7 presents the computational results for
the total processing time, showing that VNS significantly out-
performs the company’s current method across all waves,
achieving an average objective reduction of approximately
9.6%.

6 Extensions

In this section, we investigate three extensions for various
complex scenarios, including multifloor layouts, mixed stor-
age systems, and dynamic obstacles. These extensions can all
be integrated into our proposed algorithm.

6.1 Multifloor layouts

In our basic model, we do not consider vertical movement up
or down the shelves. However, to extend our algorithm to
multi-floor settings involving elevators or forklifts for pick-
ing SKUs at various heights, we can redefine the travel dis-
tance between any two locations by incorporating vertical
movement. For locations i (block b;, row [;, height #;) and j
(block b;, row [;, height h;), the horizontal distance d;; is
computed as in Table 1. The vertical distance g;; is defined as
follows: If locations i and j are on the same rack,
q;; = |h; — h; otherwise, q;; = h; + h; (e.g., accounting for ver-
tical travel to and from the bottom). The total travel time
between locations i and j becomes 7, = d, ¢ + g,;t', Where ' is

18
16

Total processing time reduction (%
=]

Wave index

Fig. 7. Performance comparison between the proposed algorithm and the
case company’s method on real data.
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the horizontal travel time per length unit of pickers and ¢ is
the vertical travel time per length unit of elevators or forklifts
that are used for picking SKUs. Since this modification
affects only the input distance matrix, our algorithm remains
unchanged and directly applicable.

6.2 Mixed storage systems

In mixed storage systems, as implemented by companies such
as Amazon, SKUs are scattered across multiple racks. A key
challenge in this environment is that each SKU may have
multiple alternative storage locations, and the selection of
which specific location to use for picking must be determined.
To address this problem, we modify our VNS algorithm as
follows: Before determining the optimal picking route via the
algorithm in Ref. [23], we first preselect the nearest available
storage location for each SKU that is required by an
order until its demand is fulfilled.

6.3 Dynamic obstacles

In cases where certain nodes become dynamically inaccess-
ible (e.g., owing to temporarily placed obstacles, ongoing re-
plenishment, or safety constraints that change over time), we
employ a rolling horizon framework, which divides the plan-
ning period into multiple time segments. At the start of each
segment, the travel distance matrix is updated in real time to
reflect the current accessibility conditions. If a node becomes
blocked, all travel distances involving that node are set to in-
finity for the duration of that segment, effectively removing it
from the feasible routing network during that interval. Since
this adjustment only modifies the input distance matrix, our
algorithm remains applicable and responsive to dynamic en-
vironmental changes.

7 Conclusions

This paper addresses the joint optimization of storage assign-
ment and picker routing in the forward area of manual ware-
house systems while considering storage occupancy con-
straints. We first develop a mathematical model and design a
VNS algorithm. Numerical experiments demonstrate that the
VNS can obtain optimal solutions for small-scale instances in
a short time and yield high-quality solutions for large-scale
instances within a reasonable timeframe. Compared with
CPLEX, the proposed algorithm has significant advantages in
both solution quality and computation time. Finally, using ac-
tual order data from a third-party logistics provider, we veri-
fy that the algorithm significantly improves enterprise order-
picking processes.

The current study assumes a single depot, whereas ware-
houses often feature multiple depots to accommodate simul-
taneous truck loading/unloading and avoid single-depot bot-
tlenecks. Future research could extend joint optimization to
multi-depot scenarios. Additionally, this study focuses on
warehouses with parallel picking aisles. Warehouse layouts
vary (e.g., fishbone, U-shape, butterfly), necessitating adjus-
ted distance formulas between locations and optimized shelf
placement angles. The proposed methodology can be exten-
ded to these configurations.
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