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Abstract
Non-traditional warehouses shorten the travelled paths to store and retrieve (S/R) the loads, thanks to additional aisles crossing
the parallel racks. This paper provides the analytic model to best design a non-traditional warehouse for unit-load (UL) with
diagonal cross-aisles and storage policy according to the class-based storage (CBS) strategy. The model minimizes the average
single-command cycle time to S/R the loads, best sizing the classes, their shape, and the position/numbers of additional aisles.
The focus is on both 2- and 3-CBS optimizing the number of diagonal cross-aisles to best balance the travel time reduction and
the loss of storage space due to the aisles. Furthermore, benchmarking toward standard warehouses with no diagonal cross-aisles
and random assignment strategy allows quantifying the positive impact of the proposed design configuration on the daily
warehouse operations.
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1 Introduction

The scientific community and the industrial practitioners
often stress the crucial role of warehouse management to
increase the performances of the storage systems working
in the modern industrial companies [1–3]. According to
Gu et al. [4], such a managerial discipline includes ware-
house design and warehouse operation as the two key
macro-areas made of strategic, tactical, and operative
levels of decision [5]. The former macro-area deals with
the effective design of the storage volume, matching
predefined technical, cost, and environmental perfor-
mances [6, 7]; the latter macro-area deals with decisions
on the daily warehousing activities to store and retrieve
(S/R) the materials [4].

Focusing on the warehouse design, the literature agrees
to introduce five interrelated decisions to take, i.e., overall
structure, department layout, sizing and dimensioning,
equipment selection, and operation strategy (see [4, 8] for
a detailed discussion of the goals to achieve). In parallel, a
panel of measurement indicators quantifies the system per-
formances along the time, quality, cost, and productivity
dimensions [9–11].

Unit-load (UL) warehouses are diffuse solutions to receive,
store, and ship items stocked in pallets [12]. Their best design
is essential to increase the inbound logistic performances and
to reduce the operative handling and inventory costs [13, 14].
Rouwenhorst et al. [5] defined the warehouse design as “a
structured approach of decision making to meet a number of
well-defined performance criteria” and point out the following
three decisional levels:

– Strategic level, facing the long term, e.g., 5 yearlong,
decisions;

– Tactical level, facing the medium term, e.g., 2 yearlong,
decisions;

– Operational level, facing the short term, e.g., 1 yearlong
or below, decisions.

Such decisional levels intersect the following decisional
categories to face, as widely discussed by Gu et al. [7]:
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– Structure conceptual design, about the number of storage
departments, the adopted technologies, and the order ful-
fillment methods, typical of the strategic level;

– Sizing and dimensioning, to set the storage capacity and
floor space, typical of the strategic and tactical levels;

– Warehouse layout, about the shape and the pickup and
delivery (P&D) point position, typical of the tactical
level;

– Equipment selection, about the best level of automation,
the type of storage and material handling systems, typical
of the tactical and operative levels;

– Operation policy selection, about the storage/retrieval
policies and adopted command cycles, typical of the op-
erative level [4].

The introduced decisional levels and categories are strong-
ly interrelated with fruitful bottom-up feedbacks [15, 16].

This paper faces the warehouse layout decisions at the tac-
tical level. Particularly, the goal is to analyze the impact of a
non-traditional warehouse configuration on the average
single-command cycle time in the case of class-based storage
(CBS) assignment strategy.

Traditionally, industrial warehouse racks are arranged to
create parallel picking aisles with a front access area and,
sometimes, one or more orthogonal aisles to further facilitate
the flow among the picking aisles. In the recent past, non-
traditional configurations rose up to speed the access to the
storage locations. Effective examples are the so-called flying-
Vand fishbone rack layouts designed by Gue and Meller [12]
and the chevron, leaf, and butterfly rack layouts designed by
Öztürkoğlu et al. [17]. Such configurations differ for the rack
orientation with respect to the P&D point and the warehouse
boundaries, but they share the common assumption of includ-
ing one or more additional aisles, called diagonal cross-aisles
in the following, crossing the racks and allowing shorter paths
with respect to the rectilinear orthogonal paths of traditional
warehouses. In this paper, to join the time savings due to the

diagonal cross-aisles and to ease the operative feasibility of
such a non-traditional configuration, the rack orientation is not
changed and the diagonal cross-aisles are supposed to be
straight, i.e., rectilinear. The reference warehouse schematic
is in Fig. 1, further highlighting the position of the P&D point,
supposed to be at the center of the front of the racks.

In addition, this paper adopts the CBS assignment strategy
of the ULs into the racks. According to Le-Duc and de Koster
[18], CBSmeans dividing the items into classes based on their
picking frequencies and the storage locations into a same
number of zones. Each class is assigned to a zone so that the
fastest moving classes are closest to the P&D point. Since
Hausman et al. [19], CBS is considered effective to imple-
ment, allowing a strong reduction of the travelled distances
toward random storage assignment [20, 21]. The zone shapes
depend on the warehouse features and the available paths so
that the inclusion of diagonal cross-aisles affects them. The
proposed model addresses the optimization of the class shapes
together with the diagonal cross-aisle best positioning. The
optimization of non-traditional UL warehouses with CBS as-
signment strategy is innovative and recognized as a literature
open-topic to address [20–22].

Finally, a predictable weakness of including additional di-
agonal cross-aisles into a storage system is the loss of storage
capacity [17]. The higher the number of diagonal cross-aisles
and the lower the size of the warehouse, the higher the inci-
dence of the storage loss on the available space is. A model to
estimate the relative storage capacity loss is proposed by
Bortolini et al. [22] and used here to trade-off the distance
savings and the loss of UL locations.

According to the introduced topic and purposes, the re-
mainder of this paper is organized as in the following. The
next section (section 2) revises the literature, while section 3
introduces the model assumptions and benchmark scenarios.
Section 4 widely describes the analytic models to compute the
average single-command travel distance and to optimize the
non-traditional CBS warehouse for both 2- and 3-CBS

Fig. 1 Non-traditional warehouse
configuration with straight
diagonal cross-aisles
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systems. Section 5 applies the proposed model to an industrial
case study before concluding the paper with remarks and fu-
ture research suggestions in the last section (section 6).

2 Literature review

Warehouse design is a strategic issue affecting the handling
and storage performances together with the company cost
structure. Rouwenhorst et al. [5] and Gu et al. [7] classified
the literature contributions highlighting effective criteria to
systematically face the decision making process. Based on
their works, Dotoli et al. [11] proposed a scheme for ware-
house analysis and optimization based on anomalies identifi-
cation, rank, and update through technological and managerial
changes, while Accorsi et al. [9] included multiple perspec-
tives in the warehouse building design problem dedicating
specific attention to the economic [23], environmental [24],
and efficiency [25] perspectives. In addition, the recent litera-
ture dedicated attention to some industrial sectors having spe-
cific peculiarities due to the product storage requirements.
Reference examples are within the cold chain for food [26,
27], pharmaceutical [28], and chemical [29, 30] industries.

Focusing on the warehouse aisle design and general layout,
Bassan et al. [31] developed models to define the best position
of the picking aisles assuming standard racks. White [32]
firstly discussed the benefit coming from a non-traditional
warehouse design and introduced radial aisles crossing the
racks. Arlinghaus and Nystuen [33] focused on the effect of
a diagonal link in a rectangular grid network, while Gue and
Meller [12] introduced the aforementioned flying-V and
fishbone warehouse layouts for UL warehouses with random
storage assignment strategy. Clark and Meller [34] and
Cardona et al. [35] extended the analysis to include the vertical
travel distance, while Çelk and Süral [36] investigated order
picking policies to S/R products in a fishbone storage system.
Pohl et al. [37, 38] analyzed the impact of dual-command
cycles on the warehouse design problem and on the fishbone
aisle optimization. Furthermore, Gue et al. [39] and Thomas
and Meller [40] considered a non-conventional aisle design
with multiple P&D points. Öztürkoglu et al. [17] developed
the introduced chevron, leaf, and butterfly rack layouts, while
Bortolini et al. [22] presented straight diagonal cross-aisle
non-traditional warehouse. Finally, Pferschy and Schauer
[41] focused the attention on non-standard warehouse in the
emerging e-commerce business. All the authors designed their
warehouses assuming a random and continuous storage as-
signment of the ULs.

Concerning the product assignment, three strategies are
adopted in the most of the operative contexts. Randomized
strategy (1) assigns products to the first available location,
dedicated storage strategy (2) assigns each product to specific
locations, while CBS strategy (3) assigns each class of similar

products to a predefined zone of the warehouse according to
the picking frequencies. Heskett [42], Kallina and Lynn [43],
Roodbergen and de Koster [15], Manzini et al. [44], and Gue
and Meller [12] widely discussed such strategies defining the
most convenient applicability ranges. CBS emerges as an ef-
fective strategy to compensate the major weaknesses of the
other two [14]. Examples of contributions on both UL and
order picking CBS warehouses are in Larson et al. [45],
Kovács [46], Ene and Oztürk [47], Rao and Adil [48], Yu
and de Koster [49], and Ekren et al. [50]. Furthermore, within
CBS strategy, starting fromFlores andWhybark [51], multiple
criteria are considered to define the classes within multi-
criteria inventory classification models. Lolli et al. [52, 53]
presented a useful framework based on five steps and tailored
for intermitted demand items, while Ishizaka et al. [54] inte-
grated data envelopment analysis (DEA) to analytic hierarchy
process (AHP) to sort items into ordered classes. Soylu and
Akyol [55] stressed the role of the decision maker preferences
in the class definition, while Douissa and Jabeur [56] and
Torabi et al. [57] presented multi-criteria methods joining
qualitative and quantitative classification drivers. Having the
products ranked in order of preference is the base step to
assign them to the warehouse classes and, then, to the avail-
able storage locations. In this field, as far as the authors’
knowledge, all the contributions considered traditional ware-
houses with parallel picking aisles and no diagonal cross-
aisles as the reference storage system for the product
assignment.

The analysis of the past and recent literature high-
lights that studies on the design of non-traditional ware-
houses with CBS assignment strategy are still missing.
Starting from this background and the literature open
issues, the present contribution addresses the design of
non-traditional CBS systems including one or multiple
straight diagonal cross-aisles. The analytic models for
the best positioning of such aisles and the optimal class
sizing and shaping are proposed quantifying the corre-
spondent distance savings with respect to the traditional
warehouse configuration, further including the storage
capacity loss due to the presence of the additional diag-
onal cross-aisles.

3 Model assumptions and benchmark
scenario

The proposed model computes the mean travel distance be-
tween the P&D point and a generic point into the UL-CBS
system. Two design drivers identify each of the considered
scenarios:

– the number of additional diagonal cross-aisles; and
– the number of classes in the CBS system.
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In the following, Dac identifies the average travelled dis-
tance model with a diagonal cross-aisles and c classes. As
example, D01, D02, and D03 refer to the zero diagonal cross-
aisles, random, and 2- and 3-CBS systems, i.e., the reference
benchmark, while D1c and D2c are for single and double diag-
onal cross-aisle systems with c classes. For each scenario, the
class shapes and diagonal cross-aisle positions (if present) are
calculated, minimizing the average travelled distance to S/R
the ULs. All the considered scenarios share the following set
of assumptions:

1. the warehouse is for ULs with single-command cycles;
2. the P&D point is located in the lower center of the aisles,

origin of axis;
3. the warehouse is symmetric respect to the y-axis. Without

loss of generality, the right side is focused in the model;
4. the warehouse shape ratio is 2:1 and normalized dimen-

sionless racks are used;

5. all the products have the same dimensions and they are
continuously distributed into the racks;

6. the S/R locations are independent and identically distrib-
uted (i.i.d.), and the access to the available locations fol-
lows the CBS assignment strategy;

7. the ULs are split into the classes according to their de-
mand level. Inside each class, the UL assignment is ran-
dom. The well-known demand curve G(i) = iS is adopted
[19], where:

– i is the normalized cumulative storage area for all
products, ranking them in decreasing order of the
ratio between the demand and the storage area,
[0,1];

– S is the so-called skewness factor, (0,1];
– G(i) is the normalized cumulative demand until the ith

percentile of the storage area. It represents the probability
of access to a generic UL within the storage area i, [0,1].

Fig. 3 D02 storage system
configurations

Fig. 2 Normalized cumulative
demand waveforms varying the
skewness factor
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Figure 2 presents typical waveform profiles of the demand
curve varying the skewness factor.

As discussed in section 2, alternative criteria to the demand
level to create classes exist, e.g., multi-criteria inventory clas-
sification models [51–57], leading to different curves with
respect to those of Fig. 2 and ranking the products in other
orders of preference. Nevertheless, because such curves are
among the input, the model presented in the following remains
valid even in the case of alternative product classification
models.

The following paragraph discusses the model for the
benchmark scenario, i.e., no diagonal cross-aisles.

3.1 Benchmark scenarios with no diagonal cross-aisles

In the benchmark scenario, the distance to connect the P&D
point to a generic location P(x, y) is f(x, y) = x + y according to
the existing orthogonal paths. In the case of UL random as-
signment to the bays, the average travelled distance is, trivial-
ly, D01 = 1 because the average bay coordinates, in the nor-
malized space, are (0.5, 0.5).

Adopting the CBS strategy, Fig. 3 depicts the configura-
tions for the D02 scenario, further introducing the key nota-
tions. The class shapes are univocally defined by the storage
area boundaries and the line s1. Such a line is called equi-

Fig. 4 D03 storage system
configurations

Table 1 Results for the D02

benchmark scenario. For
cumulative ABC curves, in the
notation XX%–YY%, XX
identifies the percentage of stored
loads, while YY identifies the
cumulative demand frequency,
e.g., 20–80% curve means that
the 20% of the stored loads
involves the 80% of the total
demand of the S/R operations

ABC curve S kopt Dopt
02

Random 1.000 – 1.000

20–30% 0.748 0.730 0.926

20–40% 0.569 0.652 0.855

20–50% 0.431 0.574 0.782

20–60% 0.317 0.491 0.701

20–70% 0.222 0.400 0.608

20–80% 0.139 0.295 0.493

20–90% 0.065 0.165 0.330

Int J Adv Manuf Technol (2019) 100:2521–2536 2525



distance line in the following and represents the locus of
points whose distance from the P&D point is equal to a de-
fined constant value, k. Its equation is s1 : x + y = k. The value
of k, univocally defining the class shape, also determines the
class size and it is among the variables to optimize according
to the skewness factor, S, of the considered case.

Figure 3 shows two cases depending on the position
of s1 with respect to the bisector line, i.e., case (I) is for
0 ≤ k ≤ 1 and case (II) is for 1 < k ≤ 2. For each case, the
average distances from the P&D point to a generic point

inside the class A, DA
02, and B, DB

02, are computed
through the Integral Mean Value Theorem. Integrals
are extended to the class areas, AA and AB. Equations

(1)–(2) shows the expressions to get DA
02 and DB

02 for
case (I), while Eqs. (3)–(4) are for case (II). For the
sake of brevity, the closed forms coming from the inte-
gral solution are omitted. Furthermore, in Eqs. (1)–(4),
the notations Qx and Px symbolize the x coordinate of
points Q and P of Fig. 3.

DA
02 ¼

1

AA
∫Q

x

0 ∫s10 f x; yð Þdydx ð1Þ

DB
02 ¼

1

AB
∫Q

x

0 ∫1s1 f x; yð Þdydxþ ∫1Qx ∫10 f x; yð Þdydx
� �

ð2Þ

DA
02 ¼

1

AA
∫P

x

0 ∫10 f x; yð Þdydxþ ∫1Px ∫
s1
0 f x; yð Þdydx

� �
ð3Þ

DB
02 ¼

1

AB
∫1Px ∫1s1 f x; yð Þdydx ð4Þ

The overall average distance, D02, is calculated weighting
the values obtained for the two classes by the class access
probabilities coming from the introduced demand curve (see
assumption 7) as in Eq. (5).

D02 ¼ DA
02∙G AAð Þ þ DB

02∙ 1−G AAð Þð Þ ð5Þ

Table 1 shows the optimal values of k, minimizing
D02, for typical values of the demand curve, including
the random scenario (S = 1). To minimize D02, the
Sequential Quadratic Programming (SQP) numerical op-
timization algorithm is applied through a dedicated
Maple® interface [58].

Results highlight that kopt and Dopt
02 decrease if S decreases:

low values of the skewness factor mean that a high percentage
of the demand is generated by a small percentage of the loads
so that both the class A area and the average travelled distance

Fig. 5 Reference layout and
notations for D12 scenario

Table 2 Results for the D03

scenario ABC curve S koptA koptB Dopt
03

Random 1.000 – – 1.000

20–30% 0.748 0.478 0.974 0.909

20–40% 0.569 0.397 0.905 0.821

20–50% 0.431 0.323 0.835 0.731

20–60% 0.317 0.252 0.762 0.633

20–70% 0.222 0.183 0.682 0.525

20–80% 0.139 0.116 0.588 0.398

20–90% 0.065 0.052 0.467 0.236
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are small. Finally, the optimal position of s1 falls in case (I)
(0 ≤ k ≤ 1) for all the values of the skewness factor.

Adding the third class means referring to the four cases and
notations of Fig. 4, where s1A : y = − x + kA and s1B : y = − x +
kB define the boundaries of the classes.

The equations to compute the average travelled distance for
the four cases and the three classes, namely A, B, and C, are

detailed in Eqs. (24)–(36) at the end of the paper, while in the
case of the 3-CBS system, Eq. (5) becomes the following to
get D03.

D03 ¼ DA
03∙G AAð Þ þ DB

03∙ G AA þ ABð Þ−G AAð Þð Þ
þ DC

03∙ 1−G AA þ ABð Þð Þ ð6Þ

Fig. 7 D12 storage system configurations

Fig. 6 Access zones in the normalized storage area with one diagonal cross-aisle

Int J Adv Manuf Technol (2019) 100:2521–2536 2527



Table 2 presents the optimal values for the D03 scenario.
As for D02, the average travelled distance is lower for

low values of the skewness factor and case (I) (0 ≤ kA ≤
kB ≤ 1) always includes the optimal warehouse configu-
ration. Finally, given the demand curve, the inclusion of
the third class reduces the travelled distance between
1.90 and 28.46% with respect to the equivalent two-
class configurations. The lower the values of S, the
higher the savings are.

Starting from these benchmarks, section 4 describes the an-
alytic models to compute the average single-command travel
distance optimizing the non-traditional CBS warehouse with
diagonal cross-aisles. In the following, for brevity, for each
scenario, the case containing the optimum is presented only.

4 Diagonal cross-aisle warehouse with CBS
assignment strategy

This section discusses the models for one and two diagonal
cross-aisles with two and three classes. The description of the
random storage assignment scenarios with one and two diag-
onal cross-aisles, i.e., D11 and D21, is detailed by Bortolini
et al. [22]. The full description of theD12 scenario is proposed,
while the key results for the other scenarios are listed.

4.1 One diagonal cross-aisle 2-CBS distance
model—D12

Figure 5 depicts the configuration and the key notations for a
warehouse with one diagonal cross-aisle and two classes.

The position of the diagonal cross-aisle, r1, is univo-
cally defined by the angle a. r1 equation is y = tan(a) ∙ x.
The red dashed line, r2, is called the iso-distance line in
the following, and it is the locus of points whose distances
from the P&D point choosing the bottom front aisle and
up the picking aisle or moving along the diagonal cross-
aisle and down the picking aisle are the same [22]. The
position of r2 is fixed by the angle z(a), function of a, and

the r2 equation is y = tan(z(a)) ∙ x. The piecewise-defined
blue line is the new equi-distance line introduced in the
previous section. Its shape is different, like a “bolt”, due
to the presence of r1 and r2 (for its analytical definition,
the reader can refer to the lines s1, s2,and s3 presented
below).

r1 and r2 split the storage area into four zones, as
shown in Fig. 6. A generic location P(x, y) inside zone
1 is accessible by moving horizontally and then verti-
cally inside the picking aisle (distance function f1 of
Fig. 6a), while locations in zone 2 are accessible
through the diagonal cross-aisle and then moving down
vertically (distance function f2 of Fig. 6b). Locations in
zone 3 are accessible through the diagonal cross-aisle
and then moving up vertically (distance function f3 of
Fig. 6c). Finally, locations in zone 4 are accessible by
travelling along the diagonal cross-aisle, moving

Fig. 8 D13 storage system best configuration

Table 3 Results for the D12

scenario ABC curve S kopt aopt Dopt
12

Random 1.000 – 33.97° 0.853

20–30% 0.748 0.626 33.93° 0.792

20–40% 0.569 0.560 33.90° 0.733

20–50% 0.431 0.493 33.88° 0.672

20–60% 0.317 0.421 33.86° 0.603

20–70% 0.222 0.343 33.84° 0.524

20–80% 0.139 0.253 33.83° 0.425

20–90% 0.065 0.141 33.83° 0.284
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horizontally on top of the storage area (through an up-
per side aisle) and then moving down inside the picking
aisle (distance function f4 of Fig. 6d). Zone 4 is not
present if the diagonal cross-aisle intersects the vertical
side of the storage area, i.e., tan(a) ≤ 1.

For each zone, i, the analytic expressions of the distance
function, fi(x, y), between the P&D point and a generic P(x, y)
location inside the ith zone are in the following.

f 1 x; yð Þ ¼ xþ y ð7Þ

f 2 x; yð Þ ¼ x
cos að Þ −yþ x∙tan að Þ ð8Þ

f 3 x; yð Þ ¼ x
cos að Þ þ y−x∙tan að Þ ð9Þ

f 4 x; yð Þ ¼ 1

sin að Þ þ x−
1

tan að Þ þ 1−y ð10Þ

Furthermore, the analytic expression of z(a) is by equating
Eqs. (8) and (9). Its analytic expression is:

z að Þ ¼ tan−1
1þ sin að Þ−cos að Þ

2∙cos að Þ
� �

ð11Þ

Due to the different paths to enter the picking aisles,
the shape of the classes is different with respect to the
reference scenarios. Figure 7 presents the cases for the
D12 scenario. Differences among the cases are due to
the relative position of points P, P′, Q, and Q′ compared
to the intersection point of r1 with the warehouse top
side (see the dashed green lines in Fig. 7). This circum-
stance affects the integration domains of the functions
f1, f2, f3, and f4 for the evaluation of the mean travel
distance within each zone (refer to Eqs. (37)–(46) at the
end of the paper for the integral details).

The shape of the equi-distance line is different into each
zone of Fig. 7 and it is defined by the segments QQ′, PQ, and
P′P on s1, s2, and s3. The points P

′,Q′, and P lie on the circle of
center P&D and radius k (the same distance from P&D). They
are determined by its intersection with the y-axis, x-axis, and
the diagonal cross-aisle r1, respectively. Definitively P′(0, k),
Q′(k, 0) and P(k ∙ cos(a), k ∙ sin(a)). Finally, Q is the point of
intersection between r2 and s1. Its coordinates are

s1

s5

P"

P&D

z

Q'b

1

Q"

s2

y

r2

s3

f 2

r3

v

s4

P&D

Pa

f 5

f 1

Q'a

P'b

y

P

f 4

Qb

1

x

f 5

P"a

f 2

f 1

r4

u

a

f 3

r1

P"b

x

Q'

Q"b

r3

v

f 4

1

z

Qa

f 3

a

r2

P'

r4

r1

1

u

P'a

Q"a

Pb

Q

Fig. 9 D22 and D23 storage system best configurations

Table 4 Results for the D13

scenario ABC curve S koptA koptB aopt Dopt
13

Random 1.000 – – 33.97° 0.853

20–30% 0.748 0.405 0.826 33.92° 0.778

20–40% 0.569 0.338 0.770 33.88° 0.705

20–50% 0.431 0.275 0.712 33.84° 0.629

20–60% 0.317 0.215 0.651 33.81° 0.546

20–70% 0.222 0.157 0.584 33.79° 0.454

20–80% 0.139 0.100 0.504 33.77° 0.344

20–90% 0.065 0.044 0.399 33.76° 0.204
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k
tan z að Þð Þþ1 ;

k
tan z að Þð Þþ1

� �
. Given P′, P, Q′, and Q, the lines s1, s2,

and s3 follow. Equations (12)–(13) detail s2 and s3, while s1 is
already defined in section 3.1.

s2 : y ¼ 1

cos að Þ þ tan að Þ
� �

∙x−k ð12Þ

s3 : y ¼ −
1

cos að Þ þ tan að Þ
� �

∙xþ k ð13Þ

As for the benchmark scenario, DA
12 and DB

12 are evaluated
through the Integral Mean Value Theorem extending the inte-
grals to the class areas, AA and AB (see Eqs. (37)–(46) at the
end of the paper for mathematics). Then, using Eq. (5), D12

follows and it is minimized for the same values of the skew-
ness factor presented before. Results are in Table 3.

The optimal size of the class boundary follows the same
trend discussed for the benchmark scenario, while the position
of the diagonal cross-aisle is very little influenced by the de-
mand curve and it is equal to ~ 34° in all cases.

4.2 One diagonal cross-aisle 3-CBS distance
model—D13

The inclusion of the third class duplicates the class boundaries
as described passing from D02 to D03. Figure 8 exemplifies
this scenario in the case with a ≤ 45° and 0 ≤ kA ≤ kB ≤ 1. All

the other scenarios are tested but results prove that the opti-
mum configuration falls in this case.

The equations to calculate DA
13, D

B
13, and DC

13 are in Eqs.
(47)–(49) at the end of the paper, while the previous Eq. (6)
allows getting D13. Table 4 presents the results of the optimiza-
tion for this scenario.

Similarly to the previous cases, the class dimension decreases
if the skewness increases, while the diagonal cross-aisle position
is almost constant and it does not change with respect to the D12

scenario. In all cases, the angle a is close to 34°.

4.3 Inclusion of the second diagonal cross-aisle: D22

and D23 models

The inclusion of the second diagonal cross-aisle enlarges the
available paths connecting the P&D point to the storage bays,
beyond those of Fig. 6, shortening the mean travelled distance
with a further reduction of the available storage space. As
detailed while introducing the first diagonal cross-aisle, the
normalized storage area is partitioned into zones associated
to univocal shortest access paths. The following Fig. 9 pre-
sents the reference best configurations of the storage system
with 2- and 3-CBS system.

The two diagonal cross-aisles are r1 : y = tan (a) ∙ x and r3 :
y = tan (u) ∙ x, while the correspondent iso-distance lines are
r2 : y = tan (z(a)) ∙ x and r4 : y = tan (v(u)) ∙ x calculated
adapting Eq. (11). Furthermore, the upgrades to the fi(x, y)
distance function for the five regions of Fig. 9 are in the fol-
lowing equations.

Table 6 Results for the D23

scenario ABC curve S koptA koptB uopt aopt Dopt
13

Random 1.000 – – 22.95° 42.61° 0.822

20–30% 0.748 0.390 0.796 22.79° 42.69° 0.750

20–40% 0.569 0.325 0.742 22.67° 42.76° 0.680

20–50% 0.431 0.265 0.687 22.58° 42.82° 0.607

20–60% 0.317 0.207 0.628 22.51° 42.87° 0.527

20–70% 0.222 0.151 0.563 22.45° 42.91° 0.438

20–80% 0.139 0.096 0.486 22.40° 42.96° 0.332

20–90% 0.065 0.042 0.385 22.37° 42.99° 0.197

Table 5 Results for the D22

scenario ABC curve S kopt uopt aopt Dopt
22

Random 1.000 – 22.95° 42.60° 0.822

20–30% 0.748 0.604 22.83° 42.66° 0.764

20–40% 0.569 0.540 22.74° 42.71° 0.707

20–50% 0.431 0.475 22.67° 42.75° 0.648

20–60% 0.317 0.406 22.62° 42.79° 0.581

20–70% 0.222 0.331 22.58° 42.82° 0.505

20–80% 0.139 0.244 22.55° 42.84° 0.410

20–90% 0.065 0.136 22.55° 42.84° 0.274
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f 1 x; yð Þ ¼ xþ y ð14Þ

f 2 x; yð Þ ¼ x
cos uð Þ −yþ x∙tan uð Þ ð15Þ

f 3 x; yð Þ ¼ x
cos uð Þ þ y−x∙tan uð Þ ð16Þ

f 4 x; yð Þ ¼ x
cos að Þ −yþ x∙tan að Þ ð17Þ

f 5 x; yð Þ ¼ x
cos að Þ þ y−x∙tan að Þ ð18Þ

Finally, the equi-distance lines limiting the classes are in
Eqs. (19)–(23).

s1 : y ¼ −xþ k ð19Þ

s2 : y ¼ 1

cos uð Þ þ tan uð Þ
� �

∙x−k ð20Þ

s3 : y ¼ −
1

cos uð Þ þ tan uð Þ
� �

∙xþ k ð21Þ

s4 : y ¼ 1

cos að Þ þ tan að Þ
� �

∙x−k ð22Þ

s5 : y ¼ −
1

cos að Þ þ tan að Þ
� �

∙xþ k ð23Þ

In the following, subscripts A and B allows specifying if the
equi-distance line is between classes A and B or between
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classes B and C. Eqs. (50)–(54) at the end of the paper present
the equations to obtain the average travelled distance for each
class, in both scenarios. Equations (5) and (6) combine the
results getting the final expressions of D22 and D23.
Minimizing D22 and D23, the optimal values in Tables 5 and
6 follow.

The main finding from the system optimization is about
the positions of the two diagonal cross-aisles that are almost
constant varying the demand skewness factor, i.e., ~ 23° and
~ 43° with respect to the front of the storage area. This general
conclusion is of strong practical importance because of the
warehouse layout and rack positioning is made ex-ante, i.e.,
before assigning products to bays and setting the storage as-
signment strategy. Having no dependency of the diagonal
cross-aisle position on the demand curve and load assignment
means that it is not necessary to make continuous re-layouts
when the UL assignment changes.

4.4 Result comparison and findings

The results listed in Tables 1, 2, 3, 4, 5, and 6 allow quantify-
ing the impact of the CBS assignment strategy with respect to
the random UL assignment varying the demand curve skew-
ness (1) and the number of diagonal cross-aisles (2). Figure 10
collects and compares these results.

As expected, the lower the skewness factor, the lower
the average distance is, while the 3-CBS assignment

strategy leads to better results than the correspondent
2-CBS scenarios (saving range of 0.5% ÷ 10%).
Concerning the diagonal cross-aisle number, the higher
they are, the lower the average distance is. Nevertheless,
passing from zero to one diagonal cross-aisle generates
savings from 4 to 14%, while the inclusion of the sec-
ond diagonal cross-aisle reduces the average distance
below 4% respect to the one diagonal cross-aisle sce-
narios. Bortolini et al. [22] demonstrated such a de-
creasing effect for the random assignment strategy that
is confirmed here for the CBS assignment strategy.

The major weakness coming from the inclusion of addi-
tional diagonal cross-aisles is the storage space loss. Bortolini
et al. [22] provide a quantitative method to measure such a
loss of space and to correct the average distance to make
results refereed to the same net available storage space. Such
a methodology is case-dependent meaning that the results
depend on the size of the storage area and the aisle dimen-
sions. Section 5 presents an application of the proposed design
strategy including the analysis of the loss of space.

5 Industrial case study

The proposed approach is applied to redesign the UL, 3-CBS
storage system of an Italian company operating in third-part

Class CClass B

401.2 m

3.4m

112.9 m

2
0

3
 m

Class A&

3
0

.3
 m

P  D

30.3 m

Fig. 12 3-CBS system, 2
diagonal cross-aisle warehouse
redesign, case study

Table 7 Industrial case study results

No. diagonal cross-
aisles

Dopt
a3 uopt aopt koptA koptB Saving vs. as-is

(%)
Loss of storage capacity
(ULs)

Dimensionless Real Dimensionless Real

a = 0 0.525 – – 0.183 36.7 m 0.682 136.8 m – –

a = 1 0.453 – 33.79° 0.157 31.5 m 0.584 117.2 m 13.71 2059

a = 2 0.437 22.51° 42.87° 0.151 30.3 m 0.563 112.9 m 16.76 4301
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transport and logistic services (major information are omitted
for privacy).

The ABC analysis on past data allows getting the demand
curve. The skewness factor is S = 0.225. Furthermore, Fig. 11
shows the rack geometry and the aisle and span dimensions.

The existing storage area is of 401.2 × 203.0 m with 68
aisles (34 for each half of the warehouse) and 70 spans per
aisle. Actually, no diagonal cross-aisle is present so that
28,560 ULs per level can be stored. The following Table 7
compares D03, D13, and D23 scenarios given this system con-
figuration calculating, further, the loss of space, expressed in
lost storable ULs, as discussed in Bortolini et al. [22].

Because of the company average UL storage requirement
at the low level is up to 21,800 ULs, the 3-CBS system with
two diagonal cross-aisles scenario, D23, is chosen, saving the
16.76% of the distance at each S/R cycle and increasing the
warehouse saturation from 76.3 to 89.9%. Figure 12 presents
the effect of the redesign action generating a relevant increase
of the handling performances with acceptable loss of space
compared to the current company storage requirement.

6 Conclusions and future research directions

This paper aims at supporting the design of non-traditional
warehouses for unit-loads (ULs) stored according to the
class-based storage (CBS) assignment strategy and retrieved
with single-command cycles. The considered system layout
includes additional aisles crossing the parallel racks, called
diagonal cross-aisles, to reduce the travelled paths. Starting
from the literature analysis, stating a gap in providing optimal
design models for non-traditional warehouses with CBS strat-
egy, the paper provides the assumptions and the analytic for-
mulations to quantify the average-normalized horizontal dis-
tance to perform single-command cycles for 2- and 3-CBS
system with zero, one, and two diagonal cross-aisles. For all
scenarios, the percentage savings toward the traditional con-
figuration are calculated varying the demand curve shape. In
addition, an industrial case study applies the proposed design
strategy further quantifying the storage capacity losses due to
the introduced diagonal cross-aisles. Results state that the best
position of the additional aisles is very low dependent on the
demand curve, decoupling the warehouse rack design to the
UL assignment. Savings to store and retrieve (S/R) ULs are up
to 17% in the industrial test case. Globally, if the demand
curve is more skewed, the distance saving increases.

Future research is in twofold directions. On one side, model
extensions are possible including dual-command cycles, ver-
tical distances, and rectangular storage areas, i.e., shape factor
lower than one. On the other side, the design strategy appli-
cation to multiple relevant contexts is expected to spread non-
traditional warehouses into industry.
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