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Abstract. The thriving on-demand delivery economy and the
increasing focus on addressing the global environmental crisis have
spurred the need for efficient and sustainable logistics facilities in urban
central areas. This paper delves into the optimization of multi-story
logistics warehouse design in Shenzhen, China. Based on
comprehensive investigations of existing multi-story warehouses in
Shenzhen, the study proposes a hybrid computational model of integer
programming and NSGA-II tailored for the generation and optimization
of multi-story warehouse general layout design. The prototype, aimed
at enhancing efficiency and sustainability, translates these concepts into
attainable goals of optimizing land utilization, construction cost, and
transportation distance. By addressing multi-objective challenges in the
design process, the prototype's effectiveness is validated through a real-
world case study. This paper seeks to offer a pragmatic approach to
designing cost-effective and resilient multi-story logistics warehouses
in the long term, applicable in both Shenzhen and other densely
populated urban centers. The insights derived from this study may
contribute to the ongoing discourse on optimizing logistics in
dynamically evolving industrial landscapes.

Keywords. Logistics warehouse design, multi-story warehouse,
generative  design, multi-objective  optimization, efficiency,
sustainability, integer programming, NSGA-IL.

1. Introduction

In the past decade, the evolution of supply chain and automation industry dynamics
has catalyzed a “vertical shift” in the logistics landscape(Aderneck, 2020; Lim & Park,
2020; Xiao et al., 2021). The surge in e-commerce and the increasing demand for last-
mile delivery underscore the vital role of high-capacity logistics facilities in
metropolitan areas. In this context, the strategic design of efficient and sustainable

ACCELERATED DESIGN, Proceedings of the 29th International Conference of the Association for Computer-
Aided Architectural Design Research in Asia (CAADRIA) 2024, Volume 1, 283-292. © 2024 and published by
the Association for Computer-Aided Architectural Design Research in Asia (CAADRIA), Hong Kong.



284 Y. WEN, W. YE AND G. YU

multi-story logistics warehouses has emerged as a significant topic. Given the fact that
salient constraints on land availability(Yuan & Zhu, 2019; Xiao et al.,, 2021) in
monocentric metro areas has less impact in previous studies(Sakai et al., 2015;
Giuliano & Kang, 2018; Heitz et al., 2020), this paper delves into the critical domain
of multi-story logistics warehouse design in Shenzhen, China.

Researchers have proposed a wide range of multi-story warehouse layout
optimization strategies. At the urban scale, current studies have presented the large-
scale, multi-tenant and mixed-use logistics solutions in dense urban areas to address
space constraints(Xiao et al., 2021; Buldeo Rai et al., 2022). Concerning the need for
sustainability, Xiao et al. (2021) has highlighted the sustainable logistics land use
patterns in Shenzhen, whereas other studies have also suggested green logistics
transportation(Colicchia etal., 2013; Ploos van Amstel etal., 2021). At the facility scale,
new heuristics based on GA(Zhang et al., 2002) or its hybrids(Zhang & Lai, 2006) have
been developed to tackle multiple-level warehouse layout problems and meet the need
for logistics automation. However, the perspective of architectural design of multi-
story warehousing buildings has not been adequately studied yet.

Integer programming (IP) is a widely applied mathematical optimization technique
in the field of architecture. Previous studies have been conducted to solve the problems
including plan layout(Keatruangkamala & Sinapiromsaran, 2005) and transportation
network design(Hua et al., 2019). On the other hand, non-dominated sorting genetic
algorithm II (NSGA-II) was tailored to cope with multi-objective optimization more
effectively(Coello Coello, 2006), which has been used to explore high-performance
layout possibilities(R. Wang et al., 2021; Wu et al., 2023). While prior applications of
either approach are ample, there are relatively limited researches on combining IP and
NSGA-II in layout optimization(Lv & Wang, 2020).

In response to the shortage, this paper proposes a generation and optimization
prototype model that integrates IP and NSGA-II. Aiming to provide multi-objective
solutions for optimizing multi-story warehouse general layouts, this paper addresses
the requirements of efficiency and sustainability from the perspective of architectural
design. By presenting a real-world case study in Shenzhen, this research tries to offer
insights applicable to regions with similar land use patterns.

2. Methodology

The study employs a synergistic approach, integrating [P and NSGA-II, to optimize
layout configurations. IP is known for its efficiency in handling large-scale problems
with reduced computational time complexity. On the other hand, NSGA-II, excels in
addressing multi-objective optimization problems. By combining the precision and
efficiency of IP with the multi-objective optimization prowess of NSGA-II, the study
aims to achieve an optimal layout configuration that balances the benefits of both
methodologies.

The methodology of this study can be divided into four parts: 1) Input and
transformation of real-world information; 2) Establishment of a mathematical model
for optimization objectives; 3) Generation of most occupied layouts with IP; 4) Muti-
objective optimization to find the best actual layout. The methodology is shown in
Figure 1 and further explained in the following.
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Figure 1. Methodology

2.1. INPUT AND TRANSFORMATION

2.1.1

Processing of Given Data

The processing of basic data involves a three-step procedure. First, a 2D grid coordinate
system is established, with the subdivision precision aligned with the standard column
spacing of the warehouse (12m). Second, the geometric parameters of the site are input
and gridded as a computational domain. Third, warehouse plans are transformed into
a series of warechouse templates (WTs) comprising with warehousing fire
compartments (WFCs), ramp units (RUs), loading bay and spacing (elaborated further
in Section 3.1). Given data and decision variables are declared as follows.

Given data:

Gy, G, are the length and width of the grid.

ho, Wy, ly are the length, width and single storey height of a single fire compartment
S isthesetof thesite grid S = {i,j|0 < i < G,,0 <j < G, }.

H,, W, are the length and width of template t, respectively.

s;,bj are additional constraints representing the index of available grids for rows and
columns, respectively.

T isthesetof n types of WTs, T = {t;,t,, ..., tn}-

(i, jo) isthe fixed reference point representing the site entrance.

Ly is the maximum number of building storeys.

M, is the number of WFCs of each template t.

Max_total isthe maximum number of total warehousing fire compartments.
Price represents the given construction cost data.

Decision Variables:

2.1.2.

Xmnt 18 a binary variable that equals 1 if the top-left comer of template ¢ is placed at cell
(m,n) inthe grid, and 0 otherwise.

L; the number of storeys of actual placed template ¢.

N, the total number of actual placed template t.

Space Constraints

The constraints should be added to the model for placing templates on the grid,
considering the dimensions of both the grid and the templates, as well as specific
constraints defined by arrays s and b.

L.

In-boundary constraint
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Restrict placement in last rows and columns:
Xpjt =0, Vi € {Gy, — Hy, ...,Gp},j € {Gy, — W, ..., Gy} (1)
Row-based restrictions using s:
X;jc=0,Vi€ {0,..,G, —H.},j € {max(0, min(si,si_HHt) -W,), .., Gy} (2)
Column-based restrictions using b:
Xijr =0,Vj € {0,..,G, —W;}i € {max(0,bj_11w, — H), .., Gp} (3)
2. Non-overlapping constraint
The key is to ensure that each cell (i,j) in the grid is covered by at most one part
of any template, and this is determined by the position of the top-left corner of the
templates and their dimensions.
Xmne 1s indicating whether the top-left corner of template t is placed at cell
(m,n). m,n iterate over the potential top-left corner positions of the templates that
could cover cell (i, ).

Sier Tomin (Gpotle) 5t Cow=We) |yt < 1, Vi € {0,..,Gp}j € {0,..,G,} (4)

m=max (0,i—H;) “n=max(0,j—W;)
3. Building height constraint
According to the prescribed warehousing storey height (8m) and the baseline height
(24m) for multi-story buildings, a multi-story warehouse has a minimum of 3 storeys.

3<L, <L (5)
4. Total number of warehousing fire compartments constraint

The total number of WFCs is constrained by the site area and the prescribed floor
area ratio.

Yiter LeM(N; < max _total (6)

2.2. MATHEMATICAL MODEL ESTABLISHMENT

Multi-story warehouses, as opposed to their traditional single-story counterparts, are
characterized by their occupation of denser urban spaces, elevated floor-to-ceiling
heights, and enhanced spatial efficiency, promoting sustainable land usage. These
structures facilitate optimized transportation networks, potentially diminishing transit
distances, curtailing logistical expenditures, and contributing to a reduction in carbon
emissions. This research quantitatively translates these efficiency and sustainability
imperatives into measurable objectives: land utilization, construction cost, and
transportation proximity. Land utilization is further disaggregated into planar density
and diversity, as well as vertical intensification metrics. Accordingly, a total of six
distinct objective functions are established.

1.Max Site Coverage: The strategy optimizes planar density by employing a
stochastic template filling method to determine the maximum feasible WFCs on the
ground plan, ensuring optimal long-term land use efficiency.

2.Max Diversity: Based on the candidates derived in the preceding step, this
objective ensures diverse warehouse scales within the site by selecting the results
featuring the richest types of WTs. This approach is designed to enhance the long-term
profitability of warehouse operations and the overall land utilization value.

3.Max Total WFCs: The aggregate count of WFCs, distributed across all levels,
directly correlates with the storage capacity of the land, where an increase in WFCs
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within predetermined bounds augments the overall storage rate.

4 Min Total Buildings: The vertical intensification is evaluated through randomized
allocations of storeys to WTs, conforming to regulatory height and floor area ratio
limitations, aiming to minimize the count of buildings.

5Min Construction Cost: Estimated construction expenses are derived from
predefined pricing datasets, providing a cost framework for the evaluation of design
alternatives.

6.Min Transportation Distance: An ideal logistic layout is characterized by its
succinct transportation network, with the aggregate transportation distance minimized
across all levels, excluding pedestrian traffic considerations. The overall transportation
distance comprises 1) the distance from the site entrance to the buildings and 2) the
distance within the buildings, with the former minimized using linear programming,
and the latter minimized with NSGA-IL

2.3.IP LAYOUT GENERATION

We first employ IP to address the objectives of site coverage and transportation
distance, involving the variable x,, ,,, and the constraints expressed by Egs. (1)-(4).

2.3.1. Maximum Site Coverage

The generation of general layout candidates starts from maximizing site coverage,
where the variables under consideration are the types and quantities of WTs. The
primary objectives include 1) maximizing the number of WFCs on the site and 2)
increasing the quantity of WTs containing more WFCs.

While IP would yield a single optimal solution for these objectives, the prototype
should provide a comprehensive set of planar arrangements for screening during the
early stages to better align with real-world scenarios. Therefore, we transform these
two objectives into constraints based on practical considerations and generate all
solutions meeting these criteria. The result contains a set of layouts that meets the
maximum site coverage requirement.

2.3.2. Minimal Transportation Distance from the Site Entrance

The transportation distance from the site entrance to the buildings is minimized in the
IP model. The distance Dis,, ¢, for a template t placed at position (m,n) is
calculated as:
Dismn,e = Im — (i — H)| + [n— (jo — W) (7)
This represents the distance from the bottom-right corner of the placed template ¢
to the reference point (iy, j,).The objective is to minimize the total distance of all
placed templates from the entrance:

minZtET Zfrilzo Zz‘;oDism,n,t * xm,n,t (8)
The result is an integrated solution that optimally achieves maximum site utilization

while also minimizing the transportation distance between the site and the constructed
facilities.
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2.4. MULTI-OBJECTIVE OPTIMIZATION

In the optimization phase, NSGA-II is employed to search for the Pareto Fronts. Based
on the principles of NSGA-II, the multi-objective optimization process can be
described as follows.

To enhance computational efficacy and maintain the integrity of integer constraints
post-genetic operations, we refined the genetic algorithm component within NSGA-IL
This refinement ensures that the resultant offsprings, following crossover and mutation
events, remain confined to the predefined integer bounds. The decision variables in
NSGA-II, are L;, N;, which are both integer variables with a given range. the range
of L, is from building height constraint. The result from Max Site Coverage can be
used as an indicator for the range of N;. The constraints in NSGA-II are expressed by
Egs. (5) and (6).

The objectives in NSGA-II are:

1.Max Diversity: maxYer[N; = 0] 9)
2.Max Total WFCs: maxY,cr L M:N, (10)
3.Min Total Buildings: min Y7 N, (11)
4 .Min Construction Cost: minY,cr N, * Price(L;) (12)

5.Min Transportation distance within the building:

min ¥per( J (2hg + 2w)? + 1,2 (L, — 1) + max (H,, W,)) x 2N, (13)

3. Case Study

The application of the prototype is illustrated in the following via a comparative case
study of a multi-story warehouse project located in the Yantian Port (Figure 2a), the
eastern part of central Shenzhen, China.

The current general layout (Figure 2b) features two five-story warehouses
positioned on the southeast side of the site. By re-designing and optimizing the general
layout with the proposed prototype, the existing project is used as a benchmark for
evaluating the efficacy of the design approach.

Huizhou

SITE

Yantian
Port

- Hong Kong N N I\ N
(a) (b) ‘ (0)

Figure 2. Site location (a), current general layout (b), and gridification of the site(c)

3.1. PRELIMINARY DEFINITION

After gridifying of the site (Figure 2¢), we defined fundamental assumptions related to
WTs, WECs, and RUs. 1) They are all rectangular, with the wall width being negligible.
2) A WFC adhering to fire safety regulations consists of 25 grid cells. 3) A WT consists
of at least two WFCs, at most four WFCs, and one RU. WTs can be arranged with a 0-
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degree orientation or rotated by 90 degrees, resulting in a set of 6 possible
configurations, denoted as T = {t;,t,,t3,t4,ts,ts}. 4) The prescribed spacing
between WTs is one grid and is contained in the templates. An illustrative diagram
based on the assumptions is shown in Figure 3.

0° Ver. 90° Ver,
B WFC
e = RU t1 2 t4 t6
- = loading bay
[] spacing
t3
one
WEC - WEC
5
one one
WEC | RU
I o I T
T T i
in types of warehouse templates (WTs) (b) T = {t1, £2,t3, t4, t5, t6}

Figure 3. Preliminary definition of templates

The area of the site is approximately 55,000 nf. Considering the local regulations
on floor area ratio (3.0) and building height (50m), as well as the practical requirements
of decision-makers for this real-world project, we have calculated that the total number
of WFCs placed on the site should not exceed 40, with a maximum number of building
storeys L, = 6. The fixed reference point representing the site entrance is defined as
(24, 20). Additionally, based on the given construction cost data, we have compiled a
rough cost estimate, as shown in Table 1.

Table 1. Given average construction cost (CNY)

33,264,000 44,352,000 55,440,000
2,800 84,672,000 112,896,000 141,120,000
3,200 217,728,000 290,304,000 362,880,000
3,600 302,400,000 403,200,000 504,000,000
4,000 399,168,000 532,224,000 665,280,000
4,400 217,728,000 290,304,000 362,880,000
| ! 1 P
BREE g
s s 2
B8 2 I
! l l I ‘ l ! E Time taken to solve ﬂlé m;:del' 32“129
| | | | S e des
| B I ‘ r ! E (b) Optimal solutions for
I _ﬁ' E’ 'I’ i _I_-_- i _l' R minimal transportation

distance from the site entrance
Number of solutions: 78

Figure 4. Optimal solutions generated through IP

3.2. ALTERNATIVE GENERAL LAYOUT GENERATION



290 Y. WEN, W. YE AND G. YU

This section demonstrates a set of optimal solutions generated through IP for maximum
site coverage (Figure 4a) and minimal transportation distance from the site entrance
(Figure 4b). Each of these solutions serves as an alternative proposal for the existing
general layout.

3.3. OPTIMIZATION RESULTS

NSGA-II is applied here to solve the multi-objective problems. The numbers of initial
individuals and generations are both set to be 100. The Pareto Fronts obtained are
visualized in a three-dimensional chart. A comparative analysis of two sets of solutions
is conducted and further explained as follows.

3.3.1. Optimal Solutions for Land Intensification

In this section, we fix the value of diversity at 3 or 4 and use it as a constraint, with land
intensification as the variable. The obtained Pareto Fronts (Figure 5) spans from the
top-left to the bottom-right of the plot, which illustrates the gradual change of layout
from “density and intensification” to “low cost and transportation”.

In the analysis, a total of five solutions grouped into three sets were examined,
focusing on better intensification. The comparison involved cost, total number, and
transportation metrics. Set 1 exhibited the highest intensification but the lowest WFC
quantity. Between Set 2 and Set 3, Set 2 outperformed in both intensification and total
numbers, while Set 3 was less intensive but more cost-effective. Notably, Solution 1(a)
and Solution 3(c) share the same configuration in the previous IP results, as do Solution
2(b) and Solution 3(d). A closer look at the original configurations revealed better
transportation in the former one. Thus, for those pursuing the shortest transportation
distance, the former layout configuration is recommended, while those emphasizing
WEFC total number and intensification may prefer the latter.
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Figure 5. Optimal solutions for land intensification
3.3.2. Optimal Solutions for Diversity
In this section, we set diversity as the variable, with the value of intensification fixed at

4 and treated as a constraint. This approach enables us to derive solutions for different
levels of diversity. As shown in Figure 6, the majority of the solutions are clustered
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towards the middle of the “Total Number” and “Land Intensification” range, with a
moderate “Total Cost” and “Transportation Distance”, representing a balanced trade-
off among the considered objectives.

Pareto Front with Transportation as Color
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Figure 6. Optimal solutions for diversity

In the analysis, 7 solutions are selected from the cluster with costs under
1,000,000,000, transportation under 800, and a total number greater than or equal to 32.
Notably, Solution (a) stands out from a long-term sustainability perspective due to its
highest number of WFCs. This result is consistent with the objective of maximizing
site coverage, confirming alignment between the outcomes of IP and NSGA-IL

4. Conclusion

This research proposed a generation and optimization prototype model that supports
the multi-story logistics warehouse general layout design. The prototype exhibits a
significant advantage in providing considerable decision-making flexibility for
navigating trade-offs between efficiency and sustainability. The future refinement of
the model will involve rotations of the grid, particularly in sites with non-orthogonal
contours. Additionally, enhancing the diversity of warechouse templates (WTs) will be
considered, taking into account practical scenarios such as two warehouses sharing a
circular ramp. While the prototype is developed using Shenzhen as a sample, its
potential applicability extends to other densely populated or concentrated metropolitan
areas confronted with comparable challenges of land scarcity and intensive
development, which requires further research.
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