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In the satellite overall design phase, it is a crucial step to perform satellite layout design to guarantee that the aggregation of
electronic components can operate normally and stably in an appropriate temperature environment. In order to handle the
satellite payload placement problem of the DongFangHong 4 (DFH-4) platform, the heat pipe-constrained component layout
optimization (HCLO) problem is proposed with the HCLO model formulated. Through careful investigation, it can be divided
into two optimization subproblems that can be solved subsequently. Based on the divide-and-conquer strategy, an integer
linear programming- (ILP-) assisted two-stage layout optimization method is proposed. In stage one, component-heat pipe
distribution optimization is performed using the ILP technique so that specific heat pipes occupied by each component can be
determined and the horizontal movement range of components can be reduced. In stage two, the detailed component layout
optimization is investigated to obtain the final positions of components. First, the sequence layout sampling (SeqLS) method is
used to generate one nonoverlap initial layout. Next, swap operation between components is incorporated to reduce the
centroid deviation. Finally, sequential quadratic programming (SQP) search is conducted based on the generated promising
initial layout solutions. Therefore, the SeqLS-based heuristic layout search algorithm is proposed in the second stage. Two
layout test cases, including 15 components and 90 components, respectively, are investigated to demonstrate the validity and
efficacy of the proposed layout design method. Experimental results show that it is promising to apply such a two-stage
approach for satellite payload placement in engineering.

1. Introduction

During the satellite overall design phase, satellite layout
design plays a crucial role in determining its on-orbit perfor-
mance and functionality and avoiding design failure. The aim
of satellite layout design is to arrange proper positions of the
electronic components or equipment inside or outside the
satellite to satisfy various system performance requirements
(mass characteristics, thermal control, etc.). In engineering
practice, it usually takes months for engineers to manually
place components by trial and error and figure out one feasi-
ble layout design scheme that can meet all complex design
constraints. When the number of components that need to
be placed increases, the layout design task will become more
difficult and time-consuming. In order to accelerate the
design process and shorten the manufacturing cycle, satellite
layout optimization design (SLOD) methods have been
developed to tackle the satellite layout design problem so that

optimization techniques can be incorporated to alleviate the
design complexity [1, 2].

In general, the SLOD methodology can be roughly divided
into two key stages: modeling and optimization. In the model-
ing stage, problem formulation and geometry modeling are
two essential basic topics for conducting the subsequent opti-
mization. For problem formulation, there are two common
types of basic SLOD models concerning mass characteristics
and dynamics performance in the literature [3, 4]. The first
kind of SLOD model was built to minimize the dynamic non-
equilibrium performance for one self-rotating reentry vessel in
2001 by Teng et al. [3]. After that, Sun and Teng [4] took the
layout design of an international commercial communication
satellite as an example and established the commonly used
SLOD model, where the moments of inertia of the satellite
were optimized due to the requirement of attitude control sub-
system. It is a classical three-axis stabilized satellite layout
design model, which has been widely adopted in most
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researches. Apart from the problem formulation, geometric
modeling of layout components is the other essential part of
constructing the entire mathematical model. The purpose of
geometric modeling is to deal with the nonoverlapping con-
straint between components or between components and the
layout domain. It demands that not only collision detection
can be realized but also the volume of overlap that might hap-
pen during optimization can be precisely calculated. In earlier
research [2–4], the nonfit polygon method was utilized to
detect the overlap. However, it is difficult to realize the overlap
calculation between rotating rectangular components. Hence,
an enhanced finite-circle method [1] and the phi-function
method [5] were proposed, which can easily tackle the non-
overlapping constraint between more complex geometries.
With the aforementioned mathematical modeling, more
researches have been conducted in developing layout optimiza-
tion algorithms so that the global optimal placement of compo-
nents can be identified effectively and efficiently. Actually, as a
kind of three-dimensional (3D) packing problemwith complex
performance constraints, the SLOD problem is too hard to be
solved in polynomial time, which is known as NP-hard [6].
To handle this problem, many heuristic and metaheuristic
algorithms have been proposed to avoid being stuck in the local
optimum and search for the optimal layout solution, such as
quasiphysical quasihuman algorithm [7], nonlinear optimiza-
tion formulation [8], particle swarm optimization [1, 6], differ-
ential evolution [9, 10], and artificial bee colony algorithm [11].
However, these layout search algorithms are problem-depen-
dent, and their performance in different layout cases is not con-
sistently good.

In addition to research based on the basic SLOD model,
other vital performance requirements should be incorporated
into the optimization design, such as the thermal performance
[1, 12–15]. In terms of the layout optimization driven by ther-
mal performance, the temperature simulation analysis was
directly integrated into the optimization loop for assessing
the temperature field of different layout schemes [12]. Despite
the precise evaluation, it is a time-consuming process [14, 15].
Hence, two approximate description methods [13, 14] have
been developed to represent the uniformity of temperature
distribution based on the dissipated power of components.
However, both approaches are qualitatively assessing thermal
performance, which cannot realize the accurate temperature
control with the layout changing. Consequently, to evaluate
the temperature field precisely without increasing the compu-
tational burden, Chen et al. [16] proposed a deep learning-
based surrogate modeling method to construct one cheap
mapping between the layout and the resulting temperature
field and replace the numerical simulation during optimiza-
tion. Experiments demonstrated the effectiveness of the pro-
posed approach and showed a great potential of the deep
neural network surrogate in dealing with the ultra-high-
dimensional field prediction problem.

In this paper, considering the deployment of heat pipes used
in satellite thermal control subsystem, we propose a new SLOD
formulation for satellite payload placement in the DongFan-
gHong 4 (DFH-4) bus, which is summarized as the heat pipe-
constrained component layout optimization (HCLO) problem.
Compared with the former classical SLOD model, more com-

plicated design constraints, including the component-heat pipe
overlapping constraint and heat pipe dissipation capacity
constraint, have been combined in this model to restrict com-
ponents to be placed on top of heat pipes so that the generated
heat of components can be dissipated outside to the cold space.
In addition, to solve this new complex layout design task, we
employ a divide-and-conquer strategy and propose an integer
linear programming- (ILP-) assisted two-stage layout optimiza-
tion method. In the first stage, an ILP formulation for
component-heat pipe distribution optimization is established
to determine which heat pipe(s) components should be placed
on. Next, the detailed component layout optimization model
is built based on the distribution result of the previous stage,
and the sequence layout sampling- (SeqLS-) based heuristic lay-
out search method is developed to identify the final layout
design efficiently. It becomes easier to figure out optimal layout
solutions by tackling two layout subproblems one by one.

The remainder of this paper is organized as follows. In
Section 2, the problem statement is presented as well as the
mathematical model of the HCLO problem. Then, the pro-
posed ILP-assisted two-stage layout optimization approach
is elaborated by introducing the solution for each stage
clearly in Section 3. In Section 4, two layout cases with
different complexity are investigated to demonstrate the
feasibility and efficacy of the proposed method. Finally, con-
clusion is draw in Section 5.

2. Problem Description and HCLO Model

In this section, the HCLO problem is firstly introduced, and
then, the HCLO model is formulated with defining proper
design variables, layout constraints, and the optimization
objective.

2.1. Problem Description. Driven by the engineering applica-
tion of determining the optimal satellite payload placement
in the DFH-4 bus, the HCLO problem is proposed, illustrating
a new kind of component layout optimization problem.

DFH-4 bus is an international advanced large telecom-
munication satellite platform for the high capacity broadcast,
regional mobile communication, etc., aiming for interna-
tional and domestic commercial communication satellite
markets (Krebs, Gunter D. “DFH-4 Bus”. Gunter’s Space
Page. Retrieved December 22, 2021, from https://space
.skyrocket.de/doc_sat/ch__dfh-4.htm). With some simplifi-
cation, a two-dimensional (2D) view of bearing boards of
DFH-4 satellite payload bay is displayed in Figure 1. There
are three main boards, including one satellite-towards-
Earth (STE) board and two side boards, in this payload bay.
The plotted Cartesian coordinate system O − XYZ illustrates
their spatial relationship. The STE board means that this
plane always points to Earth when the satellite is flying in
its space orbit. On this board, antennas are usually installed
on the outer surface of the STE board while signal receivers
or transmitters on its inner surface, as well as some compo-
nents with low heat-generating power. Two side boards,
namely, the north and south boards, are utilized to arrange
some components with high heat power since most of the
generated heat by components is dissipated through these
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two boards outside the satellite. To be more specific, heat is
firstly conducted by heat pipes embedded in two side boards
to their outer surfaces and then radiated to the cold deep
space (constant at 4K). It is assumed that layout components
on the STE board have been placed in their right position in
advance. Therefore, the task layout problem is established to
address how to properly arrange the positions of components
on the north and south boards with meeting satellite
performance requirements on the heat dissipation and
system static stability.

As shown in Figure 1, this 3D layout task can be simpli-
fied to a 2D layout optimization problem identifying X and
Z coordinates of components on two side boards without
considering their spatial intrusion with other satellite parts
in the Y-axis direction. Each board is divided into two
feasible layout domains, denoted by red rectangles, where
electronic devices (components), represented by blue shaded
rectangles, are restricted to be placed without any protru-
sion. The thin green bar denotes the heat pipe, which effi-
ciently absorbs the heat generated by components and
quickly reaches a balanced heat dissipation state. The design
requirements on thermal performance and mass characteris-
tic for satellite payload placement of DFH-4 are mainly
discussed in this paper, including the following:

(i) The system centroid of satellite payload bay should
approach the expected one or satisfy the given spe-
cific centroid range

(ii) Components are required to overlay on the surface
of heat pipes to guarantee that the generated heat
can be directly dissipated by heat conduction

(iii) The total heat power dissipated by every single heat
pipe, which depends on components covering its
surface, cannot exceed its maximum load capacity

(iv) The dissipated power over different heat pipes in
one board should be balanced, that is, as close as

possible such that the uniformity of temperature
distribution over the entire board can be maximized
and heat concentration can be avoided

Following the aforementioned assumptions, the HCLO
problem is defined as one typical layout design scenario
where the thermal performance based on heat pipes is
maximized by optimizing the placement of components,
simultaneously meeting the static stability constraint.

2.2. The HCLO Model. The mathematical model of the
HCLO problem is constructed in this subsection. Notice that
three assumptions have been made in advance. First, compo-
nents are assumed to be rigid cuboids with a uniform mass
distribution, which means their centroids are coincident with
their geometric centers. Second, components that are
required to be placed on these two side boards have been a
priori allocated to different layout domains according to
some engineering practice. It means that swap operation of
components between different layout domains is not allowed
during optimization. Third, components are restricted to be
placed orthogonally, and rotation of 90 degrees is also not
allowed during the optimization. The last two assumptions
reduce the design space and thus lower the optimization dif-
ficulty to some extent. Therefore, this HCLO problem can be
established as a 2D layout optimization model, which is sim-
ply illustrated using Figure 2 without loss of generality.

2.2.1. Design Variables. For computational convenience, a
2D Cartesian coordinate system O − xy is defined, where x
-axis is aligned with the horizontal direction and y-axis with
the vertical direction. Heat pipes are evenly distributed along
the x-axis direction to realize better heat transfer and spread
heat over the domain uniformly. Taking geometric centers
as reference points, the placement of components can be
easily determined using their 2D position coordinates ðxi,
yiÞ. On the basis of this, design variables of the HCLO model

Z

X X

Y

X

Z

11

4

5

6 123

12
1920

17
18

9

10

13
14
15
16

7

8

31

24
25
26

21

22
23

32 35 36

33
34

29

30

37
38
39
40

27

28

South board of payload bayNorth board of payload bay Satellite-towards-earth board

Layout domain
Component
Heat pipe

Figure 1: The illustration of satellite payload placement of DFH-4 bus.
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can be represented as

X = xi, yið Þ i = 1, 2,⋯,Ncjf g, ð1Þ

where i denotes the ith component, Nc means the number of
components to be placed, and X represents the component
layout scheme, which can uniquely define the placement in
their allocated layout domain.

It can be easily concluded that the number of design
variables is 2Nc. As the number of components N increases
to the magnitude of hundreds, the HCLO problem will
become high dimensional, greatly increasing the complexity
of the search space and thus the difficulty of identifying its
optimal solution.

2.2.2. Layout Constraints. Four types of layout constraints
should be satisfied to accommodate satellite thermal perfor-
mance and system mass characteristics: the nonoverlapping
constraint, system centroid constraint, component-heat pipe
overlapping constraint, and heat dissipation capacity constraint.

(1) Nonoverlapping Constraint. The nonoverlapping con-
straint, as a basic spatial geometry constraint, demands no
overlap between different components and between compo-
nents and the layout domain. The overlap volume should
be strictly equal to zero to guarantee the feasibility of one
layout scheme. Hence, the nonoverlapping constraint can
be expressed as

g1 Xð Þ = 〠
Nc−1

i=0
〠
Nc

j=i+1
ΔVij ≤ 0, ð2Þ

where ΔVijði, j > 0, i ≠ jÞ refers to the amount of intersection
area between components i and j; when i = 0, object i denotes
the layout domain, and ΔVij means the amount of protrusion
area of component j out of the layout domain.

The overlap area between rectangles placed orthogonally
can be easily calculated analytically in this case. For more
complex geometries, it is an efficient approach to analytically

and explicitly measure the amount of overlap by distance
using the phi-function method [5].

(2) Static Stability Constraint. Static stability constraint here
represents the system centroid constraint, where the mass
center of satellite payloads along the y-axis direction in the
O − xy system (i.e., the X-axis centroid in the O − XYZ sys-
tem) is required to be controlled within its permissible
range. In other words, the system centroid deviation should
be limited in its predefined offset. Note that this constraint
can also be modeled as the objective that the real y-axis sys-
tem centroid yc is expected to be as close as the expected one.
It means that the system centroid error should be mini-
mized. Following its definition, we can formulate this con-
straint as

g2 Xð Þ = yc − yej j − δye ≤ 0, ð3Þ

where yc and ye are the real and expected y-axis system cen-
troid, respectively, and δye is the maximum allowable cen-
troid deviation.

(3) Component-Heat Pipe Overlapping Constraint. The
component-heat pipe overlapping constraint is defined as
another geometry constraint, requiring that the foot area of
components must be placed on top of any one or several heat
pipes horizontally to ensure effective heat conduction. There-
fore, in a 2D projection view, components should intersect with
several bar-shaped heat pipes geometrically. To guarantee a safe
assembly operation and an efficient heat transfer, the width that
is occupied on any one heat pipe by each component should be
controlled as a larger value than the threshold. The threshold
width dhpcom is set as the width of the heat pipe in this case, which
means that only the situation where the component cross over
the entire heat pipe can be regarded as one valid heat pipe
occupation. Thus, this constraint can be represented as

g3 Xð Þ = 〠
Nc

i=1
max di, 0ð Þj j ≤ 0, ð4Þ
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Figure 2: The illustration of the heat pipe-constrained component layout optimization (HCLO) problem.

4 Space: Science & Technology



where di denotes the distance away from its nearest heat
pipe when component i does not intersect with any one
heat pipe under the assumption of the valid heat pipe occu-
pation. This distance is analytically calculated using the
adjusted phi-function approach as introduced in [5]. As long
as the component can validly cross over at least one heat
pipe, this distance value would maintain zero. For example,
component 5 in Figure 2, which has a large horizontal
length, can readily satisfy this constraint under arbitrary
placement. Following their mutual relationship, the number
of heat pipes occupied by one component can only switch
between two possible options. However, its value depends
on its specific position.

(4) Heat Dissipation Capacity Constraint. Each heat pipe has
its maximum heat dissipation capability, defined as the maxi-
mum load power Php

max. Heat dissipation capacity constraint
describes that the actual total power dissipated by each heat
pipe cannot exceed its maximum load capacity. The total dis-
sipated power by one heat pipe is determined by accumulating
the heat power of components that crosses over this heat pipe.
When the heat generated by one component is dissipated
through several heat pipes, that is, one component occupies
multiple heat pipes simultaneously, it is assumed that the com-
ponent power is averaged and then added to the real load cal-
culation of each of its occupied heat pipes. Hence, this
constraint can be written as

g4 Xð Þ = Php
j = 〠

i∈H j

Pi

nhpi
≤ Php

max,∀j = 1, 2,⋯,Nhp, ð5Þ

where Php
j is the real load power of the jth heat pipe,H j repre-

sents the set of components that occupy the jth heat pipe, Pi

and nhpi denote the heat power of component i and the num-
ber of heat pipes occupied by component i, respectively, and
Nhp is the total number of heat pipes. Note that nhpi varies with
the position of component i and should be updated after its
movement according to the rule of valid heat pipe occupation.
When investigating DFH-4-like cases, heat pipes cross over
the entire board along the X-axis, that is, two layout domains.
The calculation of real heat pipe load power should be per-
formed based on the placement of components in these two
layout domains simultaneously.

2.2.3. Optimization Objective. Since the layout design goal, in
this case, is to improve the uniformity of the temperature
field based on heat pipes, the optimization objective is set
to minimize the maximum real load power of heat pipes in
one layout board. Thus, the objective can be formulated as

f Xð Þ = max
j=1,2,⋯,Nhp

Php
j : ð6Þ

.
When considering the DFH-4 case involving two side

boards, this objective is extended as the summation of their
respective maximum real load power of heat pipes in differ-

ent boards. It can be represented as f ðXÞ = max
j=1,2,⋯,NN

hp

PhpN
j +

max
j=1,2,⋯,NS

hp

PhpS
j , where N and S denote the north and south

boards, respectively.

2.2.4. Formulation of the HCLO Model. With the aforemen-
tioned definition of design variables, constraints, and objec-
tive, the HCLO model can be formulated as follows:

find X
min f Xð Þ = max

j=1,2,⋯,Nhp
Php
j

s:t:

g1 Xð Þ = 〠
Nc−1

i=0
〠
Nc

j=i+1
ΔVij ≤ 0

g2 Xð Þ = yc − yej j − δye ≤ 0

g3 Xð Þ = 〠
Nc

i=1
max di, 0ð Þj j ≤ 0

g4 Xð Þ = Php
j ≤ Php

max,∀j = 1, 2,⋯,Nhp:

8>>>>>>>>>>>><
>>>>>>>>>>>>:

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

ð7Þ

Let us investigate this problem more deeply from the
view of optimization. First, the dimension of design variables
varies twice with the number of components, easily making
the HCLO problem a large-scale one. Second, despite a few
constraint types, the number of constraints that need to be
satisfied behind is huge. For example, the nonoverlapping
constraint requires that any two objects need to be prevented
from the intersection, thus including NcðNc + 1Þ/2 specific
nonintersection constraints if Nc components are placed in
one layout domain. Besides, the feasible region of design
space is quite small as constraints can scarcely be satisfied
at the same time in most randomly generated layout schemes.
When one component translates in some direction for the
nonintersection purpose with another one, it is possible to
cause intrusion with the third one or violate the valid heat
pipe occupation rule. The complexity of constraints further
makes this problem intractable. Third, by seeing the objective
regardless of design variables and constraints, the HCLO
problem is a kind of combinatorial optimization. There
may exist two or more distinct component layout schemes
with the same objective value, displaying the feature of mul-
timodal optimization. For example, exchanging positions of
components 1 and 2 in Figure 2 will not change the objective.
In a word, the proposed HCLO case is a continuous con-
strained multimodal single-objective optimization problem
with great complexity.

3. An ILP-Assisted Two-Stage Layout
Optimization Method

To deal with the complex HCLO problem, there are two clas-
ses of optimization approaches that can possibly work in gen-
eral. One is global optimization based on population-based
evolutionary algorithms, and the other is local optimization
represented by gradient algorithms. Population-based
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evolutionary algorithms show their unique advantages in
searching for global optimal component placement than
local optimization techniques. Therefore, many works on
efficient layout optimization algorithms [1, 2, 6, 17] have
been conducted to improve the satellite layout design. How-
ever, when faced with this new layout case, current layout
optimization algorithms do not perform well in either effi-
cacy or efficiency or both due to problem complexity. In
addition, the high dimension that may be encountered in
engineering cases brings more challenges to design efficiency
and result diversity. Overall, the optimization randomness
and the low convergence rate greatly hamper the application
of evolutionary algorithms in engineering practice unless
more sophisticated and robust algorithms are proposed.

Through more careful analysis, it is surprisingly found
that the HCLO problem can be divided into two optimiza-
tion subproblems which can be figured out subsequently.
The first one is to determine the component-heat pipe distri-
bution relationship without taking the nonoverlapping
constraint into account, thereby leading to a component-
heat pipe distribution optimization task. By arranging
components in proper heat pipes, the maximum real load
power of heat pipes can be minimized first, which is the
HCLO objective. The other one is to perform the detailed
component layout optimization with minimizing system
centroid deviation based on the resolved component-heat
pipe allocation, thus generating the final layout design
scheme. It should be noticed that heat pipes actually define
the component distribution in the x-axis direction (horizon-
tally) while the static stability constraint requires a proper
vertical distribution to obtain a satisfied y-axis system cen-
troid. Based on this divide-and-conquer idea, an ILP-
assisted two-stage layout optimization method is proposed
as illustrated in Figure 3.

3.1. Stage One: ILP-Based Component-Heat Pipe Distribution
Optimization. In this section, an integer linear programming
(ILP) model is implemented to perform the component-heat
pipe distribution optimization. The task is to determine which
heat pipe(s) one component should be placed on top of to
minimize heat pipes’ maximum total dissipated power. We
represent the occupation state of each heat pipe by one com-
ponent using binary variables cij ∈ f0, 1g, where i denotes
the component index and j means the heat pipe index. When
component i crosses over heat pipe j, cij = 1. Otherwise, cij = 0.
When one component occupies nhpi heat pipes simultaneously,
variables should satisfy that cik = ciðk+1Þ =⋯ = ciðk+nhpi −1Þ = 1
while cij = 0ððj < kÞ ∪ j > ðk + nhpi − 1ÞÞ. However, it is very
hard to define this constraint using a linear mathematical
expression, which is not acceptable for ILP formulation. To
handle this problem, we further define the reference heat pipe
that one component occupies as the minimum index of all
heat pipes that it occupies, and thus, the rest of the heat pipes

can be inferred easily by its occupation number nhpi . Based on
this, another kind of auxiliary binary variable (0/1) eij is intro-
duced to describe whether one heat pipe is chosen as the refer-
ence one. Then, the linear constraint ∑jeij = 1 can uniquely

determine which heat pipe component i is placed on top of

as long as nhpi is given.
Therefore, the component-heat pipe distribution optimi-

zation can be formulated as

min Z ð8aÞ

s:t: 〠
j

eij = 1 ∀i ð8bÞ

cik =〠
j

Mi,jkeij ∀i, k ð8cÞ

〠
i

hicik ≤Hmax ∀k ð8dÞ

〠
i

Pi

nhpi
cik ≤ Php

max ∀k ð8eÞ

〠
i

Pi

nhpi
cik ≤ Z ∀k ð8fÞ

eij, cik ∈ 0, 1f g ∀i, j, k ð8gÞ

1 ≤ i ≤Nc, 1 ≤ j ≤Nhp − nhpi + 1, 1 ≤ k ≤Nhp:

ð8hÞ
To avoid using maximum operation in ILP formulation,

the original objective function f ðXÞ =maxkP
hp
k is equiva-

lently modified as Z (8a) with adding constraint (8f) at the
same time. It is because that if we have constraint (8f) satis-
fied, it can be easily verified that f ðXÞ ≤ Z. When Z gets its

optimum, it must be Zmin = maxkP
hp
k .

Apart from (8h), there are another three kinds of con-
straints that need to be satisfied. Constraint (8b) defines that
each component can only be placed in one reference heat
pipe. After introducing the reference heat pipe representa-
tion, it is a necessary step to construct a linear transformation
between eij and cij. Therefore, linear constraint (8c) is
formulated to realize the purpose by introducing a transfor-

mation matrixMi with size of ðNhp − nhpi + 1Þ ×Nhp for com-

ponent i, where nhpi consecutive elements in each row are 1
and the others are 0. Each row of Mi differs and represents
one candidate component-heat pipe occupation scheme.
The matrix M of one component only depends on the

number of its occupied heat pipes nhpi . For example, when

nhpi = 2 in a layout domain with five heat pipes, the matrix
M can be written as

M =

1 1 0 0 0
0 1 1 0 0
0 0 1 1 0
0 0 0 1 1

0
BBBBB@

1
CCCCCA

4×5

: ð9Þ

In this example, if we denote ei = ðei1, ei2, ei3, ei4Þ and
ci = ðci1, ci2, ci3, ci4, ci5Þ, we can obtain that ci = ei ·Mi. If ei =
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ð0, 1, 0, 0Þ, we can easily get ci = ð0, 1, 1, 0, 0Þ, which is the
second row of Mi. It means that this component is placed
on top of the 2nd and 3rd heat pipe. Note that this trans-
formation matrix is well-prepared for each component
before performing ILP.

Constraint (8d) is used to define vertical length capacity
constraint, which requires that the summation of the height
hi of components that are placed on one heat pipe cannot
exceed the maximum allowable height Hmax due to the
length limitation of heat pipes. Usually, this maximum
allowable height is set as the height of the layout domain.
The last constraint (8e) represents the heat dissipation
capacity constraint.

Notice that the variable nhpi should be predetermined
properly to ensure the linearity of constraints. The possible

values of nhpi of one component, which usually includes
two candidates at most, depend on the width of the compo-
nent and the distribution of heat pipe. To minimize the
objective for better heat dissipation, it is desirable that the
generated heat of one component should be distributed on
as many heat pipes as possible.

3.2. Stage Two: SeqLS-Based Heuristic Layout Search Method.
In this stage, the nonoverlapping constraint and the centroid
deviation constraint are two major considerations to be bal-
anced. From this perspective, we propose an efficient
SeqLS-based heuristic layout search method. It includes three
main parts, which are the sequence layout sampling (SeqLS)
procedure, the heuristic component swap operation, and the
gradient-based layout search. The nonoverlapping constraint
is taken into account first, and the SeqLS method is utilized to
actively generate constraint-satisfying layout samples. Then,
to approach the zero centroid deviation as much as possible,
a heuristic component swap operation is designed. After per-
forming the above two steps, the layout candidate maintains
a small constraint violation to a maximum extent and can be
seen as a promising initial guess to conduct gradient-based
search for the final layout solution in the last step. In the
following, each part will be introduced in detail.

3.2.1. Sequence Layout Sampling (SeqLS) Method. The main
idea of the SeqLS method [18] is to sequentially add compo-

nents in a layout area in a certain order and place each com-
ponent randomly within its currently feasible layout area.

However, when applying the SeqLS method to the
HCLO problem, two points need to be adjusted:

(1) When determining the component placement area
from the layout area, not only the boundary of the
layout area but also the intersection relationship
between the component and the heat pipe deter-
mined by stage one needs to be considered

(2) The order in which the components are placed needs
to be defined according to the problem rather than a
random order. For example, the placement order can
be determined according to the height or area of the
components, increasing the success rate of generat-
ing a feasible layout

The advantage of the SeqLS method is that a large num-
ber of valid samples can be collected efficiently. It can
aggressively combine nonoverlapping constraints with the
layout sampling process. Moreover, the method can satisfy
the randomness of sampling in the feasible layout space to
ensure that any feasible layout can be obtained.

3.2.2. Heuristic Component Swap Operation. The goal of the
entire stage two is to obtain valid samples that satisfy both
the centroid constraint and the nonoverlapping constraint
based on the relationship between components and heat pipes
determined in stage one. After the nonoverlapping samples
are obtained by the SeqLS method, these samples can be
directly put into the optimization algorithm aiming at the
expected centroid to obtain a layout that meets the require-
ments. However, as the initial value of the optimization
algorithm, these generated samples have strong randomness,
which will increase the difficulty of optimization and even fail
to find qualified results. Consider that the initial value input
into the optimization algorithm seriously affects the perfor-
mance of the optimization. So we propose a heuristic compo-
nent swap operation to act on the layouts generated by the
SeqLS method. The purpose is to obtain the layout samples
with the centroid closer to the expected centroid as the initial

Stage 1

Minimize heat dissipation
nonuniformity

Heat dissipation capacity
constraint

Vertical length capacity
constraint

Component-heat pipe
distribution optimization

Stage 2

Minimize system centroid 
deviation

Non-overlapping
constraint

Component-heat pipe
overlapping contraint

Component layout
optimization

An ILP-assisted two-stage layout optimization method

Figure 3: The illustration of an ILP-assisted two-stage layout optimization method.
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value of the optimization algorithm to improve the efficiency
and success rate of the optimization.

The core of the heuristic component swap operation
consists of two steps. First, randomly select a heat pipe in
an area to determine whether there is room for adjustment
of the order of components on this heat pipe. Then, if there
is room for adjustment, swap the positions of the compo-
nents with higher mass and those with lower mass in the
expected centroid direction. For example, as shown in
Figure 4, if the real centroid is smaller than the expected cen-
troid, then the actual centroid is expected to move up. So the
swap operation is that a component with a larger mass needs
to swap positions with a component with a lower mass
located above it on the same heat pipe. If the components
on the randomly selected heat pipe are arranged in descend-
ing order of mass, it means that there is no room for adjust-
ment of this heat pipe. When the centroid of the layout after
the swap operation crosses the range of the expected
centroid, the swap operation is stopped.

It is worth noting that the layout obtained after adopting
the component swap operation may not satisfy the nonover-
lapping constraint. However, this is not the focus of compo-
nent swap operation. As long as a layout that matches the
expected centroids as much as possible is found, the
nonoverlapping constraint can be solved by the local gradi-
ent search algorithm.

3.2.3. Gradient-Based Layout Search Method. Compared with
the layout generated by the SeqLS method, the layout obtained
using the component swap operation may not satisfy the non-
overlapping constraint, but it tends to meet the centroid
constraint. The nonoverlapping constraint is a problem that
gradient-based search algorithms are good at. So using the
component swap operation to get a layout can be seen as a bet-
ter initial value for the search method. Moreover, this initial
layout is conducive to finding the final layout more efficiently.

According to the characteristics of the problem, this
paper chooses to use sequential quadratic programming
(SQP) as the gradient-based layout search algorithm. The
optimization variables are the coordinates of components,
and the minimization objective is the centroid deviation.
The range of optimization variables is determined by the
positional relationship between components and heat pipes
determined by stage one. At the same time, the nonoverlap-
ping constraints between components must be satisfied.

The entire algorithm flow of stage two is shown in
Algorithm 1.

4. Case Study

In this section, two layout design cases, including one simple
layout example and one DFH-4 bus-like layout case, are
studied to demonstrate the validity and efficacy of the pro-
posed ILP-assisted two-stage layout optimization method.

4.1. Case 1: A 15-Component Layout Example. In this numeri-
cal example, a simple layout system involving 15 heat-
generating components is investigated to demonstrate the
effectiveness of the proposed layout design method. As shown
in Figure 5, one layout design scheme is prepared manually for
reference, and 15 components are required to be placed within
one layout domain, which is denoted by the red rectangle. The
location range of this layout domain is [100,900] in the x-axis
direction and [25,475] in the y-axis direction. Hence, the size
of this domain is 800 × 450. There are six heat pipes, of which
the widths are 30mm, embedded in this layout area to spread
the heat generated by components. Each heat pipe has a max-
imum load power of 60W; that is, Php

max = 60W. The center
position coordinate of the first heat pipe in the x-axis direction
is 203.57mm, and the center interval distance between two
adjacent heat pipes is 118.57mm. The size (widthw and height
h), mass m, and heat power P of 15 layout components to be
arranged are displayed in Table 1. The last column in this table
lists the number of heat pipes that one component should

occupy nhpi . As can be seen, component 11 can occupy two or
three heat pipes simultaneously according to its width and
the positions of heat pipes. To dissipate heat more evenly and

minimize the objective, we set nhp11 = 3. Components 6, 7, 9,
and 13 are predetermined to be placed on top of two heat pipes
simultaneously, while the rest of components can only occupy
one heat pipe according to the valid heat pipe occupation rule.
The expected y-axis centroid coordinate is set as ye = 325mm,
and the permissible maximum deviation is set as δye = 5mm.

Based on the setups mentioned above, an ILP-assisted
two-stage layout optimization method can be performed to
search for the optimal layout solution. In the first stage,
the ILP model for this case can be easily established, where
Hmax = 450mm and Php

max = 60W. To lower the difficulty of
stage two, add one minimum distance margin 10mm for

1
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26 W

5
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36 W

6
5 kg

40 W
4
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20 W

2
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1 2 3 4 1 2 3 4
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20 W
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36 W

6
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1
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3 kg
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Figure 4: Schematic diagram of the component swap operation when the real centroid is smaller than the expected centroid.
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each two components in applying vertical length capacity
constraint. Then, OR-Tools [19], a portable open-source
software suite for combinatorial optimization developed by
Google, is utilized to construct the ILP problem with Python,
and the open-source linear programming solver SCIP is
selected. In the second stage, the termination condition of
SQP is that the iteration number reaches the predefined
maximum iteration limit Gmax = 300. The optimization is
conducted using a laptop computer with Intel(R) Core(TM)
i7-10710U CPU @ 1.10GHz and 16.00GB RAM.

By performing ILP with SCIP, the theoretical optimal
component-heat pipe distribution scheme with Zmin = 49:3
is obtained in a short running time (around 35 seconds in
our environment). The optimal distribution scheme is pre-

sented in Table 2, where Php
j denotes the total load power

of the jth heat pipe. The maximum total load power is
49.3W in the 6th heat pipe. Note that there are actually 32
optimal distribution solutions that maintain the same mini-
mum objective value (49.3W), which demonstrates the mul-
timodal property of the HCLO problem. Only one is
displayed for validation and then provided to stage two for
detailed component layout optimization to get the final lay-
out design.

In stage two, the optimization is modeled as minimizing
the centroid error to satisfy the nonoverlapping constraint
and component-heat pipe overlapping constraint simulta-
neously. The component-heat pipe distribution scheme
determines which heat pipes one component should be
placed on, thereby restricting the movement range of one
component in the x-axis direction. By incorporating the

resolved distribution result in stage one, the location range
of components is updated first. Following the algorithm pro-
cess of stage two, we then generate one feasible layout
scheme with no overlap existing as shown in Figure 6(a),
of which its y-axis centroid is yc = 244:4mm. Notice that
the desired value of layout ye is 325mm. Hence, swap oper-
ation needs to be used to vertically change the relative posi-
tion relationship to approach the expected centroid as much
as possible. During this step, swap operation stops until no
exchange of any two components may improve the objec-
tive, and the layout scheme displayed in Figure 6(b) is
obtained with its centroid yc = 266:6mm. Finally, the opti-
mal layout design shown in Figure 7 is realized by perform-
ing SQP-based local gradient search with yc = ye = 325:0
mm. This layout example clearly validates the feasibility
and effectiveness of the proposed two-stage layout design
method.

Furthermore, to illustrate the superiority of the SeqLS-
based layout search algorithm, an ablation study is investi-
gated. For convenient comparison, the same number of ini-
tial layout solutions is provided for gradient search, and final
successful layout designs are counted for getting the layout
success rate. There are three main algorithm modules: SeqLS
generation, swap operation, and SQP search. Two methods
are prepared according to whether to apply the first two
modules. The first method for providing initial solutions is
based on pure random generation without considering the
nonoverlapping constraint. It means that the SeqLS method
and swap operation are not utilized. The second method is
taken as the SeqLS generation, whereas the swap operation

Input:
Component-heat pipe distribution scheme obtained in stage one, the expected centroid ye
Output:
Final layout design scheme

1 Update the coordinate range of components based on the result of stage one
2 Generate one non-overlapping layout sample using the SeqLS method
3 f lag =1
4 whilef lagdo
5 ifThere is room for centroid improvementthen
6 Randomly select one heat pipe for swap operation
7 Swap positions of components for smaller centroid deviation
8 ifReal centroid spans expected centroid rangethen
9 f lag =0
10 end
11 else
12 f lag =0
13 end
14 end
15 Perform SQP based on the current layout solution
16 Evaluate the centroid of the optimized layout scheme yc
17 ifjyc − yej − δye ≤ 0then
18 Return the final layout design scheme
19 else
20 Restart this layout search process
21 end

Algorithm 1: SeqLS-based heuristic layout search method.
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is not performed. In our experiment, each method is allowed
to apply the SQP search method 50 times, and three inde-
pendent runs are performed to avoid contingency.

The statistic results are given in Table 3. It can be
observed that gradient search based on random initial
solutions can rarely generate target layout designs whereas
our method with the SeqLS method and swap operation
can locate final optimal layout designs at the highest suc-
cess rate. It can improve the algorithm performance only
to apply the SeqLS generation for nonoverlapping initial
layout solutions to some extent. However, swapping com-
ponents for a more close centroid to the expected one is
also indispensable for a more robust local search, which
is clearly illustrated from the figures in Table 3. All in
all, the experimental results demonstrate the high robust-
ness of the SeqLS-based layout search algorithm in stage
two, which further verifies the feasibility and effectiveness
of the two-stage optimization design method.

4.2. Case 2: A 90-Component Layout Example. A DFH-4
bus-like layout design problem is constructed to further
illustrate the effectiveness of the proposed two-stage layout
optimization method. There are 90 components to be placed
in two boards with the size of 2000 × 2000mm. Half of them
are allocated on the north board of the satellite payload bay,
and the other half are arranged on the south board. The
properties of 90 components in two side boards are provided
in Table 4. Each board is divided into two layout domains,
including the lower and upper part, which is represented
using 1 and 2 for the north board and 3 and 4 for the south
board in Table 4. The size of the upper layout domain is
1800 × 900mm, and its center position coordinate is ð1000
, 500Þmm. The other domain has the same size while its
location is symmetric about the axis y = 0mm. It can be
found that 22 components are restricted in the lower
domain of each side board while 23 components are in the
upper domain of each side board. Each side board maintains
16 uniformly distributed heat pipes with the width whp = 30
mm and the maximum dissipation power Php

max = 120W.
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Figure 5: The illustration of the 15-component layout case.

Table 1: Characteristics of 15 layout components in case 1.

No. w (mm) h (mm) m (kg) P (W) nhpi
1 45 150 4.6 10.5 1

2 60 60 6.3 25 1

3 125 46 6.6 18 1

4 60 60 6.3 25 1

5 45 150 4.6 10.5 1

6 160 85 10 28 2

7 180 78 8 25 2

8 74 105 5 10 1

9 160 75 7 30 2

10 103 83 5.5 5 1

11 286 75 2 34 3

12 74 105 5 10 1

13 160 75 7 30 2

14 100 60 3.5 15 1

15 100 60 3.5 15 1

Table 2: The obtained component-heat pipe distribution scheme
in case 1.

Heat Pipe No. Component No. Php
j (W)

1 (3, 9, 13) 48.0

2 (6, 9, 10, 13) 49.0

3 (2, 6, 12) 49.0

4 (1, 4, 11) 46.8

5 (7, 8, 11, 14) 48.8

6 (5, 7, 11, 15) 49.3
∗Php

j denotes the total load power of the jth heat pipe.
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The center x-axis coordinate of the first heat pipe is
192.65mm, and the interval between centers of two adjacent
heat pipes is 107.647mm. The target y-axis centroid coordi-
nate is set as ye = 0mm, and the allowable maximum error is
set as δye = 5mm.

Based on the aforementioned setups, ILP based on SCIP
solver using OR-Tools is performed for the first stage opti-
mization. The maximum time limit of running SCIP is set
as 60 seconds for an immediate solution to save the compu-
tational resource. In this stage, two boards are optimized
separately since their thermal performance is independent
of each other. However, two layout domains in one side
board are considered simultaneously as heat pipes cross
the entire board in the y-axis direction. Taking the north
board for example, there are 45 components involving
1411 design variables and 829 linear constraints in the ILP
formulation. It is a more difficult ILP problem than the
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Figure 6: Two intermediate layout schemes obtained in stage two in case 1. (a) The nonoverlapping layout scheme generated by the SeqLS
method (yc = 244:4mm). (b) The layout scheme generated by swap operation (yc = 266:6mm).

100

200

300

400

100 200 300 400 500 600 700 800 900

9

13

3
10

12

2

6 4

1

14

15

5

11

7

8

Figure 7: The optimal layout solution of case 1 (yc = 325:0mm).

Table 3: The ablation comparison of the SeqLS-based heuristic
layout search algorithm in case 1.

Method
Number of

initial solutions

Number of
successful solutions

Success rate
(%)

Run
1

Run
2

Run
3

Random∗ 50 3 7 6 10.67

SeqLS† 50 17 13 26 37.33

Ours‡ 50 36 45 44 83.33
∗Random means that initial solutions are generated randomly in its given
range. †SeqLS denotes that initial solutions are generated by the SeqLS
method without swap operation. ‡Ours represent that initial solutions are
generated by applying the SeqLS method and swap operation.
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Table 4: Characteristics of 90 layout components in the north and south boards in case 2.

No. w (mm) h (mm) m (kg) P (W) nhpi Domain No. w (mm) h (mm) m (kg) P (W) nhpi Domain

1 220 220 10 42.5 2 1∗ 46 220 220 10 42.5 2 3‡

2 200 100 6.5 70 2 1 47 200 100 6.5 70 2 3

3 200 100 6.5 70 2 1 48 200 100 6.5 70 2 3

4 200 100 6.5 70 2 1 49 200 100 6.5 70 2 3

5 280 120 4.6 55 3 1 50 280 120 4.6 55 3 3

6 280 120 4.6 55 3 1 51 280 120 4.6 55 3 3

7 120 100 3 26 1 1 52 120 100 3 26 1 3

8 120 100 3 26 1 1 53 120 100 3 26 1 3

9 120 100 3 26 1 1 54 120 100 3 26 1 3

10 180 150 4 32 2 1 55 180 150 4 32 2 3

11 180 150 4 32 2 1 56 180 150 4 32 2 3

12 100 200 2.8 15 1 1 57 100 200 2.8 15 1 3

13 100 200 2.8 15 1 1 58 100 200 2.8 15 1 3

14 100 200 2.8 15 1 1 59 100 200 2.8 15 1 3

15 80 80 2.6 6.5 1 1 60 80 80 2.6 6.5 1 3

16 80 80 2.6 6.5 1 1 61 80 80 2.6 6.5 1 3

17 200 60 3 30 2 1 62 200 60 3 30 2 3

18 200 60 3 30 2 1 63 200 60 3 30 2 3

19 220 220 10 42.5 2 1 64 220 220 10 42.5 2 3

20 220 220 10 42.5 2 1 65 220 220 10 42.5 2 3

21 90 160 7.5 8 1 1 66 90 160 7.5 8 1 3

22 90 160 7.5 8 1 1 67 90 160 7.5 8 1 3

23 200 100 6.5 70 2 2† 68 200 100 6.5 70 2 4§

24 280 120 4.6 55 3 2 69 280 120 4.6 55 3 4

25 120 100 3 26 1 2 70 120 100 3 26 1 4

26 180 150 4 32 2 2 71 180 150 4 32 2 4

27 100 200 2.8 15 1 2 72 100 200 2.8 15 1 4

28 80 80 2.6 6.5 1 2 73 80 80 2.6 6.5 1 4

29 200 60 8 35 2 2 74 200 60 8 35 2 4

30 200 100 6.5 70 2 2 75 200 100 6.5 70 2 4

31 280 120 4.6 55 3 2 76 280 120 4.6 55 3 4

32 280 120 4.6 55 3 2 77 280 120 4.6 55 3 4

33 120 100 3 26 1 2 78 120 100 3 26 1 4

34 180 150 4 32 2 2 79 180 150 4 32 2 4

35 180 150 4 32 2 2 80 180 150 4 32 2 4

36 100 200 2.8 15 1 2 81 100 200 2.8 15 1 4

37 80 80 2.6 6.5 1 2 82 80 80 2.6 6.5 1 4

38 80 80 2.6 6.5 1 2 83 80 80 2.6 6.5 1 4

39 200 60 3 30 2 2 84 200 60 3 30 2 4

40 200 60 3 30 2 2 85 200 60 3 30 2 4

41 220 220 10 42.5 2 2 86 220 220 10 42.5 2 4

42 220 220 10 42.5 2 2 87 220 220 10 42.5 2 4

43 90 160 7.5 8 1 2 88 90 160 7.5 8 1 4

44 90 160 7.5 8 1 2 89 90 160 7.5 8 1 4

45 90 160 7.5 8 1 2 90 90 160 7.5 8 1 4
∗1 denotes the lower layout domain in the north board. †2 denotes the upper layout domain in the north board. ‡3 denotes the lower layout domain in the
south board. §4 denotes the upper layout domain in the south board.
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15-component layout case, so that the theoretical optimal
can barely be identified in a short time. After one-
minute running using SCIP, the best objective value falls
down to 91.2W, whereas the estimated theoretical optimal
objective value is 89.3W. The estimated gap of the best solu-
tion we found in one minute is only 2.1%. For the south
board, it is figured out that the maximum total load power
among heat pipes is minimized to 90.8W, and the estimated
gap of this solution is only 1.63%. It is a reasonable balance
for engineering applications to obtain such a small-gap
component-heat pipe distribution solution quickly. The spe-
cific distribution schemes of the two side boards are provided
in Table 5.

In the next stage, the component-heat pipe distribution
scheme is incorporated firstly in the movement range of
components, and then, the SeqLS-based heuristic layout
search algorithm is performed. As shown in Figure 8, the
nonoverlapping layout scheme is generated as the seed of the
initial solution using the SeqLS method. Considering that its
centroid yc = 4:7mm >ye = 0mm, swap operation is utilized
to exchange positions of some components to approach the
target centroid. The layout scheme obtained by swap operation
is plotted in Figure 9, where components 50, 59, and 65 are
selected to make an exchange, and the system centroid
becomes yc = −0:9mm. Taking the layout shown in Figure 9
as the initial solution for SQP search, we can obtain the final

Table 5: The obtained component-heat pipe distribution scheme in case 2.

Heat Pipe No.
North board South board

Component No. Php
j (W) Component No. Php

j (W)

1 (1, 4, 24, 35) 90.6 (55, 57, 62, 77, 78) 90.3

2 (1, 4, 24, 35) 90.6 (55, 62, 68, 77, 83) 90.8

3 (10, 11, 23, 24) 85.3 (68, 77, 80, 86) 90.6

4 (10, 11, 23, 41) 88.2 (49, 59, 80, 86) 87.2

5 (9, 15, 30, 41) 88.8 (46, 49, 54, 82) 88.8

6 (18, 22, 28, 30, 36, 43) 87.5 (46, 66, 70, 72, 74) 87.8

7 (2, 13, 18, 29, 44) 90.5 (47, 63, 69, 74) 85.8

8 (2, 17, 26, 29, 44) 90.0 (47, 61, 63, 69, 71) 90.8

9 (12, 16, 19, 26, 34, 45) 91.2 (53, 64, 67, 69, 71) 89.6

10 (6, 19, 27, 32, 34) 88.9 (50, 51, 58, 64, 79) 88.9

11 (5, 6, 14, 20, 32) 91.2 (50, 51, 79, 81, 84, 89) 90.7

12 (5, 6, 20, 32, 39) 91.2 (50, 51, 56, 65, 84) 88.9

13 (5, 16, 25, 31, 38, 39) 90.7 (56, 65, 75, 76) 90.6

14 (21, 31, 33, 40, 42) 88.6 (75, 76, 85, 87) 89.6

15 (3, 31, 40, 42) 89.6 (48, 76, 85, 87) 89.6

16 (3, 7, 8) 87.0 (48, 52, 60, 73, 88, 90) 90.0
∗Php

j denotes the total load power of the jth heat pipe.
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Figure 8: The nonoverlapping layout scheme generated by the SeqLS method in case 2 (yc = 4:7mm). (a) The layout of the north board. (b)
The layout of the south board.
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best layout design displayed in Figure 10, of which the centroid
yc = 0:0mm is coincident to the expected one. From this
experiment, it can be demonstrated again that the proposed
ILP-assisted two-stage layout optimization method is feasible
and effective.

5. Conclusion

Originating from the layout design driven by the thermal
performance of the DFH-4 satellite payload, the HCLO
problem, as a kind of special component layout optimiza-
tion, is proposed and formulated in this paper. By taking
heat pipe-related performance and system mass character-
istics into account, a mathematical model for the HCLO
problem is established with the objective of minimizing
the maximum total load power of heat pipes. With careful
analysis, an ILP-assisted two-stage layout optimization
method is proposed to deal with the HCLO problem for
better satellite payload placement. In the first stage, the
component-heat pipe distribution optimization task is con-
structed to minimize the objective of the HCLO problem

and simultaneously satisfy heat dissipation capacity con-
straint and vertical length capacity constraint. Then, ILP
technique is used to perform the quick search. In the next
stage, the detailed component layout optimization model is
built to minimize system centroid deviation with meeting the
nonoverlapping constraint and component-heat pipe overlap-
ping constraint simultaneously. Then, the SeqLS-based heuris-
tic layout search algorithm, including SeqLS generation, swap
operation, and SQP search, is proposed in stage two to con-
duct the optimization based on the result of stage one. Two
layout test cases are studied, and results have verified the valid-
ity and efficacy of the proposed two-stage layout design
method. It is very promising to apply such an effective
approach to generate satellite payload placement solutions
for reference in engineering practice.

Data Availability

The data used to support the findings of this study are
available upon reasonable request by contacting
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Figure 9: The layout scheme obtained by swap operation in case 2 (yc = −0:9mm). (a) The layout of the north board. (b) The layout of the
south board.
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Figure 10: The final best layout solution of case 2 (yc = 0:0mm). (a) The layout of the north board. (b) The layout of the south board.
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