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Abstract:

This study focuses on improving the thermal performance
of external windows. Building operations account for
21% of total societal energy consumption, and heating
through external windows can account for 40-50% of
the air conditioning cooling load. Although three-layer
glass windows have great potential, their performance
hinges on the micro configuration of layer thicknesses,
and an empirical equal-thickness design is challenging
to balance the trade-off between lighting and insulation.
Traditional genetic algorithms (GAs) are prone to
premature convergence when solving high-dimensional,
nonlinear optimization problems. This study focuses on
the 300-2500 nm solar spectrum and, for the first time,
applies an improved quantum genetic algorithm (QGA)
to the collaborative optimization of three-layer glass
window thicknesses (/, /,,/;). The core innovation
lies in: Based on the Fabry-Perot interference principle,
an analytical formula for the single-layer equivalent
model was adopted as the optical transmission model.
This method has the advantages of clear physical
meaning and high computational efficiency compared
to the general transmission matrix method (TMM).
Simulation experiments show that the optimized thickness
combination (/,=6.08mm , [,=6.08mm , [,=837mm
) successfully achieves spectral-selective control. The
average transmittance in the visible light region remains at
0.7957, while the transmittance in the near-infrared region
is suppressed to 0.7860. Compared with traditional design,
the energy-saving potential is significant. This study
provides new algorithmic tools and theoretical support for
the design of high-performance energy-saving windows.

Keywords: Premature Convergence; Quantum Genetic
Algorithm; Adaptive Revolving Door; Thickness Optimi-
zation; Spectral Selectivity.



1. Introduction

According to the China Building Energy Consumption
Research Report, the proportion of energy consumption
during building operation to the total energy consumption
of the whole society is as high as 21%, Among them, in
areas with hot summers and cold winters, the solar radi-
ation transmitted indoors through building windows can
account for 40% -50% of the summer air conditioning
cooling load [1]. Therefore, improving the thermal per-
formance of external windows is a key breakthrough in
curbing the growth of building energy consumption and
achieving sustainable development. Currently, although
single-layer and double-layer glass windows still domi-
nate the market, their thermal insulation performance is
insufficient when facing extreme solar radiation in south-
ern regions (such as the summer solar radiation intensity
in Shanghai reaching over 1200 W/m 2) [2]. In contrast,
triple-glazed windows are widely recognized as an im-
portant evolutionary direction for high-performance ener-
gy-efficient building exterior windows. This is due to their
ultra-low heat transfer coefficient (1.559 W/(m?-K)) re-
sulting from the additional air interlayer and the potential
for spectral-selective regulation achieved through structur-
al design [3]. However, the comprehensive performance
of the glass system is not solely determined by the number
of layers. The microscopic thickness of each glass layer
is the core parameter that determines its optical proper-
ties (transmission, reflection, and absorption). Empirical
equal-thickness design often has difficulty in coordinating
the contradiction between lighting and heat insulation,
and cannot fully exploit the energy-saving potential of the
three-layer structure. This research shows that by opti-
mizing thickness and exploiting optical interference, it is
possible to suppress near-infrared thermal radiation while
maintaining high visible light transmittance [4].

In the field of building performance optimization, in-
telligent algorithms have gradually broken through the
limitations of traditional empirical design. For example,
Granqvist et al. conducted a systematic review on electro-
chromic smart window technology based on oxide films,
providing a theoretical foundation for spectral-selective
regulation [5]; Asadi et al. proposed a multi-objective op-
timization method for building energy efficiency, integrat-
ing genetic algorithms and simulated annealing algorithms
to significantly reduce building energy consumption [6];
Gossard et al. employed a multi-objective optimization
approach to enhance the thermal performance of building
envelopes, validating the effectiveness of genetic algo-
rithms in building energy-saving design [7]. However,
when dealing with high-dimensional, non-linear problems
with multiple local extrema (such as the thickness optimi-
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zation of triple-glazed glass), the traditional genetic algo-
rithm (GA) is prone to premature convergence and slow
convergence. This limitation has also been confirmed in
complex optimization problems, such as flexible job-shop
scheduling [8]. Therefore, it is necessary to explore algo-
rithms with stronger global search ability and better con-
vergence performance to improve the effect of optimizing
the thickness of triple-glazed glass.

In recent years, the Quantum Genetic Algorithm (QGA)
has effectively improved population diversity and global
search efficiency by introducing qubit encoding and a
quantum rotation gate update mechanism, demonstrating
great potential for complex engineering optimization. For
example, Li applied QGA to identify the internal physical
parameters of PIN power diodes, achieving significantly
better accuracy and convergence speed than traditional
algorithms [9]. Subsequently, the superiority of QGA has
been verified in many complex engineering optimization
problems. For example, Layeb applied the improved QGA
to combinatorial optimization problems, demonstrating its
fast convergence and high accuracy, guiding its introduc-
tion into the field of building performance optimization
[10]. However, there are still a few systematic research
reports at home and abroad on the application of QGA,
an advanced algorithm, to optimize the micro material
parameters (such as glass thickness) of building envelope
structures, especially for the goal of selective modulation
of solar spectra. In view of this, this study is based on the
urgent need for energy conservation in southern summer
buildings, aiming to apply the quantum genetic algorithm
for the first time to the collaborative optimization design
of the thickness (/;, 1,,l;) of each layer of a three-layer

glass window for the solar spectrum in the 300-2000 nm
band.

2. Materials and Methods

2.1 Physical Model and Objective Function
Construction

2.1.1 Theoretical basis of the optical transmission mod-
el

The optical transmission model in this study is based on
the Fabry-Perot interference principle, which describes
the propagation of light in a single-layer medium. For a
single-layer medium, considering its multiple reflections
and interference effects at two interfaces, there exists an
exact analytical solution for its transmittance, which can
be expressed as:
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Among them, 4,is the amplitude of transmitted light, 4, is
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the amplitude of incident light, 7' is the amplitude trans-
mission coefficient, R is the amplitude reflection coeffi-

cient, & is the one-way phase difference, e **is the one-

way phase delay factor, i 2/J is a complex unit.
I (1-R)?
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Among them, T,

ungte 18 the total light intensity transmit-

tance of the dielectric layer, /, is the transmitted light

intensity, 7, is the incident light intensity, and (1-R)* is

the physical transmittance corresponding to the intensity
of light passing through the interface twice (incident and

2
exit) without considering interference effects, 4Rsin(2j

is the interference effect correction term.
The phase difference generated by light passing through

. . . 4rnd . .
the dielectric layer is & :T, n is the refractive in-
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Solar spectral radiance

dex of the medium, d is the layer thickness, and A is the
wavelength of the light wave.

The standard solar spectral irradiance data (AM 1.5)
used in the simulation are referenced to Zhao’s research
on the Earth’s reflected solar spectral radiation observa-
tion technique based on the Lagrange point of the Earth-
Moon system. Fig. 1 shows the complete distribution of
solar spectral irradiance as a function of wavelength. The
horizontal axis of the graph represents the wavelength of
light, measured in nanometers, ranging from 200 to 2500,
spanning the ultraviolet to infrared regions. The verti-
cal axis represents the spectral irradiance, measured in
watts per square meter per nanometer, which is the solar
radiation power incident vertically on each square meter
within a wavelength range of 1 nanometer. The red curve
in the Fig. 1 clearly shows the distribution of solar radia-
tion energy. Near the blue-purple region of visible light,
with shorter wavelengths, the curve peaks, indicating that
the sun’s energy is most concentrated in this band. Sub-
sequently, the curve showed an overall downward trend,
with irradiance intensity decreasing monotonically as the
wavelength increased towards the infrared.
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Fig. 1 Standard solar spectral irradiance data (AM 1.5) [11]

The transmission properties of a single-layer medium are

shown in Fig. 2. This chart illustrates the transmission



characteristics of a single-layer dielectric plate, with the
horizontal axis representing frequency (GHz) from 50 to
75 and the vertical axis representing transmittance (dimen-
sionless) from 0.6 to 1.0. The red broken line in the graph
clearly demonstrates the periodic fluctuation of trans-
mittance with frequency variation: transmission peaks
(approaching 1.0) occur at approximately 53 GHz, 61
GHz, and 69 GHz, indicating that electromagnetic waves
at these frequencies pass through the dielectric plate with
almost no loss due to constructive interference; Trans-
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mittance valleys (about 0.65) appear at frequencies such
as approximately 57 GHz and 65 GHz, reflecting partial
reflection of energy due to destructive interference. This
regular oscillation originates from multiple reflections and
interference of electromagnetic waves at the upper and
lower boundaries of the dielectric slab. The overall trend
reflects the dielectric slab’s filtering characteristics for
electromagnetic waves in specific frequency bands, which
can be utilized in the design of frequency-selective devic-
es.

Single-Layer Dielectric Slab Transmittance Characteristics
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Fig. 2 Transmission characteristics of a single-layer medium (Original)

Regarding the three-layer glass system, see Fig. 3. Fig.
3 clearly illustrates the complete physical process of en-
ergy redistribution when sunlight (visible light) passes
through a three-layer building envelope structure (such
as an insulating glass window). The incident light energy
is transmitted, reflected, and absorbed in each medium at

specific proportions. The parameters r(transmittance) ,

p(reflectance) and a(absorptance) marked in the Fig. 3

precisely quantify this process. Ultimately, only a portion
of the energy can penetrate all the media layers and enter
the interior. At the same time, the rest is either reflected to
the outside or absorbed by the materials and converted to
heat. This diagram serves as the theoretical foundation for
analyzing building lighting, heat gain, and energy-saving
design.
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Fig. 3 Schematic diagram of the structure and optical path of a three-layer glass system [12]

By treating each glass layer and the air layer between
them as a basic Fabry-Perot interference unit and using
the transfer matrix method to recursively solve the elec-
tromagnetic field relationships at the boundaries of each
layer, the total transmittance of the entire system can be
calculated. Research has shown that the light-transmission
performance of multilayer glass decreases with increasing
layer count, while its reflection and absorption properties
increase. The trend of the spectral curve changes is con-
sistent with that of single-layer glass.

2.1.2 Establishment of the objective function

Based on the aforementioned physical model, the optimi-
zation objective is to find a set of thickness combinations

(1,1,,1;) that maximizes the spectral response of the glass

system to meet building energy efficiency requirements.
The objective function is defined as minimizing the total
solar heat gain through windows:

MnimizeJ = -[gggo ],mlar (ﬂ) * ];otal (2‘711’12913 )dﬂ (3)

Where 1, (4) represents the standard AM 1.5 solar
spectral irradiance. J is the objective function, Adenotes

wavelength, and 7, represents the total spectral trans-

ota

mittance function of the three-layer glass system.

The function combines spectral performance for a specific
thickness combination with the solar energy distribution
via an integral, returning an optimized scalar value J.
The smaller the J value, the better the thermal insulation

performance of the glass window.

2.2 Improved Quantum Genetic Algorithm De-
sign

Based on the complex optical transmission model and the
high-dimensional nonlinear optimization problem estab-
lished above, although the traditional genetic algorithm is
widely used for optimization problems, numerous studies
show that it is prone to premature convergence when deal-
ing with complex problems with multiple local extrema
[12]. Therefore, this study seeks algorithms with stronger
global search ability. Therefore, the improved quantum-in-
spired genetic algorithm adopted in this study is based

on the framework proposed by Wang, Ji, et al. Its main
improvements include an adaptive revolving-door strategy
and a catastrophe mechanism, which aim to balance glob-
al exploration and local development capabilities further
[12, 13]. The algorithm flow is shown in Fig. 4.

Population Micasuzement to
Obtain Deterministic Solution”
v
‘Quantum Measurement to
Obtain Deterministic Solution
v
Fitness Evaluation to Calculate <

Objective Function Value”

4
Convergence
Judgment

Yes No

v v
“Qutput Optimal “Quantum Rotation
"Thickness Combination” Gate Update to Guide
Population Evolution

<

Quantum Crossover and
Mutation to Maintain Popul
lation Diversity

Fig. 4 Flow diagram of quantum genetic
algorithm (original)
2.2.1 Quantum bit coding and population initialization
For the optimization problem of three-layer glass thick-

ness, the optimization variables are represented by quan-
tum bit coding. Each qubit is represented as:

lv)=al0)+ A1) @)

Wherein, w)represents a qubit state,

0)and |1) represen
two basic states in quantum computing. «, fare two com-

plex numbers called probability amplitudes; a‘z + ‘ ﬁ‘z =1

a‘z and‘ ﬂ‘z represent the probability that the qubit is in

the |0) state and|1) state, respectively. For the three thick-

ness parameters (/,,/,,/;), each is encoded using 8 bits,
requiring a total of 24 qubits. The population size is set to



sizepop =60, and the « and pof all qubits are initialized
to 1/+/2 at the beginning to ensure the maximum diversi-
ty of the initial population.

2.2.2 Quantum measurement and fitness evaluation

Convert quantum states into classical binary solutions
through quantum measurement operations:

binary, = {lifrand( ) < ‘,B‘z )

Ootherwise

Then convert the binary encoding to the actual thickness
value:

UB

d =LB, + zs%LlB xdecimal (binary,) ©)

Where LB, =5mm and UB, =10mm are the upper and
lower bounds of the thickness parameter.

The fitness function directly adopts the objective function
Jdefined in Section 2.1.2 and is calculated as described in
Section 2.1, based on the optical transmission model.

2.2.3 Adaptive update strategy of the quantum revolv-
ing gate

Quantum revolving gate update is the core operation of
QGA, which guides population evolution by adjusting the
probability amplitude of quantum bits. The rotation angle
adopts an adaptive strategy:

_ —Axgen/ MAXGEN
0=0,, xe @)

Where 6

tenuation coefficient, gen is the current evolution algebra,
and MAXGEN =200 >/ is the maximum evolution al-
gebra. The rotation direction is determined by the fitness
difference between the current solution and the optimal
solution:

is the maximum rotation angle, A is the at-

AO. = sign(J,
>J,

best >

Jbest ) x0 (8)

urrent

WhenJ

current

rotate in the direction beneficial to

Jyes s On the contrary, the rotation is reversed to avoid

premature convergence.
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2.2.4 Catastrophe mechanism and local search

To avoid the population falling into a local optimum, a
catastrophe mechanism is introduced: when the optimal

solution of continuous /N,

sagnan = 20 generations is not
improved, 30% of the individuals in the population are

reinitialized. At the same time, the local search strategy is
introduced in the late evolution (gen > 0.7x MAXGEN) to
fine-tune the neighborhood of the optimal solution.

2.2.5 Algorithm parameter setting and termination
conditions

The key parameters are set as follows: popula-
tion size sizepop =60, maximum evolution alge-
bra MAXGEN =200, initial value of rotation an-

gle 0,,,=0.057, and catastrophe trigger algebra

N =20. The termination condition is to reach the

stagnant

maximum evolution algebra or 50 consecutive generations
of optimal solution, and the improvement is less than
10°.

The improved QGA algorithm maintains population diver-
sity through quantum bit coding and combines the adap-
tive revolving gate and the catastrophe mechanism to bal-
ance global exploration and local development effectively.
It is especially well-suited for solving high-dimensional,
nonlinear, complex optimization problems, such as glass
thickness optimization.

3. Results and Analysis

3.1 Analysis of the Thickness Influence Law

To deeply explore the influence mechanism of the thick-
ness of each glass layer on the system’s optical perfor-
mance and provide goal guidance for the subsequent opti-
mization algorithm, this paper first conducted a parameter
sensitivity analysis of the system, with the results shown
in Fig. 5.
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Sensitivity Analysis of Single-Layer Glass Thickness Variations on Optical Performance

(a) System Transmittance vs Thickness

(b) L1: Band-specific Effects

(c) L2: Band-specific Effects
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Fig. 5 Sensitivity analysis of single-layer glass thickness change to system spectral
transmittance (original)

As shown in Fig. 5(a), with increasing layer thickness, the
average transmittance across the entire system band shows
a monotonic decrease. The analysis shows that the trends

of the /,/,,andl, curves are similar. However, there are

significant differences, indicating that the influence of
each layer’s thickness on the average transmittance is sim-
ilar yet layer-specific. Further spectral sub-band analysis
reveals a more refined rule of influence. Fig. 5 (b) (c) (d)
shows that the influence of the thickness change of each
layer of glass on different spectral bands is significantly
different. The thickness of each layer has the most sig-
nificant effect on UV transmittance in the UV band (300-
450nm), and transmittance changes relatively gently in
the visible band (450-750nm), indicating good stability.
In the infrared band (750-2000nm), the influence of thick-
ness change on infrared transmittance lies between that of
ultraviolet and visible light.

This discovery provides an important basis for spec-
tral-selective regulation. By optimizing the thickness

combination, the transmission characteristics of ultravi-
olet and infrared radiation can be effectively controlled
while maintaining sound visible light transmission. The
sensitivity analysis in Fig. 5 (E) shows that the sensitivity
index of each layer thickness exhibits nonlinear behavior
with thickness, and it is high in a specific thickness range.
The comparison of influence intensities in Fig. 5(f) further
quantifies the relative importance of each parameter and
provides priority guidance for multi-parameter optimiza-
tion. To sum up, the intrinsic sensitivity analysis reveals
the hierarchical effect of glass thickness on spectral trans-
mittance, confirms the feasibility of achieving spectral-se-
lective regulation through thickness optimization, and lays
a theoretical foundation for multi-parameter collaborative
optimization in the quantum genetic algorithm.
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Quantum Genetic Algorithm Convergence Analysis

Algorithm Convergence Process

1.77
— Fitness Value
— — =Convergence Point(Gen 23)

1.765
-
.5 1.76
©
c
3
WL 1755}
o
=
ks
Ko
o 1.75¢
(o]

1.745

1.74 : : :
0 50 100 150 200
Generation

Objective Function J (Log Scale)

Convergence Speed Analysis (Log Scale)

1.765
176 |
1.755
175}
1.745 +
0 50 100 150 200
Generation

Fig. 6 Evolutionary convergence curve of quantum genetic algorithm (original)

As shown in Fig. 6, the QGA used in this study shows
excellent convergence performance. After 100 genera-
tions, the algorithm converges to a stable solution, with
a smooth convergence curve and no apparent premature
convergence. Compared with the traditional GA in the
comparative experiment, the convergence speed of QGA

28 8 8 8 8
B oinoan Q9 ® & =
T

=
[}
T

Average Transmittance

UV Region

Visible Region

is improved by about 40% . Moreover, the final objective
function value is lower, demonstrating its effectiveness in
handling high-dimensional, nonlinear optimization prob-
lems.

3.3 Optimal Solution and Spectral Performance
Analysis

Av_el_'a_gf:_Transmittal_lcc_by_S[!cctral B!and

IR Region

Fig. 7 spectral transmittance histogram of optimized glass system (original)

The optimal glass thickness combination obtained by QGA

optimization is: [, =6.08mm , [, =6.08mm , [, =8.37mm .

Under this configuration, the objective function value (in-
door solar heat gain) is reduced toJ =1.742720kwh / m*

. Fig. 7 shows the spectral performance of the optimized

8

scheme. The key analysis is as follows: the average

transmittance in the visible light region (380 —750nm)

remains at a high level of 0.7957, fully meeting the in-
door natural lighting demand. The average transmittance
in the near-infrared band (750 — 2000nm) was effectively
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suppressed to 0.7860, indicating that the primary radi-
ation source generating heat was significantly blocked.
His optimization mechanism: the above spectral selec-
tivity of “high transmittance and low heat gain” is due to
the optical interference effect arising from the optimized
thickness combination in multi-layer media, which can-

cels the near-infrared wave interference. Compared with
the traditional equal-thickness design scheme (e.g., 5-6-
6 mm), the QGA optimization scheme is shown in Fig. 8.
It can be observed that the blocking performance of the
optimization scheme in the infrared and ultraviolet bands
is improved by about 1.2% and 3.7%, respectively.

Project 2: Detailed Performance Analysis and Comparison
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Fig. 8 comparison of average transmittance between optimized configuration and traditional
configuration (original)

4. Conclusion

In this study, the improved quantum genetic algorithm
is successfully applied to the collaborative optimization
design of the thickness of a three-layer glass window. It
has been verified that the algorithm converges faster and
exhibits stronger global search ability than the traditional
genetic algorithm when dealing with high-dimensional,
nonlinear, and complex optimization problems, and ef-
fectively overcomes inherent defects such as premature
convergence. Through optimization, the algorithm finds
a set of asymmetric optimal thickness combinations
(6.08—6.08—8.37mm ). This configuration selectively
regulates spectral response and significantly suppresses

infrared thermal radiation (0.7860) while maintaining

high visible light transmittance (0.7957) to meet lighting

requirements, demonstrating significant energy-saving po-
tential.

The limitation of this paper is that the algorithm’s parame-
ter settings are sensitive to the optimization results, and its
adaptability to more complex spectral scenes (such as dy-
namic illumination and multi-angle incidence) remain to
be further verified. Future research will explore the adap-
tive parameter adjustment strategy and try to combine the
algorithm with machine learning to improve its robustness
and efficiency in multidimensional optimization problems
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