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Abstract
The essence of binary star population spectral fitting lies in searching the pa-
rameter space corresponding to the binary star population theoretical spectral
library, and identifying the theoretical spectrum that best matches the observed
spectrum via least squares minimization. Rapid and accurate fitting represents
both the challenge and the crucial element in effectively employing population
synthesis methods to process massive galaxy spectral datasets. To enhance
the speed of binary star population spectral fitting and address the issues of
substantial computational cost and low fitting efficiency, this work employs a
strategically improved genetic algorithm to solve the optimization model for
binary star population spectral fitting, and compares its performance against
the BS2fit algorithm and conventional genetic algorithms. Experimental re-
sults demonstrate that the strategically improved genetic algorithm enhances
the speed of binary star population spectral fitting by an average of 43.5%,
thereby advancing the application of evolutionary population synthesis meth-
ods in astronomical research to a certain extent.
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Abstract: The essence of binary-star population spectral fitting is to search the
parameter space corresponding to the binary-star population theoretical spectral
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library, finding the theoretical spectrum most similar to the observed spectrum
through least-squares methods. Fast and accurate fitting is the key and difficult
point for effectively utilizing population synthesis methods to process massive
galaxy spectra. To improve the speed of binary-star population spectral fitting,
and to address the problems of enormous computational requirements and low
fitting efficiency, this paper builds upon the optimization model for binary-star
population spectral fitting and employs a strategy-improved genetic algorithm
to solve the model, comparing it with the BS2fit algorithm and conventional ge-
netic algorithm. Experimental results demonstrate that the strategy-improved
genetic algorithm can increase the speed of binary-star population spectral fit-
ting by an average of 43.5%, promoting to some extent the application of evo-
lutionary population synthesis methods in astronomical research.
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0 Introduction
Binary-star populations are stellar assemblies containing co-evolving binary
stars and single stars with identical initial metallicity and evolutionary age,
representing an extension and enrichment of single-star populations. Parame-
ters derived from binary-star population models for star clusters and galaxies
are typically more reasonable [1], consequently attracting increasing attention
to binary-star population research.

Spectral fitting is an important method for obtaining physical information about
galaxies [2]. With the development of various sky survey projects and astro-
nomical information technology, increasingly high-quality spectral data have
been obtained, creating conditions for stellar spectral fitting and effectively pro-
moting its advancement. Spectral fitting has achieved a series of results in
recent years. For instance, reference [2] successfully used Bayesian methods
to estimate galaxy parameter information from single-star population spectral
fitting. Reference [3] analyzed binary-star and single-star population models
based on Bayesian evidence using Bayesian model selection methods, finding
that binary-star population models achieve much better spectral fitting results
than models that do not consider binary interactions. References [4] and [5]
found through spectral fitting of early-type galaxies from ultraviolet to visible
bands that binary-star population models provide good explanations for blue
straggler observations in globular clusters. Reference [6] (Han, Z. 2007) first dis-
covered through binary-star population spectral fitting that it can well explain
the UV-upturn phenomenon in early-type galaxies.

Since binary-star population evolution is more complex than traditional single-
star populations and considers more physical inputs, its corresponding theoreti-
cal spectral library is large, and the spectral sampling rate required for certain
fitting precision is also higher. Consequently, binary-star population spectral
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fitting requires massive computations. The ability to perform binary-star pop-
ulation spectral fitting quickly and efficiently directly affects the application
of evolutionary population synthesis methods. Therefore, exploring fast and
effective spectral fitting methods based on binary-star population models is ex-
tremely important.

To address the problem that binary-star population spectral fitting speed can-
not meet the needs of galaxy evolution research and to accelerate the promotion
and application of evolutionary population synthesis methods in astronomical
research, this paper makes an attempt based on management strategies. We
transform spectral fitting into an optimization problem, establishing an opti-
mization model with the objective of minimizing the mean square error between
theoretical and observed spectra, and propose a strategy-improved genetic al-
gorithm to solve the model, comparing it with the BS2fit algorithm [1] and
conventional genetic algorithm to verify the algorithm’s effectiveness.
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1 Introduction to Binary-Star Population Models
A primary objective of binary-star population models is to construct high-
precision and complete binary-star population theoretical spectral libraries. The
construction of binary-star population theoretical spectra includes two compo-
nents: assumptions about model input parameters and calculation of theoretical
spectra.

As described in reference [1], the binary-star population model employs Hurley’s
[7] rapid stellar evolution code instead of stellar evolutionary tracks, uses the
BaSeL3.1 stellar spectral library [8] and the Chabrier initial mass function [9],
and assumes that the mass ratio q of primary and secondary stars in each binary
system follows a uniform distribution from 0 to 1 [9]. The star formation rate
is assumed to take the form ( ) ( ) - [8], where and represent the galaxy’s age
and the duration timescale of star formation, respectively.

Using the evolutionary population synthesis method, the number of stars formed
at different times in a galaxy can be calculated given the initial mass function
and star formation rate. Subsequently, Hurley’s rapid stellar evolution code is
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employed for stellar evolution calculations. Finally, the BaSeL3.1 stellar sample
library converts stellar evolutionary parameters into spectral energy distribu-
tions. After completing stellar evolution calculations, the spectra of individual
included stars are synthesized to calculate the spectral flux of a population of
age at wavelength .

Each population’s spectral flux is determined by three parameters: metallicity
Z, old population age , and young population age . Considering the effects
of stellar velocity dispersion , dust attenuation (using the attenuation theory
proposed by Calzetti et al. in 2000 [8]), redshift, and Milky Way extinction, the
observed spectral flux at wavelength in binary-star population synthesis can be
expressed as:

[ ( ) ( )] ( ) ( ) ( )

where is the population’s spectral flux determined by the three parameters (Z,
, ), G( ) is a Gaussian distribution with mean and standard deviation of and ,
p( ) is the percentage of energy passing through dust with attenuation , r( ) is
the energy ratio after Milky Way extinction , and � is the convolution operator.

To simplify the binary-star population theoretical spectral library, this paper
sets the values of and to 0, considering only Z, , and . However, this does not
affect the experimental purpose, as it similarly allows comparative analysis of
the performance of the proposed improved genetic algorithm in spectral fitting,
since our comparative experiments are also based on the same simplified binary-
star population theoretical spectral library.

2.1 Binary-Star Population Spectral Fitting Model
The purpose of spectral fitting is to obtain physical parameter information about
galaxy star clusters. As described in the previous section, in binary-star pop-
ulation models, spectra are jointly determined by eight parameters: , , , and
stellar population mass. Among these, a galaxy’s stellar mass can be calculated
using the fitting formula from Thomas et al. (2005) [10]:

where � is the galaxy’s stellar mass and is the stellar velocity dispersion. Other
parameters can be obtained through spectral fitting, which provides quantita-
tive information about population composition by comparing theoretical spec-
tra with observed spectra. The specific task is to find the theoretical spectrum
from the theoretical spectral library that most closely matches the observed
spectrum. In spectral fitting, by comparing observed spectra with theoretical
spectra and minimizing the difference between theoretical and observed spec-
tral data, the optimal theoretical spectrum is determined, thereby inferring the
main parameters of stellar composition.

The binary-star population theoretical spectral library has a dense parameter
grid: stellar metallicity (Z) ranges from 0.0003 to 0.03, with parameter intervals
of 0.0001 when Z < 0.001, and intervals of 0.001 for higher metallicities (Z >
0.001). The old population age ( ) of star clusters ranges from 0 to 15 Gyr
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with intervals of 0.1 Gyr; the young population age ( ) decreases from to 0
Gyr with intervals of 0.1 Gyr. The stellar velocity dispersion 𝜎∗ parameter
changes from 0 to 350 km s−1 in steps of 10 km s−1; dust attenuation ( ) ranges
from 0 to 0.5 with intervals of 0.01. Consequently, the binary-star population
theoretical spectral library encompasses a huge parameter space, and spectral
fitting inherently involves massive computations, for which we establish the
following fitting model.

Let the observed spectrum be and the binary-star population synthetic theoret-
ical spectrum be . The spectral fitting goodness can be characterized by:

[( ) ] (3)

where is the weight parameter for wavelength 𝜆. The best fitting result cor-
responds to min( ). In most cases, uses observational errors but can also be
assigned a specific threshold according to special requirements. The essence of
population spectral fitting is to search the parameter space corresponding to
the theoretical spectral library to find the theoretical spectrum that minimizes
for the observed spectrum. When is minimized, the binary-star population syn-
thetic spectral fitting model satisfies the physical constraint: 0< <1, and its
essence is an optimization problem that can be formalized as:

where equation (3) is the objective function.

2.2 Binary-Star Population Spectral Fitting Algorithm
The Genetic Algorithm [11] (GA) is a bionic heuristic algorithm that simulates
natural biological genetic evolution behavior, proposing selection, crossover, and
mutation operators. Through multi-point parallel iterative search of the solu-
tion space, it can quickly and effectively converge to the global optimal solution.
GA is a population-based search algorithm where individuals represent samples
of possible solutions. As the search iterates, individuals produce better offspring
by sharing and exchanging information among themselves. The conventional ge-
netic algorithm (CGA) contains crucial operations including selection, crossover,
and mutation, which can select winning individuals, maintain population diver-
sity, and exchange information among individuals within the population.

However, traditional improved strategy genetic algorithms exhibit poor local
search capability and are very sensitive to initial values. After analyzing the
operational mechanism of the GA algorithm and inspired by the inertia adap-
tation of particle swarm optimization, and to overcome this deficiency, this
paper designs a self-adaptive genetic algorithm (SGA) based on conventional
genetic algorithm improvement strategies to solve the binary-star population
spectral fitting problem. The conventional genetic algorithm (CGA) uses fixed
crossover probability (PC, Probability of Cross) and fixed mutation probability
(PM, Probability of Mutation). This causes the algorithm to proceed accord-
ing to predetermined rules, resulting in insufficient genetic variation flexibility.
The performance of the algorithm, such as convergence speed and global op-
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timization capability, is sensitive to the selection of evolutionary parameters.
If an individual’s fitness value is greater than the population’s average fitness
value, the assigned crossover and mutation probabilities should be smaller. Fur-
thermore, for individuals with larger fitness values, indicating they are closer
to the target solution, smaller crossover and mutation probabilities should be
assigned to protect their information from being passed to the next genera-
tion. Conversely, for individuals with smaller fitness values, disturbance factors
should be opportunistically introduced to enhance their mutation capability,
and individuals should be assigned larger crossover and mutation probabilities
to increase their probability of mutation. Thus, individuals with smaller fit-
ness values have greater opportunities for mutation. To reduce dependence on
evolutionary parameter selection and improve algorithm convergence speed and
global optimization capability, the SGA improvements are as follows:

1) Adaptive PC update:

2) Adaptive PM update:

where iteration is the current iteration number, is the population’s average fit-
ness value, is the fitness value of the individual selected for crossover operation,
is the fitness value of the individual selected for mutation operation, fmax is the
maximum fitness value, is a random parameter, and based on experience is set
to

3) The main purpose of the disturbance factor is to enhance the algorithm’s
exploration capability of the search space. To this end, the following
disturbance operator (DO, Disruption Operator) is introduced:

where: is a random number between (-2,2), s is the Hamming distance between
the i-th chromosome and the j-th chromosome in the neighborhood, and s is
the Hamming distance between the current optimal chromosome and the i-th
chromosome.

The specific flow of the SGA algorithm is shown in Figure 1 [Figure 1: see
original paper] and mainly includes the following steps:

Step 1: Spectral data preprocessing, including emission line removal, normaliza-
tion, and redshift processing;

Step 2: Problem encoding and population initialization;

Step 3: Calculate fitness values according to the objective function and retain
the current optimal population. Determine population size including chromo-
some length and number, initialize population according to strategy, and set
evolutionary termination conditions;

Step 4: Determine whether convergence or stopping conditions are met; if sat-
isfied, output search results, otherwise proceed to iteration;

Step 5: Selection operator: randomly select a group of better individuals based
on fitness values;
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Step 6: Update crossover probability according to equation (5);

Step 7: Crossover operator: randomly select two chromosomes from the set to
exchange one or more bits, produce two new individuals according to crossover
probability, and add disturbance according to equation (7);

Step 8: Update mutation operator according to equation (6): randomly select
a chromosome from the set and change one or more bits according to mutation
probability to produce a new chromosome;

Step 9: Return to Step 4 for termination judgment, loop through the above
steps until termination conditions are met.

3.1 Experiments with the Strategy-Improved Genetic Al-
gorithm
To verify the optimization efficiency of SGA in binary-star population spectral
fitting, this paper selects the CGA and the BS2fit algorithm from reference [1]
for comparison. The experimental code was developed using Python 3.6, with
Ubuntu 18.04 64-bit as the operating system, 8 GB memory capacity, and an
i7-4790 CPU with a clock speed of 3.60 GHz. The experimental theoretical
spectral data uses the binary-star population theoretical spectral library based
on the Chabrier initial function for fitting1. The observed spectral data were
selected from ultraviolet-visible band spectral data of 99 local galaxies, which
can be downloaded from the internet2.

These data are characterized by covering a wide wavelength range from ultra-
violet to visible light. Moreover, since binary stars have obvious effects on
ultraviolet spectra, these data are also ideal for exploring the impact of binary-
star evolution on spectral fitting. Each observed spectrum has = 3871 sampling
points, with 5500 Å used as the normalization factor for spectral preprocessing.
The SGA algorithm parameters are set as: crossover probability upper limit C2
= 1, mutation probability upper limit M2 = 1, random parameter .5, individual
encoding length n = 20, population size Pop = 100. The time consumption
indicator takes the average of 20 repetitions for each algorithm.

The experiment first randomly selects one spectrum from the observed spec-
tral data (NGC 1399 galaxy) as experimental data, referencing literature [12]
for data preprocessing. The observed spectrum is then masked for bad points,
emission lines, sky lines, etc., to obtain spectral data numbered spec-0266-51630-
0010. Subsequently, drawing on related research [13], / is adopted as the evalu-
ation criterion, where when / < 1, the theoretical spectrum is considered to fit
the observed spectrum well, the population synthesis parameters are accurately
estimated, and the fitting result is acceptable. The fitting iteration process is
shown in Figure 2 [Figure 2: see original paper] (left). The algorithm converges
after 20 population iterations, with a corresponding fitness value of 1308 and fit-
ting accuracy of = 0.3433. The theoretical spectrum fits the observed spectrum
well, as shown in the right panel of Figure 2, where the gray curve represents
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the actual observed spectrum and the red curve represents the optimal fitted
theoretical spectrum.
1 http://cluster.shao.ac.cn/~zhongmu/ssp_{{{chab}}{{hrseds}}}/
2 ftp://ftp.stsci.edu/pub/catalogs/nearby{gal}/sed.html

3.2 Comparison with Conventional Genetic Algorithm
(CGA)
CGA algorithm parameters: crossover probability PC = 0.8, mutation proba-
bility PM = 0.1, chromosome length of 20, Pop = 100. The fitting results using
the CGA algorithm on the binary-star population theoretical spectral library
for the test spectrum are shown in Figure 3 [Figure 3: see original paper]. In
the CGA algorithm, the population falls into a local optimum after 16 itera-
tions, begins to converge after 15 iterations (iteration), and finds the optimal
theoretical spectrum.

The experimental iteration 20 times with an average time consumption of 3201.3
s, which is slightly better than the BS2fit algorithm, with a speed improvement
of 19.2%. Compared with the CGA algorithm, SGA converges after 20 itera-
tions, can effectively jump out of local optimum traps, and shows significant
convergence speed improvement, with an average time consumption of 1304.4 s
for 20 experiments, representing a speed improvement of 19.1%.

3.3 Comparison with BS2fit Algorithm
The BS2fit algorithm was implemented in Python as described in reference [1].
The fitting traversal process is shown in Figure 4 [Figure 4: see original paper],
where the horizontal axis represents the number of traversal calculations and
the vertical axis represents the chi-square statistic value obtained from each
calculation. Due to full grid search, the binary-star population model’s theo-
retical library covers long wavelength bands with dense evolutionary parameter
grids (the model spectral library covers metallicity Z from 0.0003 to 0.03 with
precision of 0.0001; t1, t2 range from 0 to 15 Gyr with precision of 0.1 Gyr),
resulting in a huge sample parameter space.

Although we simplified the model parameters, fitting one observed spectrum
still requires massive one-by-one comparisons, which can find the optimal the-
oretical spectrum. The average time consumption for 20 experiments is 3954.2
s. Compared with the BS2fit algorithm, the SGA algorithm has stronger global
search capability, higher theoretical spectral search efficiency, and significantly
improved convergence speed, with average time consumption reduced by 67.2%
over 20 runs.

As described above, all three algorithms can find the theoretical spectrum corre-
sponding to the minimum . According to the theoretical spectrum’s parameter
grid settings, the fitting parameters given in Table 1 are retrieved.
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Table 1: bsSP-fitted Parameters of NGC 1399 Galaxy

Parameter This Paper’s Fitted Value Reference [4] bsSP-fitted Value
Z (metallicity) 0.030 ± 0.00 (0.035, discussed in text)
Old population age 13.50 ± 0.00 (~27 Gyr, discussed in text)
Young population age 12.27 ± 0.81 (~24.5 Gyr, discussed in text)

The reasons for errors are that we simplified the experimental model. First, the
theoretical spectral library only considered (Z, , ) without considering the effects
of parameters like and . Second, we did not consider observational spectral errors
or process the uncertainties in observed spectra, i.e., the ideal case with large
signal-to-noise ratio (S/N) values. The metallicity obtained in this paper is 0.005
smaller than the fitted value in reference [4], which aligns with our expectations
because model input uncertainties typically lead to underestimated metallicity
values [4]. The main reason why the fitted values of population ages ( , )
are 50% lower than those in reference [4] is that the simplified model did not
consider velocity dispersion, leading to underestimated population ages. This
fitting result also demonstrates the “age-metallicity degeneracy effect.”

In summary, the improved genetic algorithm with adaptive strategies increases
fitting speed by an average of 43.5% compared with conventional genetic algo-
rithm and BS2fit algorithm, with results meeting expectations.

4 Summary and Discussion
Using a self-adaptive strategy-improved genetic algorithm for binary-star pop-
ulation spectral fitting, the results indicate: (1) It is feasible to use swarm
intelligence algorithms (SIA) to solve binary-star spectral fitting problems. (2)
Compared with conventional genetic algorithm and BS2fit algorithm, the im-
proved genetic algorithm can increase computational speed by 19.1% and 67.2%
respectively in binary-star population spectral fitting, with an average speed
improvement of 43.5% for binary-star population spectral fitting, demonstrat-
ing significant improvement. The improved genetic algorithm builds upon the
conventional genetic algorithm, leveraging its strong global search capability
and achieving faster convergence compared with conventional genetic algorithm.
Moreover, the improved genetic algorithm is more intelligent in searching, can
effectively jump out of local optimum traps, improve the global search capa-
bility of genetic algorithm, and avoid premature convergence. Compared with
the full grid search of the BS2fit algorithm, the SGA algorithm makes trade-
offs in the search space and is therefore more efficient. Although the improved
genetic algorithm improves speed in binary-star population fitting, there re-
mains considerable room for improvement. On one hand, encoding methods
also affect algorithm exploration capability and convergence, and improved al-
gorithm encoding such as quantum encoding is worth exploring. On the other
hand, swarm intelligence algorithms are developing rapidly, and exploring more
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effective search strategies, such as integration with reinforcement learning Q-
learning, is also necessary. Considering that genetic algorithms are easy to
implement in parallel, the next step could explore the improvement of spectral
fitting speed using improved genetic algorithms under parallel strategies.
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