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Abstract: A novel algorithm is proposed for the sky subtraction of the Large Sky Area Multi-Object Fiber

Spectroscopic Telescope (LAMOST) based on two-dimensional sky background modeling. Different from

the standard fiber spectrum data processing techniques, a two-dimensional sky background model can be

obtained with the new algorithm and sky subtraction can now be performed as an earlier step, before the

spectrum extraction. In this study, experiments are performed on simulated data based on the LAMOST

project to analyze the accuracy and the effectiveness. The results show that the proposed algorithm can give a

more effective sky subtraction than the method that is currently used for LAMOST.
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1 Introduction

Compared with the traditional slit spectroscopy, multi-

object spectroscopic observations can simultaneously

observe a great number of high-quality celestial spectra.

Although large-field, multi-object spectroscopic obser-

vation has been in use for decades, sky subtraction is still

an important and difficult process which effects the

accuracy and quality of the obtained original object

spectrum, due to the limited number of sky sampling

fibers and the variable large-field sky background.

Astronomers have made a lot of effort in this research

field and have extensively studied this technology and

spectral processing methods (Elston & Barden 1989;

Wyse & Gilmore 1992; Wynne 1993; Cuby & Mignoli

1994). The results show that the accuracy of sky subtrac-

tion for multi-object-fiber spectroscopic observations is

influenced by many factors, such as the stray light inside

the spectrometer, the changes of sky in the observation

field, telescope efficiency, pollution of adjacent fibers,

fiber transmission and the accuracy of wavelength

calibration.

Depending on the software and equipment, Zhang,

Chu & Chen (2002) made some discussion and appropri-

ate improvements about the stray light, fiber transmission,

wavelength calibration and flux calibration in order to

improve the effectiveness of sky subtraction, by using the

data obtained by the multi-object fiber spectrometer of

SAO 6-m telescope. Parry and Carrasco (1990) verified

that the signal-to-noise ratio of a spectrum after sky

subtraction depends not only on the response of the

equipment to the sky and object spectra, but also on the

sub-pixel sampling in the wavelength orientation. Their

results show that high-precision wavelength calibration

can improve the accuracy of sky subtraction. An

improved algorithm ofwavelength calibration (Abazajian

et al. 2004) was proposed to eliminate the effects of OH

emission lines through calibration at the sub-pixel level.

Algorithms based on beam switching (Watson 1987) and

the sky-chopping technique (Barden et al. 1993) were

proposed for increasing the accuracy of sky subtraction,

but their disadvantage is the expense of observing

efficiency.

By considering the stray light from the spectrometer

during the sky subtraction process, the precision of sky

subtraction has effectively improved (Wyse & Gilmore

1992). An optimal subtraction algorithmwas proposed for

infrared fiber spectroscopy based on point spread function

(PSF) matching (Causi & De Luca 2005), and it can

compensate for both imperfect wavelength calibration

residuals and fiber-to-fiber PSF variations. Use of the

Principal Components Analysis (PCA) approach for sky

subtraction was first demonstrated by Kurtz and Mink

(2000) and then improved by Wild and Hewett (2005),

using data from the Sloan Digital Sky Survey (SDSS).

The application of PCA eliminates large amounts of the

residual OH emission lines in the spectra, and greatly

improves the precision of sky subtraction. The PCA

approach was applied to over 200 h of on-sky observa-

tions for the AAOmega system of the Anglo-Australian

Telescope (Sharp & Parkinson 2010), who made some

discussions about the sky subtraction at the Poisson limit

with fiber-optic multi-object spectroscopy.
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The Large Sky AreaMulti-Object Fiber Spectroscopic

Telescope (LAMOST) is a meridian reflecting Schmidt

telescope with 4-m aperture and 5-deg field of view (Zhu

et al. 2006; Cui 2009). The aim of LAMOST is to observe

the spectra of 107 galaxies and 105 quasars to a limiting

magnitude of 20.5. The telescope is equipped with 4000

fibers, which are averagely distributed to 16 multi-object

fiber spectrographs. The main parameters of the spectra

observed by LAMOST (low resolution mode, full slit) are

listed in Table 1.

In each spectrograph, there are 250 fibers, 240 of

which are used for observing the targets, while the other

10 s are used for observing the sky. The sky sampling

fibers are limited and the system has high complexity,

which present a great challenge to the sky subtraction.

The sky subtraction method adopted by the SDSS, which

is also a multi-object spectroscopic observation, is based

on B-spline curve fitting. The research of Bai, Zhang &

Ye (2008) focused on the red channel of spectra (6700–

9180 Å), and analyzed all the sky spectra in one observa-

tion based on the PCA method. It is more effectual and

provides a good solution for the sky subtraction in

LAMOST.

In this paper, a novel sky subtraction algorithm is

proposed for LAMOST. Two-dimensional sky back-

ground modeling is acquired based on basis-spline

(B-spline) curve fitting and sky subtraction is performed

as an earlier step, before the spectrum extraction. The

experimental data are simulated based on the parameters

of LAMOST and presented to demonstrate the effective-

ness of the proposed method.

In Section 2, the proposed sky subtraction algorithm is

described. Experiments and results are given in Section 3.

The summary is presented in the last section of this article.

2 The Proposed Sky-Subtraction Algorithm

2.1 B-Spline Curve Fitting

The B-spline function is a widely used curve-fitting

technology for numerical analysis. B-splines function

can be evaluated in a numerically stable way by the

de Boor algorithm (de Boor 1978). Based on research into

Bezier curve fitting, the B-spline function was introduced

as a basic method for mathematical shape description

(Gordon & Riesenfeld 1974). The B-spline model was

often used in the processing of fiber spectrum data, such

as bias subtraction, wavelength calibration, spectrum

extraction and sky subtraction (Bolton & Burles 2007).

The advantage of B-spline curve fitting is its capability

tomodel flexibly. As long as the number and the locations

of spline nodes have been chosen, we can construct

a special curve containing line segment, sharp points,

tangent and other special circumstances, which is very

beneficial to simulate the characteristics of sky.

The B-spline function of one-dimensional sky is

described by

skyðxÞ ¼
Xn
k¼0

PkBk;dðxÞ: ð1Þ

where xmin � x � xmax and 2 � d � nþ 1.Pk denotes the

fitting parameters which are also the control points of

B-spline function, which can be figured out by least-

square method and Cholesky decomposition. Bk,d (x) are

the B-spline basic functions of degree d, which can be

obtained by the de Boor–Cox recursion formula and

are described as follows:

Bk;1ðxÞ ¼
1; xk � x � xkþ1

0; otherwise

�
ð2Þ

and

Bk;dðxÞ ¼ x� xk

xkþd�1 � xk
Bk;d�1ðxÞ

þ xkþd � x

xkþd � xkþ1

Bkþ1;d�1ðxÞ;
ð3Þ

for 2 � d � nþ 1, where xk are the coordinates of spline

nodes, and d denotes degree of the polynomial. These

formulas show that it needs (dþ 1) nodes (xk,y, xkþd) to

determine the kth d-degree basic spline function Bk,d (x).

The B-spline curve can influence the local character of

a curve by changing the number and location of the

control points.

The currently widely used sky subtraction method is

based on the B-spline curve fitting, which is also

adopted by the SDSS and LAMOST. After preprocessing,

such as wavelength calibration, spectrum extraction and

efficiency-correction of the fiber, the fluxes of the ten sky

fibers are reordered according to the wavelength. Each

fiber has different dispersion curves. Therefore, we can

obtain a sky spectrum of which the sampling rate has

increased ten times. Then the B-spline curve fitting

method is applied to obtain an overall sky spectrum. For

each object spectrum, sky-subtraction processing can be

executed by subtracting the overall sky spectrum. The

advantage of this method is that if a sky fiber has

anomalous flux at a certain wavelength, this point will

be rejected during the process of the fitting.

Table 1. The main parameters of spectra observed by
LAMOSTa

Parameter Blue channel Red channel

Wavelength range (Å) 3700–5900 5700–9000

Number of pointsb 4096 4096

Dispersion (Å pixel�1) 0.57 0.85

Resolution 1000 1000

FWHMc (pixel) 8 8

Separationd (pixel) 15 15

aLow-resolution mode, full slit.
bThe number of pixels along the wavelength orientation.
cThe full width at half maximum of spectra.
dThe spacing of two adjacent fiber centers along the spatial orientation.

A Sky-Subtraction Algorithm for LAMOST 79

https://doi.org/10.1071/AS11071 Published online by Cambridge University Press

https://doi.org/10.1071/AS11071


2.2 Sky Subtraction Using Two-Dimensional

Sky-Background Modeling

The two-dimensional sky before the spectrum extraction

and its slices are illustrated in Figure 1. For this two-

dimensional sky spectrum, there are 15 pixels in the

spatial direction ( y¼ 1,y, 15), and the full width at half-

maximum (FWHM) is approximately 8 pixels.

From these slices shown in Figure 1,we can see that the

characteristics of flux are not exactly the same for differ-

ent slices because of the noise. These characteristics can

be adopted to describe andmodel the skymore accurately.

Modeling the two-dimensional sky spectrum and per-

forming the sky subtraction operation before the spectrum

extraction can improve the accuracy of the sky subtrac-

tion, asmore information about the sky is taken advantage

of and the influence caused by the spectrum-extraction

processing is avoided.

The flow of the two-dimensional fiber spectrum data

processing was adjusted slightly. After preprocessing the

observed spectral data, including bias subtraction,

cosmic-ray rejection, wavelength calibration, efficiency

correction of the fiber, and so on, we can obtain 250 two-

dimensional spectra for each spectrographwhich have not

yet undergone spectral extraction. 10 of them are two-

dimensional skylight spectra and other 240 are two-

dimensional object spectra. Each sky fiber has a different

dispersion curve and we process the fiber along the

wavelength orientation.

For each two-dimensional sky spectrum skyiðx; yÞ
(i¼ 1,y, 10), there are several one-dimensional slices

along the wavelength orientation for the different spatial

components y. Each slice has 4096 pixels and each pixel

corresponds to a wavelength value according to the

dispersion curves. For the slices with the same spatial
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Figure 1 A section of two-dimensional sky spectrum before the spectrum extraction and its slices. (a) A section of two-dimensional sky

spectrum; (b) the slices of two-dimensional sky when the spatial component y¼ 1, 4, 6 and 8 respectively.
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component y of the ten observed sky spectra, all flux of

sky fibers are reordered according to the wavelength.

Hence, a new two-dimensional sky spectrum sky0ðx; yÞ is
obtained, of which there are 15 pixels in spatial orien-

tation, 40 960 wavelength values in wavelength

orientation, and the sampling rate has increased ten times.

Then, for each slice with different spatial components

y of this new two-dimensional sky spectrum sky0ðx; yÞ, the
B-spline curve fitting method is applied to obtain a one-

dimensional overall sky spectrum sky00y xð Þ. The B-spline

function is described as follow

sky00y xð Þ ¼
Xn
k¼0

Pk;yBk;d xð Þ; xmin � x � xmax ð4Þ

where x is the value of wavelength, xmin, xmax are the

minimum and maximum wavelength value respectively.

Pk,y denotes the fitting parameters for different spatial

components y.

The two-dimensional overall sky spectrum sky00ðx; yÞ
can be acquired by combining these one-dimensional

overall sky spectra sky00yðxÞ. After processing, the new

sky subtraction processing can be extracted by subtracting

the two-dimensional overall sky spectrum from each two-

dimensional object spectrum. The spectrum extraction

and other processing can be performed subsequently.

2.3 Discussion

With the design of LAMOST, there are only 10 sky fibers

per spectrograph. The sky sampling fibers are actually

limited, which present a great challenge to the sky sub-

traction for LAMOST. For each slice sky0yðxÞ with

different spatial components y of the two-dimensional sky

spectrum sky0ðx; yÞ, it consists of the sky signal sy(x) and

noise ny(x),

sky0yðxÞ ¼ syðxÞ þ nyðxÞ: ð5Þ
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Figure 2 Two groups of spectra obtained by the proposed method in the red channel. (a) Top: the

initial spectrum (fiber 125); middle: the spectrum after sky subtraction; bottom: the reconstructed

sky spectrum. (b) Top: the initial spectrum (fiber 130); middle: the reconstructed sky spectrum;

bottom: the spectrum after sky subtraction.
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In the currently used approach for LAMOST, sky

subtraction is performed after the spectrum extraction.

Taking the weighted aperture extraction method as an

example, the final sky spectrum can be described as

Ŝ1ðxÞ ¼ BS
X15
y¼1

wysky
0
yðxÞ

" #

¼ BS
X15
y¼1

wysyðxÞ þ
X15
y¼1

wynyðxÞ
" #

; ð6Þ

where BS[�] denotes the process of the B-spline curve

fitting, and wy denotes the weight of the aperture extrac-

tion method.

In our approach, the sky subtraction is performed

before the spectrum extraction. The final sky spectrum

can be described as

Ŝ2ðxÞ ¼
X15
y¼1

wyBS½sky0yðxÞ�

¼
X15
y¼1

wyBS½syðxÞ þ nyðxÞ�: ð7Þ

For different spatial components y, the B-spline fitting

parameter Pk,y is different. The noise affects the effect of

the B-spline curve fitting. When we perform the B-spline

fitting of Equation 6, the noise,

nðxÞ ¼
X15
y¼1

wynyðxÞ; ð8Þ

is the accumulation of each spatial component. In

contrast, there are 15 different implementations of the

B-spline fitting in Equation 7, and for each fitting, the

noise ny(x) is weaker than from Equation 8. Therefore,

with our approach, the effect of each B-spline fitting can

be more accurate, and the accuracy of the sky subtraction

can be improved.

3 Results and Analysis

In this section, the model of the simulated data is based on

the LAMOST project. The data model is designed strictly

in accordance with the characteristics of LAMOST. The

PSF is a Gaussianmodel and the FWHM is approximately

8 pixels. The noise of the simulated signals is mainly
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Figure 3 The results of the proposedmethod and the LAMOST reduction in the red channel (fiber 130). (a) The reconstructed sky spectrum of

the proposed method. (b) The reconstructed sky spectrum of the LAMOST reduction. (c) The spectrum after sky subtraction of the proposed

method. (d) The spectrum after sky subtraction of the LAMOST reduction.
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Poisson distributed. We simulated 250 fibers, 10 of which

are used for the sky. The spacing of two adjacent fiber

centers is about 15 pixels. The sky spectrum is composed

of the continuum and emission lines. The emission lines

are simulated by using the existing data while the con-

tinuum is calculated according to the empirical formula.

The experiments and analysis in this article are focused

on the red channel because the sky emission lines in the

red channel are concentrated and strong, and the sky

residual errors in this wave band are usually large and

difficult to eliminate. In the wavelength orientation of the

fiber spectrum, there are 4096 pixels and the wavelength

is in a range of 5672.58 Å to 9084.53 Å for the red channel

and 3624.98 Å to 5947.67 Å for the blue channel.

Before the experiments, the spectrum data need to be

preprocessed first, such as wavelength calibration,

determining the centers of the fiber profiles, efficiency

correction of the fiber, and so on. All flux of the ten sky

fibers are reordered according to the wavelength to obtain

a new two-dimensional sky spectrum. The cubic B-spline

curve fitting is adopted for the experiments. For each slice

with different spatial components of this spectrum, there

are 40 960 wavelength values which can be used as the

control points to figure out the fitting parameters Pk,y for

the B-spline curve fitting. The spectrum extraction is

performed subsequently to obtain the one-dimensional

spectra.

The widely used sky subtraction method based on the

B-spline curve fitting, which is also adopted by the

LAMOST and SDSS, is applied as the contrast experi-

ment. The obtained one-dimensional object spectrum,

which has 4096 pixels after the proposed sky subtraction

processing and spectrum extraction, is used to demon-

strate the experimental results and compare with the

LAMOST reduction results.

Two groups of the results obtained by the proposed

method are shown in Figure 2. They are one-dimensional

spectra which have been performed spectrum extraction

processing. We can see that the sky components in object

spectra can be obtained effectively by the proposed

method, and only a small residual amount of sky is left

in the object spectra after the sky subtraction.

Two groups of contrast experiments between the

proposedmethod and the LAMOSTmethod are displayed

in Figures 3–6. Figure 3 displays the comparison in the red

channel (130th fiber), and Figure 4 shows some details of

this comparison. Figure 5 displays the comparison in the

blue channel (130th fiber), and Figure 6 shows the detail

of this comparison. In Figure 4 and Figure 6, the continu-

ous lines denote the results of proposed method and the

dotted lines denote the LAMOST reduction. The magni-

tudes and number of the residual spikes in the spectrum

obtained by the proposed method are smaller than that in

the spectrum obtained by the LAMOST method. This
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Figure 4 Comparison between the proposed method and the LAMOST reduction in the red channel (fiber 130). The continuous lines denote

the results of proposed method and the dotted lines denote the LAMOST reduction. (a) and (c) are the details of reconstructed sky spectrum;

(b) and (d) are the corresponding details of the spectrum after sky subtraction.
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Figure 5 The results of the proposed method and the LAMOST reduction in the blue channel (fiber

130). (a) The reconstructed sky spectrum of the proposed method. (b) The reconstructed sky spectrum

of the LAMOST reduction. (c) The spectrum after sky subtraction of the proposed method. (d) The

spectrum after sky subtraction of the LAMOST reduction.
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Figure 6 Comparison between the proposed method and the LAMOST reduction in the blue

channel (fiber 130). The continuous lines denote the results of proposed method and the dotted lines

denote the LAMOST reduction. (a) is the detail of reconstructed sky spectrum; (b) is the

corresponding detail of the spectrum after sky subtraction.
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demonstrates that the proposed method gives a more

effective sky subtraction than the LAMOST method.

Because the original object spectrum is smooth at the

wave band without any characteristic lines, the perfor-

mance of the sky subtraction algorithm can be evaluated

by analyzing the magnitudes and number of the residual

spikes in the spectrum. Therefore, we can adopt the

variance to evaluate the effectiveness of the proposed

sky subtraction algorithm in this section. The variance can

reflect the smoothness of the spectrum: a smaller variance

indicates a smoother spectrum, and a more thorough sky

subtraction processing.

The variance is defined by

V ¼ 1

N

XN
k¼1

objðkÞ � 1

N

XN
k¼1

objðkÞ
" #2

; ð9Þ

where obj(k) denote the flux of the obtained object

spectrum and N is the length of the spectrum.

The differences between the variance of results

obtained by the proposed method and the variance of

the LAMOST results (i.e. Vpro�VLAMO) are illustrated in

Figure 7. The figure displays the differences of the

variances for 30 object-fiber spectra. As we can see from

Figure 7, the proposed method has smaller variances than

the LAMOST reduction pipeline. A smaller variance

indicates a smoother spectrum, and a more thorough sky

subtraction processing.

4 Conclusion

A novel sky subtraction method is proposed based on

two-dimensional sky background modeling and B-spline

curve fitting for LAMOST. The two-dimensional sky

spectrum before the spectrum extraction has a lot of

information and characteristics that can be applied for

modeling an overall two-dimensional sky background

model. Sky subtraction can now be performed as an

earlier step, just before the spectrum extraction, that can

improve the accuracy of the sky subtraction by taking

advantage of more information about the sky and avoid-

ing the influence caused by the spectrum extraction

processing. Experiments based on the LAMOST project

are presented to demonstrate the effectiveness of the

proposed method. From the experimental results, we can

see that the proposed method can obtain the original

object spectrum properly and give a more effective sky

subtraction than the currently used method for LAMOST.
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