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Abstract- Band overlap and random noise exist widely when 
the spectra are captured using an infrared spectrometer, 
especially when the problems of instrument aging has become 
more and more serious recently. In this paper, via introducing 
the similarity of multiscales, a blind spectral deconvolution 
method is proposed. Considering similarity of the latent 
spectrum between different scales, it is used as a prior to 
constrain the estimated latent spectrum similar to pre-scale to 
reduce artifacts which is produced from deconvolution. 
Experiments indicate that the proposed method is able to obtain 
better performance than the state-of-the-art methods, and obtain 
satisfying deconvolution results with fewer artifacts. The 
recovered infrared spectra can easily extract the spectral 
features and recognize the unknown objects. 

Keywords: Spectral restoration, Multiscales, Blind 
deconvolution, Infrared spectroscopic data. 

I. INTRODUCTION 

Infrared spectroscopic data often suffer from the band overlap 
and random noise [1] (such as Fig. 1), which limit the 
development of spectroscopy in industrial and commercial 
applications, such as rapid identification of chemicals [1, 2], 
and physical properties of small molecules [3, 4], feature 
extraction [5, 6], material recognition [7, 8]. The spectra 
overlap are usually modeled as a linear degradation system, 

b=l k+n,                                (1) 
where b is the degraded spectrum, l is the latent spectrum, n is 
the additive noise usually assumed as Gaussian distribution, 

 is the convolution operator. And the symbol k is the 
instrument function, which is usually assumed to be linear 
shift-invariant. The goal of spectral deconvolution is to 
recover the latent spectrum l from the observed degraded 
spectrum b. 

During the past two decades, deconvolution has become 
one of effective mathematical technique to solve the degraded 
problem [9, 10]. In sum, all the deconvolution methods for 
spectroscopic data can be divided into three types: the non-
blind deconvolution (NBD) method [11, 12] with the known 
instrument function, semi-blind deconvolution (SBD) [13, 14] 
method with the parametrically modeled instrument function, 
and the blind deconvolution (BD) [15] method with unknown 
instrument function. Because the instrument function is hardly 
known when the degraded spectrum captured using an 
infrared spectrometer, we only concern the blind case in this 
paper. Some researchers use a blackbody to capture spectrum 
in order to measure the instrument function, and then estimate 
the latent spectrum using the NBD method; however, the 
instrument function often changes over time. 
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Fig. 1. Infrared spectrum of 1-methoxy-2-propanol (C4H10O2). The infrared 
spectroscopic data often suffer from the band overlap and random noise. It 
includes small-scale structure and large-scale structure.  

The BD methods have been proposed in recent years [13, 
14, 16], and these methods almost employ the deconvolution 
method to remove band overlap. Because the deconvolution 
problem is an ill-posed problem, it always results in the 
deconvolution result with artifacts. In order to eliminate the 
influence of the artifacts and get a satisfying spectrum, many 
deconvolution methods via introducing different priors and 
regularization terms have been proposed, such as Fourier-self 
deconvolution (FSD) [12], Tikhonov regularization [13, 17], 
total variation [18], high order statistics [16], entropy 
regularization [19], sparsity regularization [20-22]. With those 
useful priors and regularizations, all the methods have 
achieved impressive results. However, they only consider the 
prior information in their own scales, and their deconvolution 
ability is limited. In this paper, we proposed a new method to 
address those. 

The outline of the paper is organized as follows. In the next 
section, we describe the spectral observations. And in the 
Section III, the proposed model is illustrated, namely, 
spectrum deconvolution method with the similarity of the 
multiscales regularization. The optimization algorithm for the 
proposed method is presented in Section IV. Some results and 
discussions are given in Section V, followed by a brief 
conclusion section. 

II. SPECTRAL OBSERVATIONS 

First, we examined the original infrared spectral data and 
its downsampled versions (in Fig. 2). Then, we obtained the 
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following interesting observations: (1) Both large-scale 
structure and small-scale structure existed in the degraded 
spectrum. They take up difference wavenumber length; (2) 
The more spectral resolution downsamples, the less small-
scale structure leaves. These can be shown in Fig. 2. 

Inspired by these observations, we proposed a novel blind 
spectral deconvolution method which uses the similarity of 
the multiscales. We first downsample degraded spectrum to 
multiscales, and then restore spectrum at each scale. 
Considering that the latent spectrum is similar between 
adjacent scales, the deconvolution result of the pre-scale is 
treated as a prior of current scale in order to reduce the 
artifacts. The proposed method uses the information of the 
pre-scale sufficiently. In order to reduce the artifacts, not only 
the instrument function of the pre-scale is propagated to the 
current scale as a initial value, but also the latent spectrum of 
the pre-scale is used as a constrain in current scale. 
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Fig. 2. Spectra are similar between adjacent scales. Degraded spectrum is 
downsampled to each scale. The more spectral resolution downsamples, the 
less small-scale structure leaves. 

III.  PROPOSED METHOD 

The degraded spectrum is first downsampled to each scale. 
The corresponding instrument function is also downsampled 
with the degraded spectrum downsampling to small scale, so 
each downsampled degraded spectrum is a less overlap 
version than the original observed spectrum. When using the 
tradition method, the latent spectrum is easily estimated and 
with less artifacts under the less overlap version, and the 
latent spectrum with more artifacts with the scale increasing. 
It is worth noting that the latent spectrum is similar to the 
adjacent scales, so we used the estimated latent spectrum of 
pre-scale, which is with less artifacts, as a constraint when the 
latent spectrum of current scales is estimated in order to 

reduce the artifacts. The details of the proposed method is 
described as Fig. 2. 

In the blind spectral deconvolution problem, we have to 
estimate the instrument function k and latent spectrum l from 
the degraded spectrum b. The blind spectrum deconvolution 
method always stabilizes the solution via regularization as the 
following framework:  

)}()(||{||minarg},{ 2
2,

kllkblk
lk

γραρ ++⊗−=                (2) 

where ρ(l) and ρ(k) are the regularization terms of l and k 
respectively. In this paper, the similarity between adjacent 
scales and sparseness prior of the latent spectra are used as the 
regularization term of l, and L2-norm has been used as the 
regularization term of k. 

Considering the similarity between adjacent scales, we first 
downsample the degraded spectrum as follows: 

bi=Dbi-1,                                  (3) 
where bi is the downsampled degraded spectrum in the i-th 
scale, and D is the downsampled operator. The small 
subscript i is corresponding to the spectral length, and the b0 
is the original spectrum. Obviously the latent spectrum l and 
the instrument function k should also be downsampled in the 
corresponding scale as li=Dli-1 and k=Dki-1. Then combining 
with the sparse prior of the latent spectrum, the formulation 
under each scale could represent as follows: 
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where η=0.6 is the hyper-Laplacian coefficient, the α, β, and 
γ are the regularization parameters, and ∇ present the gradient 
operator. li=(D*)li+1, and D* is upsampling operator which is 
the adjoint operator of D. We explain each term of the model 
in detail as follows. 

(1) The first term is the reconstruction constraint, i.e., the 
deconvolution spectrum should be consistent with the 
observation degradation model. 

(2) The second term constrains the latent spectrum 
similarity with the latent spectrum of the pre-scale; 

(3) The third term is the sparse prior of gradient spectrum 
assumed to follow the hyper-Laplacian distribution; 

(4) The forth term is a L2-norm based regularization term to 
stabilize the instrument function estimation. 

The basic idea of the unified model is to make full use of 
the similarity between adjacent scales and preserve the 
multiscales structural information; meanwhile, the 
deconvolution spectrum should have a sparse representation. 
In this paper, the proposed model is called as Blind 
Deconvolution with the Similarity of Multiscales 
regularization (BD-SMR). 

IV. OPTIMIZATION 

The proposed model (4) involves non-smooth term and is 
hard to minimize directly. We first downsample the 
observation spectrum to each scale, then use Eq. (4) to 
estimate latent spectrum and instrument function at each scale, 
until the scale equals original resolution. The Eq. (4) can be 
minimized using the alternation minimization (AM) algorithm. 

A. Instrument function estimation  
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In this subsection, we estimate the blur kernel ki via fixing 
the latent spectrum li, and the object function Eq. (4) reduces 
to the following one: 

}||||||{||minarg 2
2

2
2 ii klkbk

k
γ+⊗−=                             (5) 

which is a least square problem with Tikhonov regularization, 
thus, it leads to a closed form solution: 
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where )(•F  and )(1 •−F  are 1D FFT (fast Fourier transform) 
operator and IFFT operator respectively. )(•F  is the 
conjugated of )(•F . I denotes the identity matrix and the 
symbol ° presents element-wise multiplication. The numerical 
integral of k is normalized to 1. 
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Fig. 3. Degraded infrared spectrum simulation. (a) Ground-truth infrared 
spectrum of 3-Pentanol (C5H12O). (b) Convolution with the IRF (Fig. 3(d)). (c) 
Contaminated by Gaussian noise. (d) Instrument function (Gaussian function). 

B.  Latent spectrum estimation 
In this step, we fix k and optimize l. The object functional 

Eq. (4) can be represented as  
}||||||][||||{||minarg 6.02

2
2
2,

' iiili llllkbl
k

∇+−∇+⊗−= βα              (7) 

Which` is non-convex on IR. The iteratively reweighted least 
squares (IRLS) method is employed to optimize it.   
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When k is fixed, Eq. (9) can be optimized using the 
conjugate gradient method.  

The regularization parameters α, β, γ are discussed as our 
previous work [13]. From the large-scale simulation 
experiments, the parameters are suggested as α ∈

[0.001,0.006], β∈ [0.01,0.1], γ∈ [200,400]. We declare 
convergence when for more than two consecutive iterations 
both the instrument function and latent spectrum changes less 
than threshold values: 1|||||||| 1 dnnn <−+ lll  and 

2|||||||| 1 dnnn <−+ hhh , where d1 and d2 are predetermined 
coefficients. The deconvolution procedure described in this 
section is summarized as follows: 
 

Algorithm 1. Spectral deconvolution using the similarity of multiscales 
regularization 
Input: Degraded spectrum b, downsampling spectrum: b1, b2, …, bs 
1: Select α, β, and γ 
2: Initialize multiscales number s=4 (this paper). 
3: While : 1|||||||| 1 dnnn <−+ lll  and 2|||||||| 1 dnnn <−+ hhh  

(i)  Fix ln+1=ln, solve Eq. (5) via (6); 
(ii) Fix kn+1=kn, solve Eq. (8) using the iteratively reweighted least 

squares method (IRLS); 
Output: estimated latent spectrum l, instrument function k. 

In this paper, the symbols d1 and d2 are the predetermined coefficients 
between 10-9 and 10-7. 

V.  EXPERIMENTS  

In our tests, simulated and real spectra were used to verify 
the proposed method. All the test spectra were normalized to 
[0, 1]. Three spectral deconvolution methods, the Fourier-self 
deconvolution method (FSD) [11], semi-blind deconvolution 
method (SBD) [13] and blind deconvolution with adaptive 
total variation method (BD-ATV) [18] were compared. In 
order to give an overall evaluation, five quantitative indexes 
are employed. The indices include the correlation coefficient 
(CC), weighted correlation coefficient (WCC) [23], full width 

at half-maximum ratio (FWHMR) ∑
N

i

ii FWHMFWHM
N

)()(1
lb , and 

noise amplification ratio (NAR) ∑ ∇∇ |||| bl  [24, 25]. Among 
these indexes, the CC and WCC require the existence of a 
reference spectrum. Thus, it can only be used in simulated 
experiments. The FWHMR and NAR, which are non-
reference indexes, which can also be used in real spectral 
experiments. It has been verified that the two metrics can 
reflect the width reduction and noise suppression [24]. The 
larger the value of FWHMR and NAR, the higher the spectral 
quality. 
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Fig. 4. Simulated experiment results. (a) FSD method [11]. (b) SBD method 
[13]. (c) BD-ATV method [18]. (d) Proposed method. 

A. Simulated Experiments  
In simulated experiments, we selected the three infrared 

spectra captured by the Fourier transform infrared 
spectrometer. Only the experimental result of infrared 
spectrum of 3-Pentanol (C5H12O) is shown here. Original 
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spectrum (Fig. 3(a)) was degraded by the instrument function 
of Gaussian function with standard deviation σ=9 (Fig. 3(d)), 
then the overlap spectrum was further contaminated with 
Gaussian noise (Fig. 3(c)). First, we consider the infrared 
spectrum of 3-Pentanol (C5H12O) from 4000 to 2500 cm-1. In 
this experiments, we set the parameters as α=0.002, β=0.07, 
γ=300 and 120 iterations. For the FSD method, the narrowing 
factor k=1.37. For the SBD and BD-ATV methods, the 
regularization parameters are set as the references. 

 
Table I. Band distortions (Fig. 4) in deconvoluted spectra by FSD, SBD and 
MOBSD methods.  

Band positions 3357 2964 2934 2878 RMSE 

Height 
FSD -0.051a -0.109 -0.086 -0.123 0.0093 

BD-ATV -0.014 +0.016 -0.035 -0.131 0.0047 
BD-SMR -0.011 +0.012 -0.027 +0.101 0.0028 

Positio
n 

FSD -2 +1 -3 +1 3.75 
BD-ATV +1 -1 -2 +2 2.50 
BD-SMR +1 +2 0 -1 1.50 

a plus or minus symbol indicates larger or smaller than the original 
respectively. 

 
The experimental results are shown in Fig. 4. All the 

methods can split the overlap peak at 2962 cm-1 (Fig. 3(b)). 
Residual noise can be observed in Fig. 4(a). Comparing Fig. 
4(d) with Figs. 4(a)-(c), it can be seen that the peak at 3357 
cm-1 is smoother than other results. Their closeups are shown 
in the top-left corner. The RMSE of band distortions, their 
positions and height are compared in Table 1. The comparison 
shows that the BD-SMR result is the most similar one to the 
original spectrum. This is because the compared methods do 
not consider the similarity in multiscales. On the contrary, 
owing to the second term in our method, the band detail 
information are well preserved. 
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Fig. 5. Values of CC and WCC in Fig. 4. The larger the values, the similar to 
the original spectrum. 

 
The reference evaluation results are shown in Fig. 5. It is 

seen that, the values of the CC and WCC indices of the 
proposed method are higher than those of the other methods. 
It can be seen that the FWHMR and NAR indices have a 
similar trend to the CC and WCC indices, which validate the 
good performance of the no-reference indices. Thus, it is used 
to evaluate the deconvolution results of the real spectra in the 

next section. Other two degraded spectrum cases are also 
tested, which are shown in Table II. 

 
Table II. Comparisons of FWHMR and NAR by different methods on the 
Dihexylamine IR spectrum. The larger the merits value, the higher the 
spectral quality. 

Indices Spectra 
Deconvolution algorithms 

FSD SBD BD-
ATV BD-SMR 

FWHMR 

3-Pentanol 1.65 2.26 2.98 4.36 
Butyl 

Formate 1.46 2.16 2.63 3.22 

Cumene 1.39 2.36 2.61 2.98 

NAR 

3-Pentanol 1.69 1.96 2.18 2.37 
Butyl 

Formate 1.44 1.76 1.85 2.28 

Cumene 1.37 1.59 1.83 2.01 
 

B. Real Experiments 
In addition, we test the effectiveness of the proposed 

algorithm on real spectra. In order to save space, only two of 
them are illustrated. In Fig. 6, we show the recovered results 
by different methods on the infrared spectrum of L(+)-
Arabinofuranose (C5H10O5). The random noise and band 
overlap (marked in red arrows) are existed in the degraded 
spectrum. The proposed method produces a more visually 
pleasing result, compared with the results of other methods. 
As indicated by the mark in Fig. 5(b), the FSD method has not 
split the overlap band at 860 cm-1. The residual noise is also 
observed in Fig. 5(c) by BD-ATV method. Indices NAR and 
FWHMR, as listed in Table III, show that our method has 
achieved the best performance among the tested methods. 

Visual inspection shows that our method outperforms the 
compared methods with respect to reducing noise and 
preserving the band information. Table III shows all the NAR 
and FWHMR values of all the six spectra. It is seen that all 
the deconvolution methods raise the indexes, but the proposed 
method obtains the highest values for the six spectra. 
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Fig. 6. Real spectrum experiments. (a) Infrared spectrum of L(+)-
Arabinofuranose (C5H10O5). (b) FSD method [11]. (c) BD-ATV method [18]. 
(d) BD-SWR method. 
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Table III. FWHMR and NAR (in Bracket) values of different deconvolution 
methods on the real IR spectra. The larger the value of FWHMR and NAR, 
the higher the spectral quality. 

Spectra FSD  SBD  BD-ATV BD-SMR 

L(+)-
Arabinofuranose 

1.85 
(1.42) 

2.26 
(1.78) 

2.93 
(2.30) 

3.10 
(2.42) 

IR 2 1.46 
(1.89) 

1.68 
(2.10) 

2.30 
(2.41) 

2.51 
(2.55) 

IR 3 1.34 
(1.21) 

2.07 
(1.73) 

2.12 
(1.79) 

2.46 
(2.04) 

IR 4 1.84 
(1.39) 

2.19 
(1.77) 

2.92 
(2.30) 

3.08 
(2.46) 

IR 5 1.58 
(1.49) 

1.72 
(1.68) 

2.26 
(1.96) 

2.66 
(2.22) 

IR  6 1.95 
(1.69) 

2.37 
(1.89) 

2.84 
(2.15) 

3.24 
(2.67) 

VI. CONCLUSIONS 

In this paper, we propose an effective spectral 
deconvolution method with similarity of multi-scales 
regularization. The method first downsamples the degraded 
spectrum to each scales, and then make use of the similarity 
of adjacent scales as a constraint to recover the overlap 
spectrum at each scales. Experimental results show that the 
proposed method could estimate more accurate instrument 
function and obtain better performance than the state-of-the-
art methods, and the proposed method could get more details 
with less artifacts. The deconvolution infrared spectra can 
easily extract the spectral features and interpret the unknown 
material. Although the application considered here is infrared 
spectrum, the proposed method is more general applicable to 
other spectrum lines. 
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