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Beam-Shape Effects and Noise Removal From THz
Time-Domain Images in Reflection Geometry

in the 0.25–6 THz Range
Marina Ljubenović , Alessia Artesani, Stefano Bonetti, and Arianna Traviglia

Abstract—The increasing need of restoring high-resolution
hyper-spectral (HS) images is determining a growing reliance on
computer vision-based processing to enhance the clarity of the
image content. HS images can, in fact, suffer from degradation
effects or artefacts caused by instrument limitations. This article
focuses on a procedure aimed at reducing the degradation effects,
frequency-dependent blur and noise, in Terahertz time-domain
spectroscopy (THz-TDS) images in reflection geometry. It describes
the application of a joint deblurring and denoising approach that
had been previously proved to be effective for the restoration of
THz-TDS images in transmission geometry, but that had never been
tested in reflection modality. This mode is often the only one that
can be effectively used in most cases, for example, when analyzing
objects that are either opaque in the THz range, or that cannot
be displaced from their location (e.g., museums), such as those
of cultural interest. Compared to transmission mode, reflection
geometry introduces, however, further distortion to THz data,
usually neglected in existing literature. In this work, we successfully
implement image deblurring and denoising of both uniform-shape
samples (a contemporary 1 Euro cent coin and an inlaid pendant)
and samples with the uneven reliefs and corrosion products on
the surface, which make the analysis of the object particularly
complex (an ancient Roman silver coin). The study demonstrates
the ability of image processing to restore data in the 0.25–6 THz
range, spanning over more than four octaves, and providing the
foundation for future analytical approaches of cultural heritage
using the far-infrared spectrum still not sufficiently investigated in
the literature.

Index Terms—Cultural heritage, deblurring, denoising,
image restoration, reflection geometry, terahertz time-domain
spectroscopy (THz-TDS).

I. INTRODUCTION

S PECTROSCOPY and imaging in the terahertz (THz) spec-
tral range (typically 0.1–10 THz) is gaining attention in
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many disciplines such as biomedicine, agriculture, security, and
communication services [1], [2]. One of the major applications
of THz spectroscopy and imaging is in the noninvasive detection
of material composition and retrieval of complex surface topog-
raphy of objects [3], [4], [5]. A THz signal exhibits many unique
properties: 1) its low-photon energy facilitates nondestructive
and nonionizing testing [6], 2) it has the ability to penetrate
dielectric materials (e.g., paper, plastic, etc.); 3) it can be used
in reflection geometry for studying objects that are too thick for
signal transmission, or highly reflecting (e.g., objects made of
metal).

Terahertz time-domain spectroscopy (THz-TDS) employs
short pulses of THz radiation to probe the dielectric response of
materials in the far-infrared region and reconstruct objects’ inner
structure, giving as result a 3-D hyperspectral (HS) data-cube,
providing information on both surface and inner structures.
Despite the fact that THz-TDS imaging offers a unique means
to probe materials’ properties, it poses also major challenges
in terms of data processing because of the multiple sources
of image degradation that make difficult the analysis of the
THz signals [7]. THz-TDS images are in fact corrupted by
frequency-dependent beam-shape induced blur and noise with
additional signal distortions introduced by scattering losses
(more information on degradation effects will be provided in
Section IV). All these image degradation effects remarkably
reduce the frequency region of the resolved images and limit
the recovery of sharp THz images.

Some conventional image restoration algorithms can singu-
larly tackle blur effects, noise, or low resolution, thus over-
coming only partially physical limitations determined by the
THz-TDS imaging technique. The joint removal of several
degradation effects in THz HS images represents still a challenge
due to several reasons: a frequency dependency of blur and noise;
the presence of blocking artefacts introduced by the step size of a
scanning system; and the existence of additional effects such as
reflection and refraction [7]. At present, there is a limited number
of efficient computational strategies to address some of the THz
imaging problems and the majority of the proposed approaches
have dealt with single-frequency measurements, such as THz
images in continuous wave mode or volumetric reconstruction
with THz computed tomography (CT).

THz-TDS imaging can be carried in transmission and reflec-
tion geometries. In transmission geometry, the temporal profile
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of the electric field transmitted through the investigated sample
is measured and compared with a reference spectrum obtained
from the free path. However, many samples possess significantly
high absorption properties in the THz range or are highly reflec-
tive, situations that limit or completely impede the use of THz
imaging in transmission geometry. Furthermore, for samples
with a complex structure, absorption of the radiation in the high-
frequency range limits the bandwidth to 2–2.5 THz in most
cases. All these issues are minimized or completely removed
by performing the measurements in reflection geometry, which
allows measuring virtually any sample, and with a much larger
bandwidth. Furthermore, it has been demonstrated that reflection
imaging is more sensitive to sample adhesion (e.g., deviation in
thickness of paint and coating) that can cause variation in the
phase of the THz signal [8]. However, this greater sensitivity
is also a potential source of new degradation artefacts in the
resulting image, such as discontinuous spots. Other degradation
effects that could be present include distortion and signal losses
due to refraction, diffraction, edge effects, specular reflection,
depolarisation, and Fabry–Perot effects, which might heavily
corrupt the THz images. It follows that in order to fully ex-
ploit the great potential of THz imaging in reflection geometry,
specific corrections of these degradation effects need to be
implemented.

This work describes the application to THz-TDS images of
an algorithm that has been recently developed and successfully
applied for joint THz image deblurring and denoising [7]. The
algorithm was originally developed for THz imaging in the trans-
mission mode and validated on objects having a simple shape
(e.g., leaf, ring, plate). Here, it is adapted for the first time for
THz reflection images and tested on samples with more complex
material structures and textures. Section II starts by introducing
existing image processing methods that are developed or applied
to THz data and their limitations. The experimental setup is intro-
duced in Section III, followed by the introduction of degradation
effects in Section IV. The efficiency of the joint deblurring and
denoising approach is tested on highly reflective objects (see
Section V), and then applied to the study of an ancient coin
(see Section VI). The joint deblurring and denoising approach,
tailored to frequency-dependent blur degradation, utilizes the
high correlation of spectral bands to increase their availability
for further analysis.

II. IMAGE PROCESSING METHODS FOR THZ DATA

Initial attempts of THz image restoration have employed
conventional image restoration methods originally developed
for other imaging modalities (e.g., X-ray, RGB images) [8].
These include but are not limited to iterative backprojection,
Richardson–Lucy method [9], [10], and 2-D wavelet decom-
position reconstruction [11]. For instance, Li et al. [12] ap-
plied a well-known Richardson–Lucy deblurring algorithm to
remove beam shape effects from single-frequency THz images
improving the boundary sharpness of binary samples, but in-
troducing artefacts in the presence of fine details. Those con-
ventional deblurring algorithms have been designed to improve
the resolution of images that follow different statistics: they are
demonstrated to be inadequate for THz data mostly due to the

huge difference in the assumed prior knowledge imposed on a
sharp image and the degradation effects (e.g., blur and noise).

At first, the development of procedures aiming at improving
THz data was mainly focused on specific applications such as
THz-based computed tomography (THz-CT) or subwavelength
microscopy. THz-CT data often require sophisticated algorithms
to manage volume reconstruction from a projection domain.
One of the first methods tailored to THz-CT was introduced
by Recur et al. [13]. The method combines the CT reconstruc-
tion approaches (e.g., back-projection of filtered projections,
simultaneous algebraic reconstruction technique, and ordered
subsets expectation maximization) with a convolution filter to
mimic the THz beam effects. The influence of these effects
can be further removed by employing the Wiener deconvolution
approach [14], [15]. Some attempts were made for increasing the
resolution of images with a multilayered structure by applying
deconvolution in the time domain [16]. These methods can tackle
noise-free single-frequency THz images or signals, but do not
take into account the differences imposed by the dependence
of the noise and blur effects on the frequency value. These
methods are not suitable for broadband THz imaging systems
and the complex structure of its beam as they are considering
images corresponding to a single THz frequency as independent.
To beat the diffraction limit in subwavelength microscopy, a
super-resolution technique for THz images was proposed in [17].
This technique utilizes specially designed artificial fluorophores
in the form of optimal mask sets and stochastic fluctuations in the
intensity of the fluorophores limiting its broad usage. Recently,
a physics-based reconstruction algorithm for biological imaging
is proposed [18]. This technique is tailored to highly absorbent
biological materials and thus, challenging to be adapted to more
reflective materials such as metals.

The complex structure of a broadband THz beam and its
effects was studied in [19]. The authors modeled a 3-D THz
point spread function (PSF) and THz imaging equation, further
utilized to enhance single-frequency THz images by applying a
simple deconvolution approach (i.e., MATLAB in-built func-
tion, deconv). Utilization of a more advanced deconvolution
procedure for tackling blur degradation in frequency modulated
continuous wave THz images was introduced by Wong et al.
[20]. This article introduced two steps leading to THz image
enhancement: high-precision depth estimation followed by 2-D
deconvolution with off-the-shelf methods [21]. Although these
approaches worked reasonably well for noise-free images and
simple-shape samples, due to the ill-conditioned nature of the
convolution, they introduced severe error in a presence of even
a small amount of noise.

Deep neural networks (DNNs) have also been used to ame-
liorate THz data using robust restoration approaches, but rarely
considering the frequency-dependence of the THz-TDS images
during the training process. They were mostly used for 2-D
THz image deblurring [22] and super-resolution [23], [24] or for
specific applications, such as biological product analysis [25].
The main limitation of DNN-based methods is the need for
a large number of THz images (hundreds or thousands) for
accurately training the network: the unavailability of a sufficient
number of THz images has, as a consequence, limited their
application.
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Fig. 1. Scheme of the THz-TDS system in the reflection mode. The instrument is based on an ultrafast laser source, emitter, and receiver antennas and motorized
raster-scanning stage, where the sample is positioned for measurements in reflection geometry.

One of the domains in which the removal of blur and noise
degradation of HS images have been significantly developed is
that of airborne remote sensing imagery: here, the clarity of the
HS images is key for their interpretation and the quality of the
spectral datum pivotal to further image processing. This has led
to the development of several methods to improve the quality of
the image, such as denoising (HySime [26] and FastHyDe [27])
and deblurring methods [28] that leverage some characteristics
of the HS images like low-rank and self-similarity of image
patches. In particular, FastHyDe demonstrated to be especially
successful in denoising HS images affected by types of noise
such as Gaussian independent and identically distributed (i.i.d.),
Gaussian non-i.i.d., and Poisson noise. Notwithstanding their
potential transferability in other domains, these image process-
ing approaches have not found so far application in close-range
THz imaging.

An approach that considers bands of THz HS images jointly
has been introduced in [7]. Similar to FastHyDe, the method
is based on the low-rank and self-similarity properties of HS
images and it includes two additional expansions that make it
suitable for THz data: 1) a specialized THz beam modeling pro-
cess and 2) a deblurring step based on well-known, robust deblur-
ring approaches. The joint deblurring and denoising approach
represents an effective measure to counter frequency-dependent
blur and three different noise types present in time-domain THz
images acquired in the transmission mode, but, to the authors’
knowledge, it has never been applied in the reflection mode
and on objects with irregular geometries. Our work focuses on
demonstrating the application of the HS algorithms for THz
imagery on uneven object samples, as an archaeological coin.
The analysis of these kinds of samples is complicated by the
irregular surface, the asymmetry of their thickness, the presence
of irregular reliefs on the samples, the variability of their ma-
terial compositions (often unknown and/or multiform) and the
contribution of both reflecting and absorbing materials.

Fig. 2. Example of the amplitude signal A(ω) of a raster-scanned sample
taken with three differentΔx andΔy step sizes, equal to (a) 0.5 mm, (b) 0.2 mm,
(c) 0.1 mm. The frequency is fixed at 2.72 THz.

Our research has entailed the application of a joint denois-
ing and deblurring approach to improve the quality of THz
images in reflection geometry: this article critically discusses
the acquisition procedure, the image restoration requirements,
and the limitations of the proposed framework. The degradation
effects induced by the THz beam size are evaluated in order
to determine the PSF of the THz-TDS system necessary to
remove image degradation. Band-by-band deblurring, HS image
denoising, and a method that removes blur and noise jointly are
initially tested on objects characterized by the uniform material
composition and relatively unpatterned shape (a 1 Euro cent coin
€0.01- and an inlaid silver pendant). After demonstrating that
only the joint deblurring and denoising method achieves good
results through all bands, and after evaluating its limitations and
advantages, the method is directly applied to an ancient Roman
silver coin and the differences between the two types of samples
(i.e., contemporary and archaeological objects) are highlighted.

III. EXPERIMENTAL SETUP AND ACQUISITION PROCEDURE

This work has been completed using a commercial THz-
TDS system (TOPTICA TeraFlash Pro, Fig. 1). The sys-
tem is based on a mode-locking Erbium-doped fiber laser
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Fig. 3. Typical degradation effects in the representation of the amplitude A(ω) images. The images are corrupted by noise that increases with the frequency,
while at lower frequency value, the blur effects are more dominant.The frequency region with relatively low noise and blur degradation effects stays between 0.5
and 3.5 THz.

Fig. 4. Comparison between simulated reference images and experimental
measurements of a hole on a metallic plate at three THz frequencies. From left
to right: the denoised bands of raw data on three different frequencies (0.97,
1.94, and 3.11 THz); simulated bands corresponding to the same frequencies;
intensity vectors corresponding to the middle cross-section of real (blue) and
simulated (red) bands; and theoretical PSFs.

(λ = 1560 ± 10 nm), with a pulse width of 50–60 fs and
repetition rate of 100 MHz (TOPTICA FemtoFErb THz FD6.5).
The ultrafast laser pulse is delivered via a single-mode fiber onto
an InGaAs/InAlAs-based photoconductive antenna that in turn
produces an electromagnetic pulse with the frequency spectrum
in the THz range. The system is capable of generating a spectrum
width that spans 6 THz, and has the highest power being emitted
at frequencies around 1 THz. The precise reconstruction of the
time axis and the reduced jitter noise of the system enable to
achieve a good dynamic range below 3.5 THz (in a nitrogen
atmosphere), with a peak dynamic range of more than 90 dB.
The measured THz electric field is Fourier transformed to yield
the phase and the amplitude of the THz pulse.

The system relies on point-like measurements. The analysis
of a surface is obtained in the reflection mode by raster-scanning
the sample placed in the focal plane of the two parabolic mirrors,
using a motorized XY stage that is synchronized with the THz
excitation. The angle of incidence is 8◦ (0.14 rd). The image
is obtained by continuous line scanning along the X direction

(from left to right) with a step size of Δx, and by step line along
the Y direction of Δy. For the TOPTICA TeraFlash Pro, the step
sizes in both directions can be fixed equal to 0.1, 0.2, 0.5, 1,
or 2 mm. Whereas the frequency resolution of the THz-TDS
is given by the time step and the number of data points in the
time-domain measurement, the spatial resolution is limited by
the PSF of the THz beam (as discussed in Section IV), and also
by the acquisition step size along the X and Y axis. A temporal
window of 70 ps is used for every measurement.

In order to show the difference between the step size choice,
a portion of a 1 Euro cent coin has been raster-scanned with
step size set equal to 0.5 (A), 0.2 (B), and 0.1 (C) mm, re-
spectively (see Fig. 2). With the biggest step size, the detector
loses information leading to severe blocking degradation in the
resulting image. Due to this degradation, the smoothness of the
object’s edges is lost. With the smallest step size, the THz images
reach a higher level of details, but the acquisition procedure
lasts significantly longer [e.g., 3 min (B) vs. 32 min (C) for
scanning 5× 5 mm] and a data size increases [∼ 12 MB (B)
vs. ∼ 120 MB (C)], while missing in improving significantly
the spatial resolution due to the beam shape effects. For the
considered sample, the optimum between the choice of the step
size and the acquisition time is the option (B), whereas the
value of the step size should be carefully considered taking
into account aspects such as dimension of the samples and its
features, and the desired application results.

IV. DEGRADATION EFFECTS

The THz system design, with focusing optics and beam
forming process, lead to frequency-dependent degradation ef-
fects that corrupt the amplitude images. The main causes for
the degradation effects that can alter the spatial information
of the THz images are mainly: 1) the THz beam-shape; 2)
the system-dependent noise; 3) losses due to the propagation
of the THz wave through the sample (caused by reflection
and/or refraction); 4) the scattering and absorption properties
of the sample. Whereas the latter two degradation effects are
intrinsically dependent on the sample and hard to model, the
consequences of the THz beam-shape and the noise of the
system can be estimated by introducing simple approximations.
Thus, the restoration algorithms are based on the following
assumptions for the blur and noise effects.
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Fig. 5. Results of band-by-band deblurring approaches for restoring amplitude images on 1 Euro cent coin (top) and a silver pendant (bottom). The first
rows corresponding to each sample show the optical image of the sample and selected row bands on seven different frequencies (red dashed line). The tested
deconvolution approaches: 1) Richardson–Lucy iterative deconvolution [9], [10] (blue dashed line); 2) Fast image deconvolution with a hyper-Laplacian priors by
Krishnan et al. [34] (green dashed line); 3) Image deblurring using Wiener filtering [35] (yellow dashed line).

Blur effects: Despite an asymmetric, non-Gaussian beam with
variations in the main lobe beam waists along axes is observed
in [29] and [30], here, to accelerate the restoration process and
to simplify the mathematical formulation, the intensity profile
of the beam is assumed to have a Gaussian-shape [13]. Under
this approximation, the transverse profile of the THz intensity is
described by

I(r, z) =
P

πw2(z)/2
exp

(
−2

r2

w2(z)

)
(1)

where P is the beam power, w(z) is the beam radius, z is the
propagating direction, and r is the distance from the beam axis.

The radius of the beam varies along the propagating direction as

w(z) = w0

√
1 +

(
z

zR

)2

(2)

where w0 is the minimum beam radius (half of the beam waist)
and zR = πw2

0/λ represents the Rayleigh length at wavelength
λ that determines the length over which the beam can propagate
without diverging significantly. In Gaussian beam approxima-
tion, the beam waist 2w0 depends on the wavelength λ accord-
ingly to the [31]

2w0 =
4

π
λ
fL
D

(3)
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Fig. 6. Results of the FastHyDe method for restoring amplitude images on 1 Euro cent coin (top) and a silver pendant (bottom).

where fL and D represent the focal length and diameter of
the focusing THz lens, respectively. The size of the THz beam
waist is strongly dependent on the frequency and the focusing
optics of the THz system. The first degradation effect associated
to the beam-shape consequently affects the resolution of the
HS image and introduces blurring. In particular, every pixel in
the image spatial domain is blurred following a 2-D Gaussian
PSF corresponding to an intersection of the THz beam with an
orthogonal plane (represented by the surface of the sample). As
the THz beam waist is wider at lower frequencies, the blurring
effects will be more important in the lower region of the THz
frequency range, as illustrated in Fig. 3. On the contrary, at
higher frequencies, a THz beam waist is smaller and the resulting
images are sharper.

Noise effects: The principal degradation effect at high fre-
quency is the noise determined by the instrument. The signal
from a THz-TDS system is corrupted by, at least, three noise
components [32] [33]. The first noise component is caused by
the transmitting antenna, which represents the principal noise
source. The second contribution is Poisson noise in the detector,
which usually originates from the discrete nature of the electric
charge. The third component summons other signal-independent
noise in the detector such as amplification noise, laser noise,
thermal noise, etc. All these noise components are severely de-
creasing the signal-to-noise ratio with the increase of frequency,
making the images corresponding to higher frequency bands
impractical for further analysis. For the instrument employed,
this occurs for frequencies above 4.5 THz (see Fig. 3).

In order to validate the abovementioned Gaussian modeling
assumption implemented in the algorithm for working in reflec-
tion geometry, synthetic reference images of a circle blurred by a
Gaussian model have been compared with the real bands of THz
time-domain images of a hole on a metallic plate. The theoretical

THz beam waist, calculated considering that the instrument has
two focusing mirrors with 1-in. diameter and 4-in. length, is
w0 ≈ 2.547 λ. The experiments were performed considering
step size Δx and Δy equal to 0.2 mm, and beam diameter equal
to two times the beam waist. The results are presented in Fig. 4.
On the lower and medium frequencies (i.e., 0.97 and 1.94 THz),
the difference in intensity between synthetic and real bands is
mostly visible at the borders of the circle, while on the higher
frequency (i.e., 3.11 THz) the small difference is additionally
visible in the center, this being most likely due to the influence
of noise. Thus, the performance of the overall method is mostly
reduced near the edges. The test shows the theoretical PSFs
[intersection of an orthogonal plane with the beam calculated
by applying the equations (1) and (2)] are comparable with the
real blurring degradation.

V. IMAGE RESTORATION FOR THZ IMAGES

The goal of this work is to restore the amplitude images,
which have the form of a hypercube with the third dimension
corresponding to the THz frequencies. These amplitude images
are modeled as

Y = XH+N (4)

where Y ∈ Rb×n represents the degraded HS amplitude image
with the rows containing b spectral bands. Every band is an
image with n pixels corresponding to the amplitude intensity.
X ∈ Rb×n represents an underlying clean HS image (without
noise and blur effects), whileH ∈ Rn×n is the blurring operator
that models the convolution of a single band and the corre-
sponding PSF. In the defined model, the same blurring operator
is assumed over bands. Finally, N ∈ Rb×n represents additive
white Gaussian i.i.d. noise.
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Fig. 7. Results of the joint deblurring and denoising method for restoring amplitude images, as described in Algorithm 2. The raw results are compared with the
images obtained after restoration for single THz frequency values. The method is applied on two metallic samples: 1 Euro cent coin (top) and one silver pendant
(bottom).

Prior to the application of the joint denoising and deblurring
approach, the restoration of the degraded images is undertaken
by conventional band-by-band deblurring (e.g., Richardson-
Lucy or Wiener filtering) and denoising (FastHyDe) algorithms
to demonstrate how the two algorithms only partially improve
the image quality. The joint application of the denoising and
deblurring approach is then described, taking into account the
variable effects for each band. Noteworthy, the joint deblurring
and denoising algorithm does not simply combine the two
methods (i.e., FastHyDe and Richardson–Lucy), but follows a
number of carefully designed steps, described in Section V-C.

A. Band-by-Band Deblurring Algorithm

A band-by-band deblurring is performed to remove blurring
effects from THz-TDS images, where the deblurring problem
for one band is modeled as

yi = Hxi + n. (5)

Here, yi, xi, and n represent an observed vectorized image of
the ith band (ith row of Y), a sharp image of the ith band, and
noise, respectively.

Three conventional approaches are tested on the 1-cent
coin and the silver pendant to perform band-by-band deblur-
ring, specifically: 1) Richardson–Lucy deblurring [9], [10]; 2)
Krishnan et al.’s deblurring with a prior knowledge depict-
ing the heavy-tailed distribution of gradients in natural scenes
(hyper-Laplacian prior) [34]; 3) Deblurring based on Wiener
filtering [14]. These three approaches are selected as the ones
most commonly used in the literature for THz beam shape effects
removal.

The results obtained by three conventional deblurring ap-
proaches are presented in Fig. 5 by displaying seven selected
bands of THz time-domain images corresponding to lower fre-
quencies (0.28 and 0.38 THz), medium frequencies (1.1, 2.1, and
3.3 THz), and high frequencies (4.87 and 5.85 THz). The input
parameters (the number of iterations, regularization parameters,
etc.) are selected according to values reported in the original
papers and additionally, when necessary, are adjusted to provide
the best visual results.

The tested methods show some improvements for the se-
lected medium frequencies and poor results when tested on
bands corrupted by severe blur (the band corresponding to the
low frequencies) or severe noise (the band corresponding to
the high frequencies). The additional limitation when applying
2-D-based deblurring approaches is hand-tuning of input param-
eters for every band separately (e.g., number of iterations for
the Richardson–Lucy approach or a regularization parameter
for the approach from Krishnan et al.). This is because these
band-by-band deblurring methods have been tailored to con-
ventional RGB images and thus, in the original papers, values
for input parameters are governed by the statistics of natural
images, which are quite different from the one of THz images. In
addition, these methods usually require several input parameters
that are different for different HS image bands and noise levels
and, therefore, in the case of THz HS images, challenging to
properly set.

B. Denoising Algorithm

In order to deal with bands severally corrupted by strong
noise, a state-of-the-art HS image denoising method, FastHyDe,
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Algorithm 1: FastHyDe.
1) Learn the subspace E from Y;
2) Compute noisy eigen-images ETY;
3) Denoise eigen-images by a state-of-the-art

denoiser [36];
4) Compute an estimate of the clean HS image

proposed by Zhuang et al. [27] is adjusted and tested on THz-
TDS images. HS denoising problem is formulated following (4)
with H = I, where I represents the identity matrix.

Considering the high correlation between bands of THz-TDS
images, same as in FastHyDe, the following assumption is
considered: the spectral vectors xi, for i = 1, . . ., n, live in a
p-dimensional subspace Sp, where p � b. Following this as-
sumption and defining E = [e1, . . ., ep] ∈ Rb×p as a basis for
Sp, X can be written as

X = EA (6)

where A ∈ Rp×n corresponds to the representation coefficients
ofX in Sp. In FastHyDe, the rows of A are called eigen-images.
The above assumption on the high correlation between bands
(i.e., the assumption that HS data follow a low-rank structure)
is crucial, as matrix E may be learned directly from Y by
subspace identification methods such as HySime [26]. Bands of
HS images (including THz time-domain images) are self-similar
in the spatial domain, i.e., they contain many similar patches at
different locations and scales. The exploitation of self-similarity
as a form of prior knowledge is the second main assumption
of the FastHyDe method applied through the exploitation of a
patch-based denoising step. The main steps of FastHyDe are
shown in Algorithm 1.

The results of FastHyDe applied to all bands jointly of two
real THz time-domain images are displayed in Fig. 6. Note
that only selected bands are shown. The results are obtained
by assuming Gaussian i.i.d. noise and the number of subspaces
p = 10. The tested method is able to deal even with severe noise
that corrupts bands corresponding to higher frequencies (e.g.
frequencies higher than 4 THz). At lower frequencies, the output
is comparable to the input, as the tested method only removes
noise and not beam shape effects.

C. Joint Denoising and Deblurring Algorithm

The fast deblurring and denoising method [7], tailored to THz
time-domain images, three noise types (Gaussian i.i.d., Gaussian
non-i.i.d., and Poisson), and band-dependent blur is further
tested on 1 cent and a silver pendant. The method follows the
same low-rank assumption from (6) but instead of performing
only denoising on subspace components (i.e., eigen-images) it
additionally adds a nonblind deblurring step (i.e., deblurring
with a known PSF). Note that deblurring in this case is performed
only on subspace components and not on all bands separately (as
in the case of methods presented in Section V-A). Consequently,
the joint deblurring and denoising method consists of steps
presented in Algorithm 2.

Algorithm 2: Joint Deblurring and Denoising of THz Time-
Domain Images.

DIMENSIONALITY REDUCTION

1) Learn the subspace E from Y
2) Compute noisy eigen-images ETY

BLUR AND NOISE REMOVAL

3) Analyse subspace domain
4) Create synthetic PSFs
5) Deblur eigen-images with an off-the-shelf

non-blind deblurring method
6) Denoise eigen-images by a state-of-the-art

denoiser from [36]
RECONSTRUCTION

7) Compute an estimate of the clean HS image.

Fig. 8. Subspace components of 1 Euro cent (p = 12): Subspace components
from 1 to 3 cover the main edges; components from 5 to 7 correspond to textural
features; components 4, 8, and 9 account for flat regions; component from 10 to
12 are showing effects of reflection.

The results obtained with one instance of the joint deblurring
and denoising method with Gaussian i.i.d. noise assumption
and Richardson–Lucy deblurring step (Step 5 in Algorithm 2)
are shown in Fig. 7. With respect to the transmission mode,
here a new step is included covering a detailed analysis of
the subspace domain and corresponding eigen-images (Step
3 in Algorithm 2). In [7], only samples with simple shapes
and textures are tested thus, the number of subspaces can be
fixed for all samples. Here, the number of subspaces is carefully
chosen to include all significant features (e.g., main edges and
texture) and exclude features corresponding to reflection effects
(see Fig. 8). Similarly, the values of the minimum beam radius
utilized for PSF modeling are carefully set by analyzing blur
degradation of eigen-images, i.e., eigen-images corresponding
to main edges (e.g., images 1, 2, and 3 in Fig. 8) are deblurred by
using bigger PSFs relative to the eigen-images corresponding to
textural features (e.g., images 5, 6, and 7 in Fig. 8). The subspace
components corresponding to reflection effects (images 10, 11,
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Fig. 9. Performance of the joint deblurring and denoising method measured
through standard deviation. (a) A selected flat region from raw and restored
bands for calculated standard deviation; (b) log standard deviation as a function
of different frequencies.

and 12) are discarded during the analysis and thus, the number
of subspace components for the 1-cent sample is set to p = 9.
A similar analysis of subspace components is repeated for each
sample.

As the tested joint deblurring and denoising method is based
on FastHyDe, the noise from bands corresponding to higher
frequencies is removed equally successful as previously. Addi-
tionally, beam shape effects removal is visible in bands cor-
responding to lower frequencies (i.e., frequencies less than
1 THz).

The performance of the joint deblurring and denoising method
applied to images acquired in reflection geometry was measured
by comparing the standard deviation of an even region (see
Fig. 9) and feature sharpness (see Fig. 10) of raw and restored
bands. The standard deviation was estimated over a 2× 2 mm
homogeneous region selected from the 1 euro cent coin. For
each pixel, the variance of reflected reference intensity (raw
data) and reconstructed intensity (estimated data) is computed
and compared. The improvement resulting from the restoration
procedure is visible over all bands, increasing with the increase
of frequency. Similarly, a feature sharpness (in mm) is estimated
by measuring the distance between a high and a low peak that
represent a border of the feature. A decrease in the distance
indicates the steepest feature border and thus, a sharper feature.
The distance measure is highly affected by the presence of noise,
especially visible on the higher frequency bands.

Fig. 10. Performance of the joint deblurring and denoising method measured
through a sharpness of a feature (the number one on the coin). (a) Raw and
restored bands at 3 THz and their cross sections; (b) Feature sharpness estimated
as a distance between a high and a low peak.

Fig. 11. Stereoscopic images of the archaeological silver coin. On the front
side the figure of a goddess is inlaid (a), while on the back side the one of a
Roman emperor portrait (b).

Both visual and the numerical results (i.e., standard devia-
tion and feature sharpness), respectively, demonstrate that the
joint deblurring and denoising approach achieves significantly
improved THz HS images of homogeneous materials without
introducing additional distortions. The reconstruction approach
was able to restore both lower (e.g., below 1 THz) and higher
(e.g., above 3.5 THz) spectral components, making them more
suitable for further analysis. Successful restoration of bands cor-
responding to the broad THz spectral range drastically increases
the amount of information on a sample, enabling both spatial and
spectral domains to be fully utilized in different applications
such as cultural heritage, biomedical imaging, quality inspec-
tion, etc.
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Fig. 12. Results of the joint denoising and deblurring method on the front and back faces of the archaeological Roman coin. The results are showed as integrated
amplitude images over the frequency range, which starts from the frequencies presented above the images + 0.4 THz.

Fig. 13. False RGB image of raw data and after image restoration, constructed from three integrated amplitude images. The red channel (r) corresponds to 0.4–0.8
THz, which is a highly blurry frequency region, the green channel (g) is integrated amplitude between 1.7 and 2.1 THz, which shows a good quality result and
high dynamic range, and lastly the blue channel (b) corresponds to 4.5–5.5 THz, more affected by noise. The false RGB image after restoration delineate better the
distribution of the amplitude intensity in the three frequency regions.
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VI. APPLICATION OF THE METHOD TO THE STUDY OF AN

ANCIENT COIN

Amelioration results obtained on THz-TDS images of the two
objects show the potential of the image restoration procedures in
reflection geometry. In particular, they enable to retrieve clean
images at very high (above 3.5 THz) and very low (below 1 THz)
frequencies, otherwise not accessible due to heavy noise and
blur effects. This represents a highly desirable result, especially
when dealing with material characterization. To test the capacity
of the algorithm on more complex objects (in terms of shape and
material composition), the archaeological coin shown in Fig. 11
is utilized.

The ancient coin used in this study has worn-out reliefs, a
surface altered by the ageing process, and is encrusted with
soil residue. The opacity to the THz radiation of this type
of object requires the acquisition of THz images in reflection
geometry, but the presence of alteration layers on the surface can
induce multiple reflections and can heavily affect the amplitude
signal. The analysis was undertaken in the same way as for the
contemporary objects illustrated in the previous sections and
both sides of the Roman coin were included.

The image restoration approach used in this experiment is the
one presented in Section V with the assumption of Gaussian i.i.d.
noise. The number of subspaces and w0 corresponding to PSFs
are chosen by analyzing subspace components as explained in
Section V. As for the other samples previously investigated, the
conventional Richardson–Lucy algorithm is used as a deblurring
step and the state-of-the-art patch-based method from [36] as
a denoising step. The integrated amplitude values for six fre-
quency ranges of raw and restored THz HS images are presented
in Fig. 12: the high variety between bands (from blurrier to
noisier ones) demonstrates the need for a robust approach when
dealing with cultural heritage objects. Compared to contem-
porary samples, which are made by known and homogeneous
composition, Roman coins are made of bronze or silver alloy,
which developed metallic oxide on the surface. The spectral
signatures of these compounds can be highly challenging to
determine in the THz domain. Thus, the results in Fig. 12 are
represented as an integrated amplitude over a range of frequen-
cies (starting from the frequencies presented in the figure plus
0.4 THz). The restoration procedure results in sharpening the
bands corresponding to lower frequencies (e.g., 0.38–0.78 THz)
and fully removing severe noise from bands corresponding to
higher frequencies (e.g., 5.85–6.25 THz), thus expanding the
usable frequency range for further analysis.

The highly modular and robust approach for joint deblurring
and denoising utilized in this work for the analysis of objects with
irregular shapes and complex surface textures provides highly
promising results. The modularity of the approach, reflected in
its step-like design, ensures a better evaluation of the perfor-
mance of each separate step and therefore an easier tuning of
input parameters. The patch self-similarity assumption makes
the approach more robust to irregular shapes of the sample,
representative of the shapes normally found in cultural heritage
items: the approach is focused to image patches (small image
parts) rather than the whole image, thus separately capturing
wider complexity of shapes and textures.

The final result is represented by a false-color image, where
three amplitude images at very low frequency (0.4–0.8 THz), in
the medium region (1.7–2.1 THz) and at very high frequency
(4.5–5.5 THz), are merged, as illustrated in Fig. 13. Outputting
a false-color image is quite common in HS image analysis,
however, in this case THz-TDS raw results could in principle
induce to wrong conclusions because the presence of blurring
and noising effects can alter the features of the objects. After the
image restoration, the resolution of the images becomes similar
and the distributional map more reliable. This work does not
include a comparison of the results to a reference (e.g., spectra
from a spectral signature library), and thus the features presented
could be topographical.

VII. CONCLUSION

This article demonstrated the positive outcomes achieved us-
ing a computational procedure for THz-TDS imaging to restore
amplitude signals in reflection geometry and to tailor it to deal
with irregular surfaces and uneven reliefs, such as the ones of
the archaeological item illustrated in this work.

Utilizing image restoration approaches that are able to handle
strong noise is crucial when applying THz time-domain imaging
to objects that have distinguishable spectral features in the
middle and high frequencies (i.e., frequencies corrupted by such
noise). The importance of applying image processing strategies
to HS images is most evident for applications that rely on the
possibility of extension of the available frequency range using
far-infrared frequencies (spanning from a few hundreds of GHz
to 10 THz) enabling a more comprehensive analysis. This study
broke the 3 THz limitation, defined by the previous studies [5],
and showed reliable image reconstruction over more than 4
octaves, from 0.28 THz and reaching up to 5.85 THz.

Further work in this field will have to entail the development
of a novel THz super-resolution approach to overcome the
resolution limitation partially imposed by the step size of the
instrument during acquisition and significantly increase the size
and number of samples suitable for analysis. Further, to accom-
modate the non-Gaussian THz beam assumption, future work
will include the estimation of a beam shape in the reconstruction
procedure.
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Marina Ljubenović received the bachelor’s and
master’s degrees in telecommunications and signal
processing from the Faculty of Technical Sciences,
University of Novi Sad, Novi Sad, Serbia, and the
Ph.D. degree in electrotechnics and computer sci-
ences from the Institute Superior Tecnico, University
of Lisbon, Lisbon, Portugal, in 2010, 2015, and 2018,
respectively.

She is currently a Marie Curie Postdoctoral fellow
with the Center for Cultural Heritage Technology of
the Istituto Italiano di Tecnologia, Genoa, Italy. She is

working on the development of novel model-based and machine learning-based
image restoration and reconstruction techniques for terahertz, hyperspectral,
and document images. In 2019, she worked as a Postdoctoral Researcher with
Vision Lab, University of Antwerp, Belgium. During her PhD, she was part of
the Marie Curie Innovative Training Network and was employed as an Early
Stage Researcher with the Institute for Telecommunications in Lisbon.

Alessia Artesani received the bachelor’s and master’s
degrees in physics from the University of Milano,
Milan, Italy, in 2011 and 2014, and the Ph.D. degree
in physics from Politecnico di Milano, Milan, Italy on
the application of time-resolved photoluminescence
and optical microscopy in conservation science, in
2019.

She is currently an Assistant Professor with Hu-
manitas University, Milan, Italy. Previously, she
worked as a Postdoctoral Researcher with the Cen-
ter for Cultural Heritage Technology of the Istituto

Italiano di Tecnologia, Genoa, Italy. Her research interests are focused on
molecular imaging and spectroscopy in the field of medicine and cultural heritage
conservation.

https://doi.org/10.1070/qe2008v038n07abeh013851
http://www.osapublishing.org/abstract.cfm{?}URI=josa-protect unhbox voidb@x penalty @M  {}62--1-55
https://doi.org/10.1117/12.777814
https://doi.org/10.1117/12.777814
http://www.opticsexpress.org/abstract.cfm{?}URI=oe-20--6-5817
https://doi.org/10.1155/2010/575817
https://doi.org/10.1155/2010/575817
http://www.osapublishing.org/oe/abstract.cfm{?}URI=oe-17--9-7533
http://www.osapublishing.org/oe/abstract.cfm{?}URI=oe-17--9-7533
https://doi.org/10.1021/acsphotonics.0c00711
http://opg.optica.org/boe/abstract.cfm{?}URI=boe-protect unhbox voidb@x penalty @M  {}12--8-4807
http://opg.optica.org/boe/abstract.cfm{?}URI=boe-protect unhbox voidb@x penalty @M  {}12--8-4807
https://doi.org/10.1117/12.2228680
https://doi.org/10.1117/12.2283469
https://doi.org/10.1117/12.2283469
http://ao.osa.org/abstract.cfm{?}URI=ao-58-10-2731
http://ao.osa.org/abstract.cfm{?}URI=ao-58-10-2731
https://www.sciencedirect.com/science/article/pii/S0003267021007248
https://www.sciencedirect.com/science/article/pii/S0003267021007248
http://papers.nips.cc/paper/3707-fast-image-deconvolution-using-hyper-laplacian-priors
http://papers.nips.cc/paper/3707-fast-image-deconvolution-using-hyper-laplacian-priors


586 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 12, NO. 6, NOVEMBER 2022

Stefano Bonetti received the Ph.D. degree in physics
from the Department of Materials Physics, KTH—
Royal Institute of Technology, Stockholm, Sweden,
in 2010.

He is a Full Professor with the Department of
Molecular Sciences and Nanosystems, Ca’ Foscari
University of Venice and an Associate Professor with
the Department of Physics, Stockholm University,
Stockholm, Sweden. Previously, he worked as a Re-
search Fellow with the Department of Physics, Stock-
holm University and as a Postdoctoral Fellow with the

Department of Physics, Stanford University, Stanford, CA, USA. His research
efforts focus on the use of coherent radiation (from terahertz to X-rays at free
electron laser) to manipulate and probe the dynamics in quantum materials at
ultrafast time scales. Particular focus is dedicated to the investigation of spin
and phonon dynamics in condensed matter.

Arianna Traviglia received the Ph.D. degree in ar-
chaeology/geomatics from Universita degli Studi di
Trieste, Italy, in 2005. He is currently the Coordinator
of the Center for Cultural Heritage Technology of the
Istituto Italiano di Tecnologia,Genoa, Italy. She was a
Lecturer in Computing Applications to Archaeology
and Cultural Heritage and in Computational Think-
ing with the University Ca’ Foscari of Venice from
2003 to 2018, she held positions as Postdoctoral and
Research Fellow with the University of Sydney and
Macquarie University-Sydney from 2006 to 2015.

Her work is placed at the intersection of technology and humanities and most of
her research focuses on mediating the inclusion of digital practices within the
study and management of cultural heritage.

Dr. Traviglia re-entered European academia in 2015 as the recipient of an
H2020 Marie Curie Fellowship, held until 2018. She is a part of the Executive
Steering Committee of the International Computer Application and Quantitative
Methods in Archaeology (CAA) association and has chaired and co-organized
several conferences and workshops. She is also the co-Editor of the Journal of
Computer Application in Archaeology (JCAA).

Open Access provided by ‘Istituto Italiano di Tecnologia’ within the CRUI CARE Agreement



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


