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Abstract—This paper presents an aggregate
wavelet-predominant algorithm to measure the distortions
in THz security images. The algorithm integrates a spectral-
based sharpness estimator, a noise estimator derived alpha-stable
model and an overall viewing experience estimator based on
free-energy principle. Among them, the greater weight is
assigned to the spectral-based sharpness estimator considering
that the main quality factor in THz security image is sharpness.
To verify the feasibility of the proposed metric, we construct the
THz security image dataset including a total of 181 THz security
images, and each image has the mean opinion score (MOS) col-
lected via subjective quality evaluation experiment. Quantitative
experimental results on the constructed THz security image
dataset show that the aggregate wavelet-predominant estimator
produces the promising overall performance for the estimation
of MOS values, with PLCC, SROCC, and RMSE of 0.900, 0.873,
and 0.386, respectively. This performance is superior to other
opinion-unaware approaches, viz., FISBLIM, SISBLIM, NIQE,
CPBD, SINE, S3, FISH, and noise estimator. The determination
coefficient (R2) of linear regression between reference and
predicted MOSs is 0.81. The result of Bland–Altman analysis
further validates that the aggregate wavelet-predominant
estimator can substitute for the subjective IQA of THz security
image, with approximately 94.5% of data points locating
within the limits of agreement. For usability identification, the
wavelet-predominant estimator gives the satisfactory results,
with accuracy, precision, recall rate, and false positive rate of
84.0%, 79.8%, 95.0%, and 29.6%, respectively. Furthermore,
the potential application perspectives of the proposed metric can
refer to commercial applications (guarantee THz security images
of good quality) and scientific researches (assist in software
development for THz security image analysis). The dataset
is available at https://doi.org/10.6084/m9.figshare.7700123.v3.
Possible researches on this dataset may include the development
of THz quality standards, the selection of the best display mode,
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the enhancement of images, the modeling of image noise, and
the detection of prohibited goods.

Index Terms—Terahertz security image dataset, usability iden-
tification, blind image quality assessment, free-energy principle,
alpha-stable distribution.

I. INTRODUCTION

TERAHERTZ (THz) radiation lies roughly in the
frequency gap between the infrared (30 GHz) and

microwaves (300 GHz) [1]. This band was once called THz
gap, because no semiconductor technology could be used to
efficiently convert electrical power into electromagnetic radi-
ation in this waveband at that time [2]. Due to the ongoing
advances in photonics and nanotechnology, the past 20 years
have witnessed an unprecedented development of THz science
and technology [3]. Spurred by the powerful ability of THz
imaging technique for acquisition of valuable data, it has been
widely applied as an analytical tool in both basic and applied
research domains [4]. For instance, Moldosanov et al. vali-
dated a potential of THz imaging technique as a non-invasive
technique for detection of pathological modifications of cancer
in human organs [5]. In terms of security application, com-
pared to the other imaging techniques such as X-ray imaging,
THz imaging technique has three prominent merits [6], [7]:
(1) exists no radiation hazard for scanned people; (2) is able
to detect non-metallic and non-polar materials; and (3) has
capability of identifying explosives and illicit drugs.

In spite of the advantages of THz imaging technique such
as low photon energy and high transparency, most existing
THz imaging devices are equipped with low-stability sources
at insufficient power levels and conduct one scan with sev-
eral seconds. For this reason, the quality of obtained THz
image is extremely influenced by the variations of environ-
mental factors inclusive of temperature and humidity [8]. In
addition, the instable performance of imaging equipment dete-
riorates the quality of final THz image. These will further
reduce the usability of ultimate THz image. To extend THz
imaging technique to larger scale applications, a corresponding
strategy is urgently needed to evaluate the quality and identify
the usability of THz security image.

Image quality assessment (IQA) offers an efficient solu-
tion to quantitatively evaluate quality of THz security image
and identify its usability, thus allowing the subsequent

0018-9316 c© 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-8557-8930
https://orcid.org/0000-0001-8165-9322
https://orcid.org/0000-0001-5063-8801


This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2 IEEE TRANSACTIONS ON BROADCASTING

improvement of detection or prediction accuracies [9]. IQA is
of great significance for numerous image and video processing
tasks, whose objective is to automatically examine image qual-
ity in agreement with human quality judgments [10] or task
requirements. IQA can be divided into subjective IQA and
objective IQA. The subjective IQA is inconvenient, expensive
and time-consuming, but it is still considered as an effec-
tive means to assess image quality [11]. The objective IQA
reflects the subjective perception using a mathematical model,
and gives a judgement or prediction based on numerical cal-
culations. The current objective IQA methods are generally
classified into three categories, viz. full-reference, reduced-
reference and no-reference or blind approaches, depending on
the accessibility of reference images [12]. On account of the
difficulties to capture and define perfect reference THz images
in the real-world THz imaging procedure, the no-reference
IQA algorithms are recommended for quality evaluation and
usability identification of THz security image. It is noteworthy
to contemplate subcategories of general-purpose no-reference
IQA models having tighter conditions [13]: (1) opinion-aware
no-reference model: the model has been trained on human
rated distorted images and associated subjective opinion
scores. The algorithms including NFERM [14], GMLF [15],
DIIVINE [16], BRISQUE [17] and BLIINDS2 [18] belong
to this category. For fairness, we do not choose these meth-
ods for subsequent comparisons; and (2) opinion unaware
no-reference model: the model does not require training on
databases of human judgments of distorted images, only
requires knowledge of the expected image distortions. For
THz image quality evaluation, the algorithm we developed is
without any training procedures, and it belongs to the opinion
unaware no-reference approach.

With respect to usability identification of THz security
image, the IQA indicator can be regarded as a criterion for
judging whether the obtained THz security images meet spe-
cific application requirements. Image usability identification is
not equivalent to image quality evaluation but can be regarded
as an improvement and deepening of image quality evaluation
concept. In the framework of image usability identification,
the core concept involved is the maximum allowable distor-
tion. This is a relatively new concept, and the opposite concept
is the just noticeable difference in psychological research.
Fig. 1 shows a closed cycle which demonstrates the role of
usability identification in THz security application. Compared
to the quality evaluation, scientists should pay more atten-
tion to usability identification of THz security image, because
such operation has capability of assisting in improving the
performance of imaging system, optimizing image acquisi-
tion and processing modules, and monitoring the working
conditions of imaging components.

IQA has been widely applied for usability identification
of natural images. However, it is rarely used for usability
identification of images in specific modalities. For usability
identification of medical image, Chow and Paramesran sum-
marized the IQA algorithms for magnetic resonance image,
computed tomography and ultrasonic image [19]. In secu-
rity applications, the usability of obtained image plays a very
important role in illegal items screening. Five image features

containing sharpness, brightness, resolution, head pose and
facial expression were leveraged by Long and Li to assess
the usability of near infrared face image [20]. The effec-
tiveness of their approach was validated in a near infrared
database established by Center for Biometrics and Security
Research. Wu et al. developed an IQA software based on
statistics and analysis of pixel number and gray level value of
region of interest [21]. The experimental results demonstrated
that the decision derived by IQA software was consistent
with that by operators perception. Irvine et al. conducted a
similar research, who used image quality metrics extracted
from actual X-ray data to estimate the perceived quality
of X-ray image [22]. The linear model established in their
study can predict the image quality score with R2 of 0.834.
Galbally et al. utilized a total of 25 general IQA metrics
for fake biometric detection [23]. The experimental results,
acquired on publicly available data sets, showed a potential
ability of IQA metric for identification of real and fake bio-
metrics. Some other investigators carried out similar work
[24], [25]. For THz image, Hou et al. computed mean square
error of the peak values of time domain in a columns pixel to
evaluate THz image quality [8]. Fitzgerald et al. computed
a modulation transfer function from an amplitude of opti-
cal transfer function to verify the spatial resolution of THz
image [9]. Our research group had presented a preliminary
result, which used 5 opinion-aware and 8 opinion-unaware
approaches to estimate noise level of THz image [26]. To
the best of our knowledge, apart from above three publica-
tions, there is no other related work with respect to usability
identification of THz image using IQA.

Thus, the objectives of the current work are to: (1) construct
the THz security image dataset and give the correspond-
ing mean opinion scores (MOSs) for each image based on
the specific subjective evaluation criterion; (2) develop a
wavelet-predominant metric without any training procedures
to evaluate quality of THz security image and compare its
performance to the existing opinion unaware no-reference IQA
algorithms; and (3) use the IQA metrics of good performance
to identify the usability of THz security image and discuss
the signicance of IQA approach in the development of THz
imaging technique and THz image analysis software.

II. VISUAL QUALITY PERCEPTION EXPERIMENT OF THZ

SECURITY IMAGE

A. THz Imaging Equipment

In the current work, THz security images are obtained via
the active THz reflectance imaging device (Fig. 2). THz wave
is generated by a THz wave generator and then the interacted
signals are recorded by a THz wave detector. Both THz wave
generator and its detector are assembled on a plate located at
the same side of testing person. The detection space is divided
into 200 subsections, and the THz detector is used to capture
the THz reflectance signals on all subsections. The THz device
used in this study is a research device developed by BOCOM
Smart Network Technologies Inc.

The imaging parameters of the THz device
are listed below: the effective scanning volume:
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Fig. 1. A closed cycle demonstrating role of usability identification in THz security application.

Fig. 2. The operating principle of active THz reflectance imaging device.

0.15m-2.00m(height)× ≈1.00m(length)× ≈1.00m(width);
scanning time<3 seconds; type of imaging device: custom-
made Transmit/Receive (T/R) module which operates in active
reection imaging mode; resolution: line resolution×spatial
resolution=(<2mm)×(<6mm).

B. Description of THz Security Image Dataset

To generate the dataset, four volunteers were invited to stand
in the THz imaging device, and imaged with various legal
goods such as bracelet or illegal substances such as hammer
each time. For more information, please refer to the dataset
we released(https://doi.org/10.6084/m9.figshare.7700123.v3).

Fig. 3. One THz image sample demonstrating data transformation: (a) three-
dimensional THz image cube, and (b) two-dimensional THz image.

Based on the THz imaging principle, the raw THz image is a
three-dimensional image cube (Fig. 3 (a)). A two-dimensional
THz image (Fig. 3 (b)) used in following analysis can be
formed by combining the maximum pixels in the Z direct
into a new two-dimensional plane from a three-dimensional
THz image cube. The eventual THz security image dataset is
composed of 181 THz images with a resolution of 127×380.

C. Distortions in THz Security Image

Before the subjective experiments, two main distortions in
THz image are clarified, which are noise and blur distortions.
The noise type for THz image contains the sensor noise and
non-uniformity noise. The sensor noise may be generated by
light sensitivity based on the integration times of THz sen-
sor. The non-uniformity noise is conspicuous in THz security
image and it is an additive fixed-pattern noise, appearing as a
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Fig. 4. One THz image example for the analysis of main distortion type in
THz security images. (Red circle and rectangles are applied for highlighting
the illegal target and ripple noises respectively).

ripple or striping pattern. The non-uniformity noise, resulting
from the unstable imaging device and changeable experimental
factors, makes the unlawful materials unidentified by human
eyes or imaging processing algorithms. The blur distortion,
one of structural distortions, occurs when the volunteer shakes
during the image acquisition, and it is indeed deteriorates THz
security image quality. From the above analysis, the noise and
blur distortions are considered as two major factors which seri-
ously decrease the usability of THz image. For human eye,
the blur in the THz security image is easier to perceive and
affects the human viewing experience. Hence, blurriness (the
antonym of sharpness) is considered as the main distortion in
THz security image.

Fig. 4 shows one THz image with the volunteer taking
phone in the right pocket, and the ripple noises caused by
the unstable imaging device and changeable experimental fac-
tors make this target to be detected unidentied by human eyes
or imaging processing algorithms.

D. Subjective Evaluation of THz Image Quality

There is no corresponding subjective evaluation framework
for THz security image. After the communication with the
experts and engineers in THz research domain, we design a
subjective image quality assessment experiment based on a
double-stimulus method according to ITU BT.500 [27]. After
the experiment, the mean opinion scores (MOSs) of THz
security images can be obtained by the following equation:

MOSj =
N∑

i=1

ui,j/Ni (1)

where Ni and ui,j denote the number of observers and the score
of image j assigned by the ith observer, respectively.

For the subjective experiment, the objective and proce-
dure of the experiment were individually introduced to all
observers in detail. The experiment was conducted under the
normal indoor illumination of about 2400 Lux. The illumi-
nation intensity of the testing room was monitored by the
digital light meter (TA8131, TASI ELECTRONIC CO.,LTD.,
Jiangsu, PR China). The testing images were displayed in the

TABLE I
SUBJECTIVE EVALUATION CRITERION USING FIVE-GRADE

SCALE FOR THZ IQA

Fig. 5. Five reference THz security images for each grade presented in
Table I.

23 inches LED monitor with a resolution of 1920×1080, and
the viewing distance was set to 2-2.5 screen heights. The sub-
jective evaluation criterion below is presented for subjective
experiments.

In the double-stimulus experiment, the corresponding refer-
ence THz images of each quality grade (Fig. 5) were chosen
by two experts who were exclusive of subjective experiment.
Subsequently, a total of fifteen observers including two experts
and thirteen subjects having no related expertise were recruited
to assess the quality of THz security images. All the observers
were asked to give their score mainly considering subjective
evaluation criteria of five-grade scale.

E. Definition of THz Image Usability

Based on the above analysis, a MOS vector can be obtained.
Fig. 6 demonstrates the statistical histograms of this vector.

The THz security images whose MOSs are below and up
3 are divided into the usable and unusable categories, respec-
tively. What we are more concerned with is that whether the
THz security image quality can meet the inspectors acceptabil-
ity or final applicable requirements in real-world applications.
The experts select reference images based on the following
criteria: quality score=5: the structure of human body is very
clear and there is almost no noise; quality score=4: the struc-
ture of human body is clear and the level of overall noise
is acceptable; quality score=3: the structure of human body
is somewhat blurry and confuses with noise; quality score=2:
the structure of human body is blurry and confuses with noise;
quality score=1: the structure of human body is blurry, con-
fuses with noise, and the level of overall noise is unacceptable.
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Fig. 6. Statistical distributions of MOS values for THz security images. (The
vertical dotted lines are used to divide THz images into usable and unusable
categories).

According to the suggestion of inspectors, when the quality
score is less than 3, most contraband goods are difficult to be
recognized by the naked eyes and viewing these images may
cause inspectors uncomfortable and even annoyed. Hence, the
definition of THz security image usability U is:

U =
{

Acceptable, MOSj ≥ 3
Unacceptable, MOSj < 3

(2)

A total of 100 and 81 images are classified into accept-
able and unacceptable categories respectively. Subsequently,
a k-means clustering algorithm, an unsupervised classification
approach, is used to classify the THz security images as the
acceptable and unacceptable categories.

III. A WAVELET-PREDOMINANT ALGORITHM

In this section, we describe the operation of the wavelet-
predominant algorithm for THz security images, an outline of
which is shown in Fig. 7. There exist noise and blur distortions
in THz images, and subsequently, some subjective visual expe-
rience will be introduced during the subjective image quality
assessment experiments. Therefore, as shown in Fig. 7, three
estimators are employed: 1) a spectral-based sharpness esti-
mator, which was first proposed by Phong and Damon [28]
(FISH, Fast Image Sharpness); 2) a noise estimator, which
operates based on an alpha-stable model [29]; and 3) an over-
all viewing experience estimator, which is characterized by a
free energy principle [14], [30]. The final estimator for char-
acterizing the distortion of THz security image is computed
by combining these three estimators.

A. Spectral-Based Sharpness Estimator (FISH, Fast Image
Sharpness)

Given a THz security image I, the Cohen-Daubechies-
Feauveau 9/7 wavelet transform [31] is applied to conduct
the three-level decomposition for the THz security image I.
Fig. 8 demonstrates the results of three-level separable discrete
wavelet transform (DWT) for image I.

To quantify the high-frequency content in the THz security
image I, the log-energy of Sxy is calculated using the equation
below:

Exyn = log10

⎛

⎝1 + 1/Nn

∑

i,j

S2
xyn
(i, j)

⎞

⎠ (3)

In this equation, Sxy denotes the sub-bands at the DWT
level n ∈ [1, 2, 3] with the exception of LL3 sub-band (xy ∈
[LH,HL,HH]); Nn is the number of DWT coefficients in each
sub-band at decomposition level n; and (i, j) is the coordinates
for each pixel. The total log-energy can be computed via the
following equation:

En = (
(1 − α)

(
ELHn + EHLn

)
/2

) + αEHHn (4)

where α is an empirical value. Because the HH band is con-
sidered to span a higher radial spatial frequency than the LH
and HL bands, 0.8 is assigned to α to let the HH band have
the greater weight in En. The overall sharpness estimator can
be obtained as follows:

FISH =
3∑

n=1

23−nEn (5)

FISH has been validated in the quality estimation of natural
images [28]. It has been also validated by us and is valid in
the quality estimation of THz security images.

B. Noise Estimator for THz Security Image

It has been found in [29] that an alpha-stable distribu-
tion can be utilized to fit the noise of THz image instead of
the commonly-used Gaussian distribution owing to the spe-
cial attributes of the THz image compared with the natural
image. According to the special attributes of distortions in THz
security image (Fig. 4), the calculation of noise estimator is
composed of the following three steps.

Step 1: Extraction of non-salient regions: Let Is and Ins

respectively denote the salient region and the non-salient
region of image I. We extract Is of a THz security image
I using the Graph-Based Visual Saliency (GBVS) algo-
rithm [32]. Before the saliency detection, the resolution of
image I is resized from 127 × 380 to 128 × 380 to meet the
requirement of GBVS algorithm. The pixels of human gaze
and background area of Is are set as 1 and 0 to form the
binary image Ibs. Then, Ins is generated via

Ins = ai,j × bi,j, ai,j ∈ Ibs, bi,j ∈ I (6)

The result of this procedure is shown in Fig. 9 (a).
Step 2: Determination of valid image block: Because noise

in background region is stripy, we divide the image I into 152
blocks, and the size of each block is 20×16 (Fig. 9 (b)). Based
on the imaging principle, there is no pixel equal to 0 in the
original THz images. Hence, the blocks containing pixels of
salient region are discarded by judging whether there is a pixel
of 0. Noise modeling operation is carried out in the remaining
blocks.

Step 3: Calculation of noise estimator: For each retained
block, noise of background region is fit by the alpha-stable
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Fig. 7. Outline of wavelet-predominant algorithm for THz security images.

Fig. 8. Results of three-level separable discrete wavelet transform for THz security images.

model [33]. The characteristic function of alpha-stable model
is defined as:

φ(t;α, β, γ, δ) = eitδ−|γ t|α(1−iβsgn(t)ϕ) (7)

where

ϕ =
{

tan(πα/2), α �= 1
(−2/π) log |γ t|, α = 1

(8)

α, β, γ and δ are stability, skewness, scale and location of
the alpha-stable model respectively. In this study, two param-
eters viz. scale and location show the good performance for
quality evaluation of THz security image. The noise estimator
NS is computed via

NS = (1/N)
N∑

1

(aαn + bβn + cγn + dδn) (9)

where N is the number of remaining image blocks; a, b, c and
d is the coefficients for α, β, γ and δ, respectively. For this
THz security image dataset, a, b and c are set to 0, and d is
set as 1.

C. Overall Viewing Experience Estimator

In limited viewing time during the subjective evaluation, we
consider that the fixation area of observers may be mainly on

the salient region. So only viewing experience of saliency map
is computed. To obtain the overall viewing experience esti-
mator, the internal free-energy generative model G for visual
perception is assumed to be parametric. This indicates that the
model G is capable of explaining visual scenes by adjusting
the parameter vector ψ . An essential premise in the free-
energy principle is that the cognitive process is governed by
the internal free-energy generative model G in human brain.
If human brain receives a surprise, the brain will initiatively
predict the meaningful information and remove residual uncer-
tainty for explaining sensations with the model G. Hence,
given the saliency map Is of THz security image I, the sur-
prise of Is can be measured by the integration of the joint
distribution P(Is, ψ |G):

− log P(Is|G) = − log
∫

P(Is, ψ |G)dψ (10)

A dummy term Q(ψ |Is,G) is introduced into both numer-
ator and denominator of equation (10), and then the equation
is altered using Jensen’s inequality:

− log P(Is) ≤ −
∫

Q(ψ |Is,G) log(P(Is, ψ |G)/Q(ψ |Is,G))dψ
(11)
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Fig. 9. Illustration of primary flowchart for the calculation of noise estimator: (a) detection of saliency map; (b) extraction of image block; and (c) calculation
of parameters in alpha-stable model.

In the light of statistical physics and thermodynamics [34],
the free energy of Is is defined:

F(ψ) = −
∫

Q(ψ |Is,G) log(P(Is, ψ |G)/Q(ψ |Is,G))dψ
(12)

Examining equation (11) and (12), we can find that F(ψ)
is an upper bound of “surprise” for image Is. Notice that
P(Is, ψ) = P(ψ |Is)P(Is), the equation (12) can be rewritten as:

F(ψ) = − log P(Is)+ KL(Q(ψ |Is)||P(ψ |Is)) (13)

here KL(·) represents the Kullback-Leibler divergence
between the approximate posterior distribution Q(ψ |Is,G) and
the true posterior distribution P(ψ |Is,G).

F(ψ) can be approximated by the use of the linear auto-
regressive approach.

D. Aggregate Wavelet-Predominant Estimator

The following equation is applied for combining these three
estimators above mentioned to yield the aggregate wavelet-
predominant estimator AW:

AW = aFISH + bNS + cF (14)

where the parameters a = 0.6, b = 0.2, c = 0.2 are chosen
empirically to assign the greater weight to the FISH estimator.
The selection of weight is based on the distortion analysis of
THz image. We argue that the possible ratio of sharpness,
noise, human perception is 3:1:1 when measuring the quality
of THz images.

IV. STATISTICAL ANALYSIS

In the current work, a total of seven opinion-unaware
approaches viz. FISBLIM [35], SISBLIM [36], NIQE [13],
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CPBD [37], SINE [38], S3 [39] and FISH [28] are exe-
cuted for comparison. In order to calculate the performance
metrics, the monotonic logistic function of five parameters
{β1, β2, β3, β4, β5} is leveraged to fit the MOSs estimated by
objective IQA algorithm, and the equation below was after-
wards used to map the fitted objective scores to the subjective
scores.

Mapped Quality(x) = β1

(
1/2 − 1/

(
1 + eβ2(x−β3)

))

+ β4x + β5 (15)

where Mapped Quality and x are the mapped objective score
and its original score, respectively.

For quantitative analysis, three metrics viz., Pearson
Linear Correlation Coecient (PLCC), Spearman Rank-Order
Correlation Coefficient (SROCC) and Root Mean Squared
Error (RMSE) are used to examine the performance of IQA
algorithms on THz security images. The definitions of these
metrics are below:

SRCC = 1 − 6
∑N

n=1 d2
i

N
(
N2 − 1

) (16)

PLCC =
∑N

i=1(pi − p̄)(si − s̄)√∑N
i=1(pi − p̄)2(si − s̄)2

(17)

RMSE =
√√√√ 1

N

N∑

i=1

(pi − si)
2 (18)

here di denotes the difference between the subjective and
objective scores of ith images, and N represents the number
of testing images. In addition, si and pi are the subjective
(reference) scores and objective (predicted) scores of the ith
image after nonlinear regression. s̄ and p̄ are the average of
all si and pi, respectively. Specifically, SRCC indicates the
prediction monotonicity, PLCC reflects the prediction accuracy
and RMSE represents the prediction consistency. An excellent
IQA metric is expected to obtain the SRCC and PLCC close
to 1, yet the value near 0 for RMSE.

Besides, the linear correlation plot and the Bland-Altman
plot [40] are further used to check the effectiveness of IQA
algorithms and visualize the distribution of predicted data.

For usability evaluation, we use four metrics namely accu-
racy, precision, recall rate and false positive rate to estimate
the model performance, thus evaluating the effectiveness of
IQA measures used. These four metrics are calculated using
the following equations:

Accuracy = tp + tn

tp + tn + fp + fn
(19)

Precision = tp

tp + fp
(20)

Recall = tp

tp + fn
(21)

False positive rate = fp

tn + fp
(22)

where if the sample is positive and the predicted class is pos-
itive, it is counted as true positives (tp); if the predicted class
is negative, it is grouped as false negatives (fn). If the negative

TABLE II
PERFORMANCE COMPARISON OF THE PROPOSED METRICS AND OTHER

OPINION-UNAWARE BLIND IQA METHODS FOR THZ SECURITY IMAGE.
(THE SUPERIOR RESULTS ARE HIGHLIGHTED IN BOLDFACE)

sample is classified as negative, it is counted as true negatives
(tn); otherwise counted as false positives (fp).

V. EXPERIMENTAL RESULTS AND ANALYSIS

A. No-Reference IQA for THz Security Image

The statistical data regarding the performance of seven
opinion-unaware no-reference IQA methods is presented in
Table II.

As shown in Table II, NIQE, FISBLIM, CPBD and SINE
result in low PLCC (SROCC) and high RMSE values for
the assessment of THz security image quality (below 0.5600
(0.4600) and beyond 0.7300, respectively). It is not surprising
that these general-purpose no-reference IQA algorithms work
not so well for THz security images. Since those algorithms
were implicitly designed for natural images, especially these
natural scene statistics (NSS) based methods. In contrast, THz
security images largely deviate from NSS. It can be observed
that SISBLIM works relatively well with PLCC (SROCC) and
RMSE values of 0.827 (0.798) and 0.497. The possible reason
for this is: SISBLIM is a six-step blind metric which integrates
joint effects of different distortion sources into one metric, and
one module in SISBLIM may be sensitive to quality of THz
security image. Two sharpness algorithms viz. S3 and FISH
are promising for the estimation of THz security images with
PLCC (SROCC) values of 0.872 (0.856) and 0.893 (0.871),
and with RMSE values of 0.434 and 0.399. In comparison,
FISH achieves the slightly superior overall performance to S3.
As illustrated in Fig. 5, it can be found that high-quality THz
security images have clean backgrounds, and the whole image
is relatively smooth except for the target. Nonetheless, in terms
of THz images of low quality, the whole image is quite noisy
and sharp. Therefore, sharpness algorithms will give low qual-
ity scores for THz security images of high quality and high
quality scores for THz security images of low quality (data not
shown), which is contrary to natural images. This reversed
phenomenon has no effect on the final predictive ability of
sharpness algorithm. The noise estimator predicts quality of
THz security image with PLCC (SROCC) and RMSE values
of 0.852 (0.828) and 0.463, whose performance is slightly
inferior to these of S3 and FISH. The good estimation of
noise estimator indicates that the noisy pattern of THz secu-
rity image indeed follows the alpha-stable distribution [29].
The aggregate wavelet-predominant estimator gives the best
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Fig. 10. Scatter plots and linear regressions of reference MOSs versus predicted quality using SISBLIM (a), S3 (b), FISH (c), noise estimator (d) and
aggregate wavelet-predominant estimator (e).

prediction than other no-reference IQA approaches for assess-
ing THz image quality, with PLCC (SROCC) values of 0.900
(0.873), and with RMSE value of 0.386.

Fig. 10 visualizes the distributions of the estimated and ref-
erence MOSs. As shown in Fig. 10, with respect to SISBLIM,
S3, FISH, noise estimator and aggregate estimator, the scat-
ter plots of predicted against reference MOSs clearly reveal
that a majority of the THz image samples are mainly close
to the line of perfect match (slope = 1) and within the
95% confidence intervals. The vertical distances between the
upper and lower 95% confidence intervals are 1.67, 1.50,
1.42, 1.59 and 1.39 for SISBLIM, S3, FISH, noise estima-
tor and aggregate estimator, respectively, suggesting that the
aggregate estimator performs better than other algorithms for
THz security images. In respect to linear regression analy-
sis, the proposed aggregate estimator is further verified to
outperform SISBLIM, S3, FISH and noise estimator with
determination coefficients (R2) of 0.81 versus 0.67, 0.76, 0.80
and 0.73.

Fig. 11 demonstrates the Bland-Altman plot of reference
and estimated MOSs. We can see that the distribution of
points in Bland-Altman plot in Fig. 11 is quite similar to
that in Fig. 10. For the Bland-Altman plot, it is generally
believed that the points in limits of agreement range account
for 95% of all points, and these two methods are considered
to be in good agreement and interchangeable. For these three
approaches, the majority of points are dispersed around the
line of perfect agreement. In Fig. 11, approximately 92.8%
of data points estimated by FISH locate within the limits
of agreement of 0.7848 and 0.7848. In contrast, approxi-
mately 94.5% of data points estimated by noise estimator
and aggregate wavelet-predominant estimator locate within the

limits of agreement. This suggests that the noise estimator and
aggregate wavelet-predominant estimator outperform the FISH
method. Considering the degree of aggregation of data points,
the aggregate wavelet-predominant estimator yields the better
performance than the noise estimator, with the upper limits
of agreement of 0.7582 versus 0.9105. Hence, the aggregate
wavelet-predominant estimator can substitute for the subjective
IQA of THz security image.

B. Usability Identification of THz Security Images

Currently, THz images have been widely used in many
application scenarios and the identification of their usability
will become a broad and fundamental problem. THz image
usability assessment is a prerequisite for all subsequent image
processing and analysis operations. Accurate definition of THz
image usability is: an indicator that estimates the maximum
allowable image distortion. To some extent, image quality
metrics can be used as indicators to measure the image
usability.

Because THz imaging equipment is relatively expen-
sive, many investigators in image quality evaluation research
domain have difficulty accessing THz images. Based on results
of preliminary literature research, there is no research on
the usability evaluation of THz images, especially for THz
security images. Compared to images of other specific image
modalities, the quality of THz security images is more closely
related to the performance (such as the detection accuracy
of contraband) of the final commercial system. In summary,
the usability identification of THz security images has very
important application value, which can effectively guide the
development of THz image processing software and optimize
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Fig. 11. Bland-Altman plot (N = 181 images) of the difference against aver-
age for THz IQA using subjective evaluation and objective IQA algorithms:
FISH (a), noise estimator (b) and aggregate wavelet-predominant estimator (c).

the design of the overall imaging system, thereby improving
the detection accuracy of contraband.

Table III summarizes the unsupervised classication results
of usability identification for THz security images based on
five IQA algorithms. The five IQA algorithms viz. SISBLIM,
S3, FISH, noise estimator and aggregate estimator achieve
the overall classification accuracies of 76.8%, 80.1%, 84.0%,
79.6% and 84.0%, respectively. Among them, the aggregate
estimator and FISH produce the highest accuracy values.
Checking other performance metrics, the aggregate estima-
tor and FISH also give the satisfactory performance, with
precision (recall) of 79.8% (95.0%) and 78.9% (97.0%), with
fp rate of 29.6% and 32.1%, respectively. Prediction denotes
that how many samples predicted to be positive are correct.

TABLE III
RESULTS OF USABILITY IDENTIFICATION FOR THZ SECURITY

IMAGES USING FIVE IQA FEATURES

Fig. 12. Role of THz IQA algorithms in the overall THz security imaging
system.

Recall rate indicates how many positive samples in sample set
are correctly predicted. Fp rate represents the probability of
dividing true negative samples into positive samples. Although
S3 has the relatively high prediction and low fp rate, its accu-
racy and recall rate are inferior to these of aggregate estimator,
with nearly 4% and 12% decrement, respectively.

C. Application Perspectives and Further Research Tendency

The possible application perspectives of the IQA of THz
image quality can refer to commercial applications and sci-
entific researches. For commercial applications, as shown in
Fig. 12, with the help of the IQA indicator, THz security
images of good quality can be displayed on the screen via
reshoot or shooting parameters reset. With respect to scien-
tific researches, we can use the IQA indicator as a criterion
to assist in developing new THz security image processing
algorithms such as THz image enhancement for THz imaging
device (Fig. 12).

FISH algorithm takes the majority of the weight in this inte-
grated algorithm. The possible reason for good performance
of FISH algorithm is listed below: high-quality THz secu-
rity images have clean background, and the whole image
is relatively smooth except for the target. For THz images
of low quality, the whole image is quite noisy and sharp.
Consequently, sharpness algorithms can have low quality
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scores for THz images of high quality and high quality scores
for THz images of low quality (data not shown), which is
contrary to natural images. This reversed phenomenon has no
effect on the final predictive ability of sharpness algorithm.

According to the description of Section II-B, the THz secu-
rity image is three-dimensional. Therefore, we are not sure
that whether the THz display mode used in this work is better
than the other display modes or not. For example, we can also
use the cross profile of maximum average pixel intensity or
the averaging the highest 10% pixel values in Z direction to
be displayed in the viewing screen for security staffs. In addi-
tion, nowadays, THz-related acquisition devices are somewhat
confidential. Hence, different devices and imaging modes will
create different types of THz images. There is a great pos-
sibility that this algorithm will fail in other THz acquisition
devices. Cross-device and cross-modal adaptive algorithms are
difficult to be developed unless there is a relatively uniform
standard for future THz data acquisition devices.

The proposed algorithm is problematic in its universality.
Yet this is a new attempt and also a process of exploration
for THz security image quality assessment and usability
identification. The reasons are listed as follows: 1) the
existing THz image quality evaluation library is not yet
available, and we currently use the self-built THz image
quality library to discuss the feasibility of the quality evalua-
tion algorithm in the field of THz image quality evaluation;
2) as far as we know, the THz images obtained by different
THz devices or the same device in different parameters
are extremely different. Unlike natural images, THz images
do not currently have any standardized acquisition device
or acquisition standard; 3) different subjective evaluation
standards will get different MOS values, thus making the
corresponding analysis invalid. In preliminary experiment,
we have designed two other subjective experiments based
on the single-stimulus approach to evaluate the global
impairment and the local clarity of body and contraband,
respectively. However, almost all the image quality evaluation
algorithms are invalid on these two MOS vectors; and 4) the
structure of raw THz data is three-dimensional. Therefore,
for the same THz imaging device, different two-dimensional
display modes will let subjective evaluators to derive
different MOS values. In order to solve these problems
(these problems may not have a standard solution), we
have released raw THz data for other research investigators
(https://doi.org/10.6084/m9.figshare.7700123.v3). Possible
researches on this dataset may include the development of
THz quality standards, the selection of the best display mode,
the enhancement of images, the modeling of image noise,
and the detection of prohibited goods.

Thus, there exist two possible research tendencies for the
further study: 1) devise a rule (this rule may be an IQA
algorithm) to confirm one best display mode of THz secu-
rity image for both commercial applications and scientific
researches; and 2) design a series of IQA approaches includ-
ing opinion-aware no-reference models for quality assessment
and usability identification of THz security image, and these
algorithms may be developed on the basis of three-dimensional
or two-dimensional THz security images.

VI. CONCLUSION

In this paper, we present the aggregate wavelet-predominant
estimator without any training procedures to conduct the qual-
ity assessment and usability identification of THz security
image. The performance of aggregate wavelet-predominant
estimator is validated on the self-built THz security image
dataset. For quantitative quality evaluation, the aggregate
wavelet-predominant estimator can predict the MOS values
of THz security images with PLCC, SROCC and RMSE of
0.900, 0.873 and 0.386, respectively, whose performance is
superior to these of other opinion-unaware approaches, namely
FISBLIM, SISBLIM, NIQE, CPBD, SINE, S3, FISH and
noise estimator. The R2 of linear regression of reference MOSs
versus estimated quality using the proposed estimator is 0.81.
The result of Bland-Altman analysis further verifies that the
aggregate wavelet-predominant estimator can substitute for
the subjective IQA of THz security image, with approxi-
mately 94.5% of data points locating within the limits of
agreement. In terms of usability identification, the wavelet-
predominant estimator produces the promising results, with
accuracy, precision, recall rate, fp rate of 84.0%, 79.8%, 95.0%
and 29.6%, respectively. Moreover, the possible application
perspectives are discussed: 1) for commercial applications, we
can guarantee THz security images of good quality. When the
acquired image owns the unacceptable IQA value, the imag-
ing system can automatically reshoot by adjusting shooting
parameters; and 2) for scientific researches, the IQA metric
can be used to assist in designing the new THz security image
analysis algorithms.
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