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Problem statement
Cracks and defects can devastate the performance of components and
structures. For this, cracks detection is an essential element of quality control
in all engineering fields.
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Who does it?

Non Destructive and Non-Invasive Tests

Characterization
Solid

Morphology
Study

Physical and 
Chemical 
Analysis

Realization
method

Techniques: Ultrasonic, X-Rays, Penetrant Liquids, Visual
Inspection, Magnetic Field and others



The existence of a wide variety of NDT methods suggests that none of
them is really complete, but rather one method can be more appropriate than
another one respect to the operating conditions.

Often, also, more methods are combined in order to ensure the
identification as many possible of defects.

Often the areas to be investigated are large, so the take-up times are
very long.

The amount of data to be saved is huge.
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Problem statement



A new technique of detection based on THz technology and Compressive
Sampling is proposed, and it goes under name Compressed-THz:
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Proposal

THz 
Technology

Compressive 
Sampling

CS-
THz

Detection is realized with a new type
of waves, so called T-waves.

Reduction of acquisition time
because all the area is acquired, and
reconstruction time.

Reduction of data to be saved, 
so instrument are more light and have 
the possibility to store more data.

Simple Computing Unit



THz (T-waves) Technology 

Giovanni Cavallo - III Year Presentation - Information Technology and Electrical Engineering 9

Upper
Limit

Lower
Limit

Not perceptible by the human eye 

Not ionizing

Ability to cross many nonconducting
common materials such as paper, fabrics,
wood, plastic, and organic tissues.

Water and metals



THz Applications
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Thanks to the excellent properties, Spectroscopy and Imaging are the main
applications of THz technology.

They give access to the rotational and
vibrational modes of many molecules and
macromolecules, providing the “fingerprint" of
unknown samples

Allows contactless analysis of the materials
under investigation, by spatial imaging
operations with resolution higher than micro-
and millimeter waves.

Electrodynamic 
Analysis

Imaging 
(Raster Scan)



THz Systems
Time Domain (TD) Continuous Wave (CW)
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Broadband in nature with emission not continuous.
Realizes measurements in both transmission and
reflection mode for spectroscopic applications.
Optical-to-THz signal conversion technology, based on
the generation and detection of an EM transient having
duration of few picoseconds.
Works to different frequencies thanks to the application
of FFT.

Low power
Amplitude and phase info
Active only

Very low tunable 
Narrowband
No immediate spectral data 
High power available Low power
Very sensitive
Faster data acquisition 
Active and passive



THz Configurations
Focused 
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Collimated

Reflection
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Real THz System

Menlo Systems
Fiber Laser 1560 nm
Pulse duration < 90 fs
Repetition rate 100 MHz
Low-temperature grown InGaAs/InAlAs–based PCA
emitter/detector with hyper-hemispherical high resistivity Si
lenses TPX plano-convex lenses (focal length 54 mm)
Spot diameter about 2 mm
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Compressive Sampling
Compressive Sampling (CS) is an innovative paradigm of sampling
that permits to:

❖ Acquire a signal of interest x (of N samples) directly in a
compressive form (i.e. M samples << N);

❖ At a later time, reconstruct it with appropriate algorithms (ex.
resolution of a problem of optimal convex).

L1-Magic  
CVX  TVAL3

y 𝚽 x

M x N
Sensing matrix

Underdetermined System

You can not rebuild directly signal x
System admits infinite solutions!!!
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Compressive Sampling
If x is sparse, compressible in an opportune basis or spase, a new
problem is possible with a new matrix, sensing matrix A:

A [MxN]Sensing Matrix

y 𝚽

M x N

N x N

f𝚿

Although system is still 
underdetermined, 

it is possible to find a sparse 
solution to the problem by 

minimizing the L1-norm of f

f=min ‖ f  ‖
f 𝜖RN

1ℓ
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THz
Detector

THz Source

Traditional Raster Scan THz Imaging
System

Single THz source 
generates the 
beam that 
illuminates the 
plate under test 

Single point detector  
receives and measures 
radiations passed through 
the plate

Image to
analyze

The electromagnetic radiation
in THz frequency range (0.1–10 THz) 
can deeply penetrate inside these 
materials. Its wavelength is small 
enough to make it suitable for early 
crack detection.
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Traditional Raster Scan THz Imaging
System

X1

X4

X7

X3

X5 X6

X8 X9

THz Single 
Point Detector

THz Source

Image to analyze

Full Resolution Image
with PxQ = N pixels

N mesures

To acquire a full resolution image,
the sample under test has to be
moved N times in front of the
single point detector.

Snapshot
Data acquisition system

Improving measurement 
resolution (< 1mm) dramatically 
increases the acquisition time, 
thus making traditional systems 
unfeasible for the required 
application.



CS-based THz systems 

Giovanni Cavallo - III Year Presentation - Information Technology and Electrical Engineering 18

In order to perform a random sampling of 3 measurements, we 
need a set of 3 random masks, one for each measurement.

Mask 3Mask 2Mask 1Image to 
analyze

Each mask is a 2D-dimentional matrix, of N pixels having random 
features to transmit or block THz radiation, with equal probability. 

0 1 0
1 1 0
0 1 0

Digitized Image



CS-based THz systems 
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THz Source

Random Mask 
1

THz
Detector

Lens 1

Lens 2

The masks are insert, one at a time,
between the image to analyze and 
the single point detector.

Differently from the 
raster-scan mode, in CS-
based THz system, the 
THz beam is collimated 
on the whole area to be 
analyzed. 



CS-based THz systems 
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THz Source

Random Mask 
1

THz
Detector

Lens 1

Lens 2

The detected THz radiation is 
the superposition of 
radiation that passes through 
the “transmitting” pixels of 
each random mask.



CS-based THz systems 

Giovanni Cavallo - III Year Presentation - Information Technology and Electrical Engineering 21

y1

THz Source

Random Mask 
1

THz
Detector

Lens 1

Lens 2

Measurement Vector y[M]

Data Acquisition System
Snapshot

Measuring the amplitude of the received 
THz field in the presence of each mask, 
the vector of measurements is obtained. 



CS-based THz systems 
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THz Source

Random Mask 
1

Sampling Matrix A

THz
Detector

Lens 1

Lens 2

Measurement Vector y[M]

Data Acquisition System

The matrix A is obtained by reshaping each of M 
random masks as row of sampling matrix.

y1



CS-based THz systems 
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y1

y2

THz Source

Mask 2

THz
Detector

Lens 1

Data Acquisition SystemSnapshot

Sampling Matrix A

Measurement Vector y[M]

The CS approach requires only to change M 
times the masks in front of the THz detector 
and collect the measured values, thus 
achieving a significant decrease of total 
acquisition time



CS-based THz systems 
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y1

y2

THz Source

Mask 3

THz
Detector

M mesures

Lens 1

Data Acquisition SystemSnapshot

Sampling Matrix A

Measurement Vector y[M]



CS-based THz systems 
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y1

y2

y3
= x

0 1 1 1 1 0 0 0 1
0 1 0 1 0 1 0 1 1
1 0 1 0 1 1 1 0 0

Unknown Vector x[N]

x1

x2

x3

x4

x5

x6

x7

x8

x9

Measurement Vector [M] Sampling Matrix A

According to the feature of each pixels 
of the mask, the entries of each row of 
the sampling matrix  A are set equal to 
1 (“transmitting” pixel) or 0 (“blocking 
pixel”). 



CS-based THz systems 
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0 1 1 1 1 0 0 0 1
0 1 0 1 0 1 0 1 1
1 0 1 0 1 1 1 0 0

y1

y2

y3
= x

Unknown Vector X

In order to achieve a
sparse solution of
the problem, and
reconstruct the
unknown image x,
several CS Solvers
can be used.

Sampling Matrix AMeasurement Vector y[M]

x1

x2

x3

x4

x5

x6

x7

x8

x9



CS-based THz systems 
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01
0110

0
10

Reconstructed 
Vector X

CS Solvers:
• CVX
• Greedy
• TVM

Sparse 
solution

x1

x2

x3

x4

x5

x6

x7

x8

x9



CS-based THz systems 
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The reconstructed vector ො𝐱, sparse solution of the problem 𝒚 =
𝑨𝒙, has to be reordered to finally reconstruct the original image.

Original 
ImageReconstructed 

Vector X

Sparse 
Solution

0 1 0
1 1 0
0 1 0

Digitized 
Image

0

1

0

1

1

0

0

1

0



Uncertainty Sources
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Differently from what stated by CS-approach (i.e. the higher the number of masks
the better the image reconstruction), it has been experienced that increasing the
masks number, a degradation of the reconstruction occurs. In order to highlight
problems affecting the experimental application of CS-based method, a
characterization of the CS-THz Imaging approach has been performed, focusing on
different uncertainty sources.

Characterization of these 
uncertainty sources



Uncertainty Sources
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❖ Thresholding process: CS reconstruction returns images in grey scale so that each pixel has to be 
forced to 1 or 0 with an opportune threshold criteria

❖ Number of masks: how many masks are used to reconstruct an image is a topic already present
in literature, where, from a theoretical point of view, it is demonstrated that higher the number
of masks, better is the image reconstruction; in experimental tests the increase of the number
of masks can also deteriorate the performance

❖ Masks positioning: a perfect alignment THz beam-mask-object is crucial for any application 
and in particular for CS; usually this issue is not considered in theoretical formulations, but, in 
experimental application, misalignment or tilt of the mask can hugely affect the performance.

To reduce the computational burden,
an approach based on the Central
Composite Design (CCD) has been
applied.



(Box-Wilson) Central Composite Design
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❖ The Central Composite Design (CCD) is a useful technique particularly 
appropriate in response surface design.

❖ CCD allows to estimate a second order (quadratic) model without 
needing to investigate the whole space of the input quantities 
(factors).

response surface design
❖ In particular, by using a CCD, it is possible to

carry-out only a limited number of
experiments.

❖ Once they have been executed than the model
is identified by applying a regression linear
technique.



Giovanni Cavallo - III Year Presentation - Information Technology and Electrical Engineering 32

Uncertainly 
Source

−𝜶 −1 𝟎 𝟏 𝜶

Mask 
Rotation [°]

0 0.5 1 1.5 2

Mask 
Translation [mm]

0 0.25 0.50 0.75 1

Rows 2 3 4 5 6

Columns 2 4 6 8 10

Threshold
Value [%]

50 60 70 80 90

In order to assess the quality of an
image reconstruction, two quality
index have been selected. In general, it
is possible to distinguish between Pixel
Difference Measurements and Human
Visual Based Measurements.

Mean Square Error: is a Pixel Difference
Measurements estimate the quality of an
image by performing the pixel-to-pixel
difference between the reconstructed
image and the reference one.

Structural SIMilarity index (SSIM): is a Human Visual Based Measurements
uses human perception as a reference, taking into account parameters that
can change the perception of an image as brightness, contrast, texture,
orientation.

CCD: Design of Experiments 



Results
SSIM MSE
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Mask rotation = 0.5° Mask Translation = 1 mm

On the left reconstruction is obtained
with 4 rows and 4 columns, while on
the right by adopting 2 rows and 8
columns.

SSIM presents a superior sensitivity, in fact
figures show the evolution of SSIM and
MSE versus the number masks rows and
columns in the same conditions of rotation
and translation. SSIM value arrives to 0.6 –
0.8, and it is not suitable influence of the
thresholding process. Unfortunately, the
MSE ranged within the interval from 0.04
up to 0.09 thus highlighting the limited
sensitivity of the performance factor.

The effect of mask rotation is more
significant than the mask translation
The maximum value for rotation is of
0.5°, while for translation is possible
to arrive to 1 mm.

Reconstruction image of an hole
square 2𝑥2 𝑚𝑚2 with 16
measurements. Even if the
number of measurements is the
same, the difference combination
of rows and columns influences
the reconstruction process.
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Results
❖ SSIM provides better performance due to

sensitivity values higher than those granted by
MSE.

❖ Angular rotation of the masks matrix has been 
identified as the most influencing source 

❖ Moderated value of horizontal or vertical
translation only resulted in translation of the
reconstructed images with respect to the ideal
center

❖ An optimal number of masks 
could be determined for 
target reconstruction 

❖ The position of the masks within the matrix has 
been assessed as uncertainty sources
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Results

Comparison between the reconstruction of a defect 
obtained with the simple RS technique and CS-
approach are shown. In particular, the defect is 
represented by a square hole of 3𝑥3 𝑚𝑚2, realized 
on a piece of Kevlar; the RS is shown and compared 
with reconstruction obtained with CS-approach 
considering 9x4 masks. At the same time, the image 
of the same hole hidden between two layers of 
concrete wall (total thickness 7.45 mm) is shown.
In the case of RS, time to acquire all the area is about 
10 h (even if it depends by the resolution selected), 
while for CS each mask uses only few seconds to 
acquire the area so that the M acquisition are 
realized in few minute. 
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Eddy Current Tests

GMR probe

Zoom of the investigation area, in which the
crack is collocated in the centre of the structure

Each signal is acquired with a number 
of samples equal to 100000 

Acquisition of Current and Voltage Signals

Acquisition time very long, up to 10 s

Compressive Sampling
CUDA and GPU
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CS based on ECT

❖ Physical 
Quantity

Voltage (V)

Current (I)

❖ n  Number of samples 
acquired

❖ m Number of samples 
used for reconstruction

❖ Sequence 
(Sensing matrix)

Fixed

Variable

❖ CS-Solver
MP

CoSaMP

❖ Process
Unit 

Central (CPU)

Graphic (GPU)

INPUTs

OUTPUTs

❖ T_rec Reconstruction Time

❖ Std_rec Standard Deviation of Time

❖ Eps_mean Quality of Reconstruction
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CS based on ECT

A Gui-Matlab has been
developed, in which all the
Inputs and Outputs presented
before are taken into account.

❖ Iter or s are linked to the
Method CS applied.

❖Mean parameter for
Std_rec

The acceptable value of
m is 300 – 350, starting
from 100000 samples!!!
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CS based on ECT
MP Algorithm

Can I go under 1 s??? YES, I CAN
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CS based on ECT
CoSaMP Algorithm

Between a fixed and variable sequence, it is preferable to use 
a variable ones to obtain a very little time of reconstruction!!!
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Remarks

It is possible to reconstruct the signal with the CS-approach

Starting from a signal, current or voltage, of 100000 samples, it has reached
to one of only 300-400 samples

Using CUDA and GPU, reconstruction times have been dropped, ranging from 
value over 10 s to values below the second.
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Liccardo, R. Schiano Lo Moriello
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Thanks for the attention!!!

Questions?
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THz Imaging
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THz Imaging
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THz Spectroscopy
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THz beam profile 
Knife-Edge Method

Transmission
Focused THz beam

2𝑥2 𝑚𝑚2

Transmission
Collimated THz beam

2𝑥2 𝑚𝑚2
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CS-based on THz system 
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Compressive Sampling
Compressive Sampling (CS) is an innovative paradigm of sampling
that permits to:

❖ Acquire the signal of interest directly in a compressive form;

❖ At a later time, reconstruct it with appropriate algorithms (ex.
resolution of a problem of optimal convex).

L1-Magic  
CVX  TVAL3
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Compressive Sampling vs Traditional 
Sampling

Sampling according to Nyquist-Shannon requests:

❖ Bandwidth limited signal

❖ Uniform sampling

❖ Sample rate equal to 𝑓𝐶 ≥ 2𝑓𝑀𝐴𝑋

Sampling according to CS requests:

❖Sparse Signal

❖Not uniform sampling

❖Number of samples 𝑀 ≪ 𝑁
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Compressive Sampling
If x is sparse, compressible, respect to a suitable orthonormal
basis𝚿, you can write:

x=𝚿 f

Frequency domain

Time domain

f [N]

𝚿 [NxN]

Sparse vector

Trasformation matrix

x 𝚿 f
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Compressive Sampling
Combining the two previous expressions, you get a new matrix,
sensing matrix A and a new problem:

y= Af with A = 𝜱𝚿

A [MxN]Sensing Matrix

y 𝚽

M x N

N x N

f𝚿 Although system is still 
underdetermined, 

it is possible to find a sparse 
solution to the problem by 

minimizing the L1-norm of f

f=min ‖ f  ‖
f 𝜖RN

1ℓ
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Compressive Sampling
Once the sparse solution ෠𝒇, the signal being acquired can be
reconstructed with N samples using the previous expression:

ෝ𝒙 = 𝚿෠𝒇

M Reals

N-M Reconstructed

M ≥ C S μ(𝚽,𝚿)2logN          with M<<N

1. S , sparsity index of signal

2. μ(𝚽,𝚿) , coherence between matrixes 𝚽,𝚿
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Compressive Sampling
For an efficient implementation of CS it is necessary to

guarantee low levels of S and μ

A low level of S depends not only by signal, but also to an
appropriate choice of the transformation matrix 𝚿

Fixed the transformation matrix 𝚿 , a low level of
coherence is assured by any Random matrix



CCD: Design of Experiments 
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STEP  1:  Design of experiments

This CCD design has circular, spherical, or hyperspherical symmetry (depending by the number 
of factors) and require 5 levels for each factor.

The 5 levels of factors are encoded in an arbitrary unit interval [-α, -1, 0, 1, α ]. 

For example, let you consider a CCD design of two factors:
X1 and X2

X1 =[-α, -1, 0, 1, α ]

X2 =[-α, -1, 0, 1, α ]

1

α

-1

-α

X2

0 1 α-1-α
X1



CCD: Design of Experiments 
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STEP  1:  Design of experiments

CCD can considered the union of three distinct design point:

- A set of center points (indicated by yellow star marker):
Replicated to preliminary estimate repeatability and reproducibility of the 
experiments.

Run
IX-
XVI

X1 0

X2 0

X1 =[-α, -1, 0, 1, α ].

X2 =[-α, -1, 0, 1, α ].

mean values

The quantities value are the same for each factors and 
equal to means value of intervals.

1

α

-1

-α

X2

0 1 α-1-α
X1



CCD: Design of Experiments 
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STEP  1:  Design of experiments

CCD can considered the union of three distinct design point:

- A set of axial points (indicated by blue marker)
Capable of emulating a one-factor-at-time 
analysis.

The quantities values are the same of the center points 
but not for one of them which assume either the 
maximum or the minimum of interval of levels, equal to 
α.

Run V VI VII VIII
IX-
XVI

X1 -α α 0 0 0

X2 0 0 -α α 0

X1 =[-α, -1, 0, 1, α ]

X2 =[-α, -1, 0, 1, α ]

Experimental Runs

1

α

-1

-α

X2

0 1 α-1-α
X1
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STEP  1:  Design of experiments

CCD can considered the union of three distinct design point:

- A set of edge points (indicated by red square 
marker)

A set of values characterizing a typical factorial design 
where each quantity is investigated on two levels range 
to study the effects of interactions between factors on 
the response variable.

Run I II III IV V VI VII VIII
IX-
XVI

X1 -1 -1 1 1 -α α 0 0 0

X2 -1 1 -1 1 0 0 -α α 0

X1 =[-α, -1, 0, 1, α ]

X2 =[-α, -1, 0, 1, α ]

1

α

-1

-α

X2

0 1 α-1-α
X1

-1,1 1,1

1,-1-1,-1

CCD: Design of Experiments 
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Eddy Current Test

Multi-tone

Chirp

Which kind of excitation is possible?
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CS based on ECT
Very often, signals acquired in EC tests are very large in terms of :

❖ Number of samples considered

❖ Size (bytes) of the file to be acquired or transferred

❖ Long acquisition and reconstruction times

CS permits to:

❖ Reduce of samples to be considered

❖ Consequence: minor number of bytes

❖ Reduction of acquisition and construction times


