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Abstract 
 
Inspector and Inspector Services framework are innovative developer tools, designed at CERN and used for the design of 
control applications at the CERN accelerator complex. This paper presents the use of this framework in the implementation 
of an application that permits fast emittance reconstruction from profile measurements at Linac3 using the quadrupole 
variation method. The theoretical background is presented along with measurements, simulations, error analysis and 
technical characteristics of the application and software platform. 
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1. Introduction 
 
Linac3 is the first stage of the heavy ion acceleration at CERN 
(Conseil européen pour la recherche nucléaire). It accelerates 
different ion species like Lead, Argon and Xenon for the 
Large Hadron Collider (LHC) and for fixed target 
experiments [1]. The ion beams are produced with an electron 
cyclotron resonance (ECR) ion source at an initial energy of 
2.5 keV/u. The beam then enters the Low Energy Beam 
Transport (LEBT) and then the RFQ with an exit energy of 
250 keV/u, followed by an Interdigital-H Drift Tube Linear 
Accelerator (IH-DTL) which further accelerates the beam up 
to the Linac3 output energy of 4.2 MeV/u [1]. The ion source 
and the LEBT section of Linac3 are shown in Fig 1. The 
unwanted charge states from the source are filtered with a 
135◦ spectrometer system. The selected beam is then matched 
to the RFQ with three electromagnetic quadrupoles and a 
solenoid magnet. The cylindrical symmetry of the beam is 
restored with the quadrupole magnets and the final focusing 
is performed with the solenoid.  
 A secondary electron emission (SEM) grid and a beam 
current transformer (BCT) are used to monitor the beam 
properties after the electromagnetic quadrupoles. During 
recent years, in the framework of the LHC Ion Injector 
Upgrade program, several activities have been carried out to 
improve the ion source and Linac3 performance [2]. The 
detailed study of the ion source extraction region and the 
LEBT followed by few hardware changes resulted in increase 
in the beam intensity at the RFQ entrance by 20 % [1]−[4]. 
Afterwards, a thorough campaign of beam measurements and 
simulations was carried out to characterize the beam 
parameters in the LEBT and determine the settings of the 
magnetic elements for the matching of the beam to the RFQ. 
Characterization of the transverse beam emittance in the 
LEBT is crucial for the beam matching to the RFQ hence the 
performance of the whole linac. 

 Henceforth, the motivation of this study was to design and 
develop a control room application for automatized emittance 
measurement before the quadrupole triplet of LEBT (see 
Fig.1 point R) using measurements from the SEM grid (see 
Fig.1-point M) and in-house software framework to 
accelerate and systematize the process of beam data 
measurement and analysis. This paper is divided in 5 sections. 
Section 2 describes the algorithmic implemented method for 
emittance reconstruction: the quadrupole variation, a method 
well established and studied (see Refs. [5]-[8]).  

 
 
Fig. 1. Linac3 technical design with the exact place of the emittance 
reconstruction (R) and measurement point (M) inside LEBT after the Ion 
Source [1]. 
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 Section 3 and 4 present the” virtual measurements” to 
validate the correct implementation of the method and 
investigate different factors that contribute to errors on the 
results. The whole project was accomplished taking 
advantage the accelerator control network of CERN and the 
special tools Inspector and Inspector Services for the design 
of control applications [11], which are outlined in section 4 
along with the detailed description of ERIS application. 
 
 
2. Measurement Set-up and the Method 
 
Fig. 2 shows the section of the LEBT used for the emittance 
measurements. It is also shown in Fig. 1 between points R 
(reconstruction) and M (measurement). The measurement 
strategy is based on the well-established quadrupole variation 
method ([5]-[8]) where the beam matrix can be reconstructed 
at point R by measuring the beam size at point M by varying 
the settings of the quadrupole magnets between them. 
 

 
Fig. 2. The measurement setup with three quadrupole magnets and a 
profile monitor. 

 
 

 It was decided to use three quadrupole magnets (QUAD3: 
focusing, QUAD4: defocusing and QUAD5: focusing) for the 
emittance measurements for more flexibility on varying the 
beam size at the profile monitor and, simultaneously, have a 
better control of the beam in view of reducing the particle 
losses during the measurements. In addition, as the 
reconstruction point is upstream of all the elements used for 
the beam matching to the RFQ, the reconstructed beam 
parameters can directly be used as an input for matching 
studies. 
 If the motion in two transverse planes is uncoupled and 
the nonlinear forces (like space charge) are ignored, in each 
transverse plane, the beam matrix at the measurement and the 
reconstruction points are related to each other through the 2×2 
transfer matrix as shown in Eq. 1: 
 
𝝈! = 𝑹𝝈"𝑹#       (1) 

 
 In Eq. 1 and throughout this paper, the superscripts R and 
M represent the reconstruction and measurement points, 
respectively, and R is the transfer matrix from the former to 
the latter. By performing beam profile measurements with 
different optics conditions, it is possible to construct a linear 
system and solve for the elements of σR. In principle, three 
measurements are sufficient to solve for three unknowns. 
However, having more measurements and using least square 
fitting method for solving the overdetermined system reduces 
the error in the reconstruction process [9]. It is possible to 
write a system of n equations in matrix formalism as in Eq. 2 
 
.𝚺! = 𝚨𝚺$       (2) 
 
 In Equation 2, ΣM and ΣR are vectors containing the 
information from the measurements and the unknowns, 
respectively (see Eq. 3). Likewise, A is a n×3 matrix 
constructed using the elements of transfer matrices from each 
measurement (see Eq. 4) 

𝛴% = '

𝜎&&%	(1)
𝜎&&%	(2)
⋮

𝜎&&%	(𝑛)

0,			𝛴" = 2
𝜎&&" 	
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𝜎''"
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0      (4) 

 
 Eq. 2 can be solved using least squares fitting method as 
shown in Eq. 5.: 
 
𝚺$ = (𝐀(𝐀))&𝐀(𝚺*      (5) 
 
 Once the vector ΣR is defined, σR matrix can be 
reconstructed and unnormalized rms emittance and the Twiss 
parameters can be calculated. If only one quadrupole was 
varied for the measurement, the reconstruction result and the 
measured rms beam sizes (or square of the rms beam size) can 
be visualized in the same plot by simulating the measurements 
using Eq. 1 and the reconstructed beam matrix σR. Fig. 3 
shows an example of a reconstruction in both horizontal and 
vertical planes using the data from virtual measurements (see 
Section 3) where QUAD5 was varied. The plots on the right 
compare the measured rms beam size and the beam size 
obtained by simulating the σR to point M by varying the 
quadrupole with a smaller step size than the one in the 
measurement. In the figures, the simulated curve can be 
considered as the fit to the measured discrete data. Another 
way to compare the measurement data and the reconstruction 
result is to project the measured rms beam sizes from M onto 
the phase space at R and plot the projections along with the 
reconstructed rms ellipse. Eq. 6 where the symbol i 
corresponds to the ith measurement (1≤i≤n) and R11, R12 are 
elements of the transfer matrix; shows how a position (x) at 
M (with unknown divergence, x′) projects onto the phase 
space at R. 
 
	x!(𝑖) = 	R&&(𝑖)x$(𝑖) + R&'	(𝑖)x,$(𝑖)      (6) 
 
 The measured rms beam size, xrms, represents the 
maximum extend of the rms ellipse in position axis at point 
M. Therefore, projection of xrms and −xrms gives a couple of 
parallel lines which in perfect conditions are tangent to the 
rms ellipse in the phase space at point R. The plots on the left  
in Fig. 3 show the reconstructed rms ellipses and the projected 
lines plotted together. As there are no errors introduced, the 
projected lines are tangent to the reconstructed rms ellipses. 
If errors are present in the measurement, the projected lines 
may intersect the rms ellipse at two points or they may not 
intersect at all. 
 
 
3. Virtual Measurements 
 
The method and the implementation of formulas presented in 
Section 2 were validated through virtual measurements. First, 
multiparticle beam dynamics simulations were performed 
using Travel software and its graphical user interface PATH 
Manager [10] to scan a quadrupole and extract the beam size 
at point M. Then, using the method presented in Section 2 and 
the simulated beam size, the emittance and the Twiss 
parameters were calculated at point R. Finally, the values 
obtained from the calculations were compared with the 
reference ones used in the simulations to estimate the error. 
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For the simulations, a Lead (Pb29+) beam with 50000 
macroparticles was used. The reference beam properties at 
point R are given in Tab. 1. The reference beam was generated 

with zero energy spread and the simulations were performed 
without introducing any space-charge effects. 

 
Table 1. Reference beam properties at point R used for virtual measurements. 

Property Horizontal Vertical 
εrms,norm (pi.mm.mrad) 0.2 0.2 

α -6.77 -2.89 
β (mm/mrad) 2.14 0.85 

 
 For the virtual measurements, QUAD3 and QUAD4 were 
set to 1.4 and 1.9 T/m, respectively, while QUAD5 was varied 
from 1 to 1.35 T/m with a step size of 0.05 T/m. Fig. 3 shows 
the result of the virtual measurements for the two transverse 
planes. In both planes, the error in measured emittance and 
Twiss parameters are below 10−8 %. 

 
Fig. 3. Result of virtual measurement: (Left) reconstructed rms emittance 
ellipse and the projections of measured rms beam sizes at the 
reconstruction point, (Right) measured rms beam sizes and beam size 
resulting from tracking of the reconstructed rms emittance ellipse. 
 
 
4. Error Investigation 
 
In the previous section it was shown that, under ideal 
conditions, the error in parameters of the reconstructed rms 
ellipse is negligible. The scope of this section is to investigate 
the possible errors introduced by several factors like, error in 
measured beam size, error in quadrupole gradients and the 
beam current. The effect of beam current was studied by 
gradually increasing it and performing a single virtual 
measurement for each case. However, the effect of error in 
measured beam size and quadrupole gradients was studied 
statistically by increasing the error level and performing 
10000 virtual measurements for each level. The details and 
result of each case are given in the following sections. As the 
results in the two transverse plans are similar, for the sake of 
simplicity, only the result of horizontal plane will be 
presented in this paper. 
 
4.1. Estimation of Errors in Beam Size 
Measurements 
In each transverse plane, the Linac3 LEBT SEM grid covers 
a total width of 82 mm with a wire spacing of 3.4 mm [12]. In 
order to estimate the beam size measurement error, which 

results solely from the physical properties of the SEM grid, 
its geometry was simulated using beams with Gaussian 
distribution having different rms beam sizes (with 1000000 
macroparticles). Each beam was moved across the SEM grid 
by an amount equal to the wire spacing in 1000 steps. At each 
step, the rms beam size was calculated considering the wire 
positions and the number of particles falling on each wire. The 
calculated rms beam size was then compared with the 
reference beam size to estimate the error. Fig. 4 shows the 
distribution of expected errors in beam size measurements for 
a reference beam size of 8.0 mm. As it can be seen, the errors 
form a Gaussian like distribution (regardless of the reference 
beam size). 

 
Fig. 4. Distribution of rms beam size measurement errors for a reference 
rms beam size of 8.0 mm. 
 
 
 Fig. 5 shows the summary of the distribution of errors in 
beam size measurements for beams having rms sizes between 
3 mm and 13 mm. Outside of this range the SEM grid is not 
suitable due to wire spacing (for small beam sizes) or the total 
width (for large beam sizes). As it can be seen in the figure, 
regardless of the reference beam size, the standard deviation 
of. the error distribution is always around 0.6 % of the 
reference rms beam size. 
 The study described above was repeated using beam with 
uniform distribution in x-y plane. The calculations showed 
that for uniform beams the standard deviation of the error 
distribution could go up to 1.0 % of the reference rms beam 
size.  
 
4.2 Effect of Beam Size Measurement Error on 
Reconstructed Emittance  
It was shown in Section 4.1 that the physical properties of the 
SEM grid can introduce certain error depending on the 
relative position of the beam and the SEM grid. In addition, 
electronic noise and analysis of the measured beam profile 
(for instance choice of threshold or baseline) can introduce 
further error in the calculation of rms beam size. In order to 
estimate the effect of the beam size measurement error on the 
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reconstructed emittance, the virtual measurements described 
in Section 3 were repeated by introducing random errors on 
each measured beam size. Following the results presented in 
Section 4.1, the errors were generated independently for each 
measured point with Gaussian distribution having standard 
deviation equal to certain percentage (p) of the corresponding 
reference rms beam size as shown in Eq. 7 where symbol i 
represents the measurement number as in Eq 6. Moreover, to 
observe the trend of the distribution of errors in reconstructed 
ellipse parameters p. was increased gradually and 10000 
virtual measurements were performed for each error level. 
 

 
Fig. 5. Summary of the beam size measurement errors. Blue line 
represents the mean of the error distributions and the error bars represent 
the standard deviation of the distributions. 
 
𝜎-..(𝑖) = 𝑝𝑥./0(𝑖)      (7) 
 
 Fig. 6 shows the resulting error distribution for emittance 
for p= 0.6 %. Just like emittance, the distribution of errors in 
alpha and beta also form a Gaussian distribution. 

 
Fig. 6. The resulting distribution of errors for emittance when p= 0.6 %. 
 
 
 Fig. 7 shows the summary of the errors in reconstructed 
ellipse parameters with the increasing error in the beam size 
measurements. As it can be seen in the figure, the expected 
error for alpha, beta or emittance is almost unchanged 
however the standard deviation of the distribution of errors 
grows linearly as p increases. 
 Fig. 8 (left) shows 2D binning of errors for alpha and beta 
for p= 0.6 %. As it can be seen in the figure, there is a clear 
correlation between the errors in alpha and beta. This is 
mostly due to the reconstruction process. Because emittance 
is inversely proportional to alpha and beta, error in alpha and 
beta is coupled with the error in emittance. This is clearly 
visible in Fig. 8 (right) where the coupling is shown in a 2D 
color map. 
 
 
 

4.2. Effect of Quadrupole Gradient Error on 
Reconstructed Emittance 
The quadrupole variation method uses transfer matrices to 
reconstruct the rms ellipse parameters. Therefore, precise 
knowledge of the quadrupole gradients is important for 
accurate results. For instance, wrong calibration of the 
quadrupole magnets or jitter of the magnet currents during the 
measurements would contribute to errors in reconstructed 
emittance and Twiss parameters. The impact of quadrupole 
gradient errors on reconstructed emittance was studied by 
performing virtual measurements (described i Section 3) with 
random errors on each of the three quadrupole gradients. The 
error (errG) was increased gradually from 0.2 % to 1.6 % and 
for each level 10000 virtual measurements were performed by 
generating uniform errors between −errG and errG 
independently for each quadrupole. The resulting 
distributions of error in rms emittance and Twiss param-eters 
are Gaussian as in the case of Section 4.2. Fig. 9 summarizes 
the properties of the distribution of errors in the rms ellipse 
parameters. 

Fig. 7. Summary of errors in reconstructed ellipse parameters for 
different levels of beam size measurement errors. Blue line represents the 
mean and error bars represent the standard deviation of the distributions. 
 
4.3. Effect of Space Charge on Reconstructed 
Emittance 
With the upgrade of Linac3 source extraction in 2016, the lead 
beam current at the RFQ input was increased from 170μA to 
210μA [2]. Effect of the beam current on the reconstructed 
ellipse parameters was calculated via virtual measurements 
by increasing the beam current for the multi-particle tracking 
with Travel. Fig. 10 shows how the reconstructed emittance 
and Twiss parameters are affected the by beam current. As it 
can be seen in the figure, the error in all the parameters 
increase linearly with the beam current. For a beam current of 
210μA, the expected error in rms emittance is around 8 % 
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Fig. 8. (left) 2D binning of errors in alpha and beta, (right) coupling of errors in alpha and beta with error in emittance for p= 0.6 %. 
 
 

 
Fig. 9. Summary of errors in reconstructed ellipse parameters for 
different levels of quadrupole gradient errors. Blue line represents the 
mean and error bars represent the standard deviation of the distributions. 
 
 
5. Control Application Development 
 
5.1. Introduction 
This section probes the technical implementation and 
software integration of the theoretical analysis of previous 
sections. The presentation of the application starts with the 
description of the Inspector and Inspector Services 
framework used widely at CERN and proceeds to a detailed 
description of the ERIS (Emittance Reconstruction Integrated 
Software) and its functionality. In order to control the large 

number of complex devices and machines CERN has a three 
layer architecture (Fig. 11) that controls and monitors the data 
transfer from the low-level circuit logic until the level of the 
CERN Control Center (CCC): 
 

 
Fig. 10. Error in the reconstructed ellipse parameters with increasing 
beam current. 
 
 
1.Device Layer: The first and basic layer where all the 
devices are located. The devices communicate with the upper 
next layer in hierarchy using the FESA framework (Front End 
Software Architecture). A physical device is assigned to a 
rack and connected with a computer using the FESA 
framework. 
 
2.Middle Layer: The front-end computer transfers the device 
data to the Middle Layer for processing. Furthermore, it 
processes all the operator commands and stores the settings 
sent to the devices. It is the layer that effectively connects the 
physical devices with the operators. It communicates with the 
front-end computer using JAPC (Java API-Application 
Programming Interface for Parameter Control). The middle 
layer transfers the data given from the high-level control 
applications to low-level settings for the devices. 
 
3. Application Layer: At this layer all high-level applications 
used by the operators are contained. With these applications 
the operator can control a device, make measurements, and 
depict vital device information and settings, exchanging data 
with the Middle Layer [11]. 
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 Inspector is a graphical framework that permits the design 
of user interfaces for the control of a device inside CERN 
grid. Inspector facilitates the control of a device and the 
depiction of the vital operational machine information. The 
framework is characterized by the term data-driven allowing 
user to select the value that he/she wants to visualize or 
change and drag-and-drop it to the panel in accordance with 
the data type. It offers a vast spectrum of possibilities 
permitting to perform complex control of the accelerator 
chain devices in a simple way. Inspector has a client-server 
architecture and uses a proxy to communicate and pass data 

to the available corresponding servers. The flexibility and the 
adaptability of this framework offers the possibility to create 
new servers depending on the needs and transfer the data to 
other ones in case of server failure. There are three kinds of 
servers: data for direct data, synthetic for real time 
evaluation of data and logging & alarm servers (see Fig. 12). 
The rapid prototyping of this framework permits the handling 
of applications and algorithms developed in different 
environments and programming languages with little effort 
[11]. 

 

 
 

Fig. 11. CERN data transfer layer Architecture [11]. 
 
 
5.3. Inspector Services 
Inspector allows the operator to monitor a device and perform 
calculations and measurements although, more complicated 
procedures and complex algorithms can be performed 
through the Inspector services extension. A service is a code, 
which implements and executes an algorithm. The underlying 
implementation of the Inspector Services framework is done 
in Java; thus, a service can be designed using any Java 
development interactive development environment (IDE-
such us Eclipse or NetBeans). After the design process the 
Service is stored to Service Code Repository and installed on 

dedicated servers (Service Servers) from where it can be 
deployed and executed. Inspector panels and designed user 
interfaces allow access to the Service Code Repositories and 
the dedicated server from any computer. The philosophy of 
Inspector and Inspector Services is centralized installation, 
instantiation and execution of the services and decentralized 
client control, establishing a client-server interaction. There 
are two kinds of Service servers: Services Repository 
Servers which contain the source codes of the services and 
Services Execution Servers (see Fig. 12) [11]. 
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Fig. 12. Schema of Inspector and Inspector Services servers [11]. 
 
 
5.4. ERIS 
 
5.4.1. Graphical User Interface and Functionality 
ERIS: (Emittance Reconstruction Integrated Software) is an 
application that automatizes the emittance reconstruction at 
Linac3. The application which is deployed at the Linac3 
control room allows user to set the values of the quadrupole 
magnets (see Fig. 1), takes the measurement profiles of the 
SEM grid and reconstructs the emittance (” Reconstruction 

Point” on Fig. 2) in real time. The GUI of the application as 
launched from the control room is shown in Fig. 13.  
 At the foreground the blueprint design of the Linac3 
LEBT showing the quadrupole triplet, the drifts, the 
deflectors and the SEMgrid. By double-clicking on each of 
the element’s vital information regarding the acquisition 
values of quadrupoles, the deflectors’ state and the SEMgrid 
motor position are displayed. The GUI is completed by the 
control buttons of the application on the left side and the 
plotting section on the right.   

 

 
Fig. 13. Graphical User Interface of ERIS. 
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 The plotting section shows the reconstruction results and 
the α, β and normalized emittance ε only for the current plane. 
Horizontal and vertical reconstruction results appear together 
by clicking on the button” More” (see Fig. 15). The operator, 
to monitor the correct instantiation and function of the project 
services has to press the” Services” button inside the ERIS 
logo area; a log panel appears with details for the correct 
instantiation of application services. The application works 
with Lead 29+(Pb 29+), Argon (Ar) and Xenon (Xe). 
 
5.4.2. Measurement Process and Data Acquisition 
The first step of the algorithm is to choose a plane for the 
reconstruction (horizontal or vertical) the kind of particle and 
the quadrupole of the triplet to be scanned (the current of the 
first or last quadrupole is scanned and the rest have constant 
settings). At this point the front-end operator has two options: 
either to choose from a few sets of predefined settings for the 

three quadrupoles or click on the” Expert mode” button and 
enter them manually by hand or via a stored file. 
 Moreover, the expert mode contains the time part of the 
pulse that is captured by the SEMgrid. By default, the 
program uses the first 200μs of the beam pulse (50 first gates- 
gates are 4μs separated) for calculations but the operator can 
modify it from the expert mode, leading to automatic 
recalculation with the desired gates. The application stores the 
SEMgrid data for every gate for every wire for the total of six 
measurements. Then the signals are averaged on the gates to 
extract the profiles on Fig. 14. The operator has the possibility 
to process the obtained profiles with the exclusion of certain 
wires with the definition of a certain area by clicking the 
middle mouse button and dragging on the measured profiles 
enabling to clean the noise in the tails of the profiles. At each 
processing step the results on the plotting windows are 
refreshed. 

 

 
Fig. 14. Horizontal Profile Measurements from ERIS testing. 
 
 

 
Fig. 15. Inside the ”More” button with the reconstruction results on both planes. 
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Fig. 16. ERIS Algorithm Flowchart and Technical aspects. 
 

The detailed algorithm flowchart is shown below at Fig.16. 
With the click on the” SCAN” button the chosen values are 
set to the quadrupoles, the SEMgrid motor moves the SEM 
grid inside the beam pipe, the deflectors are turned off and 
measurements are starting to appear inside the measurement 
profiles windows of the corresponding plane (see Fig.:14 for 
horizontal plane). The reconstructed emittance within the 
tangent parallel lines and comparison of the xrms points with 
the X2 fit are shown in the main menu of the application along 
with the α,β,γ and emittance values. After a measurement the 
machine is returned to its initial state (SEMgrid out, 
Deflectors’ state: ON and quadrupoles on their initial values). 
By clicking on” Save” button the operator can save two files 
(for horizontal and vertical plane) with the SEMgrid 
Measurements, the Processed Measurements, the gates used 
for sampling and the used quadrupole values in the desired 
path. enabling the possibility to load the results and settings 
of a past measurement. 
 
 
6. Conclusion 

 
ERIS is a powerful, versatile and fast diagnostic tool for 
online transverse emittance measurements developed for 
Linac3 LEBT section. In the framework of the Large Hadron 
Collider (LHC) Injectors Upgrade (LIU) project, the 2017 Xe 
run of Linac3 was particularly focused on increasing the beam 
dynamics understanding of the machine, in view of possible 
upgrades. [12] summarizes the measurements and simulations 
performed on Linac3 during the 2017 Xe run where ERIS was 
used for fast, real time emittance reconstruction (Analytical 
Method) [12]. ERIS converted the exhausting procedure of 
manual scanning, data extraction and offline analysis that 
took a significant amount of time down to a few minutes 
process via a user-friendly interface that permits the operation 
even by non-experts. 
 
This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License. 
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