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A model of X-Ray emitter emission characteristics measuring
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A model for measuring of the X-ray emitter individual emission characteristics for
computerized X-ray control system has been created. The strategy of empirical data
generation for calculating the coefficients of the transformation function of the typical
emission characteristics to individual ones in order to improve the accuracy of the
results has been defined. An accuracy estimation of the results has been performed.
Key-words: X-ray emitter, emission characteristics, model of measurement, estimation of
measurement Uncertainty.

CTBOpeHO MoOJenb BHUMIPIOBAaHHS IHIMBIAyalnbHHX eMICIHHHX XapaKTepHCTHK
PEHTI€HIBCHKOTO BHUIPOMIHIOBaYa Il KOMII IOTEPH30BAHOI CHCTEMH YIPaBIiHHSI
PEHTTEHIBCHKOIO YCTaHOBKOK. BusHaueHa crparerist popMyBaHHS eMIIPUYHUX JAHUX
Uil po3paxyHKy Koe(ilieHTiB (YHKIII MEepeTBOpEeHHS THUIOBUX eMiCIHHHX
XapaKTepUCTHK Ha IHAWBIIyalbHI 3 METOI IIJIBHIICHHS TOYHOCTI OTPHUMAaHHX
pe3ynbratis. [IpoBeneHa oIiHKa TOYHOCTI OTPUMAHHX Pe3yJIbTaTiB.

Knwouosi cnosa: penmeeHiBCoKUull BUNPOMIHIO8AY,  eMICIIHI  Xapakmepucmuky, Mooeilb

BUMIPIOBAHHSA, OYIHKA HEBUIHAUEHOCMI BUMIDIOBAHHA.

Co3nana Mopenb M3MEPEHHS WHIMBHAYAIBHBIX 3MHCCHOHHBIX XapaKTEpPHCTHK
PEHTICHOBCKOTO H3JIy4aTensi Ul KOMIBIOTEPH3MPOBAHHOH CHCTEMbI yHPaBICHUS
PEHTICHOBCKOH ycTaHOBKOH. OmpenenieHa cTparterust GOpMHUPOBAHUS SMITHPUYECKUX
NAHHBIX UI1  pacdeTa Kod(pUIMEeHTOB GYHKINMH OpeoOpa3oBaHUS TUIOBBIX
SMHUCCHOHHBIX XapaKTEePUCTUK Ha MHAMBUIYyaJbHBIC C IEIbIO MOBBILIEHUS TOYHOCTH
HOy4YEeHHBIX Pe3yabTaToB. [IpoBeeHa OlleHKa TOYHOCTH MOJTyYESHHBIX PEe3yJIbTaTOB.

Key words: peHmzeHoecxuﬁ usjyyameib, IMUCCUOHHbIE XAPAKMEPUCMUKU, Mooenb usmepeHus,
OYyeHKa Heonpedeﬂemtocmu usmepeHus.

1. Introduction

Nowadays the medicine all over the world has no alternative to an X-ray diagnostic
research [1]. According to experts, more than 80% of diagnoses which require serious
medical intervention are established by using X-rays, the results of X-ray and X-ray
tomography. However, an X-ray tube is a source of artificial electromagnetic ionizing
radiation that makes an application of X-ray diagnostic methods potentially dangerous
for the health of patients and attendants [2], [3].

The research and analysis of available literary sources [4], [5] allows making a
suggestion that the problem of reducing the ionizing radiation dosage [6] received by
the patient and medical staff during X-ray diagnostics is relevant. The reduction of the
ionizing radiation dosage is possible by optimization of the operating modes of the X-
ray tube during a diagnostic research as well as timely detection of the deviation of the
technical parameters from nominal values and their operational elimination [7].

In modern computerized X-ray management systems a required value of the anode
current is achieved by pre-setting of the cathode heating current to a given level. This
is due to impossibility to provide the stabilization of the current at initial stages of
exposure by means of feedback systems due to high inertia of the cathode's thermal
state.
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Availability of individual design features such as state of vacuum inside the device,
the cathode surface quality and other factors, including changing the emission
characteristics of the cathode during the X-ray tube usage, require preliminary and
periodic calibration of computerized X-ray management systems in order to ensure the
accuracy of the anode current setting. In [8] the method of adapting of typical
emission characteristics of X-ray emitter to experimental data by deformation of the
coordinate plane has been proposed. The purpose of this article is to design the
measurement model for the reliability assessment of individual characteristics which
have been obtained by using this method as well as accuracy increasing of
investigation results by choosing the strategy of empirical data formation used for
determination of the transformation function coefficients during conversion of typical
emission characteristics to individual ones.

2. Main part

The method of individualization of X-Ray emitter typical emission characteristics
is to transform them taking into account the empirical data which have been obtained
during the series of test exposures. In other words computerized X-ray control system
uses the corresponding function for a preliminary calculation of the cathode heating
current, which must be set up before the start of exposure to provide the required
anode current. This function presents the dependence of the heating current on the
value of the required anode current at a given value of the anode voltage and can be
written as follows:

Yu = (X, zu(X), Ao ... As), ueU, (D)

where y, — the cathode heating current (ignition code) which must be set to provide

the given anode current x with the value of the anode voltage u which corresponds to
the emission characteristics of a particular instance of the X-ray emitter;

X — the value of the anode current;

u — the value of the anode voltage;

Z, (X) — the dependence of the cathode heating current y on the anode current X at
the measured anode voltage u according to the typical emission characteristics of the
X-ray emitter;

U — a set of anode voltage values that can be set by computerized X-ray control
system;

Ao ... As — coefficients of the mathematical transformation of the X-ray emitter
typical emission characteristics to the individual ones.

The mathematical transformation of the X-ray emitter typical emission
characteristics which is used to obtain the output value estimation is following:

Yo = (A + ArX + A9)zy(X) + A’ + AX + As. 2)

The model function describes the measurement procedure and the evaluation
method simultaneously. It shows how the output values y, are derived from the input
values X;.

To estimate the coefficients of the mathematical transformation from the typical
emission characteristics of an X-ray emitter to individual ones, the data series from n
previous control exposures are used. They are represented as the set of empirical
points B:

B = {(X« Y« u), k=1..n}, 3
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where yy — the real value of the cathode heating current obtained empirically by the
operator for the anode current X, at the value of the anode voltage u.

Estimates of the parameters of the desired dependence are determined by the
method of least squares, since the sum of the squares of deviations of the experimental
values from the calculated ones must be minimal.

Z[Yk—f(xk,z(xk),AO,..As)]z :ZSkz =Q=min "

where AO...AS — estimates of the values of the mathematical transformation

coefficients of the X-ray emitter typical emission characteristics to the individual
characteristics;

ok — deviation of the experimental values of a specific instance emission
characteristics of the X-ray emitter from the calculated emission characteristics which
are obtained by using the method of individualization of the X-ray emitter typical
emission characteristics by means of mathematical transformation (2) on the basis of
empirical data;

Q — sum of the squares of the experimental values deviations from the calculated
ones.

Thus, the task is to determine the values of the coefficients when the condition (4)
will be fulfilled. Therefore we should write the expression for the deviations at each
experimental point:

(onl2 +A]x] +A2)Z(X1)+A3X12 +A4x] +A5 -y, =9;;

(onzz +A1X2 +A2)Z(Xz)+A3X22 +A4X2 +A5 -y, =9,; (5)

(onnz +A1Xn +A2)Z(xn)+A3xn2 +A4x]1 +A5 -y, =90,.

According to the least squares method, the best values of the coefficients will be
those for which the sum of the squares of deviations is minimal, so in our case it is
necessary to find the minimum of the function of the following form:

n n 2

Q= Zskz = Z((onkz +A X, +A))z(X,) +A3Xk2 +A X A - Yk) .(6)

k=1 k=1

A typical functional dependence of the cathode heating current z on the current of
the anode x at the value of the anode voltage u is presented as a table and the
intermediate values are obtained by means of interpolation. The absence of an analytic
expression as well as the additional error and uncertainty that appear during the
determination of the second-order polynomial coefficients by which it is possible to
approximate the emission characteristics of X-ray tube, leads to the fact that the
desired function (2) is considered by the authors as a function that depends on two
variables (x and z). In this case the analytical solution of the problem (6) is
complicated, and the quality of the transformation results of the typical emission
characteristics depends on the preparation strategy and the choice of empirical data for
the calculation.
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Let’s assume that to determine the coefficients of the transformation function (2),
we use a subset B; of six points of the set of empirical data B. In this case, the
calculation of the coefficients of the transforming function of the X-ray emitter typical
emission characteristics to individual ones for a specific instance of an X-ray emitter
is the solution of the system of six equations, provided as Xo# X; # X # X3 # X4 # Xs:

N 2 N N N 2 N N .
Vi =AX, 2, +A Xz, +A,z, + A X,T +AX, HAS;

A, A A A, e .~
Y, =AX,72, +AX,Z2, +A,z, + A X,” + A X, +As;

()

Ve =Ax >z, +Axz + A,z +Ax 2 +Ax, +A,.
The analytic expression of the only solution of this system of algebraic equations
with six unknowns could be compactly written by the Cramer's rule:

A =D

A — determinant of initial matrix;

A; — determinant of the matrix obtained from the original matrix by replacing the i-
th column.

The quality of the obtained individual characteristics could be evaluated by means
of expression (6) on the whole set of empirical points B.

Apart from the task of minimizing the Q function during the strategy determination
of the empirical data generation, we have considered the necessity of creating a special
technological mode of the power supply device as well as high costs of the technical
staff’s work time and the problem of the radiation influence on the service personnel.
Numerous experiments have shown that the best results are obtained when four points
are chosen uniformly in one of the curves as a calculation point, for example, in the
upper curve of the family (emission characteristic with minimum value of the anode
voltage Umin). This allows the most accurate determination of the curvature of the
desired individual emission characteristics. To determine the coefficients of scaling of
the original emission characteristics the last two points should be maximally spread to
the edges of the lower curve (emission characteristic with the maximum value of the
anode voltage umey). Since the experimental point located on the right edge of the
lower curve often cannot be obtained due to exceeding the maximum power permitted,
it can be replaced by a point on another family curve. Therefore, as the last calculated
point, the point with the maximum anode current value x. on the curve for which the
exposure power will not exceed the maximum permissible is chosen.

Thus let's define:

A A#0, i=0.5, (8)

Umin = VYU €U, U> Ui,
Umax - = VU €U, U>Upax,
Umig - = VU €U, (l U max — U mid | < | Umax — U D A (U mid X¢ < 0,9 Pmax)a (9)
X =V (XY, Unid), X <X¢, Pmax— const .

Where unig is the emission characteristic with the highest value of the anode voltage, for
which the exposure power with the maximum current value of the anode x. will not exceed the
maximum permissible power Pyax.

In this case, we form the set B (3) as follows:

B ={(Xi, Vi, Umin) |1 =1...n, n>4}u
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{(Xi, Vi Umax) | 1= 1.k, k>1}o | (20)
{(i, ¥i, Umig) [1=1...p, p=1}.
Let’s choose a subset B to calculate the transformation coefficients:
Bic B, By ={(Xs, Y1, Umin) : V(X, ¥, Umin) € B, X>X}0
{(X2, Y2, Umin) 1 V(X, Y, Umin) € B, X <Xz}
XX
3
X, — X,
{(X, Y2 U ) V(X y,u) € Blx—(x, + 3
{(XS, ySa u max) : V(X, yi u max) € B, X > XS}U
{(Xe, Y6, Umia) : V(X, Y, Umia) € B, X <Xe}. (11)
Let the Q function for the solution of system (7) for subset B, (11) be equal to some value
Q1. To reduce the contribution of a random measurement error that occurs during obtaining
empirical data in the course of test exposures, it is necessary to carry out some iterative
variation of a subset of the points selected to calculate the conversion factors of the typical
emission characteristics for the purpose of individualization. The minimum of the investigated
values of Q is denoted by Qnn. In the first stage, it takes the value Q; with a corresponding
subset of empirical points, denoted as By:
Qmianly BozBl- (12)
We change the point, which corresponds to the minimal value of the anode current on the
curve to the next one, and denote a new subset of the points for the calculation as B,.
B, = (Bo U {(X¢, V1", Umin) }A{(X1, Y1, Umin)} (13)
(X1, Y1’ Umin) € B,V (X, Y, Umin), X1 <X'<X, X{'# Xa.
Then we calculate the alternative conversion coefficients as well as the values of all squares
of deviations obtained empirically from the estimated values and choose the best result:
Q2 < Qmin = Qmin = Q2, By =B;. (14)
At the second stage, we evaluate a new subset of points for the calculation of Bs. We
change the point on the curve uy, in which the value of the anode current is maximal to the
one that is located in front of it, and again choose the best result:
Bs = (Bo U {(X2', ¥2', U min) }A{(X2, Y2, U min)},
(X2, ¥2', Umin) € B,V (X, Y, Umin), X2 >Xo'> X, X' # X4, (15)
Q3 < Qmin = Qmin = Q3, Bo=Bs.
The third, fourth, fifth and sixth stages (iterations) consider the points that are left and right
of the points (Xs, Y3, Umin) and (Xa, Y4, Umin), that is:
Bs = (Bo U {(X3, ¥3', Umin) JA{(X3, Y3, Umin)},
(X3, Y3, Umin) € B, V (X, ¥, Umin), (Xs'<X3) A ((X>X3) v (X < X3)) A (Xs' # Xy),
Q4 < Qmin = Qmin = Q41 BO = B4-
Bs = (Bo U {(X3", ¥3', U min) JA{(X3, Y3, Umin)},
(X3, Y3', Umin) € B, V (X, Y, Umin), (X3' < X3) A ((X3' < X) Vv (X < X3)) A (X3 # Xa),
Q5 < Qmin = Qmin = QS: B0 = BS-
B = (Bo U {(X4', Ya', U min) FA{(Xa, Ya, U min)},
(X4, Ya', Umin) € B, ¥V (X, Y, Umin), (Xa' < Xa) A ((X>Xg) v (X < X4)) A (Xa' # X3),
Q6 < Qmin = Qmin = Qs, Bo = Be.
B7 = (Bo W {(X4', Y4, Umin) }JA{(Xs, Y4, Umin)},
(X4, Ya', Umin) € B, ¥V (X, Y, Umin), (Xa <X4) A ((Xs' < X) vV (X < Xg)) A (Xa' # X2),
Q7 < Qmin = Qmin = Q7y BO = B7-

X, —
3
X, = X

3

X
(X2, Y2, Upin) TV (X, Y, Uy ) € BIX = (X, + )[> 106 = (%, + Dy

)[> 106 = (%, +

BRS
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The last two iterations consider the points which are to the right of the points (Xs, Ys, Umax)
and (X, Ye, Umig), that is:
Bg = (Bo U {(Xs, ¥5', Umax) }A{(Xs, Y5, Umax)},
(X5', Y5', u max) € B,V (X, yv u max)v Xs < XS‘ <X,
Qs < Qmin = Qmin = Qs, Bo=Bs.
Bs = (Bo U {(Xs" V&' U mia) MA{(Xe, V6, U mia) },
(X6', Y6', Umid) € B,V (X, Y, Umig), X <Xg' <X,
Q9 < Qmin = Qmin = Q9y B0 = B9-
The value Q, which is found in this way, will be considered as a minimal subset of
Bo and the corresponding estimates of the AO...AS coefficients will be considered as

the best.

The standard DSTU ISO / IEC 17025: 2006 indicates the need to estimate the
uncertainty of measurement during calibration [9].

The model approach to uncertainty estimation of measurements involves the model
equation usage (1), where the function of model f describes simultaneously the
measurement procedure and the evaluation method. It shows how the output values of
y, are derived from the input values x, z,(x) and the coefficients A,..As.

In this case, there are many sources of uncertainty in the measurement, such as the
subjective systematic error of the operator when taking measurements, approximation
and simplification used while determining exposure parameters through a table
representation of emission data in a computerized X-ray management system,
inaccurate values of reference tables, imperfection of the measured value
determination implementation, etc. In addition, some sources of uncertainty correlate
with each other. Therefore, estimating measurement uncertainty is not just a
mathematical problem, but requires a detailed investigation of the nature of both
measured value and measurement process.

The situation is also complicated by the fact that multiple measurements are
excluded. Therefore, there is an a priori estimation of uncertainty based on the
information obtained from the test measurements carried out previously and the
passport data of the X-ray source. The scattering of measurement results is
characterized by an estimated standard deviation and is called the standard uncertainty
type B. The estimation of type B standard uncertainty is as reliable as the one of type
A, in a situation where a type A estimation can only be based on a small number of
statistically independent observations [10]. To determine the standard uncertainty of
type B A, a standard estimated deviation is used. It is obtained as a positive square root
of the variance, which is calculated on the basis of the fund of relatively reliable
information, such as data of the previous measurements and data of the typical
emission characteristics of the passport of the X-ray source.

A= \/6 = \/ZSkz = \/Z:((onk2 +A1Xk +A2)Z(Xk)+A3Xk2 +A4Xk +A5 —yk)2
k=1

k=1

This estimation makes it possible to assess the uncertainty of the proposed
measurement procedure and the quality of the results obtained.
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The estimation of a standard uncertainty A is used instead of the function Q, the
search of the smallest value of which is laid in the strategy of finding the best solution
during the variation of the points used for calculation.

3. Conclusions

The measurement model of individual emission characteristics of an X-ray emitter
for computerized X-ray control system based on mathematical transformations of
typical emission characteristics given in the X-ray tube passport by using experimental
data of control exposures series has been suggested in this article. This model allows
estimating the accuracy of the results obtained in the concept of the uncertainty theory
that fully corresponds to Ukraine’s transition to the calibration procedures of
measuring instruments in accordance with the international requirements [11], [12]. In
addition, the obtained measurement uncertainty estimation has been used as a
minimized function during a formation of a strategy for selecting a subset of empirical
points for calculation. The strategy allows increasing an accuracy of the received
individual emission characteristics by eliminating points with a large random
measurement error. The evaluation of the results has been performed. The described
model has been used as a basis for the software that allows the calibration of a
computerized system of an X-ray emitter. The software application has been tested
and the comprehensive operational test has been performed in the Laboratory of
intelligent electronic systems (IEC) at the Department of Electronics and Control
Systems of V. N. Karazin Kharkiv National University. The program has been tested
with the X-ray tubes of the following types: 20-50BD22- 6-10BD8- 150 and 125
produced by the scientific and production enterprise "Svetlana" (St. Petersburg) as
well as some models of X-ray tubes produced by "Siemens". Testing has been carried
out by using high-frequency power supplies IEC-F7 and IEC-R8 developed in the
laboratory. As a result of the performed calibrations the individual emission
characteristics have been obtained. Therefore at the beginning of the exposure (before
the system of automatic stabilization of the current is turned on) the deviation of the
X-ray tube anode current from the set value does not exceed 1.5% within the entire
working range. By estimating absolute and relative errors, the quality of the results is
significantly better than the results of calibrations obtained by using the previous
versions of the program. The accuracy of the calibration meets the requirements of the
existing standards completely and provides for the possibility of widespread
application of the developed algorithm for adjusting X-ray power supplies of IEC
series. The program is included in the SMaster service package for maintenance of X-
ray power devices developed by the IEC Laboratory.
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