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SUMMARY

An analysis of errors has been performed for the determination of gas chromato-
graphic retention parameters, with emphasis on the specific retention volume.

The quantities directly measured (gas flow rate, inlet and outlet column pres-
sure, retention time, weight of liquid phase in column) were examined, several sources
of error are discussed and useful equations for the evaluation of error of the final
derivative quantity (retention volume) were obtained.

Tables and graphs for an easy error evaluation are reported.

Possible correlations among different errors have been discussed from a quali-
tative point of view.

The problem of the column stability is also outlined.

Such consideration may become useful for the critical examination of experi-
mental errors, for evaluation of the reliability of published data and for good design
of gas chromatographic measurements.

INTRODUCTION

Retention parameters describe the behaviour of a certain partition system.
They are quite often obtained from the observation of a large number of experimental
quantities, and in this respect they are considered to be derivative quantities.

IZvaluation of the errors of retention parameters from the errors of quantities
measured directly can be useful in the solution of many problems, such as:

(1) Critical examination of experimental errors and estimation of errors in the
final derivative quantity!—3,

(2) Evaluation of the reliability of many data, which are published without
any specific reference to their precision and accuracy, and with only the type of
measurement being used.

(3) Design of experiments aimed at determining retention parameters with a
defined degree of reliability3.4,

There are essentially three ways of expressing the retention of a compound on

* “T'his work was carried out with the financial support of CNIR (Italian National Rescarch
Council).
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2 . F. DONDI, A. BETTI, C. BIGHI

TABLE I

GC RETENTION PARAMETERS
The symbols used in this table are defined in Ref. 5.

Parametey Equation Lquation Condition
number
4 trt —— ia
Relative retention V1,8 = ’m = M I Column and flow rate stability
t' ns trs — tar
. . VNt . .
Relative retention Vig = ——— 2 Column stability
VNs
. . log 7,z .
Retention index Iy = 100 [z -+ ] 3 Column and flow rate stability
log 7(z+1),z
log Ve — log V
Retention index Iz = 100 [z -+ 8 SN B_/N= ] Column stability
log I’N(z-l-l) —_ IOg I,Nz
Vaw (273.16
Specific retention volume V, = M—) 5
wrT

gas chromatographic (GC) columns, which differ from each other in the number and
type of primary quantities being measured, in the functional form and in the re-
strictions to which they are subjected. In Table I are the different expressions with
particular reference to gas-liquid chromatography (GLC).

For use of eqns. 1—4, it is necessary that some experimental conditions are kept
constant?, while for eqn. 5 it is necessary for these specific conditions to be controlled
quantitatively.

Our investigation will be limited to this last expression and the conclusions
can be considered adequate for the other cases also.

Before starting the discussion of errors concerning the single quantities directly
measured and their combination, it will be useful to consider eqn. 5 from both practi-
cal and theoretical aspects, as a ratio between two quantities:

Vo= Y/wy (6)
and, comparing eqn. 6 with eqn. 5 of Table I,
Y = Vn(273.16/T) (7)

From an experimental point of view, Y is the result of the gas chromatographic
measurement of retention, performed on a particular column, whilst from the thermo-
dynamic point of view, it is an extensive quantity derived from the product of an
equilibrium constant (partition constant) by the amount of the stationary phase in
which the partition takes place (or better, in the most general case of » partition
systems, it is the sum of » products of this type).

On the contrary, the complete definition of wy implies parameters other than
the chromatographic ones and requires physico-chemical assumptions (for instance,
the GLC retention is only of the bulk type in the liquid phase).
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EVALUATION OF ERRORS IN GC 3

The great interest about the possibility of describing a partition system through
Vg is a direct consequence of the fact that it is an intensive quantity, directly con-
nected to thermodynamic quantities®. The possibility of determining V, requires
therefore the definition of w; and the precision and accuracy of Y. We shall deal
first with Y, which is a complex function of a large number of experimental quantities.

When the flow rate is measured with a soap-bubble flowmeter and the retention
time with a stopwatch, we obtain an equation such as:

Y = (tr — tar) F1(T — puw/po) ggﬁjﬁg: - ; 27%.16 )

Putting:
X, = 273.16/T (9a)
Xo =TI — pulpy (9b)
Xy = I, (9¢)
2 _
- Y=
Xs=tr—tu (9e)
eqn. 8 becomes
Y = X, X, X, X, X, (x0)

Eqgn. 10 can be easily handled from the standpoint of the transmission of errors.

PROPAGATION OF ERRORS: Y AND Xy QUANTITIES

Random errors

By “random error” we mean the effect of a sequence of errors over which we
have no control (e.g. interpolation in reading scales, fluctuation of experimental con-
dition, etc.).

It is possible to prove that the relative error, or coefficient of variation, of the
quantity Y is given by the following equation?:

) 4 5
CHY}~ 2 C¥{X;}+2 2 2 oyC{X C{X;} (r1)
1=1 i1l FJ=t+1
When all the g5y = o, that is when all the errors on the quantities X;, X,, ..., X are

stochastically independent or non-correlated, eqn. 11 becomes:
b
Ci{Y} ~ X C2{X;} (x2)
=1

Random errors in X; and X; are said to be correlated when the deviations from the
average of the single values of X; that were measured are related to similar ones of
Xjy. This happens when there is a functional dependence. Another example of corre-
lation occurs when X; and Xj; are derived from the measurement of two dimensionally
equal quantities and we make use of the same standard?.

J. Chromatogr., 60 (1971) 1—13
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In the most general case, two intercorrelated quantities X; and X; have global
errors oy and o; composed of two parts, one of which is stochastically independent
(6, ogy) while the other is correlated (oxs, ox;). The relations between these types
of errors are:

o} = 0%, + 0%, (13a)
052 = o’%j -+ a'gﬁ (x3Db)

In this case, the correlation between the two errors (o; and oy) is small and the
correlation coefficient g; is lower than the value p’s; which would occur in the absence
of the stochastically independent errors. The relation between g4 and g’y is®:

0’4
Ot = —— Y (14)

o\ 2 ops\*
T —_— I
Therefore, for an exact evaluation of the random errors, we must consider:
(r) the values C{X}; (2) the correlation between X; and Xj; and (3) the weight of

the stochastically independent errors as regards the correlated errors, that is the size
of the correlation coefficient.

Systematic ervors

We call “systematic error” the discrepancy between the average value of the
measure and the true value of the quantity.

When we know the size and the sign of this difference, it is convenient to use
the following type of propagation:

AY < AX,
=25 (x52)

If we know only the size, we can choose between the two following equations:

AY _ A4X,
=2 1% (15P)

AY\2 X2
&) =2 (&) (x5¢)

The choice of these equations cannot be arbitrary and when the final results are
reported it is preferable to specify the type of transmission that has been used!?:!.

INDIVIDUAL X; QUANTITIES

Xy = 273.16]T
This represents the reduction of the flow rate to 0°C.

Random ervors
C2{X,} = (opn/T) + (ox/T)? (16a)
orr is the random error in the reading of temperature scale. An estimate of
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EVALUATION OF ERRORS IN GC 5

this error can be achieved by letting, for example, the lowest scale division be equal
to 4+ 3 ogr (range)!? Tor instance, a :thermometer graduated to 1°C gives opy =
4+ 0.167°C; for 1" = 298°K, (ogr/T) = 4 0.6%,.

orp is the random error due to the temperature fluctuations of the bath of the
flowmeter. The estimate of this error is obtained by determining a number of values
of 7" and by separating (by variance analysis methods) the contribution to the error
given by reading the scale, from the one given by the intrinsic fluctuation of the
quantity.

Systematic errors
AXG Xy = — AT|T (16b)
AX, = — (273.16]/T3) AT (16¢)

Systematic errors in the determination of 7" can be attributed to many different
sources. The use, for instance, of thermostatic flowmeters with poor heat transfer
properties, may cause errors in determining the temperature of the flowing gas.

Xy = (1 — puwlpy)

This gives the correction for the flow rate that has been read for the vapour
pressure of the soap solution contained in the flowmeter.

Random errors

CoXa} = (IX3P) (B33 -+ 1305, — 2Pl %, %) (r70)
CX,} ~ [0'7).“,/(/’0 - ]’Lv)]2 -+ [Upof’tcf/ﬁo(f’o — j’w)]2 (r7b)

Eqn. 17b is a particular case of eqn. 17a, and holds only when there is no correlation
between p, and pw (0p,,po = O).

Cpwl(Po — Pw) == (dX,/X ) po is the relative error in X, for an error in p,,. Since
generally (po — pw) = 730 mm Hg, this error is small. A source of random error can
be attributed to the fluctuation of the bath temperature. lIFor example, oy = 4- 1°C
gives op,, = 4 I.4 mm Hg and (dX,/X,)pe = 4= 2%,.

CpoPw!(Po — Pw)po = (AX,/X,)p, 18 the relative error in X, for an error in p,.
Usually under normal conditions, this error is smaller than the previous one. IFor
example, oy, = + 10 mm Hg, (dXN,/X,)p,, = £ 0.4%,.

Systematic errors
’-’IX‘J/Xz = /"wdi’o//’o(/’o - /’w) - Af’w/(/’o - f’w) (x7¢)
AXy = (pulpo®)ddpo — (1/po)dPuw (r7d)

PuwldpolPo(po — Pw) and (Pw/po?)dp, represent the contributions to the relative
and absolute errors, respectively, for a systernatic error in $,. Regarding the size of
the relative error, the same applies as for a random contribution for the variation of
po and the sign is positive. The absolute error for 4p, = - 10 mm Hg is -+ 4.3 1073,
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— Apw/(po — Pw) and — (1/po)dpw are the relative and absolute errors for a
systematic variation of /4. The same applies as for about random errors and the sign
is negative. A source of this type of error can be an incorrect estimate of the vapour
pressure of the soap solution (4dpw ~ 1-2 mm Hg). '

Xy = F, = V[t = OL[t = Ovpubble

This represents the measured carrier gas flow rate at the flowmeter.

Random errovs
C2{Xa} =~ (opv/V)2 + 2(crL/L)? + 2(cr/t)® + (207/7)% + (0x,/X,)? (18a)

The correlation has been neglected.

(ogv/V) represents the relative error in determining the flowmeter volume at
calibration. If more determinations have been made, it will be possible to calculate
ORvV.

v/ 2(ceL/L) is the error in determining the two positions of the bubble. The
error for a single operation (o zz) can be assumed to be equal to the apparent thickness
of the bubble (~ 0.5 mm). IFor a flowmeter of 40 cm, 1/2(cgL/L) = 1.8%,. This error
is independent of the flow rate.

v/ 2(ore/t) is the error for the two timing operations. It can be shown that
V2(0ge/t) = v/2(X,/V)ore. For instance, for a flow rate of 1 cm3/sec, read on a flow-
meter of volume V = 40 cm3, with an error for a single timing operation of about
4+ 0.z sec, v/ 2(ort/t) = 7%,.

(2 op/7) represents fluctuations in the flowmeter volume due to the variation
of the internal radius () (¢.e. variations in the thickness of the stationary liquid film
on the walls of the flowmeter). It can be assumed that the size of these fluctuations
is about the same or lower than the dispersion observed during the calibration.

(ox3/X ) represents intrinsic fluctuations of the carrier gas flow rate (F,). Be-
cause of the different nature of the error sources now discussed, a correlation between
them is considered to be unlikely. For this reason we have not taken the correlation
terms into consideration in eqn. 18a.

Systematic errors
AX | Xy = AVIV — At (18b)
A4X, =4Vt — (V]e2)At (x8c)

Systematic errors can be attributed to incorrect calibration of either the stop-
watch or the flowmeter. The calibration of the flowmeter must be particularly accu-
rate in order to be able to measure the effective volume occupied by the gas flowing
in the flowmeter.

Correlations among the quantitics X,, X,, X,

X,, X,. A good degree of correlation is possible between these two quantities:
a change in the temperature of flowmeter is responsible for a variation in the vapour
pressure of the soap solution and in this case the coefficient of correlation is positive.
It is not possible to give a numerical value to the correlation coefficient,

J. Chromatogr., 6o (1971) 1—13



EVALUATION OF ERRORS IN GC 7

X, X, The product of these two quantities represents the flow rate of the
gas emerging from the gas chromatographic column (F,). When this quantity remains
constant, an intrinsic variation of X, (an increase, for instance) will cause an intrinsic
variation of X (a decrease) so that the new product will be the same as the previous
one. This involves a negative coefficient of correlation.

X;, X4. Even here, the product of these two quantities can be considered to be

constant (flow rate at given temperature). For the same reason as outlined earlier,
the correlation coefficient is negative.

Note on the quantity X,

Generally the quantity X, is not measured directly; it is calculated considering
the temperature and the type of soap solution we work with. The most important
aspect connected with X, is the one concerning the systematic error (accuracy). The
intrinsic fluctuations of X, appear as intrinsic fluctuations of X3, because:

Xy = Fo/X, (19)

2(Pilp —1 245 —1

This equation is Martin’s factor when we deal with an ideal carrier gas.

Random errors

CHX ) > [242/(A2 — 1) — 343](A% — 1) [(Apop,/Apo)? + (Gap/A)t —
2917()’4 04 IJO'IJOAP/A 2]50] (20&)

(dX /X )ap = 243%/(A2 — 1) — 34°%/(4A% — 1)[(Apopy/Ap,) represents the con-

25F

dX
=4 10°
Xa
2.0

15

10
0.5
3
1 1 I L i L
O] 15 2 2.5 3 35 4 45

A=p; /Py

Fig. 1. Relative errorsin X, vs. 4 = pi/p,, for outlet pressures around 7{)0 mm Hg. 1 = (dX,/X )P,
for o4p = +4 mm Hg; 2 = (dX,/X )po, fOr 6ap = +2 mm Hg; 3 = (dX,/X)ap, for opy = =1 mm
Hg.
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tribution to the relative error due to an error in p,. Fig. 1 gives the values of (dX,/X ) ap
for outlet pressures around 760 mm Hg, when oy, = 4 T mm Hg.

(dX 4/ X ,3)po = [242/(A2 — 1) — 3A43/(A3 — 1)] (GAp/A) The values of this error,
for o4p = 4 4 mm Hg and c4p = 4 2 mm Hg, are also given in Tig. 1.

2 0po,dpOpoCan(dp|A®p,) indicates the correlation between p, and 4p. Some-
times it is effectively possible for fluctuations in the value of $, to be correlated with
fluctuations in the value of 454, due to the fact that very often the control system of
the inlet pressure depends on the external pressure.

Systematic ervors

The same equations we have outlined for the random errors apply to the
systematic relative errors. The sign of (4X,/X,)ap is positive, while the one for
(A4X,4/X4)p, is negative (see Fig. 1). Since the errors have opposite signs, there is a
possibility that sometimes they will cancel each other out. It is possible to show that
this happens when:

A(po)[po = A(AD)|Ap (20b)

that is, when the systematic relative errors are the same.

This represents the adjusted retention time.

Random errors
C2{X5} ~ (015/X5)2 + (04,,/X56)2 + (0x,/X5)% + 2(0me/X;)* (212)

V2 agt/ X represents the timing error of the measurement. Fig. 2 gives the
values of these errors vs. X in both the cases when oz = -4 0.2 and -4~ 0.1 sec.

i
6-
~20ps | o 9E¢=0.1sec o
Y29t 10 o
Xs sl Fé=0.2sec O
al
3 °
2f | -
b I i i 3
7 ) 3 4 5 6 7 8

Xg {min)

I‘xg 2. Rchtwe timing error in the measurement of retention time (4/zop/X;), vs. retention time
(X5s).
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EVALUATION OF ERRORS IN GC 0

otp/ X and o1,,/X 5 represent the errors connected with the localization of the
two peaks (solute and unabsorbed gas). In fact, the maximum of the elution peak
never appears as a sharp value.

We can examine the problem of the determination of these types of errors from
two different points of view: (x) The observer makes an error in the estimate of the
maximum displacement. The error is given by:

UcR/Xs = 20%/N%max. (21b)

(2) The observer makes an error, vy, in the estimate of the instant of rest (zero
velocity):

O'tR/Xr, = Vmtn/Nhmax. (21c)

Fig. 3 gives the values of gy, vs. X, letting 05, = - 0.5 mm for the first method
and v, = 4 0.4 mm/sec for the second method. We have examined the particular
case of a column of 1000 theoretical plates and the registration of peaks at a height
of 120 mm. For large values of X, the first method gives better results. IFor very

21 hmax,z120mm

ml Ym= 0.4mm /sec

6{R‘sec N -:-1000

(=13

a_

7+

er (/3
5

al

3 f—

2

1

1 { { |
10 20 30 40
X5 min

TFig. 3. Error in the localization of the maximum of the elution pecak (o¢;) vs. retention time (Xj).
on plot: error in the evaluation of maximum displacement; v, plot: error in the evaluation of
the rest instant.

short times, the value of o, obtained using both methods has the tendency to be
very small (less than the time of reaction of the observer). In these cases, the peak
appears sharp and, for this reason, (o¢,,/X;) is negligible.
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For the determination of eqns. 21b and. 21c and for a more extensive discus-
sion, references hould be made to the literature?,13,
ox;/ X represents the intrinsic variation of the retention time.

Systematic ervors
The propagation of systematic errors is quite simple:

AX[ X = (A¢r/X5) — (Atm| X5) (21d)

However, the study of the sources of systematic errors always appears very
difficult.

It has been observed that a common source of systematic errors in determining
the retention time through the maximum of the elution peak is the presence of factors
acting as exponential operators on the original elution peaks!*. Among these factors
we can mention, for instance, mixing chambers, diffusion chambers and time con-
stants of an electrical nature of the detector—amplifier—recorder system.

TABLE II

z/o Aitrlo
0.1870816 0.18128
0.1811248 0.17584
0.1749135 0.17011
0,1684182 0.16410
0.1616036 0.15776
0.1544258 0,I5113
0.1468305 0.14390
0.1387477 0.13626
0.1300846. o.12801
0,1207144 0.11905
0.1104553 0.10917%7

0.0990286 0.09809
0,0859671 0.08534
0.0703622 0.07002
0.0498759  0.04975
0.0332964 0.03326
0.0249844 0.02497
0.0199920 0.01998
0,0099990 0.00999

Peak displacement values, normalized as regards the standard deviation, o,
of the elution peak (4¢r/o), are reported here vs. the normalized constants of the
system t/o which acts as exponential operator. The values are reported in Table 11
and have been calculated by a method analogous to that of STERNBERG. Such values
are useful mainly when we deal with packed columns, where /o values are very small.

For a discussion of other sources of error, many references may be consulted
(e.g. refs. 14-16).

Correlations among the quantities Xz, X4, X;
Xa, X,. Both these quantities are related to the quant1ty A (for X, and A, see
eqn. 9d, for X, and A4, see Darcy’s equation??’). An increase in 4 lowers X, and in-
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EVALUATION OF ERRORS IN GC P4

creases Xg. For this reason, a negative correlation between X, and X, may occur.
X4, X;. An increase in 4 lowers X and the correlation is positive.
X,, X;. An increase in the flow is responsible for a decrease in the retention
time. A negative correlation may thus occur between these two quantities.

QUANTITY Y AND THERMODYNAMIC PROPERTIES

The manner in which retention quantities change with temperature is well
known. Such behaviour is explained, for example, in the case of quantity Y, on the
basis of its thermodynamic meaning (eqn. 23a). On a theoretical basis, we also require
the definition of the corresponding quantity p (ref. 18), in order to achieve a complete
specification of Y. However, the effect of the variation of p is less remarkable.

Since a fluctuation of temperature increases the lack of precision of Y, it will
be convenient to look for optimum conditions of temperature control. An example
is reported here.

It is possible to show that in the case of a “bulk” type partition only, we have:

C{Y} = (AH|RT;)C{T¢} (22)

If, for example, the method of measurement of Y implies an unavoidable C{Y} ~
5%o, €qn. 22 shows that there is also a further contribution of about 5%, if the temper-
ature is controlled to -+ 0.1°C, when AH = 10 kcal/mole and 7 ~ 300°K. The
coefficient of global variation is the square root of the sum of the squares, and the
result is 7%,, is not very different from the original value.

QUANTITY wr,: PROBLEMS CONNECTED WITH THE DETERMINATION OF Vg

In the most genéral case, Y (retention of a solute on a particular partition
system) can be represented by:

Y = (273.16/T)Vy = (273.16/T)(XK:V L1 + ZK 4144) (23a)

where the various K; stand for many bulk phases, each one giving a contribution to
partition, and K4; for many interfaces, all contributing to the retention!?.
The definition of Vy:

Vy = K(273.16/T)(1/er) = Y/wL (23b)

implies either that the existence of a unique bulk phase has been proved or that all
the contributions in eqn. 23a (different from the one we are considering) have been
evaluated?9.21, In other words, the possibility of having a quantity like V;, according
to eqn. 23D, is realized if we can show that the regression between Y and wy can be
well represented by the following equation:

Y = aw,, (23c¢)

On an experimental basis, eqn. 23c cannot be proved by using only that column
on which Y has been determined, but rather by comparing, through correlation
analysis, the values of Y obtained on different columns (on which the various con-
tributions have been modified, 7.e. different supports, different surface developments).

J. Chromatogr., 60 (1971) I—13
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- The precision of Vg will then be deduced from the same linear regression ana-
lysis, eqn. 23c.

Eqns. 23a-23c allow the possibility of determining V,, but we cannot omit the
discussion of a further important problem, the establishment of the correct correlation
between Y; and wgz;. Indeed, the measurement of wy, is always preliminary or subse-
quent to the measurement of Y and the GC column is an entity that is variable with
time. It follows that the different determinations of Y (necessarly performed at
different subsequent times) can be neither comparable among themselves nor as-
sociated with the measured value of wjy,.

- It is therefore necessary, with GC technique, to consider the problem of the
control of the column stability, as well as the errors discussed here. Generally this
problem is never considered rigorously, but is usually solved quite intuitively and
empirically.

- However, we can use very sensitive statistical methods, known as “analysis of
time series”, which allow one to verify whether there is a relation between the vari-
ation of a quantity and the chronological order of the measurements?2.23, This also
gives the possibility of formulating more accurately the concept of column stability
and of handling equations different from those for V, (Table I).

We have not considered developments of these last methods, which only require
suitable experimental data.

The above discussions, the equations given for random and systematic errors,
and the comments about the correlation among different quantities, have only a
limited and indicative value. They may be helpful for a preliminary evaluation of
the accuracy of the method and may be useful as a critical background for the ana-
lysis of experimental results (analysis of variance and covariance).

NOMENCLATURE

hmax. maximum displacement of the pointer of the recorder

Po - column outlet pressure

P column inlet pressure

Pw vapour pressure of water

7 internal radius of flowmeter

¢ time for the bubble to travel from one level to the other
in the flowmeter ,

Ububble speed of the bubble in the flowmeter

A = (pilpo) = (Ap + po)lpo pressure ratio

Ay ‘ surface area of interface ¢

C{X} | coefficient of variation of X

I, gas flow rate from column (at column exit temperaturc
T and pressure p,)

F, gas flow rate measured at flowmeter

K; partition coefficient (vapour-liquid)

Ka¢ - partition coefficient at interface

L ' distance between the two levels of flowmeter

N ‘ : " theoretical plates

o : cross-section of flowmeter -

J. Chromatogr., 60 (1971} 1~13



EVALUATION OF ERRORS IN GC 13

R gas constant
T(°K) temperature at the point where gas flow rate is measured
T(°K) absolute temperature of column
|4 volume of flowmeter
Vi volume of stationary liquid phase
a constant
AH differential molar heat of evaporation
AX systematic error of X (except A4H, 4p)
Ap pressure drop
oL density of liquid phase L
oty coefficient of correlation for (X;, Xj) if « and j are
numbers, or for (7, 7)
oy standard deviation of X (if < is a number) or standard
deviation of quantity ¢
ort stochastically independent component of error of X; (if
¢ is a number) or of quantity ¢
oxi correlated component of error of X,
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