Chapter 10

Data Analysis

10.1 Mean Value and Standard Deviation

Measured value in experiment is usually different from the real value of the
physical quantity. The accuracy of measured value depends on measuring
device, environment, human error, etc.

Error: difference between a measured value and the real value.
Relative error: ratio of the error to the real value.

Source of systematic error:

e Measuring device; scale, accuracy, ...

e Environment of measurement; temperature, pressure, humidity, ...
e Habit of person.

e Theoretical relation between variables of measurement.

The systematic error can be reduced by careful measurement using more
accurate measuring device in well controlled environment. Systematic error
can also be compensated after measurement.

Source of random error:

e Small variation of environment.
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e Thickness of scale tick mark.
e Small change of human factor.

The random error has no control.
Characteristics of random error in repeated many measurements:

1. The probability occurring negative error is same as the probability of
positive error with the same magnitude.

2. The probability of occurring small error is larger than the probability
of larger error.

3. The probability occurring a very large error (order of the smallest scale
of measuring device) is very small.

Thus if we repeat measurement infinitely many times, then the most probable
measured value would be closest to the real value.

According to the characteristics 1 and 2 of random error, for the real value
X, the sum of errors of the N measured values x; is zero if the number of
measurement NV is infinitely large.
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Thus the arithmetic mean value xy approaches to the real value X as the
number of measurements N becomes larger and larger. On the other hand,
according to the characteristics 2 and 3 of random error, as the measured val-
ues (data) x; distribute more sharply around the real value X, the standard
deviation o of the data

1 Y )
. (z; — X) (10.2)
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is smaller. The standard deviation of data ¢ is independent of the number
of measurements N if N is not too small. This ¢ does not represent the
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reliability of the mean value xgy to be close to the actual value X. It just
represents how sharply the data is distributed.

For the reliability of the mean value x(, we define the standard deviation
of mean value o( as the magnitude of difference between the mean value of
data and the real value,
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The second term in the second line vanished due to the characteristic 1 of
random error. Smaller value of the standard deviation of the mean value o
means higher reliability of the mean value xq to be close to the actual value
X. Thus the reliability of the mean value xy becomes better as the number
of measurements N becomes larger as 1/v/N.

Since we do not know the real value X we cannot use Eq.(10.2). However
we know the mean value zy. Using Eqs.(10.1) — (10.3),

No® = > (2= X)* =) (v —xo+ 39— X)°

i=1

= Y-+ Y - X = Yz 4ot (10.4)
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Thus the standard deviation o of the data and the standard deviation oq of
the mean value zq are
2 1 al 2
0% = — ) (z; —x)7, (10.5)
V-1
20— X| = — (10.6)
og = |rg—X|=—7= )
0 0 \/N
The standard deviation of data ¢ is independent of the number of measure-
ments N for not too small N. It depends only on the distribution form of
the measured data. But the standard deviation of the mean value oy is pro-
portional to 1/ V/N. Thus the reliability of the mean value is better for larger
number of measurements. Finally, the measured value for X is x¢ %+ oy.



58 CHAPTER 10. DATA ANALYSIS

10.2 Chi-Square Fitting and Error Analysis

For an experimental value which are measured directly, the arithmetic mean
value given by Eq.(10.1) is good for the mean value of data which replaces
the real value X. For a physical quantity which is not determined by direct
measurement but determined through a relation with some other directly
measured quantities, the simple arithmetic mean value cannot represents the
real value X. For a physical quantity which can be measured directly, the
arithmetic mean value of Eq.(10.1) can be looked as minimizing the standard
deviation o2 of Eq.(10.2) with respect to the mean value xg, i.e.,

‘ [%(l‘z - %)21 = 2;]\];(1:@- — 1) = 0. (10.7)
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This is the least chi square method for mean value of directly measured data.

Various physical quantities are connected through a relation according to
the physical law of the phenomena. For indirectly measurable variables a, b,
¢, ... and directly measurable variables z, vy, z, ..., a functional relation

f(x,y,z,-~-;a,b,c,~--) = 0 (108)

represents the law of the underlying physical phenomena. As an example,
Ohm’s law is f(V,I;R) = V — RI = 0 for determining resistance R by
measuring voltage V' and current I. For NN sets of directly measured values
{xi, i, zi, ...}, the value of f; = f(x4,yi,2i,-+;a,b,¢, ) may not be zero
exactly due to the error of measurement. The systematic error of f; can
be controlled but the random error of f; has the same characteristics as the
random error of direct measurement. Thus the chi square is defined as the
weighted sum of squared error f?

N N
xX* = Zwiff = wi|f(@s,yi, 2,30, b,c, - )|2 (10.9)
=1 =1

where the weight w; represents the reliability of the data set {z;,v;, z;, ...}
The chi square per data is x?/N. The least chi square fitting method (] 2~
A HH) determines the values of a, b, ¢, ... by minimizing the chi square.
Through the weight factor w; in the x?2, the evaluated values {a,b,c,---} are
fitted to give smaller error of |f;| for the more reliably measured value set
with larger weight w; than the less reliable data set with smaller weight w;.
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If a systematic error o; varies for data set by set then the weight factor can
be set to w; = o; 2. Eq.(10.7) for direct measurements corresponds to the
case of least chi square fitting for a = X with w; = 1, i.e., with a non-varying
systematic error (o; = o).

As an example, for the case of determining resistance R through Ohm'’s

law, V = RI,

N

N
X' = D If(Vi, I; R)P =Y (Vi = RL)?, (10.10)
=1 =1
o L - [Vl /N

Here the resistance R is given as the ratio of the arithmetic mean of power
VI to the arithmetic mean of current square I2. On the other hand, if we
use the form of f(V,I; R) = R — V/I for the Ohm’s law, then we have

N V 2 1

X’ = Z(R—) Zﬁ (Vi — RL)® (10.12)
=1 =1 "1

x = 2;(R—]i>—0 — R = NZ{ } (10.13)

=1

Now the resistance R is the arithmetic mean Vi/] of resistance R; = V;/I; for
each measurement. The Eq.(10.12) is different from the Eq.(10.10) by the
factor of I; 2. In Eq.(10.10), every data set {V;, I;} are treated with the same
weight w; = 1 while each data set {V;, I;} are weighted with w; = I; %, i.e., the
smaller current has larger weight in Eq.(10.12). The Eq.(10.12) corresponds
to giving a same weight to the data R; = V;/I; rather than to the data set
{Vi, I;}. If one set of voltmeter and ammeter is used for whole data sets then
Eq.(10.10) would be more proper.

As another example, consider measurement of the resistivity p of metal
at various temperature 7' (assume here that both p and T are measured
directly). From these directly measured data sets, we extract two physical
quantities of temperature coefficient « of resistivity and the resistivity po at
temperature Ty. The resistivity p and the temperature 7' are related by

F(p.Tipo,a) = poll+a(T = Ty)] - p=0. (10.14)
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The chi square fitting becomes, with 3 = pya,

[po + B(T; — Tpy) — /)z’]27

Xl\’)
I
Mz

2 2g[<po—pz>+ﬁ<T 1)) = 0, (10.15)
% - 23 [l ~ ) + BT~ T (T~ To) = 0.

From these coupled equations for py and 3 = apy,

32 pi/NT[Zi(Ti — To)? /N] = [X:(T; — To) /N [Z; pi(Ti — Tp) /N]
[3=4(Ti = To)?/N] = [Zi(T; = To) /N)®
3 = 122 pi(Ti — 1) /N = [ pi/ N] [22:(T; — Tpy) /N] (10.16)
[Si(T3 = Tp)%/N] — [Z4(T; — To)/N)
[Zi Pz‘(Tz‘ - TO)/N] - [Zz’ Pz‘/N] [Zz’(Tz‘ - TO)/N]
[ pi/ N1 [T — T)?/N] — [Zi(Ti — To) /N] [, pi(Ti — To) /N]

Po =

Here 3 is used instead of « itself in minimizing y? since py and 3 form a set
of coupled linear equations.

Finally, consider the case of determining the time constant 7 = RC' of an
R-C' circuit. The voltage across the capacitor during the charging process
with emf of E is V() = E(1 — e~¥/7) which can be represented either by

f(Vit;1) = V—E(l—-et)=0 (10.17)
or by
f(Vitir) = t+7n (1—2) — 0. (10.18)

with the directly measured data sets of {V;,¢;}. Since the time ¢ appears in
the exponent, for the case of Eq.(10.17), the chi square has a larger weight
for the data set measured at smaller time than the data set at larger time. In
contrast to this, the time ¢ appears linear for the case of Eq.(10.18) and all
the measured data sets have the same weight. However more importantly,
the form of Eq.(10.18) is much easier in extracting the value of the time
constant 7 using least x? fitting than the form of Eq.(10.17) since 7 appears
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linearly in Eq.(10.18) while 7 appears exponentially in Eq.(10.17). If we can
make f(z,y,z,---;a,b,c,---) linear in the variables a, b, ¢, - - - which should
be determined by chi square fitting, it is better using linear form of f than
using nonlinear form unless the reliability of data set requires otherwise.

For the reliability of mean values of the indirectly measured quantities
{a,b,c,---}, we can define the standard deviation for each mean value ay,
by, Co, -+ in the same way as the standard deviation Eq.(10.6) of a directly
measured quantity. That is, for the standard deviation of mean value of
quantity a,

1 R
0'3 = |CLO - CL|2 = N [(N — 1) 22::1(0,2 — a0>2‘| (1019)
Through the functional relation f, the deviations of data a;, b;, ¢;, - -+ from
their corresponding mean values aq, by, co, - - - are related with the deviation
of directly measured data x;, x;, z;, - - - from their mean values ¢, yo, 20, - - -;

_(of of of
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—|d — | d — |dz+--- 10.20
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The deviation da; = a; — ag of a; from its mean value ag is then, with db; = 0,
de; =0, ---

(o [(of of of

where dz; = x; — xo, dy; = y; — yom and dz; = z; — z9. Thus the standard
deviation of the mean value ag is

-2 2 2 2
- () e ()

The standard deviation of mean values by, cg, --- are similarly given. Thus
once we find the standard deviation o, oy, 0., --- of mean values xg, yo,
20, - -+ for the directly measured quantities, then we can find the standard
deviation o, oy, 0., --- of mean values ag, by, ¢, --- for the indirectly
measured quantities for their reliability.

(10.21)
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Some data has a form of linear superposition of special functions of some
variables as parameter;

y(x) = Cigi(z) + Caga(x) + Csgs(z) + - - - (10.22)
where ¢;(z), g2(z), g3(z), - -+ are known functions of parameter z. For this
case, the coefficients C, Cs, C3, --- can be determined from the measured

data sets of {z;,y;} using the least chi square fitting with

f(z,y;C1,C,Cs,--) = y(z) — [Crgi(x) + Coga(z) + Cags(w) + - -]

The reliability of the mean value of the coefficients can be obtained in terms
of the standard deviation of directly measured = and y through Eq.(10.21).
Expanding angular distribution in terms of Legendre polynomial is an exam-
ple of this method. Fourier series expansion or wavelet analysis can also be
considered as expanding in terms of special functions using chi square fitting.

10.3 Fast Fourier Transform (FFT)

If the functions g;(x) in Eq.(10.22) are orthonormalized functions, i.e.,

/OL g (x)gr(z)de = &y (10.23)

then the expansion coefficients C; can be obtained by

C = /OL g7 (x)y(x)dx = ][\J]Z:gl*(xl)yl (10.24)

from the measured data sets {z;,y;}.
One such example is the Fourier series expansion of a periodic function
y(x) with period L:

1 oo
y(x) = iAo + Y [A, cos(nkoz) + B, sin(nkoz)] (10.25)
n=1
9 rao+L/2
A, = = y(x) cos(nkox)dz, (10.26)
L Jzo—1)2
2 xo-i—L/Q )
B, = y(x) sin(nkox)dx (10.27)

Z zo—L/2
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where kg = 2m/L. Since € = cosx + isinz, Fourier series expansion can
also be represented as

y(z) = > Cpehor, (10.28)
1 1’0+L/2 .
Cn = — y(x)e kT gy, (10.29)
L zo—L/2
A, = C,+C_, and B, =1i(C, —C_,). (10.30)

For L — oo, Eq.(10.28) becomes Fourier integral,

1 o0 ikx
y(z) = m/_mn(k)e dk, (10.31)
(k) = \/127 | ytae s (10.32)

This is called Fourier transformation.

Fast Fourier transform (FFT) is a computational algorithm to make fast
the Fourier transform in discretized z; = (j—1)A space (data sets of {z;, y;}).
As an example, using Eq.(10.29) for Fourier series of Eq.(10.28),

N ,
>y (e‘ikOA)(]_Dn = iw_"Fn. (10.33)
=1

=~ >

1 X -
Co =y Swpe ™ =
N =

In the second form w = e~*04 is calculated once and only the simple mul-

tiplication of w’" is needed for each term of F,, = > ijj". The number of
multiplications of w for w’™ in each term is N2. For even N,

N/2 ‘ N/2
Fn = Z w(QJ_l)"ygj_l + w" Z lUQJnij = Fs + w"Fj (1034)
j=1 Jj=1

Since only N/2 terms appear in each of F? and F¢ with multiplication of w?,
the number of multiplication of w? for each of these is (N/2)? and thus N?/2
in total. For N is a power of 2, this reduction can be done for log, N steps
and reduces the number of multiplication w can be reduced to be order of

N.



64 CHAPTER 10. DATA ANALYSIS

10.4 Wavelet Analysis

Fourier series expansion is good only for a periodic function which repeats a
same form of function for infinitely many times. Thus we can expand in terms
of trigonometric functions which oscillate for infinite number of periods. For
the case of function with a form of many localized functions superposed, such
as heart beat signal or superposition of many Gaussian functions, we expand
using wavelet which corresponds to a wave function in a short range of the
parameter variable . In a wavelet analysis for heart beat, the position and
amplitude of the wavelet representing the basic form of heart beat can be
extracted from the data. For the case of superposed Gaussians, the amplitude
A;, the position x;, and the width o; of the Gaussian function

Gi(z) = A (@-m)*/Co) (10.35)

can be extracted in a wavelet analysis. The least chi square method can be
used in wavelet analysis.



