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Unit 1

Processing and Analysis of Data

(HiEAIE 5 5 47)



1.1 APPLICATION OF EXCEL

Nowadays, well-developed computer technology has been extensively involved in a variety of
scientific activities. For experimental data analysis, the commonly used software packages like Ori-
gin and Microsoft Excel have been used as powerful computational and graphical tools. As a good
spreadsheet package Excel provides a convenient method for entering raw data, performing calcula-
tions, and illustrating both the numerical and graphical forms of experimental results. In this sec-
tion, we will give some guides on how to perform the basic analysis and presentation of experimental
data by means of Excel, including some tips on the use of statistical analysis, graphical presenta-

tion, and linear regression. A wide range of examples can be found in a Guide to Microsoft Excel for

Scientists and Engineers’.
1. Statistical analysis of experimental data

All the usual mathematical and statistical functions have been built into Excel spreadsheets.
With the built-in functions, we can quickly perform various calculations involved in data analysis.
An example is shown below to illustrate how to perform the statistical analysis of experimental data
by Excel to obtain the estimated uncertainty in repeated measurements.

Example 1

Twenty repeated measurements (in mm) of the diameter of a metal bead using a micrometer are
given in figure 1. The offset uncertainty and the resolution limit of the micrometer are known to be
-0.003 mm and 0. 004 mm, respectively.

(1) Calculate the mean, variance, standard deviation and standard error in the mean of the
measurements.

(2) Considering the resolution limit of the micrometer (0.004 mm), calculate the combined
uncertainty in measurements of the metal bead diameter.

(3) Give the final result of the measurements including the mean and the uncertainty to the ap-
propriate number of éigniﬁcant figures.

In the data from twenty repeated measurements, 6. 965 looks like a spurious data point. The
reason to reject this bad data point will be given later. In the Excel worksheet, B6 to B24 show the
19 numbers of raw data without the spurious one, and C6 to C24 gives the calculations of x"=x —
( —=0.003) mm. Now we calculate the mean and the standard deviation of the 19 numbers in col-
umn C. ' '

(1) B28 is the mean of the sample obtained from the data of C6 to C24.

(2) The Variance and the standard deviation (STDEV) are shown respectively in D28 and

C28 by using the built-in functions of Excel. The formulae in the calculations are

. 1 < =
Variance = —z (%, = x)?
ni




(3) C31 is the standard error on the mean, = 4 T o D

4 Experimental data

Whlch is given by the formula 5 Diameter x (nm)  Diameter x' (mm)
6.995 6. 998
Stderr = STDEV/ Jn : g 6. 996
6. 998 7.001
. 9 6. 997 7.000
From the above analysis, we know all 19 data | 6. 994 % 3()“/
points are well scattered about the mean (6.9978 | 2 32; ; gj'
L . I . I
mm) with a standard deviation of about 0. 0004 }‘i ‘Z 993 S 2;6
& % « 0. Y 8
mm. However, for the suspect data point 6.968 I: - 0299
16 6. 6. 998
(= 6.965 + 0.003) mm, the -calculation i 6. ¢ 6. 997
6. 6. 997
6. 9978 — 6. 968 19 6. 6. 996
(—Wz76) means that this data point 20 6.9 7..000
s 21 6.9 6. 997
lies far away from the mean. Assuming that a normal - oy = zg?
. [
distribution for the sampled data is valid in the case = —— el
Of repeated me'asurements thel‘e iS Only a Very IOW 26 The statistic quantities obtained from EXCEL functions
? 27  Countn= Mean (x.) STDEV (s) Variance
possibility ~ 0.006% that the true value of the 3 19 6. 9978 0.001708 2. 9181E-06
measurement lies outside the confidence limit x, —~ 30 Standard Bryor on the mean (0}
L ] 31 from STDEV 0. 000391900
40, to x,, +40,. Therefore it is highly possible that °°
the data point 6.965 occurs by chance, for in- Figure 1  Excel worksheet

stance, it is due to a transcription error when re-
cording the data.
Combining the uncertainty arising from the random error in the measurements with the systemat-

ic uncertainty due to the resolution limit of instrument, we have

2.
U= JU+1 = Jo. 00039 + ((%) = /0.0000001521 + 0. 000005333 ~ 0. 0023 (mm)

Note that the systematic uncertainty of the instrument resolution has the dominant contribution to the
combined uncertainty. Based on the above analysis, the final result of the metal bead diameter is:
(6.9978 +0.0023) mm.

Il. Graphical presentation of experimental data

Excel spreadsheet offers a variety of options for analyzing and presenting experimental data in
graphical form. In the following examples, we give some typical applications of spreadsheets in the
graphical presentation of the important features of an experiment.

Example 2

In an experiment to determine the crystal spacing of NaCl, 200 data values were recorded for
the intensity of X-ray diffraction as a function of incident angle.

(1) Use an Excel spreadsheet to display the X-ray diffraction spectrum.

(2)Find the incident angles at the spectral peaks of K, and K; rays, and determine the crystal
spacing of NaCl using Bragg’s Law. (Hint; use the least squares method ).

By transferring the raw data values into the spreadsheet (Table 1 in figure 2) , we can plot the

diffraction intensity of X-ray versus the incident angles, which gives the X-ray diffraction spectrum of

3



‘the NaCl crystal (Graph 1 in figure 2). From the spectrum, the incident angles at which the K and
K, rays show the first- to third-order diffraction maxima in intensity are clearly seen. It reveals the

+ crystal spacing 2d of NaCl relating to the incident angles, according to Bragg’s Law
2d - sinf = nA

E F G 1 T J L M | N 4] i Q R S
2 Table 1. Experimental data
3 Angle Counts' | Angle | tounts | Angle | Counts | Angle | Counts
4 (degree) (degree) (degree) (degree)
5 Graph 1. X-ray diffraction spectrum of NaCl crystal 4.0 460. 3 9.0 176.0_| 14.0 55.7 19.0 21.7
6 4.1 501.0 .1 175.0 14.1 49,7 19. 1 26.3
7 2900.0 . 4.2 546. 7 8.2 154.7 14.2 67.7 19.2 19.3
o LK, 4.3 | s87.0 9.5 | i36.3 | 14.8 | 7.7 | 19.3 | 2u.3
9 [] & 24000 4.4 639.0 9.4 | 1313 | 144 | 1087 | 19.4 | 280
10 g 1900.0 4.5 635. 3 9.5 132.0 14.5 186. 0 19.5 34.3
11 £ ) 4.6 630.0 9.6 120.7 14.6 334.3 19.6° 33.3
1211 5 14000} 1K, 4.7 | 662.7 9.7 | 118.0 | 14.7 | 446.3 | 19.7 | 50.7
13 E 4.8 662. 7 9.8 96.0 14.8 221.3 19.8 10.7
14 g 900.0 2K 4.9 684.0 9.9 103.3 14.9 87.7 19.9 26.0
15 > ZZK’, - . 5.0 664. 7 10.0 95.7 15.0 55.0 20.0 23.0
16 400.0 3K, 3K, 5.1 689, 3 10. 1 89.0 15. 1 13.0 20. 1 20.7
17 100.0 L 5.2 658. 7 10.2 93.3 15.2 42.3 20.2 19.0
18 —10005% 85 13.5 18.5 235 5.3 | 669.0 | 10.3 | 950 | 153 | 433 | 203 | 247
19 Angle 6 (degree) ' 5.4 631. 0 10.4 81.0 15. 4 42.0 20. 4 23.0
20 5.5 609. 3 10.5 93.0 15.5 17.3 20.5 21.0
21 T T T T ) T 5.8 804.0 10.6 67.0 15. 6 48.0 20. 6 22.0
| 22 | Table 2. The incident angles at the speciral peaks of K, and 5.7 607. 7 10.7 79.3 15.7 40.7 20.7 23.0
23 } Ky rays (from first order to the third order of diffraction 5.8 561.0 10.8 73.3 15.8 44.0 20.8 26.3
[24] pattern) 5.9 549.3 ] 10.9 | 79.3 | 159 | 4.7 | 209 | 19.0
25 6.0 549. 7 11.0 69.0 16.0 43.7 21.0 23.3
26 | O (degree) Sing X-ray n 1A (nm) 6.1 568, 3 11.1 73.3 6.1 42.7 21. 1 22.0
27 6.5 0.113 Ky 1 0. 06306 6.2 575. 3 11.2 67.3 16. 2 32,0 21.2 20,3
28 7.3 0.127 Ko 1 0.07108 8.3 797.7 11.3 61.0 16. 3 41.0 21.3 19.0
29 13.0 0. 225 Ka 2 0.12612 6.4 1062. 0 114 62,0 16. 4 32.7 21.4 20.3
30 14.7 0. 254 K, 2 0. 142186 6.5 1114.0 11.5 59. 3 16.5 41.3 21.5 19.7
31 19.7 0. 337 Ka 3 0. 18918 6.6 787.0 11.6 69. 7 16. 6 27.3 21.6 22.7
32 22.3 0. 379 Ka 3 0.21324 6.7 515.0 1.7 64.3 16.7 29.7 21.7 19.7
33 6.8 528. 7 11.8 66,0 16.8 41.0 21.8 24.7
34 6.9 536. 7 H.9 65,3 16.9 42.0 21.9 24.0
35 Graph 2. The linear relation of Sin 0 to nA 7.0 707.0 12.0 57.0 17.0 31.3 22.0 26,3
36 7.1 1307. 7 12,1 63.0 17.1 36,3 22. 1 48.7
37 0.25 72 1982.7 12.2 55.7 17.2 30.0 22.2 85.3
1 38 | | 7.3 2406.3 12.3 656, 0 17.3 30.7 22.3 107.7
39 0.2 7.4 1489.0 12.4 59.7 17.4 32.7 22.4 65. 0
40 7.5 430.0 12.5 65.7 17.5 33.0 22.5 37.7
41 = 0.15 7.6 335.7 12.6 64.0 17.6 29.7 22.6 16,0
42 E 7.7 331.0 12.7 82.3 17.7 32.3 22.7 19.0
43 3 0t 7.8 287.0 12.8 86.7 17.8 29.0 22.8 15.0
44 | e Experi]f]enta] data 7.9 289. 3 12.9 120.0 17.9 31.0 22.9 19.3
15 0.05 — Linear fit 8.0 258. 0 13.0_| 156.3 | 18.0 28.7 23.0 15.3
1.46 | | - 8.1 247.7 13.1 153.7 18.1 26.0 23.1 19.0
47 0 L L . - 4 8.2 237.0 13.2 67.7 i8.2 27.0 23.2 13.3
18 8.3 249. 3 13.3 63.3 18.3 27.7 23.3 19.0
49 0.000 0.100 _0.200 0.300 0.400 8.4 230.3 13.4 55.0 18.4 26.7 23.4 15.7
50 Sin 6 8.5 237.3 135 | 5.7 | 18.5 | 27.0 | 236 153
51 8.6 209. 7 13.6 53.0 18.6 26.7 23.6 15.0
52 8.7 192.7 13.7 46.3 18. 7 33.0 23.7 18.0
53 8.8 191.0 13.8 50.3 18.8 26.7 23.8 19.7
54 8.9 187. 0 13.9 60.3 18. ¢ 25,0 23.9 17.3

Figure 2 Experiment of the dystal spacing of NaCl

In table 2 of Figure 2, the individual incident angles corresponding to the peaks of the K, and

K, rays are listed, and the quantities sin 6 and n\ are calculated respectively in column F and 1.

Graph 2 of Figure 2 is the plot of nA against sin §, which clearly shows a linear relationship be-

tween sin @ and nA. Thus we can determine the crystal spacing of NaCl by using the least squares

method. A linear regression of data pairs (sin 8, nA) gives the gradient value as 0. 561043 nm,
which is the value of the crystal spacing (2d) of NaCl. Compared to the accepted value 2d,,,,, =

0. 56402 nm, the fractional error in this measurement is 0. 5% .

4



. Linear regression analysis of éxperimental data

A linear relationship of two quantities exists in many experimental measurements. As was dem-
onstrated in example 2, the best-fitted straight line to the two quantities with a linear relationship
was determined by the method of the least squares. From this, the required physical quantities can

- be derived based on the slope or intercept of a straight-line fitting of experimental data. Excel pro-

vides a powerful means for the linear regression of the experimental data.

Example 3

The following data were obtained from a sim-
ple pendulum experiment to determine the acceler-
ation due to gravity. The period of the pendulum
(P) as a function of the length of the pendulum
(L) was shown in the Excel worksheet below ( AS
to B12).

(1) Plot these raw data in Excel with error
bars. _

(2) The formula relating P and L is P =

2m /—Ig:—. Find a linearisea form of the above

equation, and use the equation editor to display
the linearised equation.

(3) Calculate the quantities in the linearised
equation. Plot x-y scattering graph and use the
trendline function to fit a straight line passing
through data points. Make the fitted equation dis-
play on the graph with enough significant figures.

(4) Use the built-in function LINEST to ob-
tain the value of the gradient and intercept and
their errors. .

(5) Use the values of the gradient and its er-
ror to calculate g (including the uncertainty).

(6) Calculate the error bars for each of the
points plotted on the linearised graph. Add these

error bars to the plot.

In table 1 of figure 3, AS to C12 are the raw data of measurements. ‘Graph 1 of figure 3 shows

A | B c D [
| 3 |Table 1. The data to be plotted
4 |L (cm)$0.1 cm |P(s)20.05s| AP (s) | P* (s*) A (P
5 18.0 0. 8642 0. 05 0.7468 | 0.0864
6 27.0 1.0398 0.05 1.0812 | 0.1040
7 35.0 1.1897 0.05 1.4154 | 0.1190
8 43.0 1.3228 0.05 1.7498 | 0.1323
9 53.0 1.4643 0.05 21442 | 0.1464
L0 68,0 1. 6569 0. 05 2.7453 | 0.1657
11 78.0 1.7751 0. 05 3.1510 | 0.1775
12 93.0 1. 9375 0.05 3.7539 | 0.1938
13
14
15
16 [From LINEST
17 gradi'ent_jintercept
i8 value 0.040247  |0. 010642 |
18 error 0. 000131 0. 007523
20
i—; Graph 1. The plot of P versus L
|23 |
L24 1 o
(25 2 25
26
27l B 20 a
l2sl] § L5 o °
29 . o
o]l B 0"
all 3 107
32l & R s
33 a 05
a1] 0.0 250 500 750 1000
String length L (cm) -
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Graph 2. The linear fitting of P? versus L

40| »=0.04025x+0.01064

30
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Figure 3 Pendulum experiment

the raw data with error bars at P. The formula relating P and L is

P =27 /L
g

By linearising the above equation, we obtain a linear relationship between P?and L;




P = 4—TriL :
2 . (2)

The values of P* are calculated in D6 to D12. In the plot of P against L ( Graph 2 in figure 3) , the

linear regression of data pairs (P?, L) is performed by adding the trendline onto the plot. The gra-
dient of the straight line is 47°/g.

From the trendline equation, the gradient is obtained as 0. 04025. Hence we have
g = 4n’/gradient = 4 x 9. 8696/0. 04025 = 980. 8348cm - s
By using LINEST function, the values and errors of the gradient and intercept are calculated in

cells array B18 to C19. The error of the gradient is obtained as 0. 01312.
The error in g is calculated by

_ A(gradient) _ 0.000131
Ag = gradient X8 = 0. 04025

x 980. 8348 = 3.192cm - s

Thus we have the result for the acceleration due to gravity
| g = (9.808 £0.032)m + s
From the error on P, we can estimate the error on P* by using the error propagation formula
‘ A(P*) =2PAP
The errors on P are shown in the data table from ES to E12 and are plotted in Graph 2 of figure 3.



1.2 APPLICATION OF ORIGIN

Nowadays, since computer technology has developed very well, it has been used widely in a va-
riety of scientific activities. In the field of experimental data analysis, software packages like Origin,
MATLAB, Mathematica and Microsoft Excel have been used as effective computational and graphical
tools. Origin includes a suite of features that cater to the needs of scientists and engineers alike.
Multi-sheet workbooks, publication-quality graphics, and standardized analysis tools provide a tight-
ly integrated workspace for you to import data, create and annotate graphs, explore and analyze da-
ta, and publish your work. In this chapter, we will give some guides on how to perform the basic
analysis and presentation of experimental data by means of Origin, including some tips on the use of
statistical analysis, graphical presentation, and linear regression. The data of all examples of this

chapter are from the Origin, which is located in the Samples subfolder of the Origin program folder.

I . Introduction

The Origin Workspace contains the following sections; 1, Menu Bar; 2, Toolbars; 3, Project
" Explorer; 4, Work space; 5, Status Bar, which is also shown in figure 1.
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Figure 1 Introduction of the Origin

Project Explorer window is provided to help you organize the contents of your Origin project
file. Using Project Explorer, you can create a folder structure inside the Origin Project file that is
similar in form and function to the familiar folder structure of Windows Explorer. In addition, you
can use Project Explorer to create new project files from a portion of an existing project file or to ap-
pend the contents of another project file to your current file. The Project Explorer workspace can be

hidden or restored as needed.



Tips:

(1) To create a folder, right-click on the Project Explorer and choose New Folder from the con-
text menu.

(2) You can right-click on the folder and select Save As Project to create new project files from a
portion of an existing project file. '

(3) Select File .Append or right-click on the Project Explorer and choose Append Project to ap—.

» pend the contents of another project file to your current file. .

Origin has numerous windows and workspaces available for completing various tasks. You can
see all types of windows from the New dialog (File.New). The most frequently used windows are
Workbook, Graph, and Matrix. ' '

The workbook typically serves as a container for your experimental data and your analysis re-
sults. Each Origin workbook is composed of one or more Origin worksheets. Each worksheet, in
turn, is composed of one or more worksheet columns or datasets. These datasets may be operated on
in full, or in part, from the user interface or from the command line in the Origin Command Win-
dow.

The Graph window is a container for graphical depictions of your experimental data and your
analysis results. Graph windows may contain a single plot in a single graph layer or they may contain
multiple plots in multiple graph layers. The graph layer is the fundamental unit of the Origin graph.
The layer is comprised of a set of axis scale values, one or more data plots, and any included text la-
bels, drawing objects, graph legends/color scales, button objects, etc. Grap}'l layers can be crea-
ted, sized, and moved independently of one another, aliowing you a great deal of latitude in charting
your data. ‘ '

The matrix window is a container for one or more Origin matrices. Each matrix window contains
one or more matrix sheets, and each matrix sheet can contain one or more matrix objects. The matrix
object itself, is a vector of Z values. These Z values are related to one another in the X and Y di-
mensions by their relative row and celumn positions in the matrix. Matrices are a precursor to con-

structing Origin’ s 3D graph types such as contour graphs and color-mapped surfaces.
1. Statistical analysis of experimental data

Origin provides a number of statistical routines suitable for general statistical analyses, inclu-
ding descriptive statistics, one-sample and two-sample hypdthesis tests, and one-way and two-way
analysis of variance (ANOVA). In addition, several statistical chart types are offered, including
histograms and box charts. In this section, we will focus on statistics on columns and statistics on
rows of descriptive statistics.

The Statistics on Columns tool produces a variety of summary statistics for the selected rows of
data, including means, sum, variance, standard deviation and standard error etc. An example is
shown below to illustrate how to perform the statistical analysis of experimental data.

Example 1 A

(1) Start with an empty worksheet, select File. Import . Single ASCII to open the Import Sin-
gle ASCII dialog, browse to the \Samples \Statistics subfolder of the Origin program folder, and im-
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port the file diameter. dat. _

(2) Highlight columns 1 and select Statistics : Descriptive Statistics: Statistics on Columns.
Make sure to check the N Total, Mean, Standard Deviation, SE of mean, Variance and Sum
check boxes on Quantities to Compute > Moments branch to output these results. Select Book is
<new > on Output Reports To > Descriptive Statistics Tables branch to open the results in the new
window. Lists under the Computation Control branch provide options for calculating quantities, here
we select Variance Divisor of Moment is DF.

(3) After you click the OK button, a report table sheet is created to show all the specified sta-
tistics, shown in the figure 2.

1|5 Statistics on Columns (2009/12/15 1046 48)

+ Notes

& Input Data

= Descriptive Statistics

L N total Mean Standard Deviation | SE of mean Variance Sum
diameter 100 21.00459 0.0156 000156 | 243374E4 2100.45923

Figure 2 Report tablé of statistics on columns
[

The formulae in the calculations are

n

2 (% - ’_‘)2

%d_’ Variance = s>, SE of mean = s/ Jn

Standard Deviation, s =

Where, d =n -1 for DF, d =n for N and DF, N is the options in the Computation Control > Vari-
ance Divisor of Momenz.

From the above analysis, we know all 100 data points are well scattered about the’ mean
(21. 00459 mm) with a standard deviation of about 0. 0016 mm. Combining the uncertainty arising
from the random error in the measurements with the systematic uncertainty due to the resolution limit

of instrument and considering the resolution limit of the micrometer (0. 004 mm), we have

; 2 |
U= JFE+0 = \/0. 0016 + (0%) ~ 0. 0028mm

Note that the systematic uncertainty of the instrument resclution has the dominant contribution to the

combined uncertainty. Based on the above analysis, the final result of the diameter is: 21. 0046
( 0.0028) mm.



