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Introduction to Physical Experiment

1.1 Basic concepts of measurement and error

Physical quantities are often needed to be measured and usually quantitative relations
between physical quantities are needed to be found out in the process of production, life and
scientific research. If related information of their big or small quantity values is to be obtained,
people need have the aid of a tool or instrument, in this way there is a problem of confidence level
about measured values that are obtained. So concepts of the measurement and error are

introduced.
1. Basic concept of measurement

So-called measurement is to compare the physical quantity to be measured with a uniformity
quantity as a standard to obtain multiple relation between them, and the multiplication result is the
measured value to be measured. The uniformity quantity as the standard is called as “Unit”. For
example , use a standard meter scale to measure the track length of sports ground, and the length from
starting point to finishing point is just 100 standard meter scale length, so the length of track is equal
to 1 m %100 =100 m, here 100 is as the multiple of unit 1 m. As required, for a measured result
usually there are a few expression methods; Values having confirmed unit, curves on confirmed

coordinate, figure drawn out as a certain proportion and collected waveforms or images etc.
2. Classification of measurement

Measurement is usually divided into two classes by methods: So-called direct measurement
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means the measurement process by using measurement tools or measurement instruments to
directly measure or read out measured values. As shown in Fig. 1.1 — 1, use a meter scale to
measure the height of a child directly, use a thermometer to measure temperature, use a stop-
watch to measure time, and use a multi-meter to measure electric current, voltage and resistance
directly etc. Direct measurement also includes single direct measurement and multi direct
measurement. And indirect measurement means the process that measurement of some physical
quantities can not be completed only by direct measurement, and the required measured values
can be obtained by calculation using formulas after several physical quantities must be directly
measured. As shown in Fig. 1.1 -2, for the measurement of density p of a cylinder, first we can
directly measure height A and diameter d of the cylinder and weigh its mass M, and then
substitute them into formula to calculate density p of a cylinder. In physical measurement, most of
them belongs to indirect measurement, but indirect measurement is basic to all physical

measurements.

Fig.1.1 -1 Direct measurement diagram Fig.1.1 -2 Indirect measurement diagram

Based on different measurement condition, measurement can also be divided into equal
observations and unequal observations. Equal observations means multi repeat measurement
containing five basic elements such as measurement instrument, measuring personnel, measurement
method, measurement environment and the measured participating measurement that have no
change. Equal observations is also called as repeatability measurement.

During multi repeat measurement, it is not possible for five elements for measurement to
keep unchanged absolutely, so equal observations is an ideal concept. When equal observations is
made to a fixed measured object, it is allowable for the obtained measured data to have a big or
small change in a range, we can not judge which value is more nearly to the measured true value ,

so those values are only equally dealt with. The confidence level for the measured data is same.
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Unequal observations means the measurement made that five elements participating measurement
except the measured object, all or any of the other four elements changes. Unequal observations is
also called as reproducibility measurement.

During measuring, because of measurement conditions changed, for example, different
observers measure the measured object for different times under the different conditions using
different instruments and different methods, factors affecting and determining measured results are
different, and confidence level for the measured data is different. Unequal observations is often

used for high accuracy measurement.
3. Basic concept of error

It is not possible to realize absolute accuracy by any measurement instrument, measurement
method, measurement environment and observation of measuring operators so that it is not possible
to avoid error occurrence with measurement. When analyzing various errors produced possibly in
measurement, their affection shall be eliminated as far as possible, and the errors in measured
results that can not be eliminated are estimated, which should be the problems covered in physical
and scientific experiments, so error theory and data process methods appear.

The quantity value measured is quantitative sign of a characteristic of objective things, but
they can not reflect objective existence completely accurately, only limitlessly trend to reflect a
quantity value characteristic of objective things. True value, abbreviated to true value, referred to
as x,, means the quantity value of a measured object, existed objectively under a certain
condition. Because measurement error exists generally, so it is not possible to get the truth value
of measured object by measurement. Only optimum estimated value or called as measured value of
truth value, referred to as x can be obtained by measurement.

The difference of measured value and true value is called as measurement error, expressed as

Ax =x —x, (1.1-=1)

In which,Ax is called as absolute error of measurement.

Because absolute error only expresses measured error big or small, it is impossible to express
accurate precision level of measurement that has been done by use of absolute error when the
measured object with different order of magnitude is measured. For example, different physical
quantities of two order of magnitudes are separately measured, if the obtained measured absolute
errors are same, but their measured precisions are not same, the one with high order of
magnitude , measurement precision is high, the one with low order of magnitude, measurement
precision is low. Therefore, comparison is done to measured precision or the precision of

measurement instrument , relative error must be used as qualification of mutual comparison.
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W In order to evaluate more accurately measured results good or not, people have introduced
concept of relative error, which is defined as the ratio of the absolute error to the true value,and

expressed by percent, that is

E =% 100% (1.1-2)
X0
It is clear that relative error is a dimensionless value. The less the relative error of measured

result is, which shows the measured result is closer to true value.
4. Source of error

During measuring, generally source of error can be summarized as the following reasons

(1)Method error: It is a measurement error introduced because of the used measurement
principle or measurement method itself. Main reason of this error source: Research of related
knowledge about measured object is not enough, effects of different factors can not be considered
completely, it is limited by objective conditions and technical level, the used measurement
principle itself is approximate, or some factors that have real function in measurement are
ignored, original state of measured object is damaged using contact measurement method, and
static measurement method is used to measure a dynamic object etc.

(2 ) Instrument error; Means the error produced by effects of inherent various factors on the
used measurement equipment and instrument themselves during measurement, for example,
accuracy, sensitivity, minimum division value and stability good or not ete. This depends on
factors such as structure of measurement device, design, performance of elements and device,
performance of parts materials, manufacturing and technical level of fitting etc. And when
designing and manufacturing various measurement devices, only a certain condition and real
requirements are met. There is always a gap from ideal requirements, so a certain error always
exists in measured value during measuring.

(3)Environmental error; Because surroundings affect measurement, error is produced in
measurement. These effect factors always exist outside of measurement system, but have function
on measurement system directly or indirectly, for example, temperature, humidity, atmospheric
pressure, electrical field, magnetic field, mechanic vibration, acceleration, gravitation,
sounding, illumination, dust, various rays or electromagnetic wave etc. In different
measurements, the factors may have different degree of effects on measurement. They can affect
the measurement error produced by measurement system, and sometimes can also cause change of
the measured object, if it is serious, it can cause measurement equipment damaged or make

measurement difficult continue. In order to distinguish environmental error and instrument error,

4
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generally the so-called standard environment condition ( reference condition) is determined
artificially, or operation conditions of measurement instrument are specified on product placard
and operation instruction. The measurement error produced in measurement made under reference
condition is considered as the inherent error of measurement instrument ( instrument error). If
measurement instrument works in the environment specified without reference condition, the
effects of environment factor make measurement error increase. This measurement error increment
is called as additional error of instrument, which is environment error. Therefore when an
instrument carries out measurement in meeting condition specified, the obtained -measured value
error, big or small, must not exceed the error value given on placard or in instruction. Some
instruments also give the changed environment error value with environment condition varied.

(4 ) Subjective error; Subjective error is also called as personnel error. It is the error caused
by quality condition of operators who carry out measurement, there is a class of error that is
difficult to avoid, for example, observation error caused by resolution capability of sense organ,
reaction retard, habit sense and operation level factor of measuring personnel. The other one is
subjective error that must be avoided as far as possible: for example, measured error caused by
reading, record, and calculation mistake caused by careless measuring operator, or operation
fault.

The above-mentioned source of four measurement errors is summarized by four links
participating measurement, that is personnel, equipment, method and condition. In specific
measurement, the level of various factors affecting measurement is different, and even

measurement error caused by a factor is small so that it is ignored.
5. Classification of error

In order to know measured error further systematically and summarily, classification method
for measured error generally used is introduced now, where classification is made in accordance to
characteristic and features of measured error. Measured error can be divided into three big
classes: Accidental error, system error and gross error.

(1) Accidental error; During measuring, measured error of accidental nature is resulted from
some affection of accidental factors, which is called as accidental error. Accidental error is also
called as fortuitous error. It is difficult to calculate this error size and direction ( positive and
negative error). Even if under the same condition as far as possible to measure a specified
physical quantity repeatedly, and after all obviously regular deviations are eliminated and
corrected as far as possible, the measured value obtained every time is always fluctuation changed

accidentally within a certain range.
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Both statistical theory and experiment prove that in the most of physical measurements, when
repeated measurement times is enough, accidental error obeys normal distribution law. If Ax is
used to express accidental error of measured value for a physical quantity, p( Ax) is probability
the density function of accidental error. Its mathematical expression is

p(Ax) =%2e'<”’2/2"2 (1715
g v

R 2
Where,o- = |— (x; —x,)” is standard error of measurement.
ni=1

For an individual, accidental error is the error produced by any measurement during repeated
measurement, which is irregular, can not be controlled, and is difficult to eliminate by
experiment method. For total, that is the measured values obtained by many times of
measurement, and accidental error obeys a certain statistical law( Normal distribution or Gaussian
distribution ) . Therefore for accidental error , probability statistics method can be used to deal
with, i. e. characteristic quantity—standard error o is used to express. The more the
measurement times n , the less the standard error o , that is, the less the accidental error is. It
is obvious that accidental error is related with measurement times. Measurement times is increased
to reduce accidental error effect on measurement result.

In formula (1.1 —3), measured standard error o is a basic index to evaluate accidental
error, and its values are decided by factors such as measurement tool, instrument, measurement
environment, measurement personnel and measured object etc. For the same object measured,
after measurement system (including the above factors) is determined, the values of standard
error o can be determined, too. When the measurement system is not same (if other standard
device and other instrument is used, or measurement environment is changed, or other
measurement method is used etc. ), the value o taken is different. Therefore after measurement
system is determined, its standard error is a P(Ax)
determined constant followed with it. At the moment,
in the formula (1.1 -3), there is only an accidental
error Ax, one variation, the curve is only determined.
Obviously, when ¢ is different, the form of
corresponding curve is different, either. In Fig.1.1 -3,

distribution curves of normal distribution probability

density function p(Ax) for ¢ =0.5,0=1 5 o =2
are given separately in Fig. 1. 1 —=3. It can be seen Figt, 1y Y Nornal "distfbation carve of

from the diagram, the less the value o is, the steeper acalental divow
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the normal distribution curve is, and error distribution trends to concentrate.

In accordance with probability statistics theory, formula (1.1 -3) is integrated to obtain

P j"’p(Ax)d(Ax) b j }z_e-‘%’,%zd(Ax) L (1.1-4)
=%, 20 v

It shows that probability of accidental error of measurement set in ( — o , + ® ) interval is
1, i. e. the area under probability density distribution curve is 1. So probability density
distribution function is used to calculate the probability of accidental error measured in a time set

in ( —o, +0) interval, which is

P j"'p(Ax)d(Ax) = 0.683 (1.1-5)

g
In the same principle, probability of accidental error for measurement in a time set ( - 20,

+20) and ( =30 , +30) interval are separately

B, = f:”p(Ax)d(Ax) = 0.954 {1t

20

+30

Py, = [ p(Ax)d(Aw)
When percentage is used to express, they are 68.3% , 95.4% and 99.7% separately, and

0.997 (1.1-7)

their corresponding curves’ areas are shown in Fig. 1.1 —-4.
p(Ax) p(Ax)

p(Ax)

Q e

(a) (b) ()

Fig.1.1 -4 Probability of error set in a interval
(a)P,=68.3% ;(b)P,, =95.4% ;(c)P,, =99.7%

As stated above, characteristic of accidental error can be summed up as three aspects;
Accidental, produced in measurement, related with times of measurement. At equal precision,
increment of measurement times can reduce accidental error effect on measured result. Accidental
error obeying normal distribution has the following characteristics; Symmetry, i. e. appearance
probability of positive error and negative error with equal absolute value is equal. Unimodality,
i. e. probability of error appearance for small absolute value is high, and probability of error
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appearance for big absolute value is very low. Boundedness, probability of very big positive or
negative error appearance is almost zero.

(2) Systematic error; When its size and direction have a certain rule, the measurement error
is called as systematic error, also is determined error. In accordance with known change law, it
can be further divided into: Fixed and unchanged systematic error is called as constant systematic
error, and systematic error changed in accordance with known law is called as variable-value
systematic error. Therefore systematic error can be tried to eliminate.

The determined error above is more typical systematic error according to its knowability,
which is generally called as determined systematic error. For the opposite to this, if systematic
error has a certain accidental nature, systematic error is called as undetermined systematic error.

(3) Gross error; Error which obviously distort measured value is called as gross error. The
error is caused by wrong operation, wrong reading and wrong record etc., 1. e. due to
carelessness or fault, so it is also called as carelessness and fault error.

Gross error, seen from absolute value, is much greater than general systematic error value or
accidental error at similar condition. Therefore the measured value with gross error has a large
difference from normally measured value, so it is called as abnormal value or doubtful value.

The method to deal with gross error is to eliminate it from the measured data directly. But for
the doubtful value having unclear reason, careful attitude must be taken during dealing with it.
Even though it has a more effect on the measurement, when it can not be judged unbelievable,
never eliminate it easily against subjective wish. It must be judged in accordance with a certain
criterion , the data can be decided to eliminate finally.

Generally, measured error must be tried to reduce or eliminate to raise accuracy of
measurement. But because of systematic error and accidental error have different nature, the
theory and method are different to deal with two classes of errors. So before dealing with the
measured error, it must be distinguished whether it is systematic error or accidental error

according to error nature.

1.2 Effective figure

In actual measurement, numbers can be divided into two classes based on the digit occupied

by figure that is effective or not. One effective digit is unlimited number, and this number is

mostly the result of pure mathematical calculation, for example, digits V2, m, 1/3 etc., for

which digits taken, as required, are all effective. The other effective digit is limited figure, and

8
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this number is mostly connected with actuality. It is not possible to determine freely its effective
digit only by mathematical calculation, and the quantity value to be expressed or the accuracy
possessed are expressed properly based on actuality. The effective digit for this number is limited
by factors such as the precision that original data can reach, the technical level to obtain data,
and the theory on which to obtain data etc. During processing the measured data, it is very

important to grasp related knowledge of effective figure.
1. Basic concept of effective figure

A numerical value is composed of figures, other figures are reliable values or explicit values
except that the last digit is not an explicit value or a doubtable value, and all figures forming the
number including last digit is called as effective figure, i. e. accurate value plus a digit of pure
doubtable number forms digit of effective figure.

As shown in Fig. 1.2 —1(a), a steel ruler whose length is 15 ¢m and minimum division
value is 1 mm is used to measure length of an object, and the read length is 7.26 c¢m. In this
read data, 7.2 is read directly from the scales on the steel ruler, and the last digit 6 is estimated
by a measurer, which is doubtful, because different measurers’ estimated read result may be
different, and it is called as pure doubtful figure. So it is can be said that a measured result has
three-digit effective figures. Is it possible to try to think if the next digit of the 6 can be read out?
Therefore when using a steel ruler to measure length of an object, if the measured result is
expressed using mm as a unit, only the last digit behind decimal point can be read out, and then

the digit of effective figure is determined.

(a) (b)

Fig.1.2 -1 Measuring object length by a ruler object
(a)General ; (b) Special

2. Stipulation and instruction of effective figure

(1) Digit of effective figure is not related with the position of decimal point, and unit change

does not affect digit of effective figure. For example, length of an object L =12. 01 em =
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0.120,1 m =0.000,120,1 km, they are all four-digit effective figure. It can be seen from the
example that decimal system unit change can not affect the digit of effective figure, and at the
moment, generally scientific counting process can be used, for example, the length of object
above can be expressed as L =12.01 x 10 ~* km, and it is still four-digit effective figure because
power exponent of “10” is not counted in digit of effective figure.

(2)Figure “0” , has special characteristic in effect figure. First look at the three expression
methods, which seems different, of the above length L of an object. Where “0” appears in

” .

different positions of data. The “0” in 12.01 is obviously counted in the digit effective figure, and
the “0” before “1” in the figures 0. 120,1 and 0. 000,120,1 is obviously not counted in the digit of
effective figure, i. e. when calculating digit of effective figure, the first “0” before nonzero figure is
not counted in digit of effective figure. Let’s look at the measurement as shown in Fig. 1.2 —-1(b) ,
when measuring, one end of an object just aligns with a scale line on the ruler. At the moment if
the measured result can be recorded as 7.2 cm or not, the answer is not allowable. It must be
counted as 7. 20 cm. As viewed from mathematics, 7.2 cm and 7. 20 cm are the same two

”

values. It seems that it is not necessary to keep the “0” in the latter. But as viewed from
measurement error and effective figure, both of them is not the same completely, the “27
expressed as 7. 2 is already pure doubtable number, i. e. the measurement precision of
measurement tool used is 0. 1 em, and the “0” expressed as 7. 20 em is a pure doubtable
number, i. e. the measurement precision of measurement tool used is 0. 01 em. Therefore during
recording experiment data, it is careful that when the last digit behind decimal point is “0”,

which can not be freely given up, because it stands for the precision of measured tool.

(3) For constants participating calculation, such as J2, m, e, 2 and 1/3 etc., their
effective figures can be considered to be infinite. When they participate calculation, their digits
can be taken as required, and these constants do not affect digit of effective figure.

(4) Because experiment result of indirect measurement is calculated by direct measurement
value, different instrument and tools are often used for direct measurement value. Generally the
obtained digit of effective figure is different for each direct measurement value, and there is a
problem of acceptance and rejection of effective figure during calculation. The followings are
examples to show the method how to accept and reject digit of effective figure in the process of

“ " o «

+ - x” and “ +” calculations.

3. Basic calculation rules of effective figure

“ ”

+"” and * -

L}

" calculation process is as follows: The figure with point over its head is a

10
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pure doubtable number, the principle is no matter what number, only pure doubtable number
participates calculation, and the result of calculation must be pure doubtable number, but the
final result only keeps a pure doubtable number. Especially pay attention to: additive calculation
may make digit of effective figure increase ( carry), and subtractive calculation may make digit of

effective figure decrease (borrow).

1462 i 30.65, ait :
+ 2367 —=>148.567—> 148.6 - 4.936 ==>25.714 —> 25.71
148.567 doubtable 25714 doubtable
“x” and “ +” calculation process is as follows: The calculation rules is the same with the

above. For division calculation, students are requested to calculate according to the principle.

6.356
x 305

317§O s 193.8.5.6 :> 194.1

0000 /
19068 doubtable

1938580

For calculation of effective figure, the following laws can be obtained;

”

(1) The digit of pure doubtable number of “ +” and “ =" calculation result is same with the
highest one of the digits of pure doubtable number of effective figure participating calculation, for
example, in Example 1, “2” digit behind 146. 2 decimal point is the highest, and therefore there
is only one digit behind decimal point of calculation result, and Example 2 is same with the
principle.

(2)The digit of effective figure of “ x” and “ +

”»”

calculation result is generally same with
the least one of digits of effective figure participating calculation, for example, in Example 3,
four-digit effective figure is multiplied by three-digit effective figure, and the result is three-digit
effective figure.

(3) The digit of effective figure of involution and evolution calculation result is same with the
digit of effective figure of its bottom.

(4)For exponent, logarithm and trigonometric function etc. , the digit of effective figure of
caleulation result can be determined by its variation. For example, an included angle measured
by experiment is 19°35’ and the last pure doubtable number is 5', converted into degree and
expressed as 19.58°, so the result calculated by computer is sinl9.58° =0.335,122,7---. How

to judge which one is pure doubtable number? Generally we use this method, i. e. a number close

1
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to it is taken to calculate, for example, calculating sin 19.59° =0.335,287,1---, it is found that
by comparison of its calculated result, the fourth digit behind decimal point is different, so
sin19. 58° =0.335,1 can be taken, in which “1” is the last digit of pure doubtable number.

As stated above, as expression of effective figure for experiment result, only one digit of pure
doubtable number is in principle. But in the process of dealing with experiment data, it is
determined according to actual condition for the final result that how many digits of effective figure

is to keep. Related rules can be given in the section of estimation of uncertainty of measurement.

1.3 Estimation of measured result uncertainty

The purpose of measurement is to obtain the true value of the measurement, but it is difficult
to determine the true value of the measurement because of existence of measurement error, for its
measured result, only an approximately estimated value of a true value (i.e. so-called optimum
estimated value) and an error range used to express degree of approximate. Then the concept of
“uncertainty of measurement” is introduced, and the expression of uncertainty of measurement is

used to quantify and evaluate measurement level or quality.
1. Mean arithmetical value is the optimum estimated value of true value

General error theory considers that for many times of measurement, mean arithmetical value
is optimum estimated value of true value. Mean arithmetical value for many times of measurement
is defined as: At system error eliminated, suppose a true value is x, physical quantity for n times
of measurement, the measurement value obtained are separately x,, x,, x;,**, x,. The error of

measured value for any time can be expressed as
Ax,':x,'—xo (i=11293a“.9n) (1’3_1)

For formula (1.3 —1) summation, we can obtain
z":Ax,.=(x,+x2+x3+---+x,,)—nx0 (1.3-2)
Both sides of formula ‘(=11.3 —2) are divided by n to obtain
%gmi =%in—xo (1.3-3)
In accordance to symmetry of statistic law for accidental error, when n—oo there is
limz"}Axi =0 (1.3-4)

n—eo 7
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