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Module 1: Measurements & Error Analysis


Module Objectives
Upon successful completion of this module, students will be able to:
· Define ‘measurement’.
· Give examples of measurement applications in the physical world.
· Identify measurement elements.
· Differentiate between the types of measurement.
· Differentiate between systematic and random errors.
· Perform statistical error analysis on a set of measurements.
· Define the major characteristics of an instrument/device and determine them through experiments.
· Describe the concept of ‘calibration’.
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	1.1	Introduction to Measurement

	All physical parameters are measurable, and the first step in any engineering process is measurement. The concept of measurement is so deep rooted that today there are attempts to measure even abstract quantities like intelligence.  If we cannot measure something, it is pointless to try to control it. This ‘something’ is referred to as a ‘physical quantity’.

	Measurement usually takes one of the following forms especially in industries:
· Physical dimension of an object
· Count of objects
· Temperature of an object
· Fluid pressure/flow rate/volume
· Electrical voltage, current, resistance
· Machine position/speed and so on.

	[image: http://www.rapidonline.com/netalogue/photos/M083223W01.jpg]
Temperature measurement
	[image: http://www.ia.omron.com/resource/applications/include/304/img/IMG_WIN_DPM-17_AP_E_1_1.jpg]
Speed measurement
	

Voltage measurement

	 Figure 1.1: Example of industrial measurement

	This module explains some of the fundamental principles of measurements used in various engineering systems and processes.

	What is measurement?
Measurement is the process of determining the magnitude of a physical quantity such as length or mass, relative to a standard unit of measurement, such as the meter. It could also be defined as ‘the comparison between a standard and a physical quantity to produce a numeric value’ as illustrated in figure 1.2. 
[image: ]
Figure 1.2: Measurement definition and example

	The measuring devices could be sensors, transducers or instruments. For example, a ruler provides measurement of length; a thermometer gives an indication of the temperature; and a light dependent resistor (LDR) is used to measure light intensity. Figure 1.3 shows some measuring devices/instruments.
	[image: http://uh.edu/engines/measurement.jpg]
Figure 1.3: Measuring instruments




	Skill 1: Identify the measurement elements

	Observe the examples in the figures given, and identify the physical quantity, measuring device, numeric value and the standard unit of measurement. Write your answers in the tables provided.

	

	[bookmark: OLE_LINK1]Physical quantity: ___________________
Measuring device: ___________________
Numeric value: _____________________
Standard unit: _____________________

	

	Physical quantity: ___________________
Measuring device: ___________________
Numeric value: _____________________
Standard unit: ______________________

	Online Activity: 
Watch the video in the following weblink, and complete the table below:
http://kent.skoool.co.uk/content/keystage3/Physics/pc/learningsteps/FCDLC/launch.html
	Description of the measurement process
	

	Physical Quantity
	

	Numeric value
	

	Standard Unit
	







	1.2 Measurement Types

	The two basic methods of measurement are Direct measurement, and Indirect measurement.
1. Direct Measurement: In direct measurement, the physical quantity or parameter to be measured is compared directly with a standard. The examples in figure 1.4 illustrate the direct measurement method.

	

Figure 1.4 (a): Measurement of mass of fruits/vegetables
	[image: http://img4.realsimple.com/images/home-organizing/home-improvement/0509/measuring-tape-10_300.jpg]
Figure 1.4 (b): Measurement of length of a cloth

	2. Indirect Measurement: In an indirect type of measurement, the physical quantity (measurand) is converted to an analog form that can be processed and presented. For example, the mercury in the mercury thermometer expands and contracts based on the input temperature, which can be read on a calibrated glass tube. A bimetallic thermometer produces a mechanical displacement of the tip of the bimetallic strip, as a function of temperature rise. These examples are illustrated in figure 1.5.
	[image: http://earth911.com/wp-content/uploads/2008/09/thermometer.jpg]


Figure 1.5: Example for Indirect Measurement

	1.3 Measurement Errors and Analysis

	The term error in a measurement is defined as:
Error = Instrument reading – true value.
1.3.1  Error types
Measurement errors may be classified into two categories as:
1. Systematic errors: These errors affect all the readings in a particular fashion. Systematic errors may arise due to different reasons such as: the zero error of the instrument, the shortcomings of the sensor, improper reading of the instrument due to the improper position of the person’s head/eye (Parallax error), the environmental effect, and so on. Systematic errors can be corrected by calibration.

	[image: http://4.bp.blogspot.com/_PyvjcvYfRLk/SWHiqK1cW-I/AAAAAAAAAWk/-JD0bXAqWa0/s400/parallax+error-03.png]
Figure 1.6(a): Parallax error demonstration
	[image: http://1.bp.blogspot.com/_PyvjcvYfRLk/SWHY_iiXiTI/AAAAAAAAAWM/PFfBgWM-h_Q/s200/%2B+zero+error.png]

Figure 1.6(b): Zero error demonstration

	The major feature of systematic errors is that the sources of errors can be traced and reduced by carefully designing the measuring system and selecting its components.

	2. Random errors:  Random errors are errors that result in obtaining different measured values when repeated measures of a physical quantity are taken.  An example of random error is measuring the mass of gold on an electronic scale several times, and obtaining readings that vary in a random fashion.
[image: http://www.traderscity.com/board/userpix32/18636-digital-jewelry-tobatto-gold-powder-gunpowder-gems-ice-opium-weighing-scale-2.jpg]
Figure 1.7: Random error demonstration
The reasons for random errors are not known and therefore they cannot be avoided. They can only be estimated and reduced by statistical operations.
1.3.2  Error Analysis
The two most important statistical calculations that could be used for the analysis of random errors are average or mean and the standard deviation. 
If we measure the same input variable a number of times, keeping all other factors affecting the measurement the same, the measured value would differ in a random way. But fortunately, the deviations of the readings normally follow a particular distribution and the random error may be reduced by taking the average or mean.  The average/mean gives an estimate of the ‘true’ value. Figure 1.8 shows an illustration of a set of values and their mean/average.



	[image: ]
Figure 1.8: Illustration of arithmetic mean of a set of values
For example, suppose the mass of gold was recorded at different instants as in the table, then the arithmetic mean would be the average of all the readings.
	Reading 1
	Reading 2
	Reading 3
	Reading 4
	Reading 5

	10g
	10.2g
	10.3g
	10.1g
	10.4g


Mean = (10+10.2+10.3+10.1+10.4)/5 = 10.2g
The standard deviation, denoted by the letter ‘σ’ tells us about how much the individual readings deviate or differ from the average/mean of the set of readings.  The distribution curve for a number of readings of a same variable takes the nature of a histogram. Figure 2.9 shows the normal (Gaussian) distribution curves for different set of readings. 
[image: Probability density function for the normal distribtion]
Figure 1.9: Normal (Gaussian) distribution curves



	The example below shows how to calculate the standard deviation.
For the set of readings 16, 19, 18, 16, 17, 19, 20, 15, 17 and 13   the mean value or average is 17.
	Readings
	(Reading – average)
	(Readings – average)2

	16
	16-17 = -1
	1

	19
	19-17 = -2
	4

	18
	18-17 = 1
	1

	16
	16-17 =-1
	1

	17
	17-17 =0
	0

	19
	19-17 =2
	4

	20
	20-17 =3
	9

	15
	15-17 =-2
	4

	17
	17-17 =0
	0

	13
	13-17 =-4
	16

	Sum
	40











Standard deviation,  σ = √sum/(n-1) = √40/(9) = 2.1 (correct to one decimal place). ‘n’ is the number of terms.
Conduct Lab Activity 1 on page 15




	Skill 2: Identify the type of measurement and the type of error

	Observe the pictures and indicate the type of measurement and errors.
	Picture
	Measurement type

	[image: http://0.tqn.com/d/candleandsoap/1/0/E/K/mitre4.jpg]
Dimension measurement
	

	

Dimension measurement
	

	

Measuring blood pressure
	








	1.4 Instrument Performance Evaluation

	Any measuring instrument/device has a set of specifications that inform the user of its function.  These characteristics are described in the catalogue or datasheet provided by the manufacturer. One must be familiar with these parameters, the operation of the device/instrument, and methods of eliminating errors. 

	1.4.1  Characteristics of Instruments
1. Precision:  The ability of an instrument to give the similar reading when the same physical quantity is measured more than once is called precision.  The closer together a group of measurements are, the more precise the instrument. A smaller standard deviation result indicates a more precise measurement. 
[image: ] [image: ]
Figure 1.10: Precision illustration

	2. Accuracy:  Accuracy of an instrument is how close a measured value is to the true value. The measurement accuracy is calculated using the percentage error formula.
% Error = 
[image: ] [image: ]
Figure 1.11: Accuracy illustration

	3. Range: The range of an instrument defines the minimum and maximum values that the instrument can measure.   [image: thermo]

Example: 
The maximum reading of the thermometer is: 120o F
The minimum reading of the thermometer is: 40o F
Range= Maximum reading – Minimum reading 
          = 120 -40 
          = 80o F

	4. Sensitivity:  The sensitivity of a measuring instrument is its ability to detect small changes in the measured quantity.
Sensitivity = Change in Output / Change in Input
5. Linearity: Some measuring instruments/devices output a signal that is proportional to the input physical quantity. These instruments are called linear devices. Other instruments that don’t have a proportional relationship between the output signal and the input are non-linear devices. The charts in figure 2.12(a) and 2.12 (b) show the difference between linear and non-linear devices.

	

Figure 1.12(a): Linear device
	

Figure 1.12(b): Non-linear  device




	1.4.2  Calibration
Calibration is a process of comparing the performance of an instrument/device with a standard.  All working instruments must be calibrated against some reference instruments which have a higher accuracy. Calibration could be performed by holding some inputs constant, varying others, recording the output(s), and developing the input-output relations. The relationship between the input and the output is given by the calibration curve.  
[image: http://www.hk-phy.org/energy/commercial/auto_phy/images/thermistor_calibrate.jpg]
Figure 1.13: Calibrating a Thermocouple
There are several reasons why you need to calibrate a measurement device. One of the reasons is to reduce systematic errors.  By comparing the actual input value with the output value of the system, the overall effect of systematic errors can be observed. The errors at those points are then made zero by adjusting certain components or by using software corrections. The other reason could be because the device cannot be used unless the relation between the input variable and the output variable is known. 
The characteristics of an instrument change with time based on temperature and other environmental conditions. So the calibration process has to be repeated at regular intervals for accurate readings.

	Conduct Lab Activity 2 on page 17




	1.5	Lab Activity 1

	Objective: To evaluate the performance of the Ohmmeter and Micrometer by determining their accuracy/precision.

	Equipment:
· Multimeter
· Various Resistors
· Micrometer

	Procedure: 
A. Determining the accuracy of the Ohmmeter
1. Calculate the resistance of the given resistors using its color code.
2. Measure the resistance values using the Ohmmeter. 
3. Calculate the accuracy of the Ohmmeter using the percent error formula.
4. Record all your readings and calculations in the table below.
	Resistance value
(color code)
True Value
	Measured Value
( Ohmmeter)
	Accuracy ( =% Error) 

	
	
	

	
	
	

	
	
	

	
	
	




	B. Determining the precision of the Micrometer
1. Measure the diameter of the given wire.
2. Repeat the measurement 6 times and record your measurements in the table given below.
3. Calculate the standard deviation.
	Trials
	Reading 
(diameter in mm)
	Mean 
	(Reading-Mean)2

	Trial 1
	
	
	

	Trial 2
	
	
	

	Trial 3
	
	
	

	Trial 4
	
	
	

	Trial 5
	
	
	

	Trial 6
	
	
	

	Sum
	



Standard deviation,  σ = √sum/(n-1)
_________________________________________________
_________________________________________________
_________________________________________________
_________________________________________________
4. A smaller standard deviation result indicates a more precise measurement. Does your observation confirm this?
_________________________________________________
_________________________________________________






	1.6	Lab Activity 2

	Objective: To draw the calibration curve of a thermocouple; to evaluate its performance by determining its linearity and sensitivity.

	Background Information:
The heat bar assembly is shown below. The bar conveys heat from the heater to the heat sink by conduction. The heat sink conveys the heat to the surrounding atmosphere by convection. Therefore, the heat sink end of  the bar is only a little above the room temperature.
[image: ]

	Procedure:
1. Connect the thermometer, thermocouple, calibration tank, the heat bar and the multi-meter to build the set up shown in the following figure:
[image: ]



	2. Set the multimeter on voltage function and mV range. 
3. Connect the two leads of the thermocouple to the multimeter.  
4. Note down the temperature on the glass thermometer. Record the 
	value in Table 1.1
5. Note down the voltage on the multimeter. Record the value in Table 1.1
6. Insert the thermocouple (brown wire) and the thermometer in the calibration tank. Then, fix the tank on the heat bar at notch 7. 
7. Switch ON the power supply. 
8. After 2 minutes, note the voltage on the voltmeter and the reading on the thermometer. Record the values in Table 1.1 
9. Record the thermometer reading for every two minutes for the first 20 minutes and note down the measurements in Table 1.1 
[image: ]
Table 1.1



	10. Plot the calibration curve with the temperature values on the X-axis and the voltage values on the Y-axis.
[image: ]
11. Observe the graph. Is the output voltage proportional to the input temperature? Do you think the thermocouple is a linear, or a non- linear device? 
________________________________________________________________________________________________________________
12.  Calculate the sensitivity of the thermocouple.
________________________________________________________________________________________________________________
________________________________________________________
________________________________________________________________________________________________________________________________

	1.7	Review Exercise

	1. Define measurement.
_______________________________________________________
_______________________________________________________
_______________________________________________________
2. Give two examples to differentiate between direct and indirect measurements.
	Direct Measurement
	Indirect Measurement

	


	

	


	



3. The following diagram represents a measurement process. Write the names of the measurement elements.
[image: ]
a. ____________________________________________
b._____________________________________________
c. _____________________________________________



	4. In a shooting game, a shooter was required to target the Bull’s eye, and he was given 5 chances. Study the diagram and state whether the errors are systematic errors or random errors?

1 shot to the right due to miscalibration of the rifle
4 shots to the left due to misalignment of the shooter’s eye

_______________________________________________________

5. Give appropriate titles to the following figures by choosing them from the list below:
· Precise, not accurate
· Accurate, not precise
· Accurate, precise
· Not accurate, not precise

	

	

	


	
_________________
	
_________________
	
_________________







	6. The diameter of a wire was measured by a group of students with a micrometer, and the following readings were recorded:
[image: ]
Assuming that only random errors are present, calculate the following:
a) Arithmetic mean
b) Standard deviation












7. A meter reads 136.6V and the true value is 136.52. Determine the accuracy.
_______________________________________________________
_______________________________________________________ 
_______________________________________________________
_______________________________________________________




	[bookmark: _GoBack]1.8	Assignment

	Conduct measurement of any physical quantity using an appropriate measurement instrument. Record the data and use Microsoft Excel Program to perform error analysis on the measurement data set. Refer to the example shown below, and use the average(), stdev() functions to perform error analysis. 

Measuring body temperature with a thermometer.






	Notes
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The body temperature of a patient suffering from fever was recorded at different instants by a
nurse as shown in the table below. The average and standard deviation calculations were
performed to track the measurement errors.

Observation 1 36
Observation 2 35
Observation 3 34
Observation4. 37
Observation 5 36
Observation 6 33
Observation 7 37
Observation 8 365
Observation 9 372

Observation 10 355

Observation 11 348

Observation 12 37.4

Observation 13 37.1

Observation 14 36.6

35.04
133
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