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Chapter 3 
Scientific Measurement
Science – a body of knowledge gained by using a specific method of learning. Experimentation is central to this method. Observation is a key scientific skill during experimentation. Observations are facts gained through the senses. There are two kinds of observations

 

Qualitative – describes with no reference to a standard.

Quantitative – describes with reference to a standard.

 

Examples of both types of Observations:

 

The flame burned with a yellow glow and heat was released

The flame burned at 600ºC after two minutes.

 

Quantitative observations involve numerical measurements that are usually recorded from instruments.

 

Temperature – the base units used are ºC and ºF. Both standards use the freezing temperature and boiling temperature of water to set the scales. C has 100 divisions between these two points (0º and 100º). F has 180 divisions between the same two points (32º and 212º).

 

Length uses the metre (m) as the standard; we also use km and cm.

 

Mass uses gram (g) or kilogram (kg).

 

Weight – measures the force of gravitational attraction to the earth, the unit used is the Newton. 10N = 1kg.

 

Capacity or volume uses the litre (L) or millilitre (mL).

 

Setting rules for measurements:

1) A measurement is defined as the comparison of the dimensions of an object to a standard. Examples of standard instruments used would include the metre, the thermometer, the graduated cylinder, and the balance.

2) Measurements have two parts: a numerical part – (states magnitude - numerical size) and a dimension – (states a unit). We measure quantities - length, elapsed time, temperature, volume and mass. We have to tell how much there is and we have to tell how much of what.

3) To use these instruments note the smallest division (unit). Make the measurement using the instrument properly. Record the value of the measurement with an estimation, which is 1/10 of the smallest division (the next place value)

4) Measurements involve human beings so NO measurement is exact; error is always involved. This means that every measurement or calculated value in science has uncertainty associated with it. We can never be 100% certain we have an EXACT correct answer. The first digits are known with 100% certainty, but the last digit, is an estimate, has some error in it. Estimation is important. The human mind is able to divide a small distance into tenths with acceptable reliability. For every measurement there is error built in and this error cannot be escaped, in each measurement you must be able to identify the estimated digit.

Accuracy and Precision

For every measurement a scientist must be concerned with both accuracy and the precision. The person taking the reading and tolerance of the instrument determines the reliability of any measurement.

 

Dart board analogy.
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In figure 1 the dart (۰) shots were precise but not accurate. (Values very misleading)

In figure 2 the dart shots were neither precise nor accurate. (Needs improvement)

In figure 3 the dart shots were precise and accurate.

In figure 4 the dart shots were not precise but were accurate. (Needs improvement)

 

The following example may explain the meaning of precision and accuracy?

 Measurement activity
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If we use the above span to make measurements, the measure would be recorded with an estimate in the tenths place. The length of the paper may be recorded as 1.4s, 1.5s or 1.6s. The best representation for the length of paper would be 1.5(.1s. 

When the span is divided into tenths the estimate is in the hundredths place. The length may be recorded as 1.52s, 1.54s or 1.53s. The best representation for the length of paper would be 1.53(.01s.
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When the span is divided into hundredths the estimate is in the thousandths place. The length may be recorded as 1.533s, 1.534s or 1.535s. The best representation for the length of paper would be 1.534(.001s.
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As we added graduations (divisions) on the span the sets of readings became more closely grouped, the range of values decreased. Precision is defined as how closely a set of measurements is grouped. The smaller the range of values for the set of measurements the greater the precision for these measurements. Increasing the number of divisions on the instrument can increase precision.

Instrument tolerance – the amount of variation in readings that is acceptable. We are able to estimate to the 1/10 so the variation should be ±0.1 of the smallest division on the scale used

Precision – how closely grouped the readings are. 

Set 1: 34 mL, 35 mL, 36 mL. The average is 35 + 1 mL

Set 2: 35.4 mL, 35.5 mL, 35.6 mL. The average is 35.5 ±0.1mL

The second set has data more closely grouped so it is a more precise reading varying by 0.1. The precision of readings can depend on the smallest divisions of the instrument. 

 

Accuracy – is how close your measurement is to an accepted value; a value that the scientific community is willing to accept as the best representation for that measurement. The average value is usually the accepted value. If the average is 34.8 mL and the readings are 35 mL and 34 mL, the readings are accurate but not precise. Readings of 34.7 mL and 34.9mL are both accurate and precise. A reading of 32.8 is not accurate.

Measurement and Significance 

Measuring gives significance (meaning) to each digit in the measurement recorded. This concept of significance is VERY IMPORTANT. All the digits known with certainty plus the estimated digit are significant (have meaning within the measurement). ONLY ONE estimated digit is allowed to be significant (have meaning). The estimate represents the limit of the experimenter’s ability to measure using a given measuring instrument and the conditions under which the measurement is made. This uncertainty carries over into the result calculated from the measurements.

 

There have been rules developed to identify which of the digits in a number is significant and which are not.

 

1. Numbers with an expressed decimal point: count the digits from left to right starting the count with the first non-zero and count all the digits to the end of the number. 

520.05 cm
5 significant digits
8700.00 mL
6 significant digits

0.000525 kg
3 significant digits
0.001020 km
4 significant digits

 

2. Numbers with NO expressed decimal point: count from right to left starting the count with the first non-zero and count all the digits to the end of the number. 

 

43500 cm
3 significant digits
80120mL
4 significant digits

500 m
1 significant digit
50100 cm
3 significant digits

 

3. For exact numbers, such as counting numbers (the number of people in a room) or defined numbers (such as 1kg=1000g), significant figure rules do not apply. 
 Rounding Numbers

It is often necessary to round a number to eliminate excess digits in a number – remember only one uncertain digit can be included in a number. There are rules for rounding numbers.

1. If the number being cut is less than 5, drop it and all the figures to the right of it (round down). 

2. If the number being cut is more than 5, increase the preceding digit by 1 (round up). 

3. If it is exactly 5 (followed by nothing or zeros), round the number so that the preceding digit will be even. 

 

Here are examples of the ‘five rule.’ Round off at the underlined digit.

3.075
3.85
22.73541
0.00565
2.0495

Mathematical Operations with Significant Digits
Data collected in an experiment is often used to calculate new values. Calculations can be addition, subtraction or multiplication and division. 

 

The rules for addition and subtraction:

1) Count the number of significant figures in the decimal portion of each number in the problem. (The digits to the left of the decimal place are not used to determine the number of decimal places in the final answer.)

2) Add or subtract in the normal fashion.

3) Round the answer to the LEAST number of places in the decimal portion of any number in the problem.

 

 52.055    (estimated digit)
  53.01
  55.1

160.165

Round answer to have 1 uncertain digit = 160.2. Note that the answer is precise as the least precise addend.

 

The rules for multiplication and division:

The LEAST number of significant figures in any number of the problem determines the number of significant figures in the answer.

 


425 


x 11 


425

 425   

 4675
Round answer to have 1 uncertain digit =4700. Note that the product has the same number of significant digit as the least number in the multiplication (11 has 2 significant digits).
 Scientific Notation

A number written in scientific notation only includes significant digits. Note that standard position for the decimal place is always just to the right of the first non-zero digit in the number. Another way to remember standard position is that it will always produce a number between 1 and 10.

Example #1 - Convert 29,190,000,000 to scientific notation.

The answer will be written assuming four significant figures.

Step 1 - start at the decimal point of the original number and count the number of decimal places you move, stopping to the right of the first non-zero digit. Remember that's the first non-zero digit counting from the left.

Step 2 - The number of places you moved (10 in this example) will be the exponent. If you moved to the left, it's a positive value (LP). If you moved to the right, it's negative (RN).

The answer is 2.919 x 1010.

Example 2 - Write 0.00000000459 in scientific notation.

Step 1 - Write all the significant digits down with the decimal point just to the right of the first significant digit. Like this: 4.59. Please be aware that this process should ALWAYS result in a value between 1 and 10.

Step 2 - Now count how many decimal places you would move in the original number of 0.00000000459 to get 4.59. The answer in this case would be 9 places to the RIGHT. Be aware that this number 9 would be negative when used in exponential notation 10 - 9.

The correct answer to this step is:
4.59 x 10 – 9
Standard notation

When a number is in standard notation the power of ten is 0. To express a number in standard notation move the decimal to cancel the power in scientific notation. Example 5.32 x 10 - 3 to cancel -3 we need a +3 LP (left is positive); so the decimal is moved 3 left to give 0.00532 in standard notation.

Try 6.87 x 10 4. (+4 is cancelled by -4 which (RN) means decimal right 4; to give 68700 in standard notation).

Rules for mathematical operations with exponents:

Multiply – you add exponents Example (1.50 x 10 2) x (1.50 x 10 2) = 2.25 x 104
Divide – you subtract the exponents Example (3.00 x 10 5) ÷ (1.50 x 10 3) = 2.00 x 102
Add or subtract – convert to the same exponent of greater value or to standard notation and then carry out the operation.

Example 2.5 x 10 3 + 1.5 x 104 = .25 x 10 4 + 1.5 x 104 = 1.75 x 104 = 1.8 x 10 4 (round to the least precise place – the tenths)

Review Questions

Part I – Multiple Choice:  Circle the letter corresponding to the best answer.

1. The accuracy of a measurement depends upon:

(a) The precision of the measuring instrument.

(b) The object being measured.

(c) The accuracy of the person making the measurement.

(d) The precision of the instrument and the accuracy of the person making the measurement.

(For questions 2 – 4.) In an experiment a student recorded the length of a piece of paper as 23.40cm.

2. The number of significant digits in this measurement is:

(a) 1

(b) 2

(c) 3

(d) 4

3. The precision of the instrument that the student used was:

(a) 1cm

(b) .01cm

(c) .001cm

(d) .0001cm

4. The doubtful digit in this measurement is:

(a) 2

(b) 3

(c) 4

(d) 0

5. A measuring instrument can be made more precise by:

(a) Making the instrument larger.

(b) Increasing the number of subdivisions on the instrument’s scale.

(c) Use a magnifying glass to read the instrument’s scale.

(d) Repeat the measurement a number of times.

6. The last digit in any significant figure is:

(a) exact

(b) estimation

(c) qualitative

(d) zero

7. Which number is incorrectly converted to standard exponential notation?

(a) 0.00456 x 10–8 = 4.56 x 10–11
(b) 454 x 10–8 = 4.54 x 10–6
(c) 842.6 x 104 = 8.426 x 106
(d) 0.00452 x 106 = 4.52 x 109
8. Which of the following numbers contains six significant figures?

(a) 0.003702

(b) 1.003702

(c) 4.2010

(d) 1000.00

(e) none of these

9. Perform the indicated operations, expressing the answer to the proper number of significant figures. 13.236 L + 6.2 L – 5.28 L =

(a) 14.156 L

(b) 14.16 L

(c) 14.2 L

(d) 19.436 L

(e) 1.756 L

Part II 

1. Here are a couple of centimeter rulers. Decide what length is being shown.
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____________________
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______________________

2. Here are a couple of Celsius thermometers. Decide what temperature is being shown.
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_______       ______

 

3. Here are some graduated cylinder (units – mL). Decide what volume is being shown.
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_______                     ____________                   ___________

 

4. Identify the number of significant figures in each of the following numbers:

 

1) 3.0800
_____________                          6) 3.200 x 109
_____________

2) 0.00418
_____________                          7) 250
           _____________

3) 7.09 x 10-5
_____________                          8) 780,000,000
_____________

4) 91,600
_____________                          9) 0.0101
_____________

5) 0.003005
_____________                          10) 0.00800
_____________

 

5. To put a number in scientific notation you write the significant digits and place the decimal after the first digit. The power of ten is found by counting the number of places the decimal is moved to get it into the new position. Moving the decimal left makes a positive exponent. Moving the decimal right makes the exponent negative. Ex: 1250000cm would be 1.25x106cm and 0.00058m would be 5.8x10-4m.

 

1) 25000km           2) 60200000mm           3) 0.000015km                   4) 0.0575L                 5) 25800cm3

 

  _______________    _______________      ________________        ____________      ____________

 

Write the following in standard notation:

1) 3.2 x 103                2) 5.15 x 10-4               3) 8.75 x 106                  4) 9.33 x 10-5      5) 6.02 x 1012 

 

______________      _______________     ________________    ______________  ________________

 

6. Round the following numbers as indicated.

To four figures:
To the nearest 0.1:
To nearest 0.01:
To the nearest whole number

 

1) 4.000574 x 106
5) 4.55
9) 0.4203
13) 3.4125

 

_____________
_____________
______________
______________

2) 3.682417
6) 7.250
10) 0.03062
14) 251.7817

 

_____________
_____________
____________
______________

3) 7.2518
7) 0.0865
11) 4.500
15) 112.511

 

_____________
_______________
_______________
______________

4) 375.6523
8) 0.5182
12) 2.473
16) 63.541

 

_____________
_______________
_______________
______________

 

To two figures:
To one decimal place:
To the nearest 0.001:
Round off the farthest right digit

1) 3.512
4) 54.7421
7) 5.687524
10) 2.473

 

_____________
_______________
_______________
______________

2) 25.631
5) 100.0925
8) 39.861214
11) 5.396

 

_____________
_______________
_______________
______________

3) 40.523
6) 1.3511
9) 104.97055
12) 8.235

 

_____________
_______________
_______________
______________

 

Mathematical operations with significant figures

 

For adding and subtracting: An answer is no more precise that the least precise number used to get the answer. Round the answer to the LEAST number of places in the decimal portion of any number in the problem.

Practice Problems 

1)
3.461728 + 14.91 + 0.980001 + 5.2631

2)
23.1 + 4.77 + 125.39 + 3.581

3)
2.55 x 102 + 2.75 x 103 + 2.58 x 102

4)
0.04216 - 0.0004134

5)
564,321 - 264,321

6)
9.38 x 103 – 7.26 x 102
 

For multiplying and dividing: The LEAST number of significant figures in any number of the problem determines the number of significant figures in the answer.

Practice Problems 

#1
[(5.61)(34.908)(23.0)]÷[(21.88)(75.2)(120)]

#2
2.5 x 3.42

#3
3.10 x 4.520

#4
2.33 x 6.085 x 2.1

#5
2.5 x 10 2 x 3.05 x 102
#6
225 ÷ 15

#7
(2.88 x 103) ÷ (1.44 x 102)

#8
(3.4617 x 107) ÷ (5.61 x 10-4) 
