
MEASUREMENTS IN EXPERIMENTS

1.   NUMBERS  and  UNITS.   The  numbers  used  in  measurements  are
different  from  pure  numbers  used  in  a  mathematics  class.   In
mathematics a number can stand alone in an equation while in the
sciences a number almost always needs a unit to go with it.  If you
ask your friend how much longer he is staying at an event, and he
responds with “ten,” he could mean ten seconds, ten minutes, or ten
hours.  To clarify his intent he must attach a unit to his answer of
“ten.”

2.  SYSTEM of UNITS.  Scientists and others who share results of
experiments or research must agree on a standard set of values and
hence a standard set of units to represent the measurements they
take.  Over the years science and industry have used several systems
of measurement.  Arguably the two most popular were the English
system and the metric system.  The English system was the more
prevalent one in industry owing to the fact that a majority of
industrial  manufacturing was  done in  English speaking  countries.
The metric system, based on powers of ten, was the more logical of
the two and was therefore used almost universally in scientific
work.   No  matter  the  system,  measurements  centered  on  three
quantities, length, mass or weight, and time.

2.1.  The English system, more familiar to people growing up in the United
States, is sometimes referred to as the FPS system with the three letters
representing the three basic quantities, foot, pound, and second.

2.2.  The two common “metric” systems were the CGS system and the
MKS system.  As with the English system, the initials represented
three basic quantities:  centimeter, gram, and second or meter,
kilogram,  and  second,  respectively.   The  MKS  system  has  been
supplanted  by  the  Systeme  International  d’Unites (SI,  or
“international  system”)  and  is  the  prevailing  system  used  by
scientists.  In the SI there are in fact seven base units with the
ampere, candela, mole, and Kelvin added to the kilogram, meter, and
second.  There are many other units such as the meter per second,
the Newton and the Pascal, to name but a few, which are combinations
or two or more of the seven base units.  These combination units are
more properly called derived units.

2.3.  It is human nature to abbreviate long, cumbersome, and especially,
commonly used terms.  We will use the following abbreviations to represent
the units:

m for meter (length) A for ampere (electrical current)

kg for kilogram (mass) cd for candela (luminous intensity)

s for second (time) mol for mole (amount of substance)

K for Kelvin (temperature)



Naturally, as we add more units we will add more abbreviations.

3.  PREFIXES and POWERS of TEN.  The sciences use measurements that
range from very tiny to very large.  To accommodate these extremes
we often use powers of ten rather than numerous zeroes.  For example
we would use 109 rather than 1 000 000 000 and would use 10 -9 rather
than 0.000 000 001.  Not only does this render the numbers easier to
read,  it  also  facilitates  algebraic  operations  and  clarifies
precision as we will demonstrate later.

3.1.  Besides using powers of ten we can use prefix multipliers to
represent the large and small of it.  Instead of 103 we can use
kilo-.  For example 103 meters becomes a kilometer.  Rather than 10
-3 we can use milli-.  In this case 10 -3 meters becomes millimeters.
A partial list of the prefix multipliers follows.
______________________________________________________________

PREFIX MULTIPLIERS FOR POWERS OF TEN

POWER PREFIX ABBREV POWER PREFIX ABBREV

10 -18 atto- a 1018 exa- E
10 -15 femto- f 1015 peta- P
10 -12 pico p 1012 tera- T
10 -9 nano- n 109 giga- G
10 -6 micro-  106 mega- M
10 -3 milli- m 103 kilo- k
10 -2 centi- c
10 -1 deci- d 101 deka da
______________________________________________________________

3.2.  Notice that with the exception of k for kilo- and da for deka-
all the positive exponent prefixes are upper case letters and all
the negative exponent prefixes are lower case.  The character  is
the lower case Greek letter mu.  Keeping them straight (particularly
pico- and peta- or milli- or mega) is important to reducing the
likelihood of error.  With the exception of centi- 10 -2, deci- for
10  -1,  deka  for  101 all  these  prefix  multiplier  exponents  are
multiples of three.  Deci- and deka- are not used as often as most
of the others and except for centimeters, centi- is not used very
often either.  Centimeters are probably still around because of
their convenient size and the old CGS system (paragraph 2.2).  The
CGS system’s utility probably arose from the centimeter’s convenient
size as well.  This preference for exponents that are multiples of
three leads to the term engineering notation.

3.3.  Engineering notation is similar to the more familiar practice
of scientific notation with the requirement that all exponents are
multiples of three.  And, the coefficients need not lie between one
and ten.  For examples, 5 x 104  becomes 50 x 103 while 7 x 10  -5



becomes 70 x 10 -6.  The advantage to this system is that in each
case the 10n portion of the number can be replaced with a prefix
multiplier.  We love those prefix multipliers!

3.4.  Converting with prefix multipliers is a relatively simple
task,  involving  the  addition  and  subtraction  of  powers  of  ten.
Remembering the meanings of the multipliers is the key.  

3.4.1.  When a value with the prefix kilo- is multiplied by another
value with the prefix kilo- the product will have the prefix mega-.
This is because the prefixes add just like the powers of ten would
(103 x 103 = 106).  Likewise, kilo- times mega- equals giga-, and
mega- times mega- equals tera-.

3.4.2.  Prefixes representing negative powers of ten behave the same
way.  Milli- times milli- equals micro-, milli- times micro- equals
nano, and micro- times micro- equals pico-. Use caution when using
centi-.  Once again it’s the curse of the centimeter.

3.4.3.  Some prefixes will “cancel” one another.  That is to say the
powers of ten they represent are multiplicative inverses of one
another and yield the product “unity.”  Kilo- times milli- equals
one, as do nano- times giga- and pico- times tera-.

3.4.4.  Quotient relationships from prefix multipliers are easily
calculated  as  well.   Students  are  left  to  investigate  them  for
themselves. 

3.5.  Dimensions and units must agree.  There is an old saw about
comparing apples to oranges.  There is nothing wrong with comparing
the two fruits provided one recognizes that they are different.
Adding two apples to three oranges yields neither five apples nor
five oranges.  In the same way you cannot add three meters to six
seconds and get an intelligent sum.  (Subtraction, the undoing of
addition, does not make sense either.)

3.5.1.  You cannot even add centimeters to meters directly.  Adding
35 cm to 2 meters does not work unless we first change one of the
values to “match” the other.  After changing the value 2 meters to
200 cm the values are now combinable.  Adding 35 cm to 200 cm makes
perfect sense:  (200 cm + 35 cm) becomes 235 cm.

3.5.2.   Unlike  different  dimensions  can  be  combined  by
multiplication or division.  For example:

35 N x 6 m = 210 N•m (or 210 J)
A Newton•meter is called a joule (abbreviated J).  Thus, 35 N x 6 m
= 210 J.  (This is the formula for “work” which equals “force x
distance,” a topic for later discussion.  A more familiar example
employing division of units is illustrated by running a distance of
75 meters in the time 50 seconds.  We say the speed (which is



distance divided by time) is 75 m / 50 sec or 1.5 m/s.  The units
are then called “meters per second” with the word “per” indicating
division.  Always remember, per means “divided by.”

4.  PRECISION and ACCURACY Many people merge these terms together
but  to  the  scientific  community  the  two  are  distinct,  albeit,
related  terms.   Both  of  these  pertain  to  the  uncertainty  of  a
measurement.  No matter who is making the measurement, whether a
student or a professional, the measurement is subject to a certain
amount of uncertainty, because no measurement is perfectly exact.
You will do well to learn early on the meanings of these terms.  

4.1.  Precision  refers  to  the  degree  of  exactness  of  a
measurement and is dictated by the instrument you use to make the
measurement.  As a rule the instrument with the finest division on
its scale can produce the most precise measurement.  A meter stick
is typically used to measure lengths in the laboratory.  It is
graduated into centimeters (the numbers) and millimeters (the marks
between the numbers).  Because the smallest division on the scale is
the  millimeter  we  can  measure  to  within  ½  millimeter  (0.5
millimeter).  When we make a measurement using the   meter stick we
report the measurement to the nearest millimeter.  We can use a
micrometer  to  make  more  precise  measurements.   The  micrometer’s
scale is graduated in 0.01 mm increments.  We can measure to within
0.005 mm with a micrometer.

4.2. Accuracy is a description of how close a measurement is to the
correct or accepted value of the quantity measured.  Problems with
accuracy cannot be blamed on the instrument.  When you are not
careful you are the source of inaccuracies!  Errors in measurement
can be categorized as method error and instrument error.

4.2.1.  Method error is a nice way of saying “operator error.”  When
reading the scale on a meter stick, or a tape measure, or even a
graduated  cylinder  be  sure  to  choose  a  line  of  sight  that  is
directly over what you are measuring.  Measuring at an angle induces
parallax error which is the apparent shift in position of an object
when it is viewed from different angles.  High quality analog meters
often have mirrored scales.  A mirror behind the needle allows you
to align the needle with its reflection and drive parallax error to
a minimum.  Good technique and extra care will allow you to reduce
method error.

4.2.2.  Instrument error is often the result of damaged instruments.
Rough handling can easily damage a triple beam balance (or any other
balance for that matter).  When a wooden meter stick gets wet it can
warp which calls all measurements into question.  The end of a meter
stick, or a rule (more proper term for what most students call a
ruler) is often battered through misuse.  You can compensate for the
damage by making measurements from the 10 cm line rather than from
the 0 cm end of the stick.  If you do this be sure to subtract 10 cm
from your measurements.  A reading of 12 cm is really 2 cm, 356 mm



is really 256 mm, etc.  By adopting good practices you can minimize
both method error and instrument error.

5. SIGNIFICANT FIGURES  The concept of significant figures sometimes
intimidates students, but unnecessarily so.   Use this rule as your
guide:   your  answer  is  only  as  precise  as  the  least  precise
measurement you took.  As an example, if you ask a person how old he
is he may say “twenty-eight.”  Even though we know there are 365 ¼
days in a year (considering leap years) we cannot say with much
certainty that he is 10,227 days old.  That would hold true only if
today is his birthday.  Most people would give their age as “twenty-
eight” when their twenty-eighth birthday was a week ago, or a month
ago, or four months ago.  You get the picture.

5.1.  How do we tell how many significant figures are in a number?
First  we’ll  define  significant  figures  to  be  those  digits  in  a
measurement that are known with certainty, plus the first digit that
is uncertain.

5.2.  Non-zero digits.  Take the case of a 3 by 5 index card.  The
width of the card appears to be very close to 12.7 centimeters,
perhaps just a shade more.  When we record the value as 12.7 cm we
are using three significant figures in the length.  We are certain
about the 12 but the “point 7” is an estimate for a value lying
between 0.65 cm and 0.75 cm.  As the definition says, we have given
all the known digits plus the first uncertain digit.

5.3.  When the last digit is a zero it is often difficult to discern
whether the zero is significant figure or not.  In the measurement
250 mm it is impossible to tell whether the zero exists as a place
holder or as a significant digit.  Do we know the measurement to
mean between 245 cm and 255 mm or, with greater precision, between
249.5 mm and 250.5 mm?  To know for sure we must develop rules for
the various situations that involve zeroes.  Here are the rules and
examples that illustrate them.

5.3.1.  Zeroes that lie between non-zero digits are significant.  

For example, 40.2 has three significant figures and 4.0037 has five.

5.3.2.  Zeroes preceding non-zero digits are not significant.

The value 0.74 has two significant figures and 0.006 only has one.

5.3.3.  Zeroes that are at the end of values and to the right of the
decimal point are significant.

Examples are 63.00 with four significant figures and 5.000 000 which
has seven.



5.3.4.  Zeroes at the end of a number but to the left of the decimal
point  are  troublesome.   This  is  the  case  of  the  value  250  in
paragraph 5.3. proper.  Zeroes at the end of a number but to the
left of the decimal point are significant only if they have been
measured or if they are the first estimated digit.  In other cases
they are not significant.  The value 2000 may have one, two, three,
or even four significant figures, depending on the precision of the
measurement.  Similarly, the value 40 could have either one or two.
Some texts and some instructors place a horizontal bar over a zero
at the end of a number to indicate significance.

5.3.5.  Scientific notation (or the preferred engineering notation)
help eliminate the ambiguity.  For example, writing the value 2000
as 2 x 103 shows one significant figure, as 2.0 x 103 shows two, as
2.00 x 103 shows three, and as 2.000 x 103 shows four significant
figures.

5.4.  Calculations involving significant figures follow clear-cut
rules.
 
5.4.1.  When adding numbers the result cannot imply more precision
than the least precise measurement used to find the answer.  As an
example, we will add a pair of numbers.

   63.1 If we submit 67.88 as our sum we imply that we know the
  + 4.78 first value to be precise to two decimal places; that is,
   67.88 63.10.  We do not know that to be true.  Therefore we 

round to 67.9.  We round to the first column from the
   67.9 left that contains an estimated digit.
   
5.4.2.  Subtraction follows the same rule, as seen in this example.

  123.6 We can approach this in either of two ways, both of which
 -  2.27 yield the same result. 1)  We can carry 123.6 on to 
  121.33 123.60 and perform the subtraction to leave 121.33.  We 

then round 121.33 down to 121.3, which satisfies the 
significant figure rule.    2) We can round 2.27 up to

  121.3 2.3 and subtract, leaving 121.3.  Either way should 
yield the same difference.

5.4.3.  When multiplying or dividing numbers the rule is somewhat
easier to follow.  The product (or the quotient) will have the same
number of significant figures as the measurement with the least
number of significant figures.  Here is an example.

  112 The product 360.864 implies we know the precision of our 
x 3.222 measurements to six significant figures which, of course,
360.864 we do not.  As the least number of significant figures is

three, we are limited to three significant figures in our
361 product, namely 361.  Notice we rounded up to 361. A dis-

cussion of rounding rules follows in paragraph 6.



5.5.  Calculators  do  not  understand  significant  figures.
Simply put, calculators do not round unless we specifically
tell them to.  If we divide 7 by 3 a small, simple calculator
shows  the  result  2.3333333.   Another  calculator  with  a
different  display  may  show  2.33333333333.   The  truth  is,
neither one is correct.  Both are rounded to fit the display.
Our  rules  of  significant  figures  say  7/3  =  2.   (One
significant  figure  in  each  measurement.)   Calculators
“exaggerate” their precision and it is incumbent upon us to
include only significant figures in our answers.

6.  ROUNDING.  That brings us to the rules for rounding.  From
earlier grades we have rounded values “less than five” down
and “more than five” up to the next digit.  This begs the age
old question of what to do with the value that is exactly
“point five.”  Many books and many instructors teach to always
round up the five but that is not the best policy.  Over the
course of time consistently rounding up will yield results
that are skewed upward.  A better policy is to always round a
five to the nearer even digit.  Probability suggests that the
value will be rounded up close to half of the time and down
close to half the time.  Here are examples that illustrate the
policy and at the same time demonstrate why this is the better
policy. 

We’ll add and then average a set of figures four different
ways and express the averages considering significant figures.
First  we’ll  add  and  average  the  numbers  using  their  true
values.  Second, we’ll round the “point fives” up and then add
and average.  Third, we’ll round the “point fives” down, add
and average.  Finally we’ll round the “point fives” to the
nearer even number and then add and average.

TRUE ROUNDING ROUNDING ROUNDING  TO
VALUES UP DOWN NEARER EVEN
  1.5   2   1   2
  6.5   7   6   6
  7.5     8   7   8
  9.5  10   9  10
  4.5   5   4   4
  8.5   9   8   8

SUM  38.0  41  35  39

DEV   0   3   3   1

AVE   6.3   6.8   5.8   6.5

DEV FROM     0.0   0.5    0.5   0.2
AVERAGE



When we round to the nearer even number, not only is the sum closer
to the true value, the average is, too.  Comparing the deviations
(DEV) supports this assumption.  This is why I prefer to round a
five to the nearest even digit.
_________________________________
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