Question Set 1.0: Error and Percent Difference
1. An average chicken egg has a mass of 50 grams. You weigh a bag of eggs and find a mass of 1840 grams.

a. What is the most likely number of eggs in the bag?
Ig40s 37
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b. Now you carefully count the eggs and find@:*ggs. What is the percent error of your predicted number of eggs?
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2. Greek bhilosopher/scientist Eratosthenes measured the circumference of the earth in the year 240 BC (1732 years before
Columbus sailed). His equipment was: a hole in the ground, shadow made by sunlight, and very keen reasoning, His results
Wwere amazingly accurate, In his calculations, he used a unit of distance called a stadia, Since no one today is exactly sure
how long the stadia is, there is some controversy about how accurate Eratosthenes’s results are.

a. If we assume that Eratosthenes used the Most common unit for stadia, then his measurement for the earth’s
circumference (converted to kilometers) is 46,620 km. An accepted value for the average circumference of the earth is
40,041.47 km. Wha is the percent difference between Eratosthenes’s measurement and the accepted yalye?

(these numbers are both measurements... we use 7% dfferen cc)

. I measured Value — accep e Vc"tlvtel H& €20 ~ 40 O41.47
T deff= -

—— X (pp = =y
decepted Ho, 04147 BV

b. If we assume that he used a less common “ optian Stadium” as his unit for length, his vesult would be 39,690 km.
What, in this case, would be the percent difference between Erarosthenes's measurement and the accepted valye?
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other hand, our results are different each time we measure the same
thing, we must have random error affecting the results.

Random errors can be reduced, but never eliminated. Random error does
not always prevent our measurements from being useful, but it does
contribute to measurement uncertainty. In section 2.5, we will learn to use
statistics to determine how much uncertainty random error contributes to a
measurement.

Next, we'll learn about the concept of measurement uncertainty, how to
determine the amount of uncertainty in a measurement, and how to
express uncertainty when doing calculations with numbers that are
uncertain.

Question Set 1.2: Systematic and Random Error

1. Consider an experiment to determine the average acceleration of a ball dropped from a height of 1 meter. Students stand a
meter stick on a table top and use a stopwatch to measure the time for the ball to fall from the top of a meter stick to the
table. One student drops the ball and another student watches and carefully starts the watch
a. Identify three possible sources of systematic error:
i'fy fﬁ’&-ibh‘o i 4’?/)’{(; Cwhen to Start fhe watch - time value a /Waff N
Shorter thaen “actual”
i Mebter stick wnot Péfﬁ?(.‘f/j vertcal: |P not verticy y, +Hme value

Wil ke 5 herter pnan tadtuel” ot the table fo
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2. Make two suggestions for how the students could change their experiment to improve their results. State whether your
suggestion would reduce systematic or random error , _ ) -
fo i b“\l; e clu c:eg randein €Rre
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3. In some cases, systematic error can be difficult or impossible to identify. For example, the balance you use in lab might be
damaged in such as way that it causes all masses less than 100 grams to seem 50 grams lighter than they are. How, then,
can you provide evidence that your measurements do not have systematic error?
Use other devices o methods do ke the measurement

4. Random errors are often easy to identify, but impossible to eliminate. How can you determine whether your measurements
contain random error?
P ) . - B ) , . A N ]
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Question Set 2.1: Uncertainty with Analog Scales

L

4. Determine the reading on the beam balance at right, including

Determine the width of the pencil at right, including uncertainty. The small
graduation lines indicate millimeters. What is the relative uncertainty of your
reading? (Remember, we will always express the relative uncertainty ds a percentage)
0.5t 0.05cm (or LEOFmm)
[ ey
X PAY S . 1 s
. . AX 0.05 ‘1o
Relahive uneertainbf = ‘=0 = ——e. 8877,

Let’s compare your results from question 1 to the from the measurement of the width of the lab table on page 13.
a. Which measurement has greater absolute uncertainty!  game.

b.  Which measurement has greater relative uncertainty? casurement of the pencil.
m

c.  Comment on why there is such a difference in relative uncertainty. A1 Hho “‘j‘* the absolute

uncertecin tres ure +he Same, because the tzble s so
much larser +han e peﬂc. | $he relative uncer tainty
in bhe metasure ment el "Hae “toble s Very siall.
Determine the reading on the speedometer at right, including uncertainty. What is the
relative uncertainty of your reading? Draw a number line with error bars to describe this
measurement.

M

300 3i0 320
301 2 25 ka/hr

uncertainty. What are the absolute and the relative uncertainty of your
reading?

186.6% £ 0.05 4

) é\bSolbﬂ'e i 0.0Sj
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5. The mass of a proton has been measured to be 1.67262171429x107*7 kg. What is the absolute uncertainty (in kg of this
measurement)! What is the relative uncertainty (expressed as a percentage)?

' -27
aboclute s &9 x 1077 kg
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6. Cosmologists currently calculate the age of the universe as (13.73 + 0.12) x 10° years. What is the relative uncertainty of
this measurement!?

é\i - _O.IZ x}ﬂ. . 0 87 17

AT 1373 % o

7. Consider a person who is 1.7 meters tall. If the height of this person was known to the same relative uncertainty as the age
of the universe, what would be the absolute uncertainty (in centimeters)?
A‘X /c(hs itncert.

0877 AX= 0.015m or (.5 cmm
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A - mea:;‘ucreme“}

rel. M"C"rt .

2.2 Determining the amount of uncertainty in a digital instrument

Because the display on a digital instrument shows clearly the numbers of
the measurement, it seem like they are less prone to uncertainty than
analog measuring instruments. However, all digital instruments have
inherent uncertainty due to a limited number of digits that can be shown
on the instrument display. The smallest numerical gradation that can be
shown on a digital display is called the resolution. The internal circuitry
must round the measurement so that it fits the number of digits on the
display. This rounding process introduces uncertainty because when we
read the display, we can never know what the next digit would have been
without rounding.

Here is an example. The display on the scale at right is rounded to the
nearest gram. The actual unrounded value could be anywhere between
242.5 and 243.5 grams. We say that this digital scale has a resolution of 1
gram. This range of possible values is shown on the number line below.

2420

225 2430

The scal maq?naiwmsmmmsr " The value shown on the display is rounded to the nearest gram Any
gram ‘reading | value above 242.5 and below 24 '.M@bs rounded ere
% anwhera'batmen 242&&;1# 243.5grama we are using a number fine and error | describe

the reading on the scale, including uncertainty,
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Question Set 2.3: Uncertainty with Digital Instruments

1. The reading on a digital stopwatch is 0.76 seconds.
a. If the manufacturer’s specifications state a maximum error of 1%, @etermine the absolitse and relative uncertainty.

O.76 x 0,01 = 00 . 0.0076
) 7é&absoiufe J S | 9, rel unc,

b. If the manufacturer’s specifications state that the maximum error is 0.025 seconds, determine the absolute and relative
uncertainty,.  absciute: 0.025 sec

i 2 025 .
relative O."Ib - 3.3%
c. If the manufacturer’s specifications are not available, determine the absolute and relative uncertainty based on the
certainty implied by the display 0. 76 + 0.005 0.005 05
i 616 = 06
absolute

d. If we assume the person using the stopwatch adds an uncertainty of 0.25 seconds due to reaction-time, determine the
absolute and relative uncertainty due to reaction time.

absolute: ©.255
. 5
relative: 0,255 - 33.6%
0.7
2. The analog gauge at right measures the rate of engine rotation in rotations per minute (rpm)
and the digital display shows fuel economy in miles per gallon (mpg). Express each reading in

x+Ax form. [AX
1000 rpm . _ ines. 125 . 625
6{) % lines = 125 betuween | nes; A L e
175+ ég“s-l-[bm 125 rpmy/

[in

b) 226t 0.005 mpy

2.4 Significant Figures

Significant figures are another way to describe the uncertainty in a
measured value. We will not review the rules for significant figures here,
but let's look how significant figures imply uncertainty. For example,
consider the measured value for the mass of the Earth: 6380 km. We
know that the last decimal place is the uncertain one. Much in the same
way we did when reading a digital display, we must assume that this last
digit may have been rounded and that the true value is between 6375 and
6385 km. We'd write this in x*Ax form as 6380 + 5 km.

We can generalize this by saying that for a measurement expressed using
significant figures, the uncertainty is half of the last decimal place.

Here's another example. In chemistry, we use Avogadro’s number:

6.02 x 1023, This number has three significant figures. The last decimal
place is the hundredths, so this number and has an implied uncertainty of
0.005 x 102, In xxAx form, we'd write 6.02+0.005 x 1023,
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While significant figures are a convenient way to describe uncertainty,
they also have limitations compared to other methods we've used here.
One limitation is that the uncertainty of a measurement is limited to half a
power of ten, That is, the uncertainty must be £0.5 or £0.05, or £0.005...
etc. Using significant figure notation, we can’t express a value and
uncertainty as for example, 1+0.25.

To see why this is so, consider the measurement of the pencil at right.
Looking carefully, we see that the width of the pencil is clearly between
0.6 and0.7 cm. or 0.65+0.05 cm. But we can't write this number using
significant digit notation. If we say that the width of the pencil is 0.6 cm.
Using significant figures, this implies 0.6 £0.05 or somewhere between
0.55 and 0.65 cm. But looking at the picture, we can clearly see that the
pencil is wider than 0.6, closer to 0.65. If we use 0.65 cm as our width, we
are implying 0.65+0.005, which is less uncertainty than we can honestly
state.

Stating measurements in xtAx form gives us the freedom to state the
uncertainty at whatever size we think mostly closely matches the results of
our measurement.

Question Set 2.4: Uncertainty with Significant Figures

2.

When using significant figures to express uncertainty, the uncertainty is half of the last decimal place. Using this method,
find the absolute and relative uncertainty of mass of Mercury, which is 3.3022 x 10 kg.

(33022 £ 0.00005) % 10*% kq
T “t o
v [ g 2
v.cocoes o on = . >i X |0 &

N , c g , .
Food manufatirers sometimes use significant figure rules to their advantage. For example,
the manufacturer of this cereal claims “0 grams of trans fat per serving”.

a. Using the form x#4x, state the range of possible values that “0 grams” implies. As a
hint, consider how many significant digits “0 grams” has.

O—t 0.5 (J pey S‘(’\"VIV\L‘)

b. Based on your previous answer what is the maximum of trans fat per serving that this
cereal could contain?

.G.Bﬁj B C‘ -(5":"_‘"""3 = Lf'-‘:)__j

c.  What is the maximum amount of trans fat as a percentagefhat could be in this cereal?

d.  Since it is not possible for the cereal to contain a negative amount of trans fat, what would be a clearer way to describe

the amount of trans fat per serving. me o5 + 05 j

19|Page



Question Set 2.5: Uncertainty and Average Deviation

1. Complete the tables at left to find the

average deviation for each set of
measurements.

2. Draw the range of values on a number
line using error bars to show the range of

uncertainty.

'__ -

Time for ball to fall 1 meter (Lab Group 3)

Time for ball to fall 1 meter (Lab Group 4)

—

,3‘60 [280 3RO HOO

trial time (s) | deviation (s) trial time (s) deviation (s)

2| b |eo3s || 5| ol |0 1ys

4 055 | 0. 015 4 0.57 6. 045

5 043 |O. 045 5 0.33 O.125

6 055 | 0.0 TS 6 0.41 O. 4SS

average | (7.4 75 0.0975 0455 (2. []75

Time= + seconds Time= + seconds
9 i

410 420 430 H50 MHeO HMTO 480 Ao S0 .50

3. Bearing in mind the theoretical value for the time for the ball to drop is 0.452 seconds, describe in words the difference
between the measurements performed by Groups 3 and those done by Group 4. Hint: use the terms accuracy (page 3) and

precision (page 12).

6\"0»&? 3 =
Group H*

Yhoce A

less accu m+‘€/
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Problems

i,

10.

Students measuring the dimensions of a table top use a meter stick. They determine that the width of the table
is between 78.4 cm and 78.3 cm.

Express the measurement and uncertainty in the form: Xt Ax. m 7 g. 35 O, 05 cm

What is the absolute uncertainty of the width measurement? O 05 cm

What is the relative uncertainty of the width measurement? O.05cm

7535 m = 0.064 %o

Using the same meter stick to measure the thickness of the table, the students determine that the thickness is
between 3.5 cm and 3.6 cm.

Express the measurement and uncertainty in the form: Xt Ax. 3, 55 _‘t 0.05 cm

What is the absolute uncertainty of the thickness measurement?

O.05 cm

What is the relative uncertainty of the thickness measurement? O.05

,‘55 = L4 a7"

Compare the relative uncertainties of the width and thickness. Why are they so different if the same meter stick
was used for each measurement?

W dHn: UUOSO[M'—e uncerteouin Verﬂ Small Campar‘e o
measureé pent

thekness: ubsolute wncertminty COMPamHe o measuremeat

Consider the following results for different experiments. Determine if they agree with the accepted or predicted
result listed to the right. Also calculate the percent difference for each result.

a) measured value for g = 10.4 + 1.1 m/s2  (accepted value for g = 9.8 /sd)
Zyw#% dequqgf—é’%
9.3 (as) (15 agreewh predicted 5 /e

b) measured value for T= 1.5 £ 0.1 sec ( predicted value for T = 1.1 sec) l PN ’

o7 dofpe i 3T

~0.1 Lc)" + 0.1

~

-4 \-6

does not agree;
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A'QLA W.CCLSureme_n‘B
and add an[cr{-rxrvd—g

¢) measured value for k = 1368 + 45 N/m  (predicted value for k = 1300 + 50 N/m)

i = ve { “P {';‘I‘OW\
—ys | BLE  v4s -~ So . agres,  arEEr

1323 1413 1250 1350 1323 +v 1350
11. Each member of your lab group weighs an trial__| Box (g) | deviation | Bar 1(g) | deviation | Bar 2 (g) | deviation
empty box and two metal bars twice. The 7 2013 | 0./3 |98.7 0,62 956 0,22
following table shows this data. 2 201.5 | (), 33988 (1172193 0. 52
3 2023 | 1.72199 | [.[%[9%4 |1, 3€
4 2021 |, q3]|97.1 Q. 9%|[9.2 IYEY.
5 199.8 | /. 3 7]984 0 32198 .02
6 2000 | (.1 7]986 U.,529%6 |p. 22
average | 20117 £ 0.5498.08 | £ (.72 75.82]+0.29
= s

atggéeV cvyg. dev avy- dev

a. Estimate the uncertainty of each data set by finding the average deviations.

b. Calculate the total mass of the box with Bar 1. Use rules for uncertainty propagation.

(Fol. 17+ 0,54) + (9%.08 £ 0.
A A 4

I

)

d]

Calculate the mass of the box with Bar 2. Use rules for uncertainty propagation.

7;): R99.25t 1,569

(201,11 t&!ﬂf) + (15822 029)= 29¢.79 % NEF

d. Calculate the mass of the box with both bars. Use rules for uncertainty propagation.

(201,17 1 0.54)+ (8.8 0.72) + (15.827 0.29) =
395.071 A&%

12. The area of a rectangular metal plate was found by measuring its length and its width. The length was found
to be 5.37+0.05 cm. The width was found to be 3.42+0.02 cm.

a. What are the relative uncertainties of each measurement?

0,05 - 0.4 O, 02
537 7 57) '344_{,9_

= @ 0.58 b

What is the area, including the uncertainty? (Use the method of adding relative uncertainties.)

5.37x 3432 = |3.97 "\
| 517 « 18t = C&.27 Zf
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Discussion Questions

1. How is the word uncertainty used differently in everyday speech than in science?
2. Does a greater degree of uncertainty affect your confidence in the results?

3. A scientist makes a prediction and claims that they are completely certain of the outcome. How does this affect
your confidence in the outcome?

4. What is the difference between uncertainty and error?

5. Students just starting science often attribute results that they think are incorrect to “human error”. More
advanced science students recognize that this is not a sufficient description of potential problems in lab work.

Why?

6. What is the difference between the scientific use of the word uncertainty and the everyday use?

7. Does the knowledge that the results of a scientific prediction have uncertainty increase or decrease your
confidence in the prediction?

8. What would be your reaction to a scientific prediction that is 100% certain, that is, a prediction that has no
uncertainty?

9. You are measuring the time it takes for a student to run a 100-meter race. Describe a method you could use to
determine the uncertainty of the time,

10. What does it mean to be absolutely certain? What things can we be absolutely certain about?

(/{Vla@r‘f’ﬂmlj 1B Ha:‘nV_:‘r\j about measurement as «
Bl:) +  +the

I~ ol j é_)f Y A ,l\ e "’;-'\.g.‘r.n_ o g 1Z944 b éer.
k ' - - = . =5 i
o'F‘ Lhe vmeasuremen 4} we ac fte & //!»I jf

ot ~ The

neer -\-ai‘r"}j
B
| . = Aa D C ~ B
“pe i _”}Y__{ S Jr'bJ ""“va h:)(_’ ";’a Ot ymeaSU e nt

—Hj" Fhe more Cedain

7
smaller  +he "uncertain

we are O'F H«e measuremeydc,
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Sample Quiz Questions

1. Students are trying to identify an unknown liquid by determining its density and comparing it to a table of
densities of known liquids. They begin by finding the mass of a graduated cylinder, which they determine to be
54.55 £ 0.05 grams. What is the relative uncertainty of this measurement?

005
a8 = 0.0927

2. The scale at right shows the mass of the graduated cylinder
from problem 2 filled with some of the unknown liquid.
Determine the reading on the beam balance at right,
including absolute uncertainty. What is the relative
uncertainty of the measurement?

|4y L]+ 6.059 Sé--
0°% . ».035 A

(4.6l
3. What is the mass of the liquid in the graduated cylinder, including uncertainty? What is the relative

uncertainty of this measurement?

Note: Add (l 4461 % 0.05) — (5455 ¢ 0.05) = 40.06* 0.10 4
uncer Faintes even
h we are Cre(a‘hvc unaertainty = O, 1| ‘770>

5‘/1[;9' ““’h'j4 By reading the graduated cylinder, the students determine that the volume of liquid is 114 + 2 ml. Wha[ is the
density of the unknown liquid, including uncertainty? (note: use the method of adding relative uncertainties)

relotrive » 2= — /5’
Nof‘e‘. Aa{zf . M _ qoloé—_l: O-U% (Il-l
reladive W‘“H"D’ _V TR lfé% = 0.9t |, Q/DZ 0’_7(? 0. 0;5 %i}

“"‘_"i;‘f.ehun‘—er{—‘ ( Lat, of 07‘7“ 0. 015)
AbSe 5. Shown at right is a table of densities of various alcohols. What Compound Density (g/ml)
conclusions can the students reach about the identity of the unknown Methanol 0.791
liquid based on this table and the results of their density calculations? Ethanol 0.789
. 7190 Isopropanol | 0.785
),

& ~a
0. 7175 0,305 The l\‘jm}cf could be any OF fhe alcohds

6. Identify one plausible source of systematic error in this procedure and describe how to correctit. csted,
-,7\6 +’|"\l‘ole loeam ba far\ce VA ‘.6) bk A o }1 AaNE
been P”’Pe"[‘j “Zerped ' b€ [‘"" use. Ariso L P d
|\/\ H\Q ﬁ —~ad (/L,a,-\-’e d C Lj [ (' 5((-7. L)_( '((_w- e use ;

7. Identify one source of random error in this procedure and describe how to correct it.

j@f\‘erv\mﬂ\mﬁ when Hhe %tple lheantn was
balance d ewowﬁk 4o cead.
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