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LAB 1:
PHYSICAL MEASUREMENTS

“A measurement whose accuracy is unknown has ne wshatever. It is therefore
necessary to know how to estimate the reliability experimental data and how to
convey this information to others.”

-E. Bright Wilson, Jr.An Introduction to Scientific Research

OBJECTIVES

* To learn how to use measurements to best estirhatétitue" values of physical
guantities

* To learn how to estimate how close the measuregevial likely to be to the "true”
value

* To learn some of the notation that scientists amgineers use to express the results
of measurements

* To learn some relevant concepts from the mathealdaheory of probability and sta-
tistics

OVERVIEW

Our mental picture of a physical quantity is tHare exists some unchanging, underlying value.
It is through measurements we try to find this gallExperience has shown that the results of
measurements deviate from these "true" values.

Accuracy and Precision; Random and Systematic

According to many dictionaries, "accuracy" and gs®n" are synonyms. To scientists, how-
ever, they refer to two distinct (yet closely retdt concepts. When we say that a measurement
is "accurate”, we mean that it is very near to"thge" value. When we say that a measurement
is "precise”, we mean that it is very reproducib]@f course, we want to make accurate AND
precise measurements.] Associated with each eétbencepts is a type of error.

Systematic errors are due to problems with the technique easuring instrument. For example,

as many of the rulers found in labs have worn eletgjth measurements could be wrong. One
can make very precise (reproducible) measurembatsare quite inaccurate (far from the true
value).

Random errors are caused by fluctuations in the very tjties that we are measuring. You
could have a well calibrated pressure gauge, aeipressure is fluctuating, your reading of the
gauge, while perhaps accurate, would be impreaisevery reproducible).

Through careful design and attention to detail,cale usually eliminate (or correct for) system-
atic errors. Using the worn ruler example above,oould either replace the ruler or we could
carefully determine the "zero offset" and simply atcto our recorded measurements.

Random errors, on the other hand, are less edsiynated or corrected. We usually have to
rely upon the mathematical tools pfobability and statistics to help us determine the "true"
value that we seek. Using the fluctuating gaugemgxe above, we could make a series of inde-
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8 Lab 1 - Physical Maements

pendent measurements of the pressure and takeath@iage as our best estimate of the true
value.

Measurements of physical quantities are expressatumbers. The numbers we record are
calleddata, and numbers we compute from our data are cali&idtics. A statistic is, by defini-
tion, a number we can compute from a set of dateexXample is the average roean.

Finally, we must also mentictareless errors. These usually manifest themselves byymiod
clearly wrong results. For example, the miswirofgorobes and sensors is an all too common
cause of poor results in this lab, so please papntdn.

Per cent Difference

We often want to compare an experimentally measuatae A, with another value that may be
a known or “true” valué; (like the acceleration of gravity) or even anotherasurement. We
do this by examining the percent difference, whelgquoted as a positive number. If we com-
pare our measured valde with a known value or a particular valdg then the percent differ-
ence is

Known valueA;: Percent difference =A2;1—Alx 100 ) (1

If we are comparing with another value or measurgrgthat is not known, then we divide by
the average value, because we do not know thevéiue:

Unknown valuéA;: Percent difference Mx 100 (2)
)
2
Probability

Scientists base their treatment of random errorghertheory of probability. We will not delve
too deeply into this fundamental subject, but witlly touch on some highlights. Probability
concerns random events. To some events we cagnassheoretical, oa priori, probability.
For instance, the probability of a “perfect” coamtling heads (or tails, but not both) is 1/2 (50%)
for each of the two possible outcomes; gheriori probability of a “perfect” die falling with a
particular one of its six sides uppermost is 1/& {%).

The previous examples illustrate four basic prilesmbout probability:

* The possible outcomes have to be mutually exclugive coin lands heads, it does
not land tails, andice versa.

* The list of outcomes has to exhaust all possieditin the example of the coin we
implicitly assumed that the coin neither landedteredge, nor could it be evaporated
by a lightning bolt while in the air, or any othenprobable, but not impossible, po-
tential outcome.

* Probabilities are always numbers between zero andiodesive. A probability of
one means the outcome always happens, while a phtpabizero means the out-
come never happens.
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Lab 1 - Physical Measurements 9

* When all possible outcomes are included, the sutheprobabilities of each exclu-

sive outcome is one. That is, the probability tmhething happens is one. So if we

flip a coin, the probability that it lands heaatstails is 1/2 + 1/2 = 1. If we toss a die,

the probability that it lands with 1, 2, 3, 4, B 6 spots showing is

1/6 +1/6 +1/6 +1/6 +1/6 +1/6 = 1.
The mapping of a probability to each possible ooteos called grobability distribution. Just
as our mental picture of there being a "true" vahat we can only estimate, we also envision a
"true" probability distribution that we can only iesate through observation. Using the dice toss
example to illustrate, if we toss five dice, we sllonbt be too surprised to get a five and four
sixes (think of the gam¥ahtzee). Our estimate of the probability distribution wauhen be 1/5
for 5 spots, 4/5 for 6 spots, and and 0O for 1,,20r34 spots. We do expect that our estimate
would improve as the number of tosses gets "larde'fact, it is only in the limit of an infinite
number of tosses that we can expect to approadheioectical, "true” probability distribution.

Probability Distributions

The probability distributions we've discussed soHave been for discrete possible outcomes
(coin flips and die tosses). When we measure diemthat are not necessarily discrete (such as
pressure read from an analog gauge), our probadibtributions become more correctly termed
probability density function (although you often see "probability distribution$ed indiscrimi-
nately). The defining property of a probabilitystlibution is that its sumir{tegral) over a range

of possible measured values tells us the probglofia measurement yielding a value within the
range.

The most common probability distribution encounteire the
lab is theGaussian distribution. The Gaussian distribution
also known as theormal distribution. You may have heard
called thebell curve (because it is shaped somewhat lik
fancy bell) when applied to grade distributions. eTrhathe-
matical form of the Gaussian distribution is:

—_ 1 a-d%/202
R (d)=7=€ 3)
The variables will be discussed later. The Gausdisinibu-  Figure 1 Gaussian Distribution

tion is ubiquitous because it is the end result geti if you

have a number of processes, each with their own pildgadistribution, that "mix together" to
yield a final result. We will come back to probatyildistributions after we've discussed some
statistics.

Statistics
Measurements of physical quantities are expressaetumbers. The numbers we record are

calleddata, and numbers we compute from our data are cal&idtics. A statistic is, by defini-
tion, a number we can compute from a set of data.

Perhaps the single most important statistic isntlean or average. Often we will use a "bar"
over a variable (e.gx,) or "angle brackets" (e.g(x}) to indicate that it is an average. So, if we

have N measurementg (i.e., X, X,, ..., Xy ), the average is given by:
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10 Lab 1 - Physical dderements

- 13
x:<x>=(x1+x2+...+xN)/N=NZXi (4)
i=1
The average of a set of measurements is usuallgesirestimate of the "true" value:

X = X (5)

Note: For these discussions, we will denote the *tusdue as a variable without adornment
(e.g.,x).

In general, a given measurement will differ from three" value by some amount. That amount
is called adeviation. Denoting a deviation by, we then obtain:
d =x-X% =X-X (6)

Clearly, the average deviation is zero, because

N N 1 N

_—i - :l - = X=X =
d—NZ(x x) NZl N;x x-X=0.

i=1 i=1

Another notable statistic is tivariance, defined as the mean square deviation:
N N
var(x)s(df+d22+...+sz)/N:%de:%Z(x—)g)2 (7)
i=1 i=1

The variance is useful because it gives us a meaduhe spread or statistical uncertainty in the
measurements.

You may have noticed a slight problem with the exgmesfor the variance: We usually don't
know the "true" value; we have only an estimat&,, from our measurements. It turns out that
using X instead ofx in Equation (7) systematically underestimatesviméance. It can be shown
that our best estimate of the "true" variance v&gibysample variance:

1 ,
Varsample (X) = mz (X - )ﬂ ) (8)

A related statistic is thetandard deviation oy, which is simply the square root of the variance.
This value is appropriate when we have a large, cetaplopulation of values.

0, = Varlx) = [ > (x-x ©)

If we have a situation where we can makepossible measurements, then we should use Equa-
tion (9). Equation (9) defines a statistic that, ¢larity, is often called thpopulation standard
deviation.

Note that the standard deviation has the same prnoléedoes the variance in that we don't know
X. Again we find that using instead ofx systematically underestimates the standard devia-
tion.
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Lab 1 - Physical Measurements 11

We define thesample standard deviatioto be the square root of the sample variance:

s, = NVar (9= [~ |3 (k- ¥ (10)
N —-1)4

The sample standard deviation is our best estimate of the "true" standard deviation. The
sample standard deviation gives the best estinfagar in any single measuremeqt

We also often need the best estimate of esroin determining the mean valude of the popula-
tion. Itis given by

o, = WSX Standard Error of the Mear|\ (11)

To illustrate some of these points, consider tiieviong: Suppose we want to know the average
height and associated standard deviation of theriegt class of students. We could measure
every entering student (the entire population) sintply calculate the average. We would then
simply calculatex andaoy directly. Tracking down all of the entering statke however, would
be very tedious. We could, instead, measure a&septative sample and calculatends, as
estimates ok andoy.

Spreadsheet programs (such as MS Exocet Corel Quattro Pifd) as well as some calculators
(such as HP and TI) also have built-in statisticaictions. For exampléVERAGE (Excel),
AVG (Quattro) andx (calculator) calculate the average of a rangeetifcwhereasSTDEV
(Excel), STDS (Quattro) ands, (calculator) calculate the sample standard denatiSTDEVP
(Excel),STD (Quattro Pro) andy (calculator) calculate the population standardaten.

Standard Error

We now return to probability distributions. Consid@guation (3), the expression for a Gaussian
distribution. You should now have some idea as to wéyrote it in terms ofl ands. Most of

the time we find that our measuremen¢$ deviate from the "true" value)(and that these de-
viations () follow a Gaussian distribution with a standard dgeraof ¢. So, what is the sig-
nificance of¢? Remember that the integral of a probabilityrdistion over some range gives
the probability of obtaining a result within thahge. A straightforward calculation shows that
the integral ofP; (see Equation (3)) fronv-to +o is about 2/3. This means that there is prob-
ability of 2/3 for any single measurement being withs of the "true” value. It is in this sense
that we introduce the concept of standard error.

Whenever we give a result, we also want to specgyohable error in such a way that we think
that there is a 2/3 probability that the "true"usals within the range of values between our result
minus the probable error to our result plus thébpbbe error. In other words, ¥ is our best
estimate of the "true" valueand o is our best estimate of the probable erroxkinthen there is

a 2/3 probability that:
X—0; SXSX+0;

When we report results, we use the following notation:
X+ 0,
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12 Lab 1 - Physical dderements

Thus, for example, the electron mass is given ta thbles as
me = (9.109534 + 0.000047) x £bkg.

By this we mean that the electron mass lies betweE)P88%10>! kg and 9.10958410°' kg,
with a probability of roughly 2/3.

Significant Figures

In informal usage the lastgnificant digit implies something about the precision of the meas-
urement. For example, if we measure a rod to be3ldin long but consider the result accurate
to only+0.5 mm, we round off and say, “The length is 101"mfhhat is, we believe the length
lies between 100.5 mm and 101.5 mm, and is closesd1 mm. The implication, if no error is
stated explicitly, is that the uncertainty is %oofe digit, in the place following the last signifi-
cant digit.

Zeros to the left of the first non-zero digit dot mount in the tally of significant figures. If we
sayU =0.001325 Volts, the zero to the left of the decipaiht, and the two zeros between the
decimal point and the digits 1,325 merely locate diecimal point; they do not indicate preci-
sion. (The zero to the left of the decimal poininsluded because decimal points are small and
hard to see. It is just a visual clue—and it isc@d)idea to provide this clue when you write
down numerical results in a laboratory!) The voltagiehas thus been stated to four, not seven,
significant figures. When we write it this way, we say know its value to about ¥z part in 1,000
(strictly, ¥2 part in 1,325 or one part in 2,650)e could bring this out more clearly by writing
eitherU =1.325x10° V, or U =1.325 mV.

When reporting a result with an explicit error estie) keep enough digits so that your probable
error is given to two significant digits (as we didthe previous section).

Important: NEVER round off “intermediate results” when perforgia chain of calculations.
The associated round-off errors can quickly “praiaj (see next section) and cause your final
result to be unnecessarily inaccurate.

Propagation of Errors

More often than not, we want to use our measuredtigieanin further calculations. The ques-
tion that then arises is: How do the errors "propal@atin other words: What is the probable er-
ror in a particular calculated quantity given tlelgable errors in the input values?

Before we answer this question, we want to introdboee new terms:

The relative error of a quantityQ is simply its probable errosyg, divided by the absolute
value ofQ. For example, if a length is known to 49 + 4 cm,sag it has a relative error of
4/49 = 0.082.

It is often useful to express such fractionpeéncent. In this case we would say that we had a
relative error of 8.2%.

When we say that quantiti@sld in quadrature, we mean that you first square the individual
guantities, then sum squared quantities, and take the square root of the sum of the
squared quantities.
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Lab 1 - Physical Measurements 13

We will simply give the results for propagating esoather than derive the formulas.

1. If the functional form of the derived quant(tf) is simply the product of a constaft)
times a quantity with known probable errarandoy), then the probable error in the de-
rived quantity is the product of the absolute vatfiche constant and the probable error
in the quantity:

f(x)=Cx - o, =|C|g, (12)

2. If the functional form of the derived quant{ty) is simply the sum or difference of two
guantities with known probable errof éndox andy andoy), then the probable error in
the derived quantity is the quadrature sum of therg

f(x,y)=x+y or f(x,y)=x-y - g, =05 +0, (13)

3. If the functional form of the derived quant{ty) is simply the product or ratio of two
quantities with known probable errotr §ndoy andy andasy), then therelative probable
error in the derived quantity is the quadrature sdinierelative errors:

f(xy)=xxy or f(xy)=xy -0 /|f Eo, X} +@,lyf (14)

4. If the functional form of the derived quant(ty) is a quantity with known probable error
(x andoy ) raised to some constant poway, then therelative probable error in the de-
rived quantity is the product of the absolute vabfieghe constant and thelative prob-
able error in the quantity:

f(x)=x* - o,/ f Eldo, /x| (15)

5. If the functional form of the derived quantity) is the log of a quantity with known
probable error{ andoy ), then the probable error in the derived quanstyhe relative
probable error in the quantity:

f(x)=In(x) - o, =Ux/|X| (16)
6. If the functional form of the derived quantity) is the exponential of a quantity with

known probable errox(andoy), then the relative probable error in the derigadntity is
the probable error in the quantity:

f(x)=¢e - o, /|f|=0, (17)

And, finally, we give the general form (you are eapected to know or use this equation; it is
only given for "completeness"):

of \ of \’
f(x,y,..)o>o0’=|—| o?+|— | o2+
(X Y,-..) f(axjx(ay)y

Application: Standard Error in the Mean

Suppose that we make two independent measuremessnef quantityx; andx,. Our best es-
timate ofx, the "true" value, is given by the means= (x, +X,)/2, and our best estimate of the

probable error ix; and inx; is given by the sample standard deviation
g, =0, =5 =\/{(x1 =x)" +(x, —7)2}/(2—1) :
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14 Lab 1 - Physical dderements

Note thats, is not our best estimate af, , the probable error ix. We must use the propaga-

tion of errors formulas to get, . Now, X is not exactly in one of the simple forms where we
have a propagation of errors formula. However, wesanthat it is of the form of a constant,

(¥2), times something elséx, +x,) , and so:

—|1
<[,

+X,

The "something else” is a simple sum of two quatitvith known probable errors( and we
do have a formula for that:

— 2 2 _ 2 2 _
Ux1+x2 _\/le +Ux2 _\/SS< +Sx _\/Esx

So we obtain the desired result for two measurements:
— 1
Ox _ﬁsk

By taking a second measurement, we have reducegrobable error by a factor afv/2. You

can probably see now how you would go about showingaithding third xs, changes this factor
to 1/4/3. The general result (fdd measurements) for the standard error in the masrgiven

previously in Equation (11)] is:

o, (18)

1
N

INVESTIGATION 1: PROBABILITY AND STATISTICS |

In this Investigation we will use dice to explorersmaspects of statistics and probability theory.
You will need the following:

* One die

» Styrofoam cup

ACTIVITY 1-1: SINGLE DIE

If each face of a die is equally likely to comeaiptop, it is clear that the probability distritari
will be flat and that th@verage number of spots willbe (1 +2 +3 +4 +5 + 63/8.5 spots. It

is perhaps not as clear (albeit straightforwardhimag that the standard deviation (from this av-
erage) is

\/((1—3.5)2+(2— 357+ (3 3.5+ (4 3.8+ (5 385 (6 386 =1707825

We will now test these expectations.

1. Poll the members of your group as to Exceleeixge. Assign the task of “operating the
computer” to the least experienced group membeére Most experienced member should
take on the role of “mentor”.
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Lab 1 - Physical Measurements 15

2. OpenL01.A1-1 Single Diexls (either from within Excel or by “double clicking’nothe file
in Windows Explorer). Make sure that the tab at lbloiom of the page reads “DieToss”
(click that tab, if necessary).

3. Roll one die six times, each time enteringribmber of spots on the top face into sequential
rows of column A.

NOTE: Hitting “Enter” after you key in a value will adves to the next row. “Tab” will ad
vance to the next column.

Now that we have some data, we can calculate somstiskti

4. Move to cell B1 and enter the Excel formul&€GUNT(A:A)” (enter the equals sign, but not
the quotes!) and hit “Enter”. Excel will count tbells in column A that contain numbers and
put the result into the cell.

5. Move to cell C1 and enter “Tosses”. To prétiygs up a bit, highlight column C (by click-
ing on the column label) and click tlBebutton on the toolbar so that entries in this ooiu
are rendered in boldface font.

Enter the formula “=AVERAGE(A:A)” into B2 andAVverage’ into C2.
7. No computer print outs should be donefor thisActivity 1-1.

NOTE: Before answering any questions or predictions;udis the issues among your group
members and try to come to consensus. Howevemvtitien response should be in your own
words.

Question 1-1: Discuss the agreement of the experimental averadge twé theoretical value
of 3.5.

8. Enter the formula “=STDEV(A:A)” in B3 andStDev” in C3.

Question 1-2: Discuss the agreement of the experimental stardandtion with the theoretical
value of 1.7078251 spots. (Remember that theinrhis case is “spots”. The standard devia-
tion will also have units.) Do you expect bettemarse agreement as the number of rolls in-
creases? Explain your reasoning.
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16 Lab 1 - Physical dderements

Now we’ll look at theprobability distribution by creating and plotting a histogram.

9. Enter ‘Spots’ into E1 and Count” into F1. Fill in the numbers 1 through 6 into lseE2
through E7.

HINT: To fill in these values, enter “1” into E2 an?'*into E3 and then select these two cells
and “click and drag” the lower right hand cornertloé selection to automatically fill in the rest
of the values.

10. Enter the formula “=COUNTIF(A:A,E2)” into F2. Exasill count all of the cells in col-
umn A that contain numbers equal to the numberlire&

11. Select the cell F2 and “click and drag” the lowght hand corner of the selection to
automatically fill in the rest of the cells (thrdu§7).

NOTE: Excel nicely modifies the cell references in tbemula when you “click and drag
copy. Sometimes we don’t want this to happen. Irh suases, precede the column and/or fow
label with a “$”.

12. Select cells F1 through F7 and press the “CWarard” button on the tool bar (it looks
like ﬁ). Select Chart Type “Column” (the default), themss “next”. Select the ‘Series”
tab (at the top) and press the button to the rghhe box next to “Category (X) axis la-
bels”. Select cells E2 through E7 and press thiet thand side button again to get back to
the wizard. Press “Finish” and you should see agdlthe histogram.

Question 1-3: As each of the six faces is equally likely, we ntighively expect that, with six
tosses, to have each face turn up exactly oncecuBsshow well your histogram agrees with this
expectation. Do you expect better or worse agreeagetiie number of rolls increases? Explain
your reasoning.

Rolling the die many, many, times and recordingréslts would get rather tedious, so we will
resort to computer simulations to get a feel fowhbings change as the number of rolls in-
creases.

13. Select the “SimDieToss” sheet (click on thedaathe bottom of the screen). You should see
a sheet very much like the one you just made, wi¢hrotable addition of a button labeled
“Toss Dice”. Try clicking on the button a few times see what happens. There is also a
column labeled® on the Excel sheet. The formula in these cellsutates the ratio of the
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Lab 1 - Physical Measurements 17

number of times that the corresponding number otsspppears to the total number of
tosses. This represents our “experimental” esgérolthe probability that that face will turn

up.

14. By changing the value of cell B1 (initially $ixyou control the number of simulated tosses.
Try different values (10, 100, 1,000, 10,000, u'fbl = 65,535, Excel’s limit on the num-
ber of rows). [Note that you have to “change focfrsin the cell (by hitting “enter” or
clicking on another cell) to actually change théueabefore clicking the button.] Click the
“Toss Dice” button a few times for each value andeobs how the statistics (average and
standard deviation) and the histogram change.

NOTE: Excel is configured to automatically recalculdteny cells change. If you ever suspect
that Excel has not done so, you can click the B9t&dell Excel to “Calculate Now”. You can
also go to Tools. Options menu item, select the Calculation tab, dic#t the “Automatic” but-
ton to restore the automatic calculation feature.

Question 1-4: Qualitatively describe how the statistics and théolgimm change as the number
of tosses increases. Do the statistics convertieetexpected values?

ACTIVITY 1-2: YAHTZEE

We will now explore the assertion that you get a Gansprobability distribution if we “mix
together” a number of random processes. If we doss five at a time, each die will still have
the flat probability distribution that we observedd. Our assertion implies that if we calculate
the average of the five dice for each roll, theesthaverages will have a probability distribution
that is (approximately) Gaussian.

It is fairly clear that the average (of the avesgaill still be 3.5, but what about the standard
deviation? A direct enumeration of all 7,776 polesdtombinations of five dice (the entire popu-
lation) yields a standard deviation of 0.763762@b6a ridiculous nine significant digits). [Not
surprisingly, the average did turn out to be 3.5.]

Alternatively, we could use the “Propagation of Estdiormalism. As each die’s value is inde-
pendent of the others, we can see from “Probabler Hrithe Mean” discussion that the standard
deviation of the means will b&/ /5 times the standard deviation for a single die [ggeation
(18)]. Not surprisingly, we get the same result.

1. OpenLO01.1-2 Yahtzeexls. Make sure that the tab at the bottom of the pagds “Dice”.
To save time, this sheet already has some lal®lsufas, and plots pre-configured. [Note
that Excel may be complaining that we are asking idivide by zero. That is OK; we’ll
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18 Lab 1 - Physical dderements

soon “feed” it some data!]

2. Take some time to explore and understand thetsh@&lick on the various cells and make
sure that you understand what it is configured to do

On the left-hand side, columns A through E are bbbl throughD5. Each row in this set
of columns will correspond to a roll of the five dic

Column G is labele&verage. Each row in this column contains a formula tackdte the
average of the correspondibgd throughD5 values.

There are two groupings of statistics and histografhe first,|ndividual Dice, are calcu-
lated without any grouping (in other words, columnshfough E). These reproduce the O
results.

The secondFive at a Time, are calculated using the row averages (columnke each roll
of five dice is treated as a single “measurement”.

3. Roll five dice six times and enter the resinte the labeled cells (one row per roll). Observe
how the statistics and histograms change as the ewaifloolls increase.

Question 1-5: Discuss qualitatively how the statistics and histagagree with expectations.

Again, we wish to avoid tedium and will resort to cortgoisimulations.

4. Select the “SimDice” sheet.

Again you should see a sheet much like the oneystwised. This time, however, in addition to
a “Toss Dice” button, we have calculated a “theoagtibistogram based upon our assumed
probability distributions. The experimental histags are plotted in a reddish color and the
theoretical histograms are plotted in a pale blue.

Calculating theFL AT distribution is easy, we just assign one-sixthhef total number oD’s to
each die face.

The GAUSSI AN distribution is a bit harder and requires a medsienula. We have to plug the
theoretical mean and standard deviation as wehesotal number of tosses into Equation (3).

5. Change the value of cell J1 (initially ten) t@ry the number of tosses. Try different values
(20, 100, 1,000, 10,000, etc.). Click the “Tossdibutton a few times for each value and
observe how the statistics and the histogram change.
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Question 1-6: Qualitatively describe how the statistics and thetdgram change as the number

of tosses increases. Do the statistics convertieetexpected values?

INVESTIGATION 2: ERRORS

ACTIVITY 2-1: PROPAGATION OF ERRORS

In this investigation we will explore the use of thepagation of errors formulae. We will
measure the time it takes a ball to drop a meastisgdnce. From these data we will calculate
gravitational acceleratiop and compare it to the accepted value. To do someaningful way,

we must estimate the probable error in our detertioina

The distance of fallD, time of fall,t, andg are related
by D =1gt*>. Hence, we can calculagedy:

Clamp

g=2D/t". (19)  Niechansm
Dowel Pin
In the basic free fall experiment, shown in Figure 2 (press here)
steel ball is clamped into a spring loaded releas@humbscrew
mechanism. When the ball is released, it stags th
timer, which will keep counting until the ball hits a
receptor pad at the bottom of its travel. Whenlzak
strikes the pad, the top plate of the pad is force
against its metal base, and the consequent elctric
contact has the effect of stopping the timer. Timer
display will then automatically record the timeabk
for the ball to drop from the release mechanisrhéo
pad.

Receptor Pad

You will need the following:
* PASCO<ience Workshop interface
» free fall apparatus
» steel ball
* meter stick

Figure 2: Free Fall Apparatus

1. Be sure that the interface is connected toctimaputer. Notify your TA if it is not. Start
Data Sudio and open the activity 01.A2-1 Ball Drop.ds [we won't show the extension,

“.ds’, in the future].
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Take a few minutes to study the display. At the dn the left hand side you will see a win-
dow showing possible data sources. Below that tiseaevindow showing possible displays.
Under “Table” you will see that there is an entrydigl “Ball Drop”. The associated win-

dow should also be visible.

Look at the “Ball Drop” window. You will see a one coin table with various statistics
(mean, standard deviation, etc.) below it. Thish®re your data will be displayed.
Press th&etup button =22) on the toolbar to display how the sensor is tactenected.

Make sure that the ball drop apparatus is plugged ithe correct input. Close the Experi-
ment Setup window.

Position the clamping mechanism at the tofhefstand (so as to maximize the distance the
ball falls). Use step stools if needed.

Insert the steel ball into the release medmnipressing in the dowel pin so the ball is
clamped between the contact screw and the holeeirethase plate. Tighten the thumbscrew
to lock the ball into place. Ask your TA if you haaey questions.

Quickly loosen the thumbscrew to release thke Bakhould hit in the center of the receptor
pad. If not, reposition the pad and try again. Dtlee ball a few times to get familiar with
the process.

Reposition the ball in the clamp and carefufigasure the distance from the bottom of the
ball to the top of the pad. This is your estimait¢he “true” distancd. Record this value.
[Pay attention to the units!]

Dex :

Estimate how well you can read your ruler. Tikigour estimate ofp, the “standard error”
in D, and should indicate that there is roughly a 2&bability thatDey, is within 4op of D
(and that there is a 1/3 probability that it is)not

op.

Press th&tart button > ==]) on theData Sudio toolbar. The button will change into two
buttons, &K eep button z*=1) and an adjacent regfop button =),

10. Drop the ball and pregseep to record the fall time. Do this for at least tmops. If you

accidentally record a bad time, ignore it for nowd @ontinue taking data. We can fix it af-
terwards.

11. After you have successfully recorded at leastteps, press thetop button.

12. If you have any “bad data”, click on the “EBiata” button ) on the “Ball Drop” window

toolbar. This will create an “editable” copy of thata. You can then delete bad data by se-
lecting the corresponding row and clicking the “DelRows” toolbar buttorz)).
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13. Record the mean,, andsample standard deviatiors. [Again, pay attention to the units.]

t: S:

t is your estimate df the “true” time, and is your estimate of the standard deviation of all
possible measurementstof

14. Print your results.

15. RecordN, the number of “good” drops (it should be the “@tun your statistics).

N:

Question 2-1: Determine your best estimategf Show your work.

D

NOTE: Don't round off intermediate results when makiraicalations. Keep full “machin
precision” to minimize the effects of round-off @rs. Only round off final results and use your
error estimate to guide you as to how many digitssiep.

As was the case for the standard error of the maargxpression forg is not precisely in one
of the simple propagation of errors forms and sanwst look at it piecemeal. This time we will
not work it all out algebraically, but will insteadlsstitute numbers as soon as we can so that we
can take a look at their effects on the final pldbarror.
We see that is of the form of a constant, 2, times somethitsg,eD/t*, and so we can use
Equation (12):

Jg :|2| JD/t2
D/t? is of the form of a simple product of two quartitiD andt?) and so from Equation (14)
we see:

D/t’| =\/(0’D /D) +(a, 1t2)’

UD/tZ /

Now we are getting somewhere as we have estimates andD. We need only find., /t2.
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Question 2-2: Use gy, , the error irD , that you determined earlier and fimg /|D|, the relative
error inD. Use appropriate units fer, and WriteaD/|D| as a percentage. Show your work.

The quantityt® is of the form of a quantity raised to a constpoiver and so we use Equa-
tion (15):
0, 1t =[20, /i

Now we're just about done as we haveour estimate of. We also have what we need to esti-
mate the probable error in our determinatiot of

NOTE: We have to be careful with interpreting the notati Here &* is the probable error in
our estimate of. It is NOT to be interpreted as the standardatewn of possible determinations
of t.

So, what is our estimate 6f? Sincet is our estimate df then it is the probable error in that
we seek. This we know how to do (“standard erfahe mean”) from Equation (11):

g.=0.=s/JN
Question 2-3: Calculate your best estimates @f and at/|t|. Use appropriate units far, and

write g, /|t| as a percentage. Show your work.
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Question 2-4: Calculate your best estimates af and Jg/|g|. Use appropriate units far,

and writed, /|g| as a percentage. Show your work.

Question 2-5: Write your experimental determination gf in standard form§+o,). Keep an
appropriate number of significant digits (no mdrert two foro, ).

Question 2-6: Is your result consistent with the accepted vau@)9 m/§, within experimental
errors? Explain and show your work.

University of Virginia Physics Department
PHYS 635, Summer 2009



24 Lab 1 - Physical dderements

University of Virginia Physics Department
PHYS 635, Summer 2009



