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LAB 1-PHYSICAL MEASUREMENTS

“A measurement whose accuracy is unknown has n@ wghatever. It is therefore necessary
to know how to estimate the reliability of experimtal data and how to convey this informa-
tion to others.”

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

OBJECTIVES

To learn how to use measurements to best estimhatd'ttue” values of
physical quantities

To learn how to estimate how close the measuraaevial likely to be to the
“true” value

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

To learn some relevant concepts from the matheaigtieory of probability
and statistics

OVERVIEW

Our mental picture of a physical quantity is thedre exists some unchanging, underlying
value. It is through measurements that we tryirtd this value. Experience has shown
that the results of measurements deviate from thas®’ values.

Accuracy and Precision

According to many dictionaries, “accuracy” and ‘@seon” are synonyms. To scientists,
however, they refer to two distinct (yet closelyated) concepts. When we say that a
measurement is “accurate”, we mean that it is vexgr to the “true” value. When we
say that a measurement is “precise”, we mean th&avery reproducible. [Of course, we
want to make accurate AND precise measurementsdodated with each of these con-
cepts is a type of error.

Systematierrors are due to problems with the technique easuring instrument. For
example, as many of the rulers found in labs hasmwends, length measurements could
be wrong. One can make very precise (reproducibggsurements that are quite inaccu-
rate (far from the true value).

Randomerrors are caused by fluctuations in the very gtias that we are measuring.
You could have a well calibrated pressure gaugejflibe pressure is fluctuating, your
reading of the gauge, while perhaps accurate, wosllidnprecise (not very reproducible).

Through careful design and attention to detail,ocae usually eliminate (or correct for)
systematic errors. Using the worn ruler examplavabwe could either replace the ruler
or we could carefully determine the “zero offsetitlasimply add it to our recorded meas-
urements.

Random errors, on the other hand, are less edsitynated or corrected. We usually
have to rely upon the mathematical toolpdbability andstatisticsto help us determine
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8 Lab 1 - Physical Measurements

the “true” value that we seek. Using the fluctngtgauge example above, we could
make a series of independent measurements of éssyye and take their average as our
best estimate of the true value.

Finally, we must also mentiocarelesserrors. These usually manifest themselves by
producing clearly wrong results. For example,rthiswiring of probes and sensors is an
all too common cause of poor results in this laoplease pay attention.

Probability

Scientists base their treatment of random errorthertheory of probability. We will not
delve too deeply into this fundamental subject, Wilit only touch on some highlights.
Probability concerns random events. To some ewgatgsan assign a theoretical, ar
priori, probability. For instance, the probability of‘@erfect” coin landing heads (or
tails, but not both) is 1/2 (50%) for each of tis® tpossible outcomes; tlaepriori prob-
ability of a “perfect” die falling with a particular one of its six sides @pmost is 1/6
(16.7%).

The previous examples illustrate four basic prilesmbout probability:

The possible outcomes have to be mutually exclugivdecoin 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 landedts edge, nor could it be
evaporated by a lightning bolt while in the air,amy other improbable, but
not impossible, potential outcome. (And ditto foe die.)

Probabilities are always numbers between zero ardinclusive. A probabil-
ity of one means the outcome always happens, véhieobability of zero
means the outcome never happens.

When all possible outcomes are included, the sutheoprobabilities of each
exclusive outcome is one. That is, the probabilitgt somethinghappens is
one. So if we flip a coin, the probability that lands head=r tails is
1/2 + 1/2 = 1. If we toss a die, the probabilitgttit lands with 1, 2, 3, 4, Br
6 spots showingis 1/6 + 1/6 + 1/6 + 1/6 + 1/6 6 2 /1.

The mapping of a probability to each possible omeads called grobability distribu-
tion. Just as our mental picture of there being ae*tmalue that we can only estimate,
we also envision a “true” probability distributidhat we can only estimate through ob-
servation. Using the dice toss example to illustrd we toss five dice, we should not be
too surprised to get a five and four sixes (thihkhe gameyahtzeg Our estimate of the
probability distribution would then be 1/5 for 5aép, 4/5 for 6 spots, and zero for 1, 2, 3,
or 4 spots. We do expect that our estimate waujgtéve as the number of tosbgsts
“large”. In fact, it is only in the limit of an fmite number of tosses that we can expect to
approach the theoretical, “true” probability distriion.

" ...one of a pair of dice.

" Each toss is, in the language of statistics, dadlzial. A scientist or engineer would
probably say that it is measurementr observation
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Lab 1 - Physical Measurements 9

Probability Distributions

The probability distributions we've discussed sohfave been for discrete possible out-
comes (coin flips and die tosses). When we meaguaeatities that are not necessarily
discrete (such as pressure read from an analogejaoigr probability distributions be-
come more correctly termgatobability density functiofalthough you often see “prob-
ability distribution” used indiscriminately). Thdefining property of a probability
distribution is that its sumr(tegral) over a range of possible measured values tellbaus
probability of a measurement yielding a value wittiie range.

The most common probability distribution encounder
in the lab is theGaussiandistribution. The Gaussial
distribution is also known as theormal distribution.
You may have heard it called tbhell curve (because
is shaped somewhat like a fancy bell) when apple
grade distributions.

The mathematical form of the Gaussian distributsn

_ - d?/2s2 . . T
P, (d) =e /2s (1) Figure 1 Gaussian Distribution

The Gaussian distribution is ubiquitous because tite end result you get if you have a
number of processes, each with their own probgldistribution, that “mix together” to
yield a final result. We will come back to probékidistributions after we've discussed
some statistics.

Statistics

Measurements of physical quantities are expressedimbers. The numbers we record
are calleddata, and numbers we compute from our data are caligistics A statistic
is, by definition, a number we can compute fronetaos data.

Perhaps the single most important statistic isntiean 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 aver-

age. So, if we hav&l measurementg (i.e., X, X,, ..., X ), the average is given by:

N
i:<x>:()g+>g+...+>f\,)/N:% X (2)
i=1
The average of a set of measurements is usuallgesirestimate of the “true” value:
X » X (3)

Note: For these discussions, we will denote thee"tvalue as a variable without adorfn-
ment (e.g.x).
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10 Lab 1 - Physical Measurements

In general, a given measurement will differ frore tirue” value by some amount. That

amount is called deviation Denoting a deviation by, we then obtain:
di =X- X» % X 4)

Clearly, the average deviation is zero

Another notable statistic is tivariance defined as the mean square deviation:

(R 1N
var(x)° (d+ di+ .+ di)/N=~ =— (% ¥
N i I
The variance is useful because it gives us a measuthe spread or statistical uncer-
tainty in the measurements.

()

You may have noticed a slight problem with the egpron for the variance: We usually
don't know the “true” valug; we have only an estimat&,, from our measurements. It
turns out that using instead ofx in Equation (5) systematically underestimatesvire
ance. It can be shown that our best estimateefttiie” variance is given bgample
variance

N

Va 0)° —— (% X (6)

sample N-1
i=1

A related statistic is thetandard deviationwhich is simply the square root of the vari-

ance:
5=t =+ (e x ™

Note that the standard deviation has the same grolals does the variance in that we
don't knowx. Again we find that using instead ofx systematically underestimates the
standard deviation. We define th@mple standard deviatido be the square root of the
sample variance:

1 N
S = Varsample(x) =il a4 (7_ )l()2 (8)
N-1 4
In most situations, the sample standard deviasoour best estimate of the “true” stan-
dard deviation.

Only if we have a situation where we can makepossiblemeasurements can we use
Equation (7). [Equation (7) defines a statistiattHor clarity, is often called thaopula-
tion standard deviatiofh

x N 1
X-%X)=— 1 — »x= x % 0
SN LN

N
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Lab 1 - Physical Measurements 11

To illustrate some of these points, consider thieviong: Suppose we want to know the
average height and associated standard deviatitineoéntering class of students. We
could measure every entering student (the entipallption) and simply calculate the av-
erage. We would then simply calculatand  directly. Tracking down all of the enter-

ing students, however, would be very tedious. Waild; instead, measure a

representativesample and calculate ands, as estimates ofand .

Spreadsheet programs (such as MS Exgels well as some calculators (such as HP and
TI) also have built-in statistical functions. Fetample AVERAGE (Excel) andx (cal-
culator) calculate the average of a range of cellereasSTDEV (Excel) ands, (calcu-
lator) calculate the sample standard deviatio®.DEVP (Excel) and 4 (calculator)
calculate the population standard deviation.

Probable Error

We now return to probability distributions. CormidEquation (1), the expression for a
Gaussian distribution. You should now have sorea ias to why we wrote it in terms of
d and . Most of the time we find that our measuremerfsdeviate from the “true”
value &) and that these deviationd)(follow a Gaussian distribution with a standard de
viation of . So, what is the significance 6? Remember that the integral of a probabil-
ity distribution over some range gives the probgbibf obtaining a result within that
range. A straightforward calculation shows that thtegral ofPg (see Equation (1))
from - to + is about 2/3. This means that there is prokghilf 2/3 for anysingle
measurement being within xof the “true” value. It is in this sense that iw&oduce the
concept of probable error.

Whenever we give a result, we also want to spexiprobable error in such a way that
we think that there is a 2/3 probability that theu&” value is within the range of values
between our result minus the probable error toresult plus the probable error. In other
words, if X is our best estimate of the “true” valwend s, is our best estimate of the

probable error inx , then there is a 2/3 probability that:
X-S.E XE X+ 5,
When we report results, we use the following notati
Xts,
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 betw8et0948710° kg and
9.109581 103! kg, with a probability of roughly 2/3.

" You have to be careful when choosing your sampeasuring the students who have
basketball scholarships would clearly bias youultes In the lab we must also take
pains to ensure that our samples are unbiased.

" We'll come back to the issue of the probable dmrdie mean.
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12 Lab 1 - Physical Measurements

Significant Figures

In informal usage the lasignificant digitimplies something about the precision of the
measurement. For example, if we measure a roe th0h.3 mm long but consider the
result accurate to onl0.5 mm, we round off and say, “The length is 101"mffhat is,
we believe the length lies between 100.5 mm and51®in, and is closest to 101 mm.
The implication, if no error is stated explicitig, that the uncertainty is % of one digit, in
the place following the last significant digit.

Zeros to the left of the first non-zero digit dat wount 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 pdogate the decimal point; they do
not indicate precision. [The zero to the leftlod decimal point is included because deci-
mal points are small and hard to see. It is jugsaal clue—and it is a good idea to pro-
vide this clue when you write down numerical result a laboratory!] The voltage

has thus been stated to four, not seven, signifioggures. When we write it this way, we
say we know its value to about %2 part in 1,000atyr %2 part in 1,325 or one part in
2,650). We could bring this out more clearly byiting either U =1.325x10° V, or

U =1.325mV.

When reporting a result with an explicit error estte, keep enough digits so that your
probable error is given to two significant digiés (we did in the previous section).

Important: NEVER round off “intermediate results” when perfong a chain of calcu
lations. The associated round-off errors can duitjpropagate” (see next section) apd
cause your final result to be unnecessarily inaateur

Propagation of Errors

More often than not, we want to use our measurexdhtifies in further calculations. The
guestion that then arises is: How do the errorsggpgate”? In other words: What is the
probable error in a particular calculated quangityen the probable errors in the input
values?

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

Therelative errorof a quantityQ is simply its probable errorg, divided by the ab-
solute value of). For example, if a length is known to 49+4 cm,s&g it has a rela-
tive error of 4/49 = 0.082.

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

When we say that quantitiesld in quadraturewe mean that you first square the in-

dividual quantities, then sum squared quantitieg, then take the square root of the
sum of the squared quantities.

" Fromper centumLatin for “by the hundred”.
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Lab 1 - Physical Measurements 13

We will simply give the results for propagatingas rather than derive the formulas.

1.

If the functional form of the derived quantity | is simply the product of a con-
stant C) times a quantity with known probable errotagnd s, ), then the prob-
able error in the derived quantity is the produttttee absolute value of the
constant and the probable error in the quantity:

f(x)=Cx® s,=|0ds, (9)

If the functional form of the derived quantity { is a simple sum or difference of
two quantities with known probable errokgnd s, and yand s ), then the
probable error in the derived quantity is the gaahe sum of the errors:

f(xy)=xtyor f(x)=x y® 5= (si+s/ (10)

If the functional form of the derived quantity § is a simple product or ratio of
two quantities with known probable errokgnd s, and yand s ), then the

relative probable error in the derived quantity is the qaaide sum of theelative
errors:

fxy)=x yor f(xy= ¥® s, /| # 6, /% ¢,/ ¥ (11)

If the functional form of the derived quantity J is a quantity with known prob-
able error kand s,) raised to some constant power)( then therelative prob-

able error in the derived quantity is the produttttee absolute value of the
constant and thelative probable error in the quantity:

f)=xX®s, /| ff|ds, /|x] (12)

If the functional form of the derived quantity | is the logarithm of a quantity
with known probable errorxand s, ), then the probable error in the derived
guantity is the relative probable error in the gign

f()=IN(Y® s,=5,/|4 (13)
If the functional form of the derived quantity | is the exponential of a quantity

with known probable errorand s, ), then the relative probable error in the de-
rived quantity is the probable error in the quantit

f()=e®s, /| f=s, (14)

" These expressions assume that the deviationsreléenough for us to ignore “higher
order” terms and that there are carelationsbetween the deviations of any of the quan-
titiesx, y, etc.
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14 Lab 1 - Physical Measurements

And, finally, we give the general form (you are mojpected to know or use this equa-
tion; it is only given for “completeness”):

2 2
f(xy,..)® si= Al S 2+ i s+ ..
ix Ty

Application: Probable Error in the Mean

Suppose that we make two independent measurenfesasne quantity:x, and x,. Our
best estimate ok, the “true” value, is given by the mear=(x + x,)/2, and our best
estimate of the probable error ¥y and inx, is given by the sample standard deviation:

5, =5, :SXI\/ (%-%)°+(%- X° /(2-0)

Note thats, is not our best estimate of,, the probable error irx. We must use the
propagation of errors formulas to gef. Now, X is not exactly in one of the simple

forms where we have a propagation of errors formilawever, we can see that it is of
the form of a constant, (¥2), times something e{get x,) , and so:
i

The “something else” is a simple sum of two qué&sgitvith known probable errors,()
and we do have a formula for that:

— 2 2 2 2
Sy, —\/s S 2 —\/sX +s; =25
So we get the desired result for two measurements:

-1
Sy —ﬁsx

By taking a second measurement, we have reducegrobrable error by a factor of
1/~/2. You can probably see now how you would go alshawing that adding third,

X;, changes this factor tpv3. The general result (foN measurements) for the prob-
able error in the mean is:

S, =isX (15)

Y]

INVESTIGATION 1: PROBABILITY AND STATISTICS |

In this Investigation we will use dice to explokaee aspects of statistics and probability
theory.
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Lab 1 - Physical Measurements 15

You will need the following:
five dice
Styrofoam cup
Activity 1-1: Single Die

If each face of a die is e*qually likely to comeauptop, it is clear that the probability dis-
tribution will be flat and that the average number of spots will be

(1+2+3+4+5+6/ 6= 3.L It is perhaps not as clear (albeit straightfotive show)
that the standard deviation (from this average) is

\/((1- 35P+ (2 35 (3 3.5 {4 3B -(5 38)- (6 396 =1707825:

We will now test these expectations.

1. Poll the members of your group as to Exceleetxge. Assign the task of “operating
the computer” to the least experienced group membée most experienced mem-
ber should take on the role of “mentor”.

2. OperL01.1-1 Single Die.xIqeither from within Excel or by “double clickingin the
file in Windows Explorer). Note: When prompted nd&ble Macros”. Make sure that
the tab at the bottom of the page reads “DieTodgl( that tab, if necessary).

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

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

Now that we have some data, we can calculate statisties.

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 wibunt the cells in column A that con-
tain numbers and put the result into the cell.

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

6. Enter the formula “=AVERAGE(A:A)” into B2 arftAverage’ into C2.

NOTE: Before answering any questions or predictions¢uiis the issues among your
group members and try to come to consensus. Howihewritten response should pe
in your own words.

" Since each possible outcome is equally likely.
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16 Lab 1 - Physical Measurements

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

7. Enter the formula “=STDEV(A:A)” in B3 and5tDeV' in C3.

Question 1-2: Discuss the agreement of the experimental standeveation with the
theoretical value of 1.7078251. Do you expectdratt worse agreement as the number
of rolls increases? Explain your reasoning.

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

8. Enter ‘Spots into E1 and Count” into F1. Fill in the numbers 1 through 6 intdise
E2 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 haoorner of the selection to automati-
cally fill in the rest of the values.

9. Enter the formula “=COUNTIF(A:A,E2)” into F2Excel will count all of the cells
in column A that contain numbers equal to the nunibeell E2.

10. Select the cell F2 and “click and drag” the éowight hand corner of the selection
to automatically fill in the rest of the cells (tlugh F7).

NOTE: Excel nicely modifies the cell references in themula when you “click an
drag” copy. Sometimes we don’t want this to happersuch cases, precede the column
and/or row label with a “$".

11.Select cells F1 through F7 and press the “Chartavidizbutton on the tool bar (it
looks Iikeﬁ). Select Chart Type “Column” (the default), thess “next”. Select
the “Series” tab (at the top) and press the buttothe right of the box next to
“Category (X) axis labels”. Select cells E2 thraug7 and press the right hand side
button again to get back to the wizard. PressiShinand you should see a plot of
the histogram.

Question 1-3:As each of the six faces is equally likely, we htigaively expect that,
with six tosses, to have each face turn up exactte. Discuss how well your histogram
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Lab 1 - Physical Measurements 17

agrees with this expectation. Do you expect beftevorse agreement as the number of
rolls increases? Explain your reasoning.

Rolling the die many, many, times and recordingrémsults would get rather tedious, so
we will resort to computer simulations to get al fiee how things change as the number
of rolls increases.

12. Select the “SimDieToss” sheet (click on the &hlihe bottom of the screen). You
should see a sheet very much like the one younaste, with the notable addition of
a button labeled “Toss Dice”. Try clicking on thetton a few times to see what hap-
pens. There is also a column labeRedn the Excel sheet. The formula in these cells
calculates the ratio of the number of times thatdbrresponding number of spots ap-
pears to the total number of tosses. This reptesmr “experimental” estimate of
the probability that that face will turn up.

13. By changing the value of cell B1 (initially }ixyou control the number of simulated
tosses. Try different values (10, 100, 1,000, A0,Qup to 2°-1 = 65,535, Excel’s
limit on the number of rows). [Note that you hawee“change focus” from the cell
(by hitting “enter” or clicking on another cell) tactually change the value before
clicking the button.] Click the “Toss Dice” butt@few times for each value and ob-
serve how the statistics (average and standarcii@vj and the histogram change.

NOTE: Excel is configured to automatically recalculdtany cells change. If you ever
suspect that Excel has not done so, you can dtiek-8 key to tell Excel to “Calculate
Now”. You can also go to TodsOptions menu item, select the Calculation tab, jand
click the “Automatic” button to restore the automatalculation feature.

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

Activity 1-2: Yahtzee

We will now explore the assertion that you get aid&|n probability distribution if we
“mix together” a number of random processes. Iftags dice five at a time, each die
will still have the flat probability distributiorhit we observed in Activity 1-1. Our as-
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18 Lab 1 - Physical Measurements

sertion implies that if we calculate the averagehef five dice for each roll, then these
averages will have a probability distribution tief{approximately) Gaussian.

It is fairly clear that the average (of the avesjgeill still be 3.5, but what about the
standard deviation? A direct enumeration of &7, possible combinations of five dice
(the entire population) yields a standard deviatb®.763762616 (to a ridiculous nine
significant digits). [Not surprisingly, the avermdid turn out to be 3.5.]

Question 1-5:Should we use the Excel functi®@@DEV or STDEVP to get the best es-
timate of the standard deviation when we have enat®e all of the possible combina-
tions? Discuss.

Alternatively, we could use the “Propagation ofdes’ formalism. As each die’s value
is independent of the others, we can see from ‘&yigbError in the Mean” discussion
that the standard deviation of the means willhgs times the standard deviation for a
single die [see Equation (15)]. Not surprisingle get the same result.

1. OpenL01.1-2 Yahtzee.xIs Make sure that the tab at the bottom of the pagés
“Dice”. To save time, this sheet already has sdabels, formulas, and plots pre-
configured. [Note that Excel may be complainingttive are asking it to divide by
zero. That is OK; we'll soon “feed” it some data!]

2. Take some time to explore and understandtieets Click on the various cells and
make sure that you understand what it is configtmedb.

On the left-hand side, columns A through E areledD1 throughD5. Each row in
this set of columns will correspond to a roll oétfive dice.

Column G is labeledverage Each row in this column contains a formula tiwea
late the average of the corresponddigthroughD5 values.

There are two groupings of statistics and histogra The firstindividual Dice, are
calculated without any grouping (in other wordsluoans A through E). These re-
produce the Activity 1-1 results.

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

3. Roll five dice six times and enter the resuits the labeled cells (one row per roll).
Observe how the statistics and histograms changeeasumber of rolls increase.
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Lab 1 - Physical Measurements 19

Question 1-6: Discuss qualitatively how the statistics anddasam agree with expecta-
tions.

Again, we wish to avoid tedium and will resort tingputer simulations.
4. Select the “SimDice” sheet.

Again you should see a sheet much like the onejystuused. This time, however, in
addition to a “Toss Dice” button, we have calcullate “theoretical’ histogram based
upon our assumed probability distributions. Thpegimental histograms are plotted in a
reddish color and the theoretical histograms avtiqal in a pale blue.

Calculating thé=LAT distribution is easy, we just assign one-sixttthef total number of
D’s to each die face.

The GAUSSIAN distribution is a bit harder and requires a medsienula. We have to
plug the theoretical mean and standard deviatiomedisas the total number of tosses into
Equation (1).

5. Change the value of cell J1 (initially ten)viary the number of tosses. Try different
values (10, 100, 1,000, 10,000, etc.). Click thess Dice” button a few times for
each value and observe how the statistics andishegham change.

Question 1-7:Qualitatively describe how the statistics and tistdgram change as the
number of tosses increases. Do the statisticsergevo the expected values?
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20 Lab 1 - Physical Measurements

INVESTIGATION 2: ERRORS

Activity 2-1: Propagation of Errors

[ Contact
Screw
" \‘

1

™. Receptor Pad

o

Figure 2

In this investigation we will explore the use oétpropagation of errors formulae. We
will measure the time it takes a ball to drop a sueed distance. From these data we will
calculate gravitational acceleratigrand compare it to the accepted value. To do so in
meaningful way, we must estimate the probable enrour determination.

The distance of fallD, time of fall, t, and g are related byD =1gt*>. Hence, we can

calculateg by:
g =2D/t? (16)

In the basic free fall experiment, shown in Fig@rea steel ball is clamped into a spring
loaded release mechanism. When the ball is rele#sstarts the timer, which will keep
counting until the ball hits a receptor pad atlib&om of its travel. When the ball strikes
the pad, the top plate of the pad is forced agaisshetal base, and the consequent elec-
trical contact has the effect of stopping the tim&he timer display will then automati-
cally record the time it took for the ball to drispm the release mechanism to the pad.
You will need the following:

PASCOScience Workshopterface

free fall apparatus

steel ball

meter stick
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Lab 1 - Physical Measurements 21

1. Verify that the interface is connected to tleenputer. Notify your TA if it iS not.
StartData Studiocand open the activity01.2-1 Ball Drop.ds[we won’t show the ex-
tension, “ds’, in the future].

2. Take a few minutes to study the display. Atttieon the left hand side you will see a
window showing possible data sources. Below thaitet is a window showing possi-
ble displays. Under “Table” you will see that thes an entry labeled “Ball Drop”.
The associated window should also be visible.

Look at the “Ball Drop” window. You will see a om®lumn table with various sta-
tistics (mean, standard deviation, etc.) belowTihis is where your data will be dis-
played.

3. Press th&etup button () on the toolbar to display how the sensor is tade-
nected. Make sure that the ball drop apparatysduigged in to the correct input.
Close the Experiment Setup window.

4. Position the clamping mechanism at the tophefdtand (so as to maximize the dis-
tance the ball falls).

5. Insert the steel ball into the release mechanigessing in the dowel pin so the ball is
clamped between the contact screw and the holaermnrdlease plate. Tighten the
thumbscrew to lock the ball into place. Ask yout iT you have any questions.

6. Loosen the thumbscrew to release the balshduld hit in the center of the receptor
pad. If not, reposition the pad and try againoithe ball a few times to get familiar
with the process.

7. Reposition the ball in the clamp and carefallyasure the distance from the bottom of
the ball to the top of the pad. This is your estenof the “true” distand®. Record
this value. [Pay attention to the units!]

D : mm

exp "

8. Estimate how well you can read your ruler. sTisi your estimate of ,, the “prob-
able error” inD, and should indicate that there is roughly a 2@ability thatD,,,
is within +s, of D (and that there is a 1/3 probability that it ig)no

Sp: mm
9. Press th&tart button ( ) on theData Studiatoolbar. The button will change into
two buttons, &eep button () and an adjacent regtop button ( ).

10. Drop the ball and pre&®ep to record the fall time. Do this for at least thops. If
you accidentally record a bad time, ignore it fomwnand continue taking data. We
can fix it afterwards.

11. After you have successfully recorded at leasidrops, press ti&top button.

12. If you have any “bad data”, click on the “EBiata” button (') on the “Ball Drop”
window toolbar. This will create an “editable” gopf the data. You can then delete
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bad data by selecting the corresponding row arukioly the “Delete Rows” toolbar
button ().

13. Record the mean,, andsamplestandard deviations,. [Again, pay attention to the
units.]

t: ms §: ms

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

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

N :

Question 2-1:Calculate your best estimate gf. Show your work.With what we have

done so farcan you say that your result is consistent withaccepted value, 9.809 fy/s
within experimental errors? Discuss.

NOTE: Don’t round off intermediate results when makaajculations. Keep full “ma
chine precision” to minimize the effects of rounfi-@rrors. Only round off final result
and use your error estimate to guide you as torawy digits to keep.

[72)

As was the case for the standard error of the mmanexpression fogy is not precisely

in one of the simple propagation of errors formd ao we must look at it piecemeal.
This time we will not work it all out algebraicalliput will instead substitute numbers as
soon as we can so that we can take a look atefferts on the final probable error.

We see thag is of the form of a constant, 2, times somethilsg,eD /t*, and so we can
use Equation (9):

D/t? is of the form of a simple product of two quamtitiD andt?) and so from Equa-
tion (11) we see:

Soe![D11]= (s /DY +(s . 1)

Now we are getting somewhere as we have estimates f andD. We need only
finds , /t*.
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Question 2-2:Calculate s, the error irD, and s, /|D|, the relative error i®. Use

appropriate units fos, and WritesD/|D| as a percentage. Show your work.

t? is of the form of a quantity raised to a consfamwer and so we use Equation (12):
5.1t =|2s I

Now we're just about done as we haveour estimate of, We also have what we need
to estimate the probable error in our determinatibh.

NOTE: We have to be careful with interpreting the natati Here ‘s, ” is the probable

error in ourestimateoft. It is NOT to be interpreted as the standardaten of possiblg
measurements df.

So, what is our estimate af ? Sincet is our estimate of, then it is the probable error
in t that we seek. This we know how to do (“probalbferen the mean”):

s »s;=5/JN

Question 2-3:Calculate your best estimates ®f and st/|t|. Use appropriate units for

s, and writes, /|t| as a percentage. Show your work.

Question 2-4:Calculate your best estimate (S‘I‘tzlt2 (as a percentage). Show your
work.
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Question 2-5:Calculate your best estimate sf . (use appropriate units). Show your
work.

Question 2-6:Calculate your best estimates of andsg/|g| . Use appropriate units for
s, and writes  /|g| as a percentage. Show your work.

Question 2-7: Write your experimental determination gof in standard form¢+s ).
Keep an appropriate number of significant digits gmore than two fos ).

Question 2-8:Is your result consistent with the accepted vafu809 m/§, within ex-
perimental errors? Explain and show your work.
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