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Chapter 1
Mathematical Tools

Thie 51 unit systern—ar maplric syEhem—ondensent a semous overhaw! in 2019, Prior 1o the rake-
ovey, the kifograrm was sl defined by o physical object kept In @ wawlf in France, Now, however,
the seven base wnits dn the S system, represended by the circles in the inner ring in the graphic
above, ore defined in ferms of physical constants (the outer ring) and each other, For example,
the meter (m) is defined os the distorce Bahet trovels in 1/299.792, 458 seconds. That big number
i ifee denaminator ks the speed of Right in meters per second, 50, the defition of the meter in-
wolves the speed of light (c) and the definition for the second (5. The arrows in the graghic indi-

cote which wnits and consfants affect others. As you see, the defimition of the second affects every
other urt definition excepl one.
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Objectives for Chapter 1

After studying this chapler and completing the exerciues, you should be able to do each of the
following tasks, using supporting terms and principles as necessary,
SECTRON LY
1. Drstinguish between matter and mass.
2. Use standard SI units and prefixes correctly and consistently.
3. Describe the origin of the 51 system and state the seven 51 base unite.
4. Explzin what a derived unit is and glve examples.
5, Explain what MKS unlts are and why we use them when solving physics problems.
HECTRDN 1.2
6. Explain why all measinrements comlain uncertainty.
7. Distinguish between accuracy and precision.

8, Use signifecans dights properdy when making messurements, interpreling measuraments, and
performing calculations.

9. Distinguish between random error and systematic error.
10, Diescribe the meaning of the sample standard deviation.

11-5tate the equation for the percent difference calculation used in evahuting experimental
duta,

SECTION 13

12 Define fact, theary, ypothests, xnd experiment.

13, Describe the relationships between facts, theories, hypotheses, and experiments and the
rales these play in the process of sclentific ingquiry.

SECTION 1.4

14. Describe the difference between vector and scalar quantities and give several examples of
each.

15. Use the propertied of vectors 1o re-express vector quantities with negative directions or nega-
tive angies.

16. Multiply wectors by scalars,

17. Add vector quantities uaing graphical methods.

18, Calculate rectangular vector components, calculate the magnitade and direction of 3 vector
from its x- and y-companents, and ase wrigonometric methods to calculate vector sums.

19, Compute scalar [dot) and vector (crss) products.”
240, Lz the right-hand rule to determine the direction of a weoter product.

I This egective may be deferred until needed in Chapiers 4 und 5.
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1.1 Sclence and Measurements

1.1.1 No Measurements, No Science

Owe of the things that distinguishes scientific research from other fields of study & the cen-
tral role played in science by messurement, In every branch of sclence, researchers study the
pabaral woekd, and they do it by making measurements. The mcasurements we make kn sclence
are the data we use to quantify the facts we have and 1o test pew hypotheses. These data—our
measuremends—answer questions such as What i its volume? How a8 is of moving? What i
ies mmass? How mvach time did it teke? What is its diameter? What was its frequency amd wave-
length? When do we cxpect it 10 accur again? and many others. Withoot messurements, mod-
ern sclence would nod exisl

Urnits of emeasare are crocial in scence, Since scsnce i 5o deeply Imvolved in making mea
saremnents, we work with messarements a bot in this course. The value of 2 measurement is
always accompanded by the units of measune—a measurement withowt [ty wniis of measare is
& meaningless number, For this reasan, your sntwers 10 computalions in scientific calculstions
mis! always show appropriate wnits.

Before moving on 1o review wnits of mesture, we review the concepts of matter, volume, and
(=1

1.1.2 Matter, Volurne, and Mass

The best way fo undersiand mass is 1o begin with maiter and ita properties. The term mat-
ter pefenn to srrything composed of stoma oc parts of atoms. Your thoughts, your soul, and your
favoribe yong are not matter. You can write down your thoughts In ink, which is matter, and vour
sang can be recerded onto a CD, which consists of matter. But |deas and souls are not material
and are not made of what we call matter. Another part of this world that is not matter by electro-
magretic radiation—[gght, radbo waves, x-rays, abd all oflver forms of electromagretic radiation,
Light s & farm of energy; it s not matter and it has no mass.

All form of matter may be described in terms of their physical and chemical properties.
Here we focus on just two: all matter takes up space, end all matter has inertia. Describing and
comparing these two properties helps make clear what we mean by the term mass.

All matter takes ep space, Even individaal atoens and protons inside of stoms take up space.
We guantify the amount space I:-I:I.'I.I.F'Illd by an object by specifying its wolume. To say that the
volume of an object is 1,350 cm” (the volume of & typical adult human brain) is 1o say that to fill
a brollow shell this siee would recuiire 1,350 neatly stacked cubes, each with a volume of 1 cm’,
illustrated in Figuare 1.1,

All matter possesses the property of inertia, The ¢f-
fect of this property is [hat objects resist being acceler-
asted. The mare inertia an object has, the maore difficult
it is to accelerate the object. For example, if the inertia
of an object is small, as with a goif ball, the object is
casy to accelerate. Gaoll balls are easy to throw, and if
you hit ooe winh 2 golf cab it accelerates at a high rate
tira very high speed. But if the amount of ineriia an ob-
ject huas s karge, a3 with sy, a grand piana, the object
difficult to sccelerate. just try throwing a grand piano
of kitting one with & golf club and you will sec that it
doesn’t accelerate at all. This ks because the plano has a

Figure 1,1 Velumes of § cm” (left) and 100 emn®  great deal more inertia than a golf ball.
{right].
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As with the property of taking up space. we need a way to quantify the inertia of an object.
The waay we do this is with the variable we call mass. The mass of an object is 2 memerical mea-
surement specifying the amownt of tnertia the object haa, Since knertia is a property of matier,
and sknge all matter i composed of sloms, i should be pretty obvious that the more atoms there
are packed into an object, the move mass it has. And since the different rypes of atoms them-
pelves huve different masses. an object compased of more madsive atoms bas mone mass than an
object composed of an equal number of less massive atoms.

The basic unit of measure we use o speckly an objects maas is the kilogram, There are other
unis sach a8 the gram and the microgram. The kilogram (kg) is one of the base units in the 51
dnit system, our topic in the next section,

Wie have established that the mass of an object 14 a measure of its inertia, which in tum de-
pends an how many atoms it is composed of and how massive thase atoms are, The implication
af this is that an object’s mass does not depend on where It is. A golf ball on the earth has the
sarme mass as a golf ball at the bottom of the ocean, on the moon, or in outer space. Even where
there is no gravity, the mass of the golf ball is the same. This is what distinguishes the siaw of an
obpect from its weight.

Weight is caused by the force af gravity acting on an object composed of matter (which we
often simply refer 10 as o mag]), The weight of an object depends on where it is. An object—or
mass—on the moon anly weighs sbout 1/6 of its weight on earth, and in outer space. where there
Ix o gravity, & mass has no weight of all, But the inertia of an object—and thias its mass—does
not depend on where it B This & because an object’s masi is bated on the matter the object is
made of A Stelrmway concert grand plano weighs 590 pounds on earth. In owler space, it weighs
nething and will float right in front of you. On the moon 8 weighs only 165 pounds—about as
much as a slim man. But even in deep space, if you try to heave the grand plano—that is, try to
accclerate H—the lorce you feel on pour hands will be the same as it wosild be on the sarth or
an the moon. This is because the force you feel when you accelerate 2n object depends on the
objects mass

To summarize in different termd, inertia i3 a guality of all matter; mass is the quantity of a
specific portion of matter, Inertia Is a quality or property all matter possesses. Mass is a quantita-
tive varlable, and it specifies a quanticy of matter.

1.1.3 The 51 Unit System

The LS Custesmary Systemt (USCS) b 2 system of units fxmiliar to everyone raised in the
United States. As familiar as this system is with its feet, pounds, and degrees Fahrenheit, this sys-
temn is mot used for sclentific work, Thus without further ado, we move on to the 51 unit system.

The measurement system universally used for scientific work i the Intermationsl Sysferm af
Units, kniown as the 51 system or the metric system. This system was published in 1960 but
originated in France during the French Revolo-

tion. The original system included only the me- Ulmix Symbol Chsantity

ter and the kilogram, Over the years, &3 measure- ——

ment treaties wene signed and wientific brarning - teagih
advanced, the system grew into the formal 51 kilogram kg e
Systern that has now been in use since 1960, The  second % time

51 System is administered by an organization in -~ ympere A electric current
Sévres, Prance (near Paris) known as the Inter- kelvin K

meatbonal Burean of Weights and Measures. The 51 U

Systern has been adopted almost globally, There ~ Gindels  Cd luminous intensity

are only three mations in the world that have ot mode mind amount of sabstanoe
bcchpted the ST Syskem s their oficlal mrwtem of 4o + 1 it deven bass st b the 51 okt sysoen,
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measurement: Myanmar, Liberia, and the United

ok Sywbol Ny States. But even though our road sign markers

poule ] energy atill give distances in miles, in schentific work the
newton N force 51 System Is the one we use,

cubbc meter m volame There are stven base umits in the 51 System,

ey W listed in Table 1.1. All ather S1 units of measure,

¥ sich s the joule () for messuring quantities

pascal Pa pressure of energy and the newton (N) for measuring

Table 1.1 Somme 51 Syviem derived unity amuoiants of force, are based on these seven base

anlts. Units based on combinations of the seven

base units are called derived units. A few common derived units are Bsted in Table 1.2
To accommodate meastrements of vastly differing size, the 51 Spitem uses mubliptiers on the
units of messure o nuultiply them for large quantities, or to scale them down for smalber quanti-
thes. These muhtiplicrs age the metric prefives. The complete Hat of the 20 official 5T prefixes i in
Tabde 1.3, You do not need to memorize all of these; some are rarely used. But you do need to
memearize some of them, | recommend that all kigh school science students commit 1o memary

Prefix | deca— |hecto-| kilo- |mega-| glga- | tera- | peta- | exa- | zetla- | yolta-
Multiples da h k M G T P E £ ¥
Factor | 10 | 10" | 10" | w0* | w' | 10® | 10® | 10 | 10 | 1™
Prefix | deci- | centi- | milli- |micro-| nano- | pico- (femto-{ stto- | zetio- | yocto-
Fractioes [Symbol | 4 | ¢ | m | o | »n | p f . z ¥
Facter | 1710 | 10107 | 110" | 1he* | ane” | 1710 | o™ | 1s00™ | 110™ | 1410

Tabie 1.3, The 4 Sysiens prefives

the prefices listed in Tabie 1.4,

l'conclude this section with a few brief notes. First, when using the prefixes for quantities of
mass, prefizes are never added to the kilogram. Prefixes are only added to the gram, even though
the kilogramn—not the gram—is the base unit in the 51 system. Second, note that when writing
the symbols for metric prefizes, the case of the letter matters: kilo- always takes & lower-case
k. muega- abways takes an upper-case M, and £0 on. Third, ome of the prefix symbals is not an

English letter, The prefix

Fraclicas Multiphes j for mdcro- a the lower-

case Greek letter mu, the

Prefix  Symbol  Factor Peefix  Symbol  Factor m in the Greek: alphabet.
centi- < et kilo- k W Finally, pay close atten-
il m ' mega- M 1w' o to the difference be-
mire- @ 11" giga- G W  tween maltiple prefixes
e 0 . il T G® and fraction prefixes
Learnkng 1o use the frac-

pico- P g tion prefives properly
Table 1.4 51 Sysbem prefives bo commit b memory: is the most challenglng
part of mastering the 51

Syitem of units, and ws-

ing them Incomrectly In unit conversion factods i a commaon shudent error,
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Accuracy relates 1o exmor--that Is, 1o the lack of t—which ks the difference betwem & mea-
sured vaboe and 1he true valoe. The lower the error is in a measurement, the better the accuracy.
Error can arise from many different sources incheding human mistakes, malfunctioning equip-
meend, incorrectly calibeated Instruments, vibrations, changes in temperature ar hamidity, or un-
ksowm causes that are infuencing 8 measarement without the knowledge of the experimenter.

Precision refers 1o the resolution or degree of “fine-ness” in o measurement. The limit to the
precision that can be obtsined In & messurement is ultimately dependent on the instrument
being used to make the measusement. 1f you wanl greater precision. you must use 3 more pre-
cise instrument. The degree of precision in every measurerent is signified by the measuremsent
walua itseld because the prectsson ks a bullt-in part of the measurement. The precision of a mea-
surement is indicated by 1he rumber of signifcamt digits [or signdfcant figsres) included in the
messurement valoe when the measarement is written down (see below).

Here i an example that illastrates the idea of precision and also helps to disatknguish between
precision and accuracy. Figure 1.2 Is a photograph of & machinist’s rale and an architect’s scale
placed ome sbove the other. Since the marks on the two scales line up conskstently, tiese fwo
sealed are equally accurate. Bud the machinisth rube (on top) is mare precise. The architect’s scale

AT i marked in 1/16-inch increments,

§ LN r s :n!- i 'I.- ul i :||‘_.r- Ul WL i bat 1he machinists mile s marked
*‘{lﬁﬂ'dh’ el in 1i64-inch increments, Thus, the
TP It bs bnportant that you are able
Ll bl v distimguish  between accuracy
and precivion. Here is another ex-
ample to help illistrate the differ-
ence. Lets say Theodore and Mar-
us sach buy digital thermometers
Fgere 1.2, The secsrecy of these teo ecales i the ame, bt the for thedr bomes The thermometer
eschiniuth rale (shove) b more precise than che architect’s scale Theodaors buys costs $10 and mea-
thelow). sures 1o the nearest 1°F. Marins
Pays $40 and gets one that reads to

the searest 0.1°E Theodore reads the directions and properly installs the sensor for his new ther-
mometer In the shade. Marius doesnt read the directions and mounts his sengor in the direct
sanlight, which causes a significant error In the thermometer reading when the sun is shining

o i thus Marbos” mesvarements are nod very accurate, The result is that Thecdore has lower-

precision, higher-accuracy measarements!

1.2.3 Significant Digits

The precisbon In any measurernent is indicated by the oumber of sigreifcant digits it contalns.
Thass, the nismber of digits we write in any messurement we deal with in science bs very impor-
tant. The pamber of digits is meaninghul because it shows the precision that was present in the
inatrument used 1o make the meatmrement,

Let’s sy you are working a computaticnal exercise in a science boak. The problem tells you
thsat a person drives a distance of 110 miles at an average speed of 55 miles per hour and wants
you to calalase bow long the trip takes. The correct answer 1o this problem is diferent from the
correct andwer to 4 similar problem with given values of 110.0 mibes and 55.0 miles per hour,
And if the given valses were 110.0 miles and 55,00 miles per hour, the correct answer would
be different yet again. Mathematically, of course, all three answers are golng 1o be the same, If
you drive 110 miles st 55 miles per hour, the trip tekes two hours. But scientifically, the correct
anitwers 1o these three problems are different: 2.0 houry, 2,00 bowrs, and 2000 hours, respec-
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tively. The difference between these cases is In the precision indscated by the given data, which
are manereenls. (Even though this i just & made-up problem in a book and not an actual
measurement someane made in an experiment, the given data are still measurements. There is
nery iy 1 Balk about distances of spocds without talking abhout measurements, even if the mea-
surements are only kmaginary or hypothetical.)

S0 when you perform s calculation with physical quantities (measurements), you can't sim-
ply write donenn all the digits shown by your calculator. The precigion inherent in the measure-
mients used in & computation governs the precision in any result you might calculate from those
meassiremenie And sinoe the precisbon in a measurement is indicated by the number of signifi-
cant digits, data and calculations must be written with the correct numbers of significant digits.
To do this, you need fo know how to count significant digits. and you must use the cornect
riniber of significant digits in all vour calculations and experimental data.

Correctly counting significant digits involves four different cases:

1. Rubss for determining how many significant digits there are in a given measufement

2. Rules for writing down the correct number of significant digits in a measarement you arne
making and recording,
3. Rubes for computations you perform with measurementi—multiplication and division.

4. Rulbes for computations you perform with measurements—addition and subtraction.
We neww address cach of these cases, in order,

mﬁ. We begin with the rule for determining how many significant digits there are in 2
given messurement valoe. The rule is as fallows:

o The mumber of spmificant digits in a momber is found by counting all the digits from left to
Fighet, Wmuqﬂﬁmjnl_mm;ﬂ an i left, When se decimnal i present, trailing

zeros wre nod considered significant.

As examples of this rule, consider the following:
1567  This value has five significant digits

Z1LO005  This value has six significant digits.

37,000 This value has only two significant digits because when there is no decimal, trailing

zefos are nof significant, Notice that the word sigrificant bere is a reference to the

af the measarement, which in this case iz rounded to the nearest thowsand,

The reros in this value are certalnly fmportans, bat they are ot significant in the
comext of precision.

0.0105  This value has three significant digits because we start counting digits with the first
notzene digit on the lef,

Q001350  This value has four significant dighs. Trailing zeras count when there is a decimal

The significant digit rules enable s to tell the difference between two measurements such as
13.05 m and 13,0500 m. Agaln, these values are obviowsly equivalent mathemanically, But they
are different in what they tell us about the process of how the measurements were made—and
sclence deals In measurements, The first measurerment has four stgrificant dighte. The second
measurement is more precise. [t has s significant digits, and was made with a more precise
instrament.



Chipier |

Mo, just in case you ane bothered by the zeros at the end of 37,000 that are pot significant,
heee b cae more way to think about significant digits that may help. The precision in a measare-
ment depends on the intrament used to make the messurement. If we express the measurement
in different units, this canned change the precasion of the value, A measusement ol 17,000 grams
b egpaivalent to 37 kilograms, Whether we express this value in grams or kilograms, it still has

two dignificant dagite

m The second cate addresses the rules that apply when you are recording & measare
ment yourself, rather than reading & messsrement someone clse has made. When you take maa-
surements yoursell, as you do in laboratory experiments, you necd to know the rules for which
digits are significamt in the reading you are taking on the messuzement initrument. The rule for
takieg mesturements depemnds on whether the Instrumest you are uaing is a digital instrument
oF in anadop instrument. Here are the rales for these bwo possibilitkes

o  Rule 1 jor digital tngtrements  For the digital ingtruments commonty foumd in high school
or umdergraduale. science labe asnene all of the r]erIJ i
fee reading are sgrificent except leading sevou

o Rule 2 for analog instrurmeents Tl eipaificant adigits fn @ mensuremend include all the
digits kmown with certnimty, plas one digir ar the end tiar
reudl by pitirmated brbween the frmest marks om the scale of
T Felrummend,

The fisst of these rales s llustrated in Figure 1.3, The reading on the left hay beading zeros,

which do not count as significan
- - - - Thius, the firt reading has three
significant  digie. The second
Frgure 13, With digital instruments, all digies wre significant except reading also has three significant
beading teren. Thea, the rumbers of signibeant digits in these digits. The third resding has five

gaengn dore, Trom lefh bo right, theer, thaee, fRve, and B,

significant digita.

The fourth reading also has
five significant digits becasse with a digital display, the only
zeros that don't count are the leading zeros, Tralling 2eros
are significant with a digital instrument. However, when you
wrile this measarement down, you muast write it In o way that
shows those 2eros 1o be signiBcant. The way to do this is by
using scientific notation. Thas, the right-hand valse [n Figure
1.3 maust be written a 4.2000 x 10",

Drealing with digital instruments is actually more imvolved
than the simphe rule above implies, but the bsues ipvolved
g0 beyond what we typically deal with in introductory or in-
termediate science clasies. So, simply take your readings and
assume that all the digits in the reading except leading zeros
afe significant.

Now let’s look & some examples (lbustrating the rale for
snalog instruments, Figure 1.4 shows a machinist’s rule being
used 1o messure the keagth i millimeters {mm} of a brass
black. We know the frst two digits of the length with certain-
ty; the block is clearly between 31 mm and 32 mm long. We

Figuire | 4. Reading the significas have to estimate the third signiScant digit. The scale on the

digits with & machisir ros rule ks marked in Increments of 0.5 mm. Comparing the edge

i
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off the block with these marks; | would estimate the next digia
io b a 6, giving & measarermnent of 31.6 mm. Others mdght o5-
timafe the Last digit 1o be 5 or 7; these small differences in the
last digit are unavoldable because the last digit is estimated,
Whatever you estimate the last digit 1o be, two digits of this
meazurement ane knpwmn with certainty, the third digit is esti-
mated, and the measurement bas three significant dagis

The photograph in Figure 1.5 shows a lguid vodume meas
warcersend in osilliliters (mL) belng made with & buret. The
scabe s marked in increments of .0 ml. This means we ane
i exibmabe o the mespest .00 ml. To one persan, it may Lok
like the bottom of the meniscas (the black curve) is jfiast bebow
.2 mL, g0 that person would call this measerement 2,21 mL
[ someone clee, i may seem 1hat the bottom of the menks-
cus is right on 2%, in which case that person would call the
reading 2.20 ml. Either way, the reading has three significant

——
j—
—_—
=

—
——

digits and the last digit is estimated to be cither | ar 0 Figuse 1.5. Reading the significans
digits @i & Emipct

Asathiprd :-.u:np-'_-:. !-'ll.pllr 1.6 shevers a liguid yolume mea-
suremnent being made in a graduated cylinder, The scale on
the gradusted cylinder is marked in increments of | mL [n
the photo, the entire mentscus appear selvery in color with a
black curve at the bottoart. For the lbquid shown in the figure,
wie ko the first two digits of the volume measurement with
certainty, because the reading at the bonom of the meniscus
k& v;l-,-q;l:.' beiween &2 mb and &3 ml We have to estimaie the
third digit, and | woald estimate the black line 1o be at 40% of
the disgance between 82 and B3, giving a reading of £2.4 ml.

It is important for you bo keep the significant digits nales
in mind when you are taking measarements and entering
data for your lab reports. The data in your lab joernal and the
values you use in youar calculations and report should correct-
Iy relieot the wse of the -:Ign:l'l:l:i.ﬂl: |‘!IE':IS rales as they apply 1o
the achual insruments yoa mse fo lake your messuremenis.

Fighige 1.5 Resding the :I..l_p'll.l:u.l.ul
digits on a graduated cylinder.

m The third and fourth cases of rules for significant
digits apply 1o the caboulations you perform with measure-
mmsenta. In Case 3, we are conoermed with multiplication and
division. The main idea bebind the rule for muliplylng and
dividing is that the precision you report in your resalt cannot be higher than the precision that is
in the meataremsents you start with. The precision in a measurement depends on the instrument
wied to make the messurement, nothing else. Multiplying and dividing things cannot improve
thsi precigion, and thos vour results can be mo more precise than the measurements that went
into the calculations. In fact, your result can be no more precise than the least precise value used
in the calculation. The least precise value ks, so to speak, the “weak link™ in the chakn, and a chain
i# Ao stronger thin ity weakent link

Here are the two rules for using significant digits in calculations involving mubtiplication
and division:

# Hule ]  When mindriplying or dividing, count the sigrifreant digits in each of the values ypou
will e im & calculation, including any comversion factors you are wsing. (However,

il
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mole: conwersion factors that ane exact are pol comtédered. ) Determine how many
significat digits there are tn the least precise of all of these walues. The resulr of
your calowlation must have this seme nwnber of sigrificant digits.

s Rule 2  Whm performing o multh-step coleulation, keep at Lot one extra aigt during
intermediate calcwlations, and rowsd to the fimal pumiber of significon? digits you
need ar the very end. This practice ensares that tmall round-off errors don’t ac-
crmickate durimg a multi-step calculation, This extea digif rule also applies to unif

converiraas perfermed as part of e compulation.

MMhnhmﬂrduhdptﬁumdmuqupﬂummmcﬂﬂnmmw-
foeen with measurements. In Case 4, we are concerned with addition and subtraction.

The rale for addition and sublraction i completely different (rom the rule for madiplication
and division, When performing addition, it ks not the number of significant digits that governs
the precision af the resuld. Instead, it ks (he place walioe of the load digid that is farthesr te the boft in
Hae numbers being added that governs the precision of the result. This rule is quite wordy and is
best Wastrated by an exemple, Condider the following addition problem:

1365
18017
4 1307069
L. 402,62

O the three values being sdded, 13.65 has digits out to the bundredths place, 1.9017 has digits
et 15 the fen thousandths place, and 1,387.069 haa dights ot to the thousandths place. Looking
at the final digits of these three, you can see that the final digit farthest 1o the left ks the § in 13.65,
whiich it in the hundredths place. This ks the digit thas governs the final digit of the result. There
can be no digits to the right of the hundredths place in the result, The justificstion for this rule
i 1hat ome of our measurements is precise ondy 1o the pearest bundredth, even though the other
two are precise (o the nearest thousandth ar ten thousandth. We are going 1o sdd these values
togethes, and one of them is precise oaly to the neasest hundredth. Thas, it makes no sense to
have a result that Is precise 10 & place more precise than 1hat, so hundrediha are the timit of the
precisson in (be result.

Carrectly performing addition problems in science {where nearly everything is a messure-
metn) requines that you determine the place value governing the precision of your result, per-
form the addigion, and then round the resall In the above example, the sum is 14026207,
Rownding this value 1o the hundredihs place gives 1,402.62.

1.2.4 Random and Systematic Error

The twa main types of error in experimental messusemnents are random error and systematic
ervor. Random errors ane caused by unknewn and anpredictable fuctuations in the experimen.
tal setusp. Examples of random error would be changes in the apparatus dise to temperature fhuc-
tuations in the room, vibrations o wind that influence the measurement bn & random fashion,
of electronic moise that infheences the readings in your instruments. When you caleulate and
discuss the uncertainty in your messurements, you are discussing the random error that caused
yous messurements to flucheate randomly around the mean value,

Systernatic errors are errors that blas the experimental resalts in one direction, and are usu-
ally caused by equipment defects, miscalibration of meascrement instruments, or an experi-
menter wita consistently misseads or missses the imstruments in the same way. Usually, when
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discussing systematic error, we are talking about problems that could be eliminated by proper
use, calibration, and operation of the equipment.

Your percent difference values (Section 1.2.6) can be influenced by factors you did not take
into account in your predictions, and the result can be percent difference values that look like
they include systematic error. A common example of this is physics experiments involving mo-
Hon that do net take friction into sccount. If you make predictions in & mechanical system
without taking friction into account, your results will all be biased in the same way relative to
your measurements, This ks mot an "experimental error; it is the result of using approximations
in your theoretical modeling of the experiment, However, it ks a contributor to your percent dif-
ference vahaes and could play a role in the discussion of your results.

1.2.5 Standard Deviation

Ma doubt, you are already familiar with the statistical parameters mean and median. In the
langusge of statistics, these parameters are measures of center—they indscate where the “middle”
af & duis set bs. The standard deviation of a dats set is another siatistical parameter, one that in-
dicates the amount of “spresd” in a data set. There are two different calculations for the standard
deviation: the population standard deviation
(o} and the sample standard deviation (s). The
population standard deviation applies to data
sets that inchude every member of a popula- E :
tien; the sample standard devistion spplies o <
data sets that contain a sample of values from a
population, but not the entire population. For 'E
example, it is possible to know the age of every
single student in a school, and such a dala set sl i

L 3l ]

R X I
1

|

constitutes a population. But since a data set of

sciemtific messurements almost never containg

every possible measurement value that could * m he oCoumence of a particular
oocur. sets of measurement data are usually measuhement value

samples and the sample standard deviation 8 Figuee 1.7, A Gaussian distribution forms from the data

the one most commoanly used with scsentific  when a specific measurement is made repeatedly with
data, an Enstrument precise enough to show the variation.

When taking measurements or performing
caleulations from repeated trials of an experi-
ment, the values of the measuremnents—if there ase encugh of them—aoften form a Gaugian
distribution (also called a mormal distribution). Figure 1.7 dlustrates how measurements form
& Gausslan distribution. Each circle in the Agure
represents a measizrement. Most of the measare-
ment values are close 1o the mean value, so the
distribution pesks here; some measurements lie
far above ar below the mezxn, giving the distribu-
Lion its “tagle”

Figure 18 shows two more typical Gauss-
inn distributions, the second distribution more

spread out than the first, The standard deviation,
5, of & data st is & measure of how spread out the A
data are, Larger values of 5 mean wider spresd;
srraller valoes of # mean a nareower spresd. The

more accers experimental methods, and Figuse 1 & Geasslan dissribstions narraw, with
R smaller ¢ (tep), and wide, with lasger 5 (bottoen).
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Fagitre 1.10, The Cycle of Schentific Enterprise.

Science id not in 1he business of makisg truth cleima. 0 is in the business of modeding low nature
warks with thearies based on research.

As our theories develop over time, oar hope s that they pet claser and closer 1o the truth, the
srmazing and profound (nath sbout mysieries such as what protons and electrons are, why they
have the properties they have, and how the two mast successful theories of the 20th century—
quantum mechanics end genenal relativity—can be reconciled with cach other. Buat the truth

aksout nature is always oul in froot of us soeewhere, always outside of oar grasp. To know the
truth abeut matare we would have 1o anderstand nature as God understands if, We arc nowhere
chore bo that

For this reason, all scientific knowlodge—facts and thearies—is regarded ax provirional and
corrigible. Facts may be regarded as correct, and theorbes may be regarded as our best approoxi-
muation ta the reality of mature, but all such knowledge is subject to change and correction, to
being replaced by more scourate facts or theories.

1.3.2 Truth and Facts

Christians believe in truths that have been revealed to us, that are sbesalute and unchanging.
Sclentific facts, by their very nature, are not bike this, so definitions for truth and for sciemtific
JSacts must take this inbo account, First we look 2 the ways that humans can know truth.

One way we know trath i when it b evidint or obviows o es. For example, it s evident or
obnious 10 you that you are swake right now while you are reading this vext. Thas, it s correct
to say that It ks true you are swake. Likewise, you probably know I you have exten & meal within
the past three days. If so, then it is obvious to you that if you sald, "] have caten a meal within the
past three days” you would be speaking the truth,

Knowing cbvious truths is clearly an impostant part of living as a human being in Gods
woeld. God has made us so we can know truth sbout the woeld arcund us just by being here,
seeing thing, and remembering things. We rely on the stability of the warld arcund us and car
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memorkes of it, because if it were otherwite we would probably all go crazy. The stability of the
world and our memorics are parts of the gift of creation God has given to us.

The second way humans can know tristh & by the use of valid logic, beginning with true
premises. | do not develop this idea here, since the use of formal logic has listle direct relation
1o aur work in this text. The exception s the use of mathematical logic to discover new math-
ematical truth. This ks, of course, at the core of what mathematicians do, and also plays a rale in
problem sodving.

The third way for s 1o know truth is for God to reweal it to s Much trath ks knowledge
that is revealed to us by God, either by Special Revelation or by General Revelastion. Special
Revelation is the term theologians wie to describe truths God teaches os In the Bible, his Haly
Word. General Revelation refers 1o truths God teaches us through the world he made. Some-
times people describe Special and General Revelation as the two "books™ of God's revelation to
us, the book of God's Werd (the Bible) and the book of Gods Works (nstare).

Since truth is cbvious, or revealed by God (either through his word or his works), this means
that truth is nol discowered the same way scientific facts are discovered. Truth & true for all
people, all times and all places. Truth ks pormanent and never changes. Some examples of re-
vealed truths are:

= [es i the divine San of God {Matthew 1616

» All have sinned and fall short of what God requires {Romans 3:23).
= God | the ereator of all that is (Colossians 1:16, Revelation 4:11),
« God loves us {John 3:16).

Each of these statements Is true, and we know they are true because God has revealed them
i s in his word. (The reasons for believing Gods word are important for all of us to keow and
understand, but that is a subject for a different course of study.) These truths are all unchanging,
juust like all truth. The distinction between truth and scentiiic fucts, which | describe in the next
section, & crucial, As believers, we embrace the absolute truths we find in Scripture. Scientific
facts can change; trath does not. If we confuse these terma we may have & hard time discussing
and defending the faith and distinguishing between the precious truths we know absolutely,
sisch as that fesus (3 our redecemser and rose from the dead, and things that may tarn out not to
be correct afier all.

1.3.3 Scientific Facts, Thearies, Hypotheses, and Experiments

To expound an the Cyde of Sclentific Enterprise a bit further, the following are some defini-
tions to keep In mind as you consider the mathematical models we develop in coming chapters.

m&mm[ntutpmpmﬂmhmﬂm-hm:mnlmuﬁ:dm
that [s correct so far as we know Sclentific facts are discovered by experiment, ohaervation, and
inferences from experiments and observations. Scientific facts can and do change as wew scien-
tific knowledge—oew data—is acquired. Since sclentific facts are always subject to change, cage-
fiul scientists will usoally avoid terms such as frue or proven 1o describe sclentific fcte. Instead,
we say a scientific fact is correct 3o far a3 we know

Schentific facts are just a small step away from raw data. To talk about what sclentific facty
miean, we muost relate them together in a consistent explanatory framework. This is where theo-

ries come in.

m A theory is & mental model that accounts for the data (facts) in a certain feld
of research, and attempts to relate them, interpret them, and explain them. Sclentific theorles
are successfiz] i they repeatedly allow scientists to form new hypotheses that are supported
by experiment. Successfil theories are the glory ard goal of sclemce. Nevertheless, theories, like
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