Unit I Reading — Graphical Methods Name:

Highlight or underline the important points in this reading. Mods:

One of the most effective tools for the visual evaluation of data is a graph. The investigator is usually
interested in a quantitative graph that shows the relationship between two variables in the form of a curve.

For the relationship y = f(x), x is the independent variable and y is the dependent variable. The
rectangular coordinate system is convenient for graphing data, with the values of the dependent variable y
being plotted along the vertical axis and the values of the independent variable x plotted along the
horizontal axis.

Positive values of the dependent variable are traditionally plotted above the origin and positive values of
the independent variables to the right of the origin. This convention is not always adhered to in physics,
and thus the positive direction along the axes will be indicated by the direction the arrow heads point.

The choice of dependent and independent variables is determined by the
experimental approach or the character of the data. Generally, the
independent variable is the one over which the experimenter has complete
control; the dependent variable is the one that responds to changes in the
independent variable. An example of this choice might be as follows. In an
experiment where a given amount of gas expands when heated at a constant
pressure, the relationship between these variables, V and T, may be
graphically represented as follows:

Correct
4
By established convention it is proper to plot V = f (T) rather than T = f (V), 1
since the experimenter can directly control the temperature of the gas, but the :
volume can only be changed by changing the temperature. '
1
Curve Fitting i_

When checking a law or determining a functional relationship, there is good

reason to believe that a uniform curve or straight line will result. The process Incorrect
of matching an equation to a curve is called curve fitting. The desired

empirical formula, assuming good data, can usually be determined by

inspection. There are other mathematical methods of curve fitting, however

they are very complex and will not be considered here. Curve fitting by

inspection requires an assumption that the curve represents a linear or simple 5

power function. :

10 7= S ;
If data plotted on rectangular coordinates yields a straight I !
line, the function y = f(x) is said to be /inear and the line on vel —+ !
the graph could be represented algebraically by the slope- I I
intercept form: 51T :
y=mx+b, | :
where m is the slope and b is y-intercept. I
I I

Consider the the graph of velocity vs. time 0 L___l___.l___.l___.,._)

.5 10
time (s)
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The curve is a straight line, indicating that v = f(t) is a linear relationship. Therefore, v = mt + b,

here slope = m = 5% = Y2~ V1
W eresope—m—At —W
From the graph,
80m/s >
m="070 =0.80 m/s” .

The curve intercepts the v-axis at v=2.0 m/s. This indicates that the velocity was 2.0 m/s when the first
measurement was taken; that is, when t = 0. Thus, b =vo=2.0 m/s. A

The general equation, v = mt + b, can then be rewritten as
v =(0.80 m/s2 )t+2.0 m/s. P
. . > (N/m?)
Consider the following graph of pressure vs. volume:

The curve appears to be a hyperbola (inverse function). Hyperbolic

re——————————————

yields PV = constant, which is known as Boyle's law.

. . 1
or inverse functions suggest a test plot be made of P vs vV The @ =  Lecccccccccaoc==- >
resulting graph is shown below: A vV (md)
l
1
P 1
The equation for this straight line is: o) :
1 (N/m=n
P=m(5; )+b, i
1
where b = 0. Therefore; P = % ; when rearranged, this :
1
1
1

Consider the following graph of distance vs. time: \>

The curve appears to be a top-opening parabola. This d (m)

function suggests that a test plot be made of d vs. t*.
The resulting graph is shown below:

t(s)

Since the plot of d vs. t* is linear,

d=mt’+b.
The slope, m, is calculated by i
A . !
m= A_(; = &nz = 1.6 m/s? H :
0.1 tz (82) 0.s
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Since the curve passes through the origin, b = 0. The mathematical expression that describes the motion of
the object is

d=(1.6 m/s)t2 +0m.

W™

Consider the following graph of distance vs. height:

The curve appears to be a side-opening parabola. dem)

This function suggests that a test plot be made of
d’ vs. h. The resulting graph is shown on the

AN LA LA LA ALL RN

following page.
I////I//////////I////I////////7///'
h{cm)
Since the graph of d* vs. h is linear the expression is 4
d’*=mh +b. ////
°>.0—
The slope, m, is calculated by _,f,
Ad? 2, 9 ¢
== d“icm :
m=" (em<) -
2 §=mme=mrmscmsmssmesneog
_2.5cm 2 :
5.0 cm ;
1.0— !
=0.50 cm. b
7 ////}I/l///}//////}//////}/11///}/////
Since the curve passes through the origin, b = 0. The R (erm) >.0

mathematical expression is then

d®>=(0.50 cm)h + 0 cm?,
Experimental Design and Graphical Analysis of Data

A. Designing a controlled experiment

When scientists set up experiments they often attempt to determine how a given variable affects
another variable. This requires the experiment to be designed in such a way that when the experimenter
changes one variable, the effects of this change on a second variable can be measured. If any other
variable that could affect the second variable is changed, the experimenter would have no way of knowing
which variable was responsible for the results. For this reason, scientists always attempt to conduct
controlled experiments. This is done by choosing only one variable to manipulate in an experiment,
observing its effect on a second variable, and holding all other variables in the experiment constant.

Suppose you wanted to test how changing the mass of a pendulum affects the time it takes a pendulum
to swing back and forth (also known as its period). You must keep all other variables constant. You must
make sure the length of the pendulum string does not change. You must make sure that the distance that
the pendulum is pulled back (also known as the amplitude) does not change. The length of the pendulum
and the amplitude are variables that must be held constant in order to run a controlled experiment. The
only thing that you would deliberately change would be the mass of the pendulum. This would then be
considered the independent variable, because you will decide how much mass to put on the pendulum
for each experimental trial. There are three possible outcomes to this experiment: 1. If the mass is
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increased, the period will increase. 2. If the mass is increased, the period will decrease. 3. If the mass is
increased, the period will remain unchanged. Since you are testing the effect of changing the mass on the
period, and since the period may depend on the value of the mass, the period is called the dependent
variable.

In review, there are only two variables that area allowed to change in a well-designed experiment.
The variable manipulated by the experimenter (mass in this example) is called the independent variable.
The dependent variable (period in this case) is the one that responds to or depends on the variable that
was manipulated. Any other variable which might affect the value of the dependent value must be held
constant. We might call these variables controlled variables. When an experiment is conducted with one
(and only one) independent variable and one (and only one) dependent variable while holding all other
variables constant, it is a controlled experiment.

B. Characteristics of Good Data Recording

1. Raw data is recorded in ink. Data that you think is "bad" is not destroyed. It is noted but kept in case

it is needed for future use.

The table for raw data is constructed prior to beginning data collection.

The table is laid out neatly using a straightedge.

The independent variable is recorded in the leftmost column (by convention).

The data table is given a descriptive title which makes it clear which experiment it represents.

Each column of the data table is labeled with the name of the variable it contains.

Below (or to the side of) each variable name is the name of the unit of measurement (or its symbol) in

parentheses.

8. Data is recorded to an appropriate number of decimal places as determined by the precision of the
measuring device or the measuring technique.

9. All columns in the table which are the result of a calculation are clearly explained and sample
calculations are shown making it clear how each column in the table was determined.

10. The values held constant in the experiment are described and their values are recorded.

Nownbkwbd

C. Graphing Data

Once the data is collected, it is necessary to determine the relationship between the two variables in
the experiment. You will construct a graph (or sometimes a series of graphs) from your data in order to
determine the relationship between the independent and dependent variables.

For each relationship that is being 4 (Tie]
investigated in your experiment, you should { Period vs. Mass for a Pendulum
prepare the appropriate graph. In general your == _
graphs in physics are of a type known as scatter = {poln Protector |

. . 4D . 5

graphs. The graphs will be used to give you a 15 e .
conceptual understanding of the relation betweer
the variables, and will usually also be used to

1.0

Period (s)

help you formulate mathematical statement
which describes that relationship. Graphs /
should include each of the elements described to

the right: oe

10 20 30 40 50 60 70 80 90 100

Mass (kg) Independent Variable
with i ni:
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Elements of Good Graphs

« A title that describes the experiment. This title should be descriptive of the experiment and should
indicate the relationship between the variables. It is conventional to title graphs with DEPENDENT
VARIABLE vs. INDEPENDENT VARIABLE. For example, if the experiment was designed to show
how changing the mass of a pendulum affects its period, the mass of the pendulum is the independent
variable and the period is the dependent variable. A good title might therefore be PERIOD vs. MASS
FOR A PENDULUM.

« The graph should fill the space allotted for the graph. If you have reserved a whole sheet of graph paper
for the graph then it should be as large as the paper and proper sca Stretch vs. Mass for a Spring

 The graph must be properly scaled. The scale for each axis of the ]
The scale chosen on the axis must be uniform and linear. This me 24
must represent the same amount. Obviously each axis for a graph %%
other since they are representing different variables. A given axis 2" y.

« Each axis should be labeled with the quantity being measured an Al:';

the independent variable is plotted on the horizontal (or x) axis an' § 4:; L

the vertical (or y) axis. F12.0

« Each data point should be plotted in the proper position. You shor gmé
position of the of the data point and you should circle the data poir g ¢
your line of best fit. These circles are called point protectors. 6.0]

« A line of best fit. This line should show the overall tendency (or-  4.0]
linear, you should draw a straight line which shows that trend usin 2.0
curve, you should sketch a curve which is your best guess as to the 0.%' WY YT T Y
(whether straight or curved) does not have to go through all of the S Mass @ 3
not go through any of them.

« Do not, under any circumstances, connect successive data points with a series of straight lines, dot to
dot. This makes it difficult to see the overall trend of the data that you are trying to represent.

« If you are plotting the graph by hand, you will choose two points for all linear graphs from which to
calculate the slope of the line of best fit. These points should not be data points unless a data point
happens to fall perfectly on the line of best fit. Pick two points which are directly on your line of best fit
and which are easy to read from the graph. Mark the points you have chosen with a +.

« Do not do other work in the space of your graph such as the slope calculation or other parts of the
mathematical analysis.

« If your graph does not yield a straight line, you will be expected to manipulate one (or more) of the axes
of your graph, replot the manipulated data, and continue doing this until a straight line results. We will
address the details of linearization later in the course.

D. Graphical Analysis and Linear Mathematical Models

When the data you collect yields a linear graph, you will proceed Stretch vs. Mass for a Spring

to determine the mathematical equation that describes the pa o
relationship between the variables using the slope intercept form of 220
the equation of a line. Consider the following experiment in which 20.0]
the experimenter tests the effect of adding various masses to a 18.0]
spring on the amount that the spring stretches. The development of 216.0]
the mathematical model is shown below. 214.0]
§12.0:
Begin with the equation for a line: y=mx+b 510-025
8.07
Determine the slope and y-intercept from graph 6.3
slope (m) = 0.30 (cm/g); y-intercept = 3.2 cm ::
. . . . 0.0: T T T T T T T
Substitute constants with units from experiment 0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0

Mass (g)
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y =[0.30 (cm/g)]x + 3.2 cm
Substitute variables from experiment in place of X & Y. Stretch = S; mass = m

Final mathematical model: S =[0.30 (cm/g)Jm + 3.2 cm

The result of this experiment, then, is a mathematical equation which models the behavior of the
spring:
Stretch = 0.30 cm/g - mass + 3.2 cm

With this mathematical model we know many characteristics of the spring and can predict its
behavior without actually further testing the spring. In models of this type, there is physical significance
associated with each value in the equation. For instance, the slope of this graph, 0.30 cm/g, tells us that
the spring will stretch 0.30 centimeters for each gram of mass that is added to it. We might call this slope
the "wimpiness" of the spring, since if the slope is high it means that the spring stretches a lot when a
relatively small mass is placed on it and a low value for the slope means that it takes a lot of mass to get a
little stretch.

The y-intercept of 3.2 cm tells us that the spring was already stretched 3.2 cm when the experimenter
started adding mass to the spring. With this mathematical model, we can determine the stretch of the
spring for any value of mass by simply substituting the mass value into the equation. How far would the
spring be stretched if 57.2 g of mass were added to the spring? Mathematical models are powerful tools in
the study of science and we will use those that you develop experimentally as the basis of many of our
studies in physics.

When you are evaluating real data, you will need to decide whether or not the graph should go through
the origin. Given the limitations of the experimental process, real data will rarely yield a line that goes
perfectly through the origin. In the example above, the computer calculated a y-intercept of 0.01 cm +
0.09 cm. Since the uncertainty (+£0.09 cm) in determining the y-intercept exceeds the value of the y-
intercept (0.01 cm) it is obviously reasonable to call the y-intercept zero. Other cases may not be so clear
cut. The first rule of order when trying to determine whether or not a direct linear relationship is indeed a
direct proportion is to ask yourself what would happen to the dependent variable if the independent
variable were zero. In many cases you can reason from the physical situation being investigated whether
or not the graph should logically go through the origin. Sometimes, however, it might not be so obvious.
In these cases we will assume that it has some physical significance and will go about trying to determine
that significance.
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Graphical Methods-Summary

A graph is one of the most effective representations of the relationship between two variables. The
independent variable (one controlled by the experimenter) is usually placed on the x-axis. The dependent
variable (one that responds to changes in the independent variable) is usually placed on the y-axis. It is
important for you to be able interpret a graphical relationship and express it in a written statement and by
means of an algebraic expression.

Modification Algebraic
Graph shape Written relationship required to linearize representation
graph

As x increases, y remains None y =b,o0r
the same. There is no y is constant
relationship between the
variables.

As x increases, y increases | None y=mx+b
proportionally.
Y is directly proportional to x.

Y is proportional to the Graph y vs N y =mx>+b
square of x.

The square of y is Graph y® vs X y’=mx +b
proportional to x.

A
—>
X
X
As x increases, y 1 _ (1)
y decreases. Graph y vs YTyt b
Y is inversely proportional y vs x
to x.
X
‘4
X
A
X

When you state the relationship, tell how y depends on x ( e.g., as X increases, y ...).
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