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Graphical Analysis
OBJECTIVES
· Discuss the benefits of graphing 

· Give guidelines on how to construct effective graphs

· Provide engineering applications of graphs
INTRODUCTION

The old saying, “A picture is worth a thousand words,” is true to the design engineer, as well as the engineer’s clients. Graphs can portray a lot of valuable information. They are useful tools for summarizing data. Most importantly they are efficient means of communicating numerical information, and studies have shown that people retain information that was presented in graphs more than the same information written as a prose. Because of their wide array of benefits, graphs are widely used in engineering. 

As we become a more technological society and data increasingly drives the engineering profession, graphical analyses will gain wider use. Knowing the fundamentals of graphing will increase one’s ability to both use and understand technical data.

We have all seen three-dimensional plots, histograms, and x-y plots. Questions relevant to graphs are:
· In a particular situation, which type of graph is most appropriate?
· How do graphs help the interpretation of data and the results of data analyses?
TYPES OF GRAPHICAL ANALYSIS 

One basis for classifying types of graphical analyses is with the number of variables involved. If just one variable is involved, i.e., univariate, then histograms, pie charts, line graphs, and pictorial presentations are possible alternatives. Examples of a single variable are SAT scores for students at a high school, the number of touchdowns that NFL quarterbacks throw in one season, the annual number of traffic fatalities, the winning times of the Kentucky Derby, and the number of hours of TV watched per week. 

For cases that involve two variables, i.e., bivariate analyses, the commonly used x-y graph is the most useful graphical tool. Histograms and pie charts can also be used, but somewhat awkwardly. Examples of bivariate sets of data include: (1) SAT score vs. grade point average (GPA); (b) high school GPA vs. college GPA; (c) the number of walks vs. the number of strikeouts of major league pitchers; (d) the gallons of water used in the home per year vs. the  number of people in the family; and (e) the weight of a car vs. the stopping distance of the car at 60 miles per hour. The x-y graph can also be used for graphing data that involve three variables, i.e., trivariate, but this approach has some disadvantages. An x-y-z graph is generally preferable, but this requires the appropriate software. Examples of trivariate data include: (a) evaporation vs. temperature and humidity; (b) grades on a test vs. the number of hours spent in class on the material and the number of hours studied out of class; and (c) soil erosion from a construction site vs. the size of the exposed area and the slope of the site.
Its Your Turn!   Using the theme of economics, identify one example of each type of analysis: univariate, bivariate, trivariate.

Fill in the Blanks:   For each of the following bivariate pairs, fill in the missing variable: (a) SAT Verbal vs. SAT ________ ; (b) gas mileage of a car vs. _________ ; (c) height vs.   _________ .
Newspaper Search!   In the daily newspaper or weekly newsmagazine find a graph of histogram. Identify the variable or variables and discuss the meaning of the graph without reading the article on which the graph is based.
Engineering:    Pumps are used in oil and water pipelines to help transport the liquids. Because of turbulence in the pump, they are not 100% efficient, i.e., the power imparted to the liquid by the pump is less than the power input to the pump. Discuss the relationship between the efficiency of a pump and the velocity of the liquid passing through the pump.
PIE CHARTS

When data are expressed as percentages, proportions, or fractions of a whole, pie charts can be used to enhance the material. A round circle is used to represent 100% and the “pie” is sectioned according to the percentages. Figure 1 shows of a pie chart of drivers who use radar detectors. The same material could be presented as a table but it would not be as effective. The pie chart has the advantage that the size of the pie is used to show a second factor, that is that 56 percent of the drivers who use radar detectors drive faster.

Graphing of a Pie Chart


The pie chart sectors are sized to correspond to the fraction of the whole. Given that a circle has 360°, then the portion of the circumference for that sector is the product of 360° and the fraction f. For example, if a sector is 45% of the total, then the arc of the sector is 162° [ = 0.45(360°) ]. While in the past protractors were a necessary instrument to construct pie charts, software packages are now the norm.
Try This!
Which one of the following is not a good candidate for using a pie chart: (a) the fraction of A, B, C, D, and F grades on a test; (b) the annual number of hurricanes to hit the Florida coast per year; (c) the percentage of votes for the Democrats, Independents, and Republicans in a recent election. For the one selected as not being a good candidate, discuss how the variable could be revised in a way that it would be appropriate for using a pie chart.
Engineering:   Water is pumped out of the ground for a variety of reasons, including as a source of drinking water, livestock watering, irrigation, and monitoring. Construct a pie chart that illustrates the proportion of water wells constructed in 1985 for selected reasons: private household, 489,000; monitoring, 121,000; commercial/industrial, 49,000; livestock watering, 29,000; lawn/turf irrigation, 27,000; other, 95,000.
Interpretation of a Pie Chart


A pie chart is a useful graphical tool for illustrating the diversity of a variable. A pie chart with a large number of sectors of equal size would suggest that the variable on which the pie chart is based is diverse with a lack of one dominant factor. Conversely, a pie chart with one large sector, with the remaining sectors being small, would indicate a lack of diversity among the factors. Thus, the size of the sector indicates the importance of that factor.
Example 2

An agricultural engineer is investigating the use of energy on farms in a region and compiles the data illustrated in Figure 2a. The long-term objective is reduce on-farm energy use. The pie chart suggests that one sector of use is not dominant, rather four sectors comprise 15 to 30% each. Therefore, the diversity of energy use will prevent farmers from a quick fix to the problem of reducing energy costs. If the research had produced a pie chart such as that shown in Figure 2b, then it may have been possible to achieve a significant reduction in energy use with one major improvement in efficiency. The pie chart can be useful for summarizing information needed in decision making, such as a decision of which type of on-farm energy use is a fruitful area of research.

HISTOGRAMS 

A frequency histogram is a tabulation or plot of the frequency of occurrence versus selected intervals of the continuous random variable. It is the equivalent of a bar graph used for graphing discrete random variables. For small samples, it is difficult to separate the data into a sufficient number of groups to provide a meaningful indication of data characteristics. With small samples, the impressions of the data will be very sensitive to the cell boundaries and widths selected for the histogram. It is generally wise to try several sets of cell boundaries and widths to ensure accurate interpretations of the data.


The following are general guide lines for constructing frequency histograms:

1. Set the minimum value (
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) as (a) the smallest sample value or (b) a physically limiting value, such as zero.

2. Set the maximum value (
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) as (a) the largest sample value or (b) an upper limit considered the largest value expected.

3. Select the number of intervals (k), which is usually about 5 for small samples and a maximum of about 20 for large samples. For moderate size samples, the following empirical equation based on the sample size n can be used to estimate the number of cells:
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4. Compute the approximate cell width (w) where 
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5. Round the computed value of w to a convenient value of w0.

6. Set the upper bound (
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) for cell i using the minimum value 
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, and the cell width w0:
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7. Using the sample data, compute the sample frequencies for each cell.


Histograms provide a pictorial representation of the data. They provide for assessing the central tendency of the data; the range and spread of the data; the symmetry (skewness) of the data; the existence of extreme events, which can then be checked for being outliers; and approximate sample probabilities. Frequency histograms can be transformed to relative frequency or probability histograms by dividing the frequencies of every cell by the sample size.

Histograms are also an effective form of graphics. Histograms can be based on frequencies or proportions, while the proportions are the frequencies divided by the total frequency. The lengths of the bars in the histogram reflect the magnitude, which is either the frequency or the proportion. Fig. 3 shows histograms of the base price of five automobiles. In Fig. 3a the scale for the ordinate is limited to the range from $10,000 to $14,000; this gives the impression of a large difference between the smallest and largest ordinates. In Fig. 3b, the scale for the ordinate is given from $0 to $14,000, so the differences between the ordinates are perceived to be relatively small (compared with those in part a). As a general rule, the scale should be selected to present the data in such a way that meaningful differences are evident and insignificant differences do not appear as differences. Unfortunately, histograms are sometimes structured to support the author’s bias by making a difference appear significant when the difference is not really important.
Example 3
Consider the sample of 38 PSAT scores of Table 1. To achieve an average frequency of five per cell will require a histogram with no more than seven cells. The use of more cells would produce cells with low frequencies and invite problems in characterizing the data.


Figure 4 (a) shows a nine-cell histogram based on a cell with of 50 points. With an average of 4.2 scores per cell, only four of the nine cells have frequencies of five or more. The histogram is multimodal with two peaks. The cell with one-count in the middle is especially troublesome. Would this histogram indicate two different populations?

Figure 4 (b) shows a histogram of the same data but with a cell width of 100 points. With only five cells, the average frequency is 7.6. Except for the 500-600 cell, the data appear to suggest that all scores are equally likely. 

Figure 4 (c) also shows the frequency histogram with a cell width of 100 points but the lowest cell bound is 550 rather than 500 which is used in Figure 4 (b). The histogram of Figure 4 (c) is characterized by one high-count cell, with the other cells having nearly the same count. Does this histogram suggest that the class, in general, is dominated by poor students?

The important observation about the histograms of Figure 4 is that, even with a sample size of 38, it is difficult to characterize the data. When graphing such data, several cell widths and cell bound delineations should be tired. The three histograms of Figure 4 could lead to different analyses and interpretations.

_________________________________________________________
            TABLE 1    PSAT SCORES


654
967
583
690
957
814
871
859
843
837


714
725
917
708
618
685
941
822
883
766


827
693
660
902
672
612
742
703
731


637
810
981
646
992
734
565
678
962


__________________________________________________________
Your Turn!   Using the data of Table 1 create a histogram that uses a cell width of 75 and an upper bound for the first cell of 525. Discuss the shape of the histogram in comparison with the three histograms of Figure 4.
Engineering.   An environmental engineer collects estimates of oil and grease from samples of storm runoff from paved parking lots in suburban malls, with the following values (mg/L): 65, 43, 36, 79, 43, 21, 74, 45, 48, 83, 33, 39, 92, 22, 52, 68, 41, 38 ,77, 53, 46, 32, 25, 68, 52, 95, 36, 48, 64, 45, 33, 24, 11, 56, 32, 59, 86, 22, 44, 65, 43, 75, 28, 39, 51, 81, 62, 38, 53, 17, 36, 55, 34, 25. Construct a histogram, or more if necessary, and discuss its shape. How likely are values of 100 mg/l or more? Explain.
PICTORIAL GRAPHING 

Pictorial forms of communicating data are useful when the variable relates to something that could be associated with a physical concept. Figure 5 shows a pictorial communication of data related to accidents and seatbelt use. The outline of the human body greatly enhances the communication of the knowledge that the figure is trying to convey. While the data could easily be placed in tabular form, it would have far less impact than the pictorial presentation.
x-y GRAPHS 


x-y graphs are one of the most widely used forms of graphical analysis. They are used for plotting paired values of two variables, mathematical relationships, or both. Figure 6 shows a graph of discharge (i.e., the y variable) vs. time (i.e., the x-variable). Both a set of points and a smoothed relationship are shown. One important use of x-y plots in their ability to convey information about a relationship between the two variables. In the case of Figure 6, the plot clearly shows that after 1954, flood discharge rates increased significantly. The graph can not tell why the watershed experienced increased flooding. It may have been due to urbanization within the watershed or a score of years when rainfall volumes were greater. Additional information would be necessary to identify the underlying reason for the increase. Note how the smooth curve emphasizes the increase in flooding.


The first step in constructing an x-y graph is to decide on the lower and upper bounds for the two axes. Generally, it depends on the range of the x and y values for paired data or the range over which a mathematical relationship will be used. Using only the range of interest to establish the upper and lower bounds enables maximum discrimination between the paired points. For x-y graphs of mathematical functions using only range of interest enables values to be interpolated with maximum accuracy. The axes of many x-y plots start at zero, which is reasonable if the values of both x and y are close to zero. If the values of x and y are considerably different from zero, then starting the axes at zero would produce a graph with a lot of blank space and make it difficult to interpolate values within the range of the data.

Example 4.
Consider the SAT scores and college graduation GPA’s of Table 2. The entering freshmen SAT values ranged from 1120 to 1310 and the GPA’s ranged from 2.85 to 3.22, with neither covering a large range of possible values. Figure 7 shows three plots of the data. The first plot, Fig 7(a), uses the upper and lower bounds of the data to scale the axes. The use of a limited range of values does probably not enhance communication because it emphasizes the departure of the one point from the trend of the data. The second plot, Fig. 7(b), uses values of zero for the lower bounds and the maximum possible values (y = 4, x = 1600) as the upper bounds. This plot suffers because the sample data have a limited range, which cause the data to be concentrated in one part of the graph. Much of the graphing area is wasted because values of SAT below 800 to 1000 are probably not of interest because someone cannot graduate with a GPA less than 2.0. Therefore a more realistic graph would have the SAT axis vary from 800 to 1600 and the GPA axis from 2 to 4. This is shown in Fig. 7(c). It would be easier to extrapolate a trend in the data using this graph than either of the first two graphs. Because of the wider ranges shown on the axes, it is more evident form Figures 7(b) and 7(c) that the one sample point that deviates from the general trend in Fig 7(a) is not really significant departure from the trend. Because of the small sample size and small range of data, none of the graphs could be accurately used to extrapolate estimates of GPA for SAT’s outside the range of the sample data.
TABLE 2.   Graphical Relationship between SAT and GPA
	SAT

score 
	GPA

	1120
	2.85

	1250
	3.12

	1180
	2.94

	1310
	3.22

	1240
	2.92


GRAPHING THREE-VARIABLE RELATIONSHIPS 
Many data sets include more than two variables, such as:
· Predicting evaporation rates (Y) as a function of temperature (X1) and relative humidity (X2)
· Predicting a student’s test score (Y) as a function of overall grade point average  (X1) and number of hours the students studied for the test (X2)

· Predicting the efficiency of a pump (Y) as a function of the rate of flow through the pump (X1) and the energy supplied to the pump (X2)
Where three variables are involved, the dependent variable (Y) is plotted on the ordinate of the graph while the more important predictor or independent variable is used to scale the abscissa. The third variable (X2) is included on the graph by computing and graphing the value of Y for a given X2 and for a range of values of X1. Figure 8 shows a graph of Y as a function of X1 for three selected values of X2.
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