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ABSTRACT

Current methods of graphical display design by asking the designer to consider both data and
using Cathode Ray Tubes depend soiely on the skill use. Recommendations for techniques are given for
f the designer for choc<ing the appropriate display the various data types and uses. The method was
te-hnigue. This report formalizes the selection applied to data for representation of the
process oy describing 65 graphical representations multivariate state of a typical nuclear power plant
and categorizing them according to the type of data under both normal and transient conditions. Nine
they bes portray. The use of the display is also alternative techniques were tested, three of
accountea for by attaching a ‘‘use category,”” such which—Circular Profiles, Chernoff Faces, and
as a qualitative reading, to each technique. The Fourfold Circular Displays—were considered very
representation selcction process is then formalized adequate for the data and use given

FIN No. A6308




SUMMARY

In the past, the choice of techniques for
representing information on a Cathode Ray Tube
were entirely subjective and vulnerable to the
whims and biases of the display designer. Partic-
ularly in the process control field, this choice was
based on unsubstantiated precedent that totally
ignored bette: techniques or misused the chosen
ones. It is _urprising that only a few designers
know the basics of charting, such as the difference
between the Bar Chart.and Column Chart. It is lit-
*'s wonder then that the designers become con-
fused when faced with multivariate or other more
sophisticated displays. This report attempts to
correct that ignorance by establishing a discipline
calied ‘‘Information System Graphics.” This
specialty combines the knowledge of computer
graphics and standard charting techniques to give
the designers of displays for management and
scientific information systems guidelines for
choosing alternative representations.

A literature search uacovered over 60 methods
of graphical representation. To better understand
the intended purpose of these technigues, the
evolution of graphing was traced from its incep-
tion. It is shown that each technique was estab-
lished to solve a given problem and then modified
over time to fit other problems. The historical
perspective provided a means of i..tially categor-
izing the techniques. Eleven CSpatial-Temporal
Grnid techniques were identified that locate a series
of points in space or time. Representing data at a
given point in time constituted the Discrete Quan-
titative Comparison category, in which 22 tech-
niques were placed. Continuous Distributions,
found in probability calculations, formed the next
category. Graphical representanion of multivariate
data, which is of particular importance to the
display of data in the nuclear power generating
process, also had 22 entries. Finally, a Mis-
cellaneous category was established to accom-
modate the techniques that did not fit elsewhere.
All 65 techniques are described and illustrated in
Appendix A.

To aid the designer in selecting the most
appropriate graphical representation, a method
was devised in which the designer inspects the data
and assigns a label for the number of dimensions,
the number of variables, and the number of
samples. This assignment results in a data-type
category that contains, in tabular form, display
techniques most appropriate to that data. The

alternatives may be further reduced by estab-
lishing a ‘‘use category,”” since not all repre-
sentations portray the information in the same
format. Hence, the designer must consider both
the type of data and the intended use of the
display before finding the recommended display
technique or techniques in the tables given.

The method just described was tested for a
single apphication—that of displaying information
to a nuclear power plant operator on the overall
state of the system. " fteen distinct variables were
chosen to renresent this state. This application
involves either Unidimensional-Multivariate data
or Multidimensional-Multivariate data, depending
on the designer’s view of the system. The first view
may be labeled individualistic whereas the second
is a holistic approach. The tables included in the
method yielded a total of 29 representations,
which were quickly reduced to 12 based on an
understanding of the alternatives. Further reduc-
tion was possible by considering the iniended use
of the displays.

Nine of the most promising representiations
were implemented for both normal and transient
conditions related to the LOFT reactor at the
Idaho National Engineering lLaboratory. The
FORTRAN code for generating all nine techni-
ques is available from the author. ‘‘Normal’’ was
defined as the expected values of the variables at
74% power. Two transient cases were considered:
the L6-5 case, which involved a loss of steam load,
and the L3-7 case in which a small pipe break
occurred. Data at two-second intervals before and
after transient initiation were used to illustrate the
representations. Actual displays were created, and
reproductions of these displays are included in this
report. The efficacy of each technique was
determined by applying an adequacy judgment.

The results indicate the method works, and the
three most promising represent2tions for this
application are: Circular Profiles, <Chernoff
Faces, and Fourfold Circular Displays. More
traditional displays of this data, such as “ar
Charts and Mimics, fared less well in comparison.
Without the method presented, one may not be
aware of these techniques nor their applicability.
Much work still needs to be done in fine-tuning
tiiese representations, and other applications must
be considered.
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TECHNIQUES FOR DISPLAYING MULTIVARIATE
DATA ON CATHODE RAY TUBES WITH
APPLICATIONS TO NUCLEAR PROCESS CONTROL

INTRODUCTION

The most frequently used justification for com-
puter graphics is based on the adage ‘‘a picture is
worth a thousand words.’”" Computer-generated
displays or “*pictures’’ of data are the most effi-
cient means of computer-human communication
developed thus far. However, the efficiency of any
communications channel depends ca the skill of
the user. The mere fact that a computer generates
the picture by no means ensures efficient use of
the channel. One has to know the subtleties of
graphical representations, the intricacies of com-
puter graphics, and the meaning of the data itself
to properly exploit the graphical medium.

A thorough knowledge in all three areas is
unreasonable for a single individual, but the
criteria still can be met using a suggestion of Cher-
noff.1:2 He advocates establishing graphical rep-
resentation as a discipline unto itself that would
provide guidance to users having knowledge of the
data being displayed. Such an approach is taken in
this report for the nuclear power field. The term
‘“Information System Graphics’' was coined to
describe the application of computer graphics and
charting techniques to both management and
scientific information systems. This differentiates
the techniques used in these areas from the tech-
niques found in animation, image processing, and
Computer-Aided-Design/Computer-Aided-
Manufacturing (CAD/CAM).

This report catalogs the techniques that give the
display designer adequate alternatives for infor-
mation display and that somewhat formalize the
process of choosing an appropriate representation
for nuclear process control. The feasibility of such
an approach is demonstrated using a sample prob-
lem currently facing the industry, i.e., the display
of the overall state of a nuclear power plant.

History

To properly use the available alternatives of
graphical representations one must be aware of

how and why each technique came into being. The
Bar Chart was invented to solve one problem,
whereas the Column Chart addresses quite a dif-
ferent one. While only a cursory review is possible
here, further details can be found in the excellent
work done by Bcniger.3'4 The following summary
is based on those works and traces the history of
representing data in a two-dimensional form.

The earliest problem of graphical representation
was that of location in time and space. Cartog-
raphy is known to have existed in Mesopotamia as
early as 3800 B.C., and extensive surveying was
done from about 3200 B.C. by the Egyptians who
used grid coordinates. Greek astronomers in the
fourth century B.C. used terrestrial and celestial
globes; the formal statement of geometrical prin-
ciples was laid down by Euclid around 300 B.C. It
was not until Descartes, in 1637, however, that the
relationship between a graphed line and an equa-
tion was established. Cartesian coordinates have
since been used for the spatial-temporal grid
patterns and abstracted to ‘‘scatter plots.”’

The next problem that surfaced was that of
discrete comparison in which many variables were
compared at a single point in time. In the Com-
mercial and Political Atlas of 1768, Playfair
apologetically invented the Bar Chart because he
had insufficient data to represent imports and
exports as a time series. The Bar and Column
Charts trace their inception to this time and have
been modified since. Pie charts, pictograms, and
similar representations fail into this category.

The development of probability theory in the
nineteenth century posed the problem of repre-
senting continuous distribuuions and was solved
by the invention of the cumulative frequency
curve or ogive. Lorenz curves and density distribu-
tions were added as improvements.

The late nineteenth century posed a problem of
mnultivariate representation of temperature-by-
hour-by-month and population density within the



city of Paris. The solution was a contour plot and
later axonometric projections of three-
dimensional data. Between 1933 and 1957 the
interest in innovative techniques lapsed; after that
time many radical representations were, and still
are, proposed, such as glyphs and Chernoff
Faces—all designed to represent multivariate
correlation.

Within each phase mentioned above there is a
transition from iconic representation—which
deals mainly with the use of visual signs and
representations that stand for an idea by virtue of
a resemblance or analogy to what is being
displayed—to symbolic representation where the
meaning of the symbol is entirely nominal.’
Beniger noted this pattern by concluding that,

rJ

New solutions normaiiy begin with variations
on old solutions, and evolve from relatively
literal to progressively more abstract represen-
tations. Each stage then dissolves into less-
focused efforts to generalize solutions to a
wider range of subsequent problems.3

He goes further by observing,

The field of modern quantitative graphics is
ar ever expanding bricolage, with parts and
modifications of previous solutions ready to
serve in new problem areas. This process ic
often marked by the inability of workers to
address a new problem directljv, rather thin
via repetition of earlier forms.



MULTIVARIATE DISPLAYS

Charts and their electronic equivalent, the
cathode ray tube (CRT) display, have been used
and misused for all imaginable purposes. It is
undisputed that graphs are an extermely effective
medium fo. illustration, analysis, and computa-
tion,6:7 provided the chart has been properly
planned. As outlined in Spf:at,8 proper planning
implies that:

1. The data have been carefully analyzed.

2. The objective of the message has been
determined.

3. The most effective rype of chart has been
selected to depict that message.

4. The best visual device has been chosen to
display it.

This section of the report discusses the types or
techniques of charting and then relates them to the
different data types. Uses or objectives of the
display are discussed and a method for determin-
ing the most effective alternative is presented. The
“‘visual device’’ in this report is assumed to be a
CRT.

Types of Charts or Displays

An extensive literature search was performed to
identify the various techniques available for chart-

Table 1. Spatial-temporal grid techniques

ing in many different scientific disciplines.
Appendix B is the Bibliography showing the
resuits of this search. Beniger's historical
sequence:’-4 was used to organize the techniques
for analysis that consisted of a word description,
graphic example, and list of specific uses. A data
type and use category was assigned and comments
and references added. Appendix A containc the
Display Format Summary that resulted fro. he
analysis of 65 separate techniques.

The Spatial-Temporal Grid category deals with
identifying a series of points in space or time.
Traditionally, the abscissa represents time, while
the ordinate shows the value of the variable or
variables. Table 1 lists 11 available Spatial-
Temporal techniques. Both Line Charts and Sur-
face Charts have variants that specialize the
technique for very restricted applications.

The 22 techniques for displaying Discrete
Quantitative Comparison data are listed in
Table 2. This category deals with data at a given
point in time rather than a time series. The basic
intent is to compare variables at that time. Bar and
Column Charts are subdivided to show specialized
variations of thcse techniques.

Continuous Distribution display techniques, as
found in probability calculations, are shown in
Table 3. Two major subdivisions dea! with Fre-
quency Graphs and related techniques. Further

Technique Number

Line Charts

[V NS

Surface Charts

= - IR -

— —

Technique

Arithmetic Line (two-dimensional)
Staircase (step)

Multiple Curve

Multiple Amount

Index

Simple Surface
Staircase Surface
Multiple Surface/Band
100% Surface
Statistical Cartography
Fan Charts




Table 2. Discrete quantitative comparison techniques

Fechmque Number lechnique

Bar Charts 12 Simple Bar
13 Bar and Symbol
14 Subdivided Bar
15 Subdivided— 100% Bar
16 Grouped Bar
17 Paired Bar
18 Deviation Bar
19 Sliding Bar
20 Range Bar

Column Charts 21 Simple Column

b

22 Connected Column

23 Grouped Column

24 Subdivided Column

25 Net Deviation Column
26 Gross Deviation Column
s

2 Floating Column

-

28 Range Column
Pictogram

Pie Chart

Geaphic Rational Pattern
Color Code Matrix
Fourfold Circular Display

Table 3. Continuous distribution techniques

lechnique Number lechnique

Frequency Graphs 14 Frequency Polygon
35 Histogram
16 Smoothed Frequency Curve

Related Graphs 37 Ogive (cumulative)
38 Lorenz Curve
19 Probability Curve

charts, such as Hanging Rootograms, are included yathematical variables. The 22 techniques listed

in the Multivariate category to reflect theu 1 Table 4 come primarily from the statistics field
applicability it are being applied in other areas as well. The

etailed descriptions of these techniques can be

Maltivarisbe ound in Appendix. A

1l category, labeled Miscellaneous
il and 1s relatively sparse. The

imques shown in Table S w




Table 4. Multivariate distribution and correlation techniques

Technique Number Technique
40 Linear Profile
41 Circular Profile
42 Distance Along versus Distance Away From Plots (DAVA)
43 Scatter Plot
44 Linear Fourier Representation
45 Polar Fourier Representation
46 Factor Analysis
47 Multidimensional Scaling
48 Hanging Rootogram
49 Contour Map
50 Stereoscopic Plot
51 Perspective Plot
52 Spherical Projection
53 N-Axis Plot
54 Array Plot
55 Linkage Plot
56 Probability Plot of Ordered Distance
57 Dendogram
58 Vector Angle Plot
59 Mimic Diagram
60 Chernoff Face
61 Metrogiyph
Table 5. Miscellaneous techniques
Technique Number Technique

62
63
64
65

Digital Readout
Moving Pointer
Binary Indicator
Single-Value Line Chart

To classify the techniques according to data
type, one needs a mechanism for describing the
data that is to be displayed. Figure 1.0 illustrates
the classification scheme chosen. Data were
““typed’’ on three axes according to the number of
independent dimensions involved, the number of
variables, and the number of samples. Figure 1.0
shows how the three axes form a three-
dimensional representation. Each axis of the
figure was further subdivided into three parts to
yield a 3 x 3 x 3 array for a total of 27 separate
cells. Each cell deals with data whose type is
closely defined.

wn

The “‘number of independent dimensions’’
refers to the units of the variable. For example, a
point in two-dimensional space would have both x
and y units and be classified as Duodimensional
whereas a single temperature or pressure would
qualify as Unidimensional. The data are
multidimensional when there are three or more
units. The ““number of variables’’ refers to the
number of unique quantit s that may assume a
value. If only one temperature reading were
displayed, th . data would be Univariate. If five or
less differen temperatures were required, the
display would be Limited Multivariate. More than
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Figure 1.0

five variables were categorized as Multivanate
The “‘number of samples’” axis implies the
number of different values for the same variable
If one displayed the current temperature only, the
data type would be Discrete. Two to 15 values for
the same temperature, i.¢., a history, is labeled
Limited Series whereas more than 15 were labeled
Series

To illustrate this scheme further, imagine that
one has a single temperature. The data type would
be Unidimensional-Univariate-Discrete because
there is one dimension (“F), one variable (the
given temperature), and only one sample A
pressure-temperature plot redundant measure
ment channels over tme would be labeled

Luodimensional (“F-psig),

INEL-A-17 524

Data type classification scheme

(Channel A, Channel 1}, etc.), and Sernies (points
plotted for each minut : over the last hour)

When dealing with a system that has many
variables. one has to define terms carefully and be
consistem in classification. The system's state
could be viewed as being composed of all the
individual input vanables; in this case it should be
classified as Multivanate. Alternately, one could
take a holistic approach and say that the system’s

s Univanate—treating the entire system as a
latter case, comparison of dif

would then constitute a Multi

situation. Dimensionality must also be

| one had a number of different

were normalized, one should

type Unidimensional




The method of determining the display tech-
niques amenable to the various display types does
not depend on which view, individualistic or
holistic, is taken. As long as one is consistent in
classifying the data, one can easily look up the
recommended techniques in Tables 6 through 8.
These tables give a number of techniques for each
cell in the three-dimensional array. For instance,
data typed as Unidimensional-Univariate-Discrete
can be displayed in four different ways, as shown
in Table 6.

Objectives of Displaying Data

Once the data have been typed and alternate
display techniques identified, one must consider
what the viewer will do with the information. Here
again, there are many different ways of determin-
ing use. The more classic human engineering
approach was taken by adopting the following
definitions of McCormick? for use of visual
displays:

¢  Quantitative information

* Qualitative information

* Check information

e Status and warning information.

Two more definitions were added to McCormick’s
to describe additional capabilities of CRTs and
new problems facing operators:

®  Prediction
¢ Pattern recognition.

A CRT display is rarely a single-use device;
however, there often is a primary use. This
primary purpose should determine the basic
technique with modifications made to incorporate
the secondary purposes.

In a quantitative information display, the user
wishes ‘‘to obtain the actual quantitative value of
some variable.””® This means the data should be
displayed so as to allow reading with great
accuracy. For CRTs, a digital readout is one of the
few viable techniques. A Line Chart done on
paper allows such quantitative evaluations, but
this is nearly impossible on a CRT screen, even if
grid lines are included. The designer must be

especially aware of this shortcoming of the CRT.
It is not possible to place a ruler on the screen face
and trace across to each axis to obtain the quan-
titative information.

The second major use is for qualitative
purposes—using a display ‘‘to obtain the approx-
imate value of some continuous changeable value
or the direction of deviation from a given value.”?
The exact data are not important; only a rough
estimate or approximate value is necessary. Here
the CRT finds its true application because a
wealti: = techniques are available for display.
Check information is closely related but has dif-
ferent purposes. This display is used to determine
*““if the value of a continuous changeable variable
is normal, or within accepted normal rangc."9

Status and warning information is the least
precise of the catagories and is used ‘‘to identify
the specific status, or conditions, of some system,
component, or situation.”"® The fact that a pump
is running may be sufficient information as
opposed to the amount of current applied to the
motor windings. All alarm techniques that indi-
cate something has happened, but not the severity,
would fall into this category.

Prediction and pattern recognition uses were
added to McCormick’s list to accommodate the
additional capabilities of CRTs and new problems
facing operators. Given a suitable mathematical
model of a system, one can show future as well as
current and past data. Predictive displays are an
active area of research in the aerospace industry
but are just becoming known to the general scien-
tific community. Pattern recognition is also a
specialized area that should be better appreciated
since it emphasizes the holistic approach The
human has an innate ability to recognize patterns
and make judgments based on recognition, but
that ability has not been exploited to any great
extent.

Method

Tables 9 through 13 summarize the techniques
along with the data type categorizations and uses.
With this information, a display designer can nar-
row down the alternative techniques and then
decide which of the alternatives is most appro-
priate for the application. Figure 2.0 is a flow
chart representation of this simple method with
references to various tables. Given the definition



Table 6. Display techniques for data typed as “discrete”

Multivanate

Undimcensional

* Simple Bar Chart (#12)

* Subdivided Bar Chart (#'4)

¢ Subdivided—100% Bar Cha:t (#15)
® Grouped Bar Chart (#16)

* Deviation Bar Chart (# 18)

* Sliding Bar Chart (#19)

Duodimensional

* Paired Bar Chart (#17)

* Color Coded Matrix (#32)
* DAVA Plot (#42)

* Scatter Plot (#43)

* Contour Map (#49)

* Vector Angle Plot (#58)

Multidi atesd

* Statistical Cartography (# 10)

* Fourfold Circular Display (#33)

* Linear Profile ( #40)

® Circular Profile (#41)

* Linear Fourier Representation ( #44)
* Polar Fourier Representation ( #45)

e Graphic Rational Pattern (#13) * Factor Analysis (#46)
* Frequency Polygon (#31) * Multidimensional Scaling ( #47)
* Histogram ( #35) * N-Axis Plot (#53)
* Smoothed Frequency Curve ( #36) * Array Plot (#54)
* Ogive (cumulative) (#37) * Linkage Plot (#55)
* Probability Curve ( #38) * Probability Plot at Ordered Distance (56)
* Hanging Rootogram ( #48) * Dendogram (#57)
* Mimic Diagram ( # 59)
* Chernoff Face ( #60)
® Metroglyph (#61)
Limited Multivanate * Simple Bar Chart (#12) * Paired Bar Chart (#17) * Suatistical Cartography (#10)
* Subdivided Bar Chart (#14) * Color Coded Matrix (#5?) e Fourfold Circular Display (#33)
* Subdivided —100% Bar Chart ( #15) * Vector Angle Plot (#58) * Linear Profile ( #40)
* Grouped Bar Chart (#16) * Digital Readout (#62) * Circular Profile (#41)
* Deviation Bar Chart (#18) * Single-Value Line Chart ( #65) * Linear Fourier Representation ( #44)
* Pictogram ( #29) * Polar Fourier Representation ( ¥45)
* Graphic Rational Pattern (#13) * Array Plot (#54)
e Color Coded Matrix ( #32) * Mimic Diagram ( #59)
e Digital Readout ( #62) e Metroglyph (#61)

* Binary indicator ( #64)

Univanate

e Color Coded Matrix ( #32)
* Digital Readout (#62)
* Moving Pointer (#63)
* Binary Indicator ( #64)

* Color Coded Matrix (#32)

* Digital Readout (#62)

* Binary Indicator ( #64)

e Single-Value Line Chart ( #65)

* Digual Readout (#62)
* Si.gle-alue Line Chart (#65)
* Binary Indicator (#64)




Table 7. Display techniques for data typed as “limited series”

Unidimensional Duodimensional Multidimensional

Multivariate * Bar and Symbol (#13)

* Fourfold Cucular Display (#33)

* Lorenz Curve (#38)

* Linear Profile (#40)

* Circular Profile (#41)

* Linear Fourier Representation ( #44)

* Polar Fourier Representation ( #45)

* Chernoff Face ( #60)

* Metroglyph (#61)
Limited Multivanate ® Fan Chart (#11) * Multiple Surface/Band Chart (#8) * Fourfold Circular Display (#33)

* Grouped Column Chart (#23) ¢ Index Chart (#5) ® Linear Profile ( #40)

* Subdivided Column Chart (#24) * Circular Profile (#41,

* Gross Deviation Chart (#26) * Linear Fourier Representation ( #44)

* Floating Column Chart (#27) * Polar Fourier Representation ( #45)

* Range Column Chart ( #28) * Chernoff Face (#60)

* Metroglyph (#61)

Univanate

Simple Column Chart (#21)
Connected Column Chart ( #22)
Net Deviation Column Chart ( #25)
Frequency Polygon ( # 34)
Histogram ( # 35)

Smoothed Frequency Curve ( #36)
Ogive (cumulative) (#37)

Lorenz Curve ( #38)

e Probability Curve (#39)

L L I I I I )

* Staircase (step) Chart (#2)
* Staircase Surface Chart (¢7)

* Fourfold Circular Display ( #133)

* Linecar Profile (#40)

* Circular Profile (#41)

* Linear Fourier Representation ( #44)
* Polar Fourier Representation ( #45)
® Chernoff Face (#60)

* Metroglyph (#61)
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Table 8. Display techniques for data typed as “‘series”

Multivaniate

Unidimensional

Range Bar Chart (#20)

Multidimensional

Limited Multivanate

Multiple Curve Chart (#3)
Multiple Surface Chart ( #8)
100% Surface Chart (#9)

* Multiple Amount ‘ #4)

* Index Chart (#5)

o Perspectiv- Plot (#31)

¢ Spherical Projection ( #52)

* Index Chart (#5)

* Stereoscopic Plot ( # 50)

* Perspective Plot (#51)

o Spherical Projection ( #52)

Univarniate

Arithmetic Line Chart (#1)
Staircase (step) Chart (#2)
Simple Surface Chart (#6)
Staircase Polygon (#7)
Frequency Polvgon ( #34)
Histogram ( #35)

Smoothed Frequency Curve ( # 36)

Ogive (cumulative) (#37)
Lorenz Cuive (#38)
Probability Curve ( #35)

* Perspective Plo: (#51)
® Spl.-rica: Projection (#52)




Table 9. Spatial-temporal grid display techniques with data types and uses?

_Data Characteristics

Number of Dimensions

Number of Variab

Technique Limited
Number Technique Unidimensional  Duodimensional ~ Multidimensional Univaniate  Multivariate M
Line Charts
1 Arithmetic Line (two- 1 — - 1 -
dimensional)
2 Staircase (step) 1 2 - 1 -
3 Multiple Curve 1 — - - 1
4 Multiple Amount - 1 — — 1
s Index — 2 1 — 1
Surface Charts
6 Simple Surface 1 - — 1 —
7 Staircase Surface 1 2 - 1 LY,
8 Multiple Surface/Band 1 — - - 1
9 100% Surface | — - - 1
10 Statistical Cartography - - 1 - 2
' Fan Charts 1 — - - 1

a. ‘1" indicates primary characteristics of the data.

*2"  indicates secondary characteristics of the data.

“x" indicates what the technique can be used to show.




Number of Values
Status

Limited Approximate and

luvanate Discrete ¢ Series Quantitative Value Deviation Normal Range Warning Prediction




Table 10. Discrete quantitative comparison display techniques with data types and uses@

Data Characteristics

Number of Dimensions

Number of Vanables

Technique Limited
Nun.ber Techmgue Unidimensional  Duodimensional ~ Multidinensional ~ Univariate  Multivariate  Multivar
Bar Charts
12 Simple Bar 1 - - = 2 |
13 Bar and Symbol 1 - — - — 1
14 Subdivided Bar 1 — - - 2 ]
15 Subdivided— 100% Bar 1 - - - 2 1
16 Grouped Bar 1 - - - 2 i
17 Paired Bar — 1 - - 2 1
'8 Deviation Bar 1 - - — 2 |
19 Shiding Bar 1 — — — 2 1
20 KRange Bar 1 - - - - 1
Celumn Charts
21 Simple Column 1 - - 1 - s
2 Connected Column | - - 1 - -
23 Grouped Column | — —_ - | s
24 Subdivided Column 1 — = - | =
28 Net Deviation Column 1 — - 1 i -
26 Gross Deviation Column | - - - 1 =
27 Floating Column 1 - - - 1 =
28 Range Column 1 - — - 1 S~
Other
29 Pictogram 1 —_ - - 1 o
30 Pie Chart 1 — - - 1 -
3l Graphic Rational Pattern | - - - 2 1
2 Color Code Matrix 2 1 — 2 2 |
13 Fourfold Circular Display - - 1 2 2 |

a. ulu
uzu

L

X

indicates primary characteristics of the data.
indicates secondary characteristics of the data.

indicates what the technique can be used to show,
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Uses

Number of Values

Status
Lumud ‘ "> Approximate and Pattern
Discrete  Series  Series  Quantitative Value Deviation  Normal Range  Warning  Prediction  Recognition

- 1 _ —_ X X X X — -— -—
1 - - - \ - - - - - .
1 - - - x - - - - - "
1 - - - x - - - - - —~
1 - - - x - - - - - -
1 - - - - X - - - - -
1 - - — X - - - s e o
a— -— 1 - b -— - X - - -
— 1 -— . X -_— — - — - -
— 1 - e X — — — — -_ -
- | - - X - - = i - e
-— | -_ -— X - — — - — -
o 1 - — - X — — - - -
- 1 — -— — X - — — -— -
-~ | - - x -— -— - — -t =
A5 i - - x — X X - - -

] - — - X — — — —_ — -

1 - - — X - — - - - )

1 - - - D - - - - - x




™

Table 11. Continuous distribution display techniques with data types and uses?
Data Characteristics
Number of Dimensions . Number of Variab
Technique Limited
Number Technique Unidimensional ~ Duodimensicnal ~ Multidimensional  Univariate ~ Multivariate
Frequency Graphs

34 Frequency Polygon | - - 2 -

35 Histogram 1 — - 2 —

36 Smoothed Frequency Curve 1 - — 2 -

Related Graphs

37 Ogive (cumulative) 1 — e 2 e

38 Lorenz Curve 1 - - 2 -

39 Probability Curve 1 B - 2 -

a 1" indicates primary characteristics of the data.

““2" indicates secondar, haracteristics of the data.

“x""  indicates what the technique can be used to show.




Uses

Number of Values

¢

Limited
Discrete Series  Series Quantitative

Approximate
Value

Deviation  Normal

I 2 2 -
1 2 2 -
1 2 2 -
i 2 2 -
s i 2 -
1 2 2 -

Status
and Pattern
Range  Warning  Prediction  Recognition

13

i ——



Table 12. Multivariate distribution and correlation display techniques with data types and uses?

Data Charactenstics

Number of Dimensions

Number of Variables

Technique Limited
Number Techmique Unmidimensional ~ Duodimensional ~ Multidimensional  Univariate  Multivariate  Multivaria
40 Linear Profile - — | 2 2 1
41 Circular Profile - - 1 2 2 1
42 DAVA Plot - 1 - — - 1
43 Scatter Plot - i - - - 1
4“4 Linear Fourier Represertation — - | - 2 1
45 Polar Fourier Repre<cntation - — I 2 2 |
46 Factor Analysis — — 1 — - |
47 Multdimensional Scaling — — I — - 1
48 Hanging Rootogram 1 - - - - 1
49 Contour Map — | — — - |
S0 Stereoscopic Plot - — 1 - 1 =
51 Perspective Plot - 1 2 2 ] -
s2 Spherical Projection - I 2 2 2 1
53 N-Axis Plot — — 1 - — 1
54 Array Plot — — 1 — 2 1
55 Linkage Plot - e 1 - = |
56 Probabuility Plot at Ordered -_— - 1 - = 1
Distance
57 Dendogram - —_ 1 - > 1
58 Vector Angle Plot - I — — 2 |
59 Mimic Diagram — - 1 — 2 |
60 Chernoff Face — - 1 2 - |
61 Metroglyph - — 1 2 2 1
a. 1" indicates primary characteristics of the data.

nzn

o

"
X

indicates secondary characteristics of the data.

indicates what the technique can be used to show.
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Number of Values

Status
Limited Approximate and Pattern
Discrete Series Series Quantitative Value Deviation Normal Range Warning  Prediction Recognition
1 2 - - X - — - - - x

! 2 — - x X X X - - N |




Table 13. Miscellaneous display techniques with data types and uses?

a. ‘1" indicates primary characteristics of the data.
“2"  indicates secondary characteristics of the data.

“x"" indicates what the technique can be used to show.

SN
s AR Data Characteristics !
Number of Dimensions Number of Varia i
Technique Limited j
Number Technique Unidimensional ~ Duodimensional ~ Multidimensional Univariate  Multivaniate
62 Digital Readout 1 - — | e
63 Moving Pointer 1 — — 1 —
1 64 Binary Indicator 1 — — | - |
65 Single-Value Line Chart — 1 - 1 - i




Uses
Number of Values
Status
Limited Approximate and Pattern
vaniate  Discrete  Series  Series  Quantitative Value Deviation  Normal Range  Warning  Prediction  Recognition
— i - - X —-— =\ - - — -— =
- 1 - — —_— x - p— — — — —
— 1 -_ - - - — - - X — x
- I - — — X X x - — X -

15



Determine data types
(see Figure 1)

Determine available
techniques for data type
(see Tables 6 - 8)

Narrow down alternatives
Decide primary use
(see Tables 9-13)

Select most appropriate techniques

?[
i

Design cisplay

Figure 2.0

of the axes of Figure 1.0, the designer would
analyze the data for their types. This determina-
tion produces a variety of display techniques that
are most amenable to that type, as shown in
Tables 6 through 8. Thes= alternatives are further

INEL-A-17 52

Lisplay techmque selection methodology

reduced by determining the primary and secon
dary uses of the display via Tables 9 through 13
The designer must then use experience and intui-
tion, or better yet—experimentation—to select the
final technique




PROCESS CONTROL DISPLAYS

To test the methodology f the previous section
and also to provide short-term results for this
project, a sample problem was postulated. The
problem was to display crucial parameters of a
nuclear reactor as exemplified by the pressurized
water reactor (PWR) at the LOFT (Loss-of-Fluid
Test\ facility located at the Idaho National
Engineering Laboratory. The parameters, listed in
Table 14, cover both the primary and secondary
sides of a typical PWR and are both centinuous

. and binary in nature. Table 14 lists the units, nor-
mal value at 74% power, normal expected range at
that power, and total expected range ‘or 11 vari-
ables. The Rod Bottom Limits (variables 12
through 15) are binary because they indicate only
whether or not the control rods are at the bottom.
The bistable status variables listed are
alphanumeric messages that represent alarm con-
ditions produced by the control systems.

A good display design should be effective for
both normal and off-normal situations. To test
for the latter case, actual data from iwo transients

were obtained. The first test case, labeled L6-5,
was an operational transient test in-olving a loss
of steem load. The second case, L3-7, was a small
break test in which the pipe break was smaller
than the capacity of the high-pressure injection
system makeup capability. Data for each variable
during the two tests are shown in Table 15. Ten
time steps, taken at two-second intervals, were
used to indicate the state of the system before and
after initiation of the transients. Time step 5 is the
condition at the time of initiation.

A quick scan of Table 15 indicaies the expected
variation during normal (time steps 1-5) and off-
normal operations. Parameters will fluctuate dur-
ing normal operation, as indicated by the table.
However, the rapid changes are the most impor-
tant. During the operational transient test (L6-5),
the secondary feed flow immediately drops to
zero, followed .y a decrease in steam generator
level. The small break test (L3-7) results in a drop
in primary pressure and pressurizer level.

Table 14. Normal values and ranges for key parameters of a Nuclear Reactor

Normal __ Normal Range Total Range
Value
Parameter Unit at 74% power Minimum Maximum Minimum Maximum

Primary Power % 74 0 100 0 100
Primary Flow M Ib, /hr 3.80 3.7 3.9 3.70 3%
Primary Temperature (T,) F 538 $25 47 525 547
Primary AT b 26.615 26.54 26678 7 36
Primary Pressure psig 2156 2141 217 2141 2171
Pressurizer Level inches A 37 51 37 51
Secondary Pressure psig 816 744 B8E 700 950
Secondary Feed Flow Ib/hr 151.2 147.6 154.8 36 216
Steam Control Valve Position % open 64 62 66 0 100
Steam Generator Level inches 7.6 5.65 9.65 2.0 12.0
Condenser Pressure psig 288 263 213 263 313

Rod Botiom Limits (4)

Bistable Status (First )



Table 15. Test data for two “eal transients: L6-5-— operational transient test and L3-7 —small break tes:

. Parameter Unit 1 2 3 . yivh . 6 e 8 o e
‘ 6-5 -
Time seconds ] -6 -4 -2 0 2 4 6 8 10
Power L 73.80 73.65 73.63 73.65 nn 73.70 73.70 .72 73.80 73.80
Flow M b, /e 1800 774 1780 3780 31782 3780 3.800 3797 3.782 3.770
¥ F 535 535 535 538 538 535 538 538 535 535
ar 3 27 27 27 27 s 27 27 n o 27
Primary Pressure psig 2146 2147 2147 2147 2147 2147 2146 2146 2147 2149
Pressurizer Level inches 39.85 39 8% 19 88 39.87 39 85 19.85 39.82 39.79 3980 39.81
Secondary Pressure psig Ri6 K6 K16 Rl6 Rl6 R16 K16 K6 816 816
= Secondary Feed Flow Ib/hr 152 152 152 152 152 0 v 0 0 0
- Steam Control Valve Position o 66.50 66.61 66.59 66.70 66.61 66 24 66.00 65.94 66.20 66.36
Steam Generator Level inches 10.65 10.70 10.70 10.70 10.70 10.55 9.77 8.20 7.08 5.95
Condenser Pressure psig 286 90 286 90 286.90 286 .90 86 .85 287.70 258.05 288 90 289.62 290.74
137
Time seconds X 6 4 -2 0 2 4 6 8 10
Power o 97.70 97.50 97.70 97.50 97 40 96 98 96 60 97.25 97.40 97 30
Flow M b, /hr 3898 3.820 1.806 3.832 3.850 3.840 3.790 31.806 3.822 1822
T i 545 $45 545 545 S48 545 545 545 545 $45
at ¥ 35 s 3s s 1S 3s 35 35 s 35
Primary Pressure psig 2174 2172 2170 2168 2166 2151 2136 2138 2146 2144
Pressurizer Level inches 43.16 4314 43.10 43.10 43.08 42.90 42.60 4218 41.70 41.37
Secondary Pressure psig 78918 789 .30 789 50 789 .80 789 .40 789.15 788.55 788 RS TRE.TR 789 30
Secondary Feed Flow Ib/hr 194 55 194 9% 194 82 195.08 195.08 194.92 194 8§ 194.72 195.31 194 88
Steam Control Valve Positios %o 94 44 94 44 EEIES) 94 44 94 .44 94 38 94 30 94.30 94.19 94.33
Steam Generator Level inches 10.57 10.50 10.57 10.50 10.30 10.30 10.20 10,13 10,10 10.10
301.69 302.00 302.05 302,10 301.20 302 .42 302.68

Condenser Pressure psig 301.80 301 .71 301.95




A display of this information would be used to
advise the operator of the current state of the
system and to help in detecting the problems and
their appropriate corrective action. The display
should help the operator answer the following
questions:

1. How well is my system working?
2. What is my problem?
3. How severe is my problem?

When describing reacior s ems, the primary pur-
pose of the display is to answer Question |
answers to Questions 2 and 3 are secondary.

Analysis of the L6-5 and L3-7 data for type
categorization resulted in two nossible cells:
Unidimensional-Multivariate-L <crete and
Multidimensional-Muitivariate-Disc. “te. Both
categories take a -~umewhat individualistic
approach because the system was considered to be
composed of its components rather than as a
single state point. In other words, the operator,
rather than the computer, is the integrator of the
system data. This approach was chosen in order to
try to satisfy the secondary purposes as well as the
primary criterion.

There was little guestion that the data were
Multivariate (15 variables) and Discrete (one point
in time). Dimensionality, however, could be
looked at in a variety of ways. If the data were
normalized to a percentage of their range, the
units would constitute a Umidimensional system.
If each of the units were considered separately,
one would have a Multidimensional system (as
reflected by Tabie 14).

Table 6 lists 13 different technigues ior display-
ing Unidimensional-Multivariate-Discrete data

and 16 possible techniques for Muluidimensionai-
Multivariate-Discrete data. These techniques are
repeated in Table 16. One can immediately
disregard alternatives € through 13 since they deal
with Continuous Distribution data. Statistical
Cartography is used for Spatial-Temporal data
while Factor Analysis, Multidimensional Scaling,
and N-Axis Plots wash out too many details
(Aprendix A). Furthermore, Linkage Plots,
Probability of Ordered Distance, and Den-
dograms deal with statistical data. A second pass
through the list eliminates Subdivided Ba- Charts,
Grouped Bar Charts, and Sliding Bar Charts
because they deal with unique circumstances that
do not apply to the data at hand (Appendix A,.
This procedure quickly reduces the number of
alternatives from 29 to 12.

To reduce the number further, one must
establish the use categories. Pattern recognition is
the best method of comprehending the overall
workings of the system to answer Question 1.
Question 2 is satisfied with check information and
Question 3 is answered best with qualitative infor-
mation. Hence, the use diciates that the display be
especially appropriate for pattern recognition,
with check and quality information as secondary
uses.

The reasonable alternative techniques for
display are shown in Table 17. Note that only
three techniques have use categories that satisfy
both the primary and secondary purposes. At this
point one must decide whether the purposes are to
be treated equally or if w.ore emphasis should be
given to the primary purpose, as is often the case.
When the primary purpose of the display is to
allow the operator to determine how well the
system is working (Question 1), the Simple Bar
Chart and the Mimic Diagram can be eliminated
because they both have a single use.



Table 16. Alternative display techniques for unidimensional-multivariate-discrete and
multidimensional-multivariate-discrete data

Unidimensional-Multivariate-Discrete Data Techmques

Alternative Technique Technique Number
1 Simple Bar Chart 12
2 Subdivided Bar Chart 14
3 Subdivided—100% Bar Chart 15
4 Grouped Bar Chart 16
- Deviation Bar Chart 18
6 Sliding Bar Chart 19
7 Graphic Rational Pattern 13
X Frequency Polygon 31
9 Histog: im 35

10 Smoothed Frequency Curve 36
11 Ogive (cumulative) 37
12 Probability Curve 38
13 Hanging Rootogram 48

Multidimensional-Multivariate-Discrete Data Techniques

14 Statistical Cartography 10
15 Fourfold Circular Display 33
16 Linear Profile 40
17 Circular Profile 41
18 Linear Fourier Representation 44
19 Polar Fourier Representation 45
20 Factor Analysis 46
21 Multidimensional Scaling 47
22 N-Axis Plot 53
23 Array Plot 54
24 Linkage Plot hh)
25 Probability Plot at Ordered Distance 56
26 Dendogram 57
27 Mimic Diagram 59
28 Chernoff Face 60

29 Metroglyph 61

20



Table 17. Uses of alternative techniques for the syctem state problem

Simple Bar Chart

Deviation Bar Chart

Graphic Rational Pattern
Fourfold Circular Display
Linear Profile

Circular Profile

Linear Fourier Representation
Polar Fourie: Representation
Array Plot

Mimic Diagram

Chernoff Face

Metroglyph

Qualitative Informa’.on Check Information

Quantitative Approximate

Information Warning  Prediction

Rwo:gnition




MULTIVARIATE DISPLAY CESIGNS

The various display techniques applied to the
sample data are listed in Table 18. The Mimic
Diagram is the most common form of display in
1 acess control but it is applicable mainly to quan-
titative information tasks. An example of this
technique, Figure 3.0, was ncluded for com-
parison purposes and shows the variables at nor-
mally expected values for 74% power. If the
Mimic Diagram were used for the transient data,
the values would change as required. The blocks
containing the numbers 1, 2, 3, and 4 represent
the Rod Bottom Limits, i.e., the binary values,
and are color coded red when not on the bottom.
When they are on the bottom the color green is
used. The large space beneath the Mimic is
reserved for the bistable status messages, which
are not included here nor on any other display.
Both the binary and bistable status messages were
dealt with in the same manner for all displays,
regardless of the display technique used.

The following examples contain 21 displays for
each display technique. The first display in euch
series shows the normal conditions at 74% power.
The next se* of 10 represents the time step, for
L6-5 followed by 10 steps for L3-7. Instances
where the normal value and range of a variable
change with power were accounted for by recom-
puting these values based or .« given power
reading. Color-coding of limits, where appro-
priate, was done with green, yellow, and red.
When a variable was within its normal range,
green was used. When the value fell below or
above the normal range for the given power,

yellov: was chosen. Final lower and upper limits
(low-iow, high-high) were established at 5% and
95% of the v riable’s roral range, respectively,
and coded red.

Simple Bar Chart

A Simple Bar Chart contains hornzontally
oriented rectangles or bars emanating from a
single vertical line. The horizontal axis indicates
the range of values of the variables and the length
"~ each bar is determined by the value or amount
of eaca item. This technique compares the
magnitude of items at a specified time on a single
scale. Figure 4.0 illustrates the application of this
technique for normal conditions at 74% power,
The Simple Bar Chart emphasizes individual
values but makes overall system evaluation dif-
ficult. Pattern recognition is next to impossible
because one must look at each bar in relation to
the others. Check information is somewhat dif-
ficult, but qualitative data for the individual
variables are relatively easy to read. Figures 4.1
through 4.10 represent wue time steps for L6-5.
Although there are variations between displays,
nothing is obvious until Figure /2.6, which indi-
cates the problem with secondary feed flow. The
steam generator level does show a decrease but the
change is not immediately apparent. The small
pipe break of L3-7 is shown in Figures 4.11
through 4.20. Close observation of displays in
Figure 4.15 and the subsequent figures shows a
drop in primary pressure but little indication for

Table 18. Display techniques tried on sample data

Aiternative Technigue Technique Number
1 Mimic Diagram 59
2 Simple Bar Chart 12
3 Deviation Bar Chart 18
4 Fourfold Circular Display 33
5 Linear Profile 40
6 Circular Protile 41
7 Linear Fourier Representation 44
8 Polar Fourier Representation 45
9 Array Plot 54

10 Chernoff Face 60
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Figure 3.0 Mimic diagram of a nuclear system
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Figire 4.9 Simple Bar Chart representation at normal conditions, 74% power
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the change in pressur.zer level. Unfortunately the
individual bars 2.c lost in the total display. One
can conciude that the Simple Bar Chart is grossly
inadequate for Question |, marginal for Ques-
tion 2, and adequate for Question 3.

Deviation Bar Chart

In th: Deviation Bar Chart, each item has a bar
extending either to the right or left of a common
vertical base line to indicate deviations from some

‘normal™ value. It is ideally suited for presenta-
tion of positive/negative data for a number of
items - gure 5.0 shows the Deviation Bar Chart
under aormal conditions at 74% power. This is a
““report by exception' technique that is partic-
ularly effective for pattern recognition and check
information. The ideal case of everything being
normal would rusult in bars of zero length.

Unfortunately, the Deviation Bar Chart tech-
nique loses some of its beauty when variables have
a normal range, as shown in Figures 5.1 through
5.5. The data are all perfectly acceptable, but the
display may somewhat mislead the operator due to
expected fluctuations. The loss of secondary feed
flow is emphasized in rigure 5.6, as is the steam
generator level change in subsequent displays
(5.7-5.10). Working at high power levels also
causes some confusion as shown in the series of
Figures S.11 through 5.20. Even though normal-
ization was changed for the power level, there still
are unnecessary stimuli under normal conditions.
I'he turnaround in primary pressure, however, is
immediately noticeable as is the change in pres-

"surizer level. This technique is considered ade-

quate for all three questions but would fare much
better if the variables did not fluctuate ab. ! a
normal value.
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Deviation Bar Chart representation at normal conditions, 74% power
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Figure 5.1 Deviation Bar Chart for L6-5. Figure 5.2 Deviation Bar Chart for L6-5.
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Fourfold Circular Display

A Fourfold Circular Display (FCD) uses four
quadrants to different l'he
valugs of the variables are indicated by the radius
of the 90 [he
ideal use of this technique is to compare two dif
ferent sets of data at the same time. To apply FCD
to the given data, one mnust make it a Fivefold Cur
cular Display as shown in Figure 6.0

represent variables

arc associated with each variable

['he primary
system components are grouped on the left and
the secondary compo aents are on the right. Range
rings indicate 25%, 0%, 75%, and 100% of the

expected values

Figures 6.1 through 6.10 show the technique for
L.6-5

patterns

I'he operator would soon learn the normal
the
An upset condition, as

without relating individual para

meters to specific values
seen in Figure 6.6, shows the immediate loss of
‘eed flow and subsequent decrcase in steam
Figure 6.16

decrease in primary pressure and level

generator level also +hows the
I'he true
value of this technique is the coarseness of the
display during minor fluctuations and the obvious
onset of a transient. Hence it was labeled very ade-

quate for determining the overa!!

sysiem

PORER

state

FLON Te

PZR
PRESS

Figure 6.0

ourfold Circular Display representation at normal conditions,

(Question 1) and detccting the problem (Ques
tion 2) but marginal for indicating the severity
(Question %)

Linear Profile

I'he next technique, the Linear Profile, ases a
polygonal line 'hat connects the various heights

corresponding to the values of the variacles
l ntended to show
The
mplemented as a variation of a
Surface Chart, using the filled portion below the

curve to emphasize magnitude (see Figure 7.0)

arranged along a base line. |
the nature of a relationship between variables

technique was

T'he horizontal lines indicate the values in relation
to the total range. A problem similar to the Devia
that have a normal

7.0 and 7.1

non Chart arnises with data

range, as seen in Figures

Minor fluctuations for transient L.6-5 are discer
nible but not overly obvious (Figures 7.1 through
7.5). The loss of feed flow is well-illustrated, as is
1.3-7 1s also

nicely shown in Figures 7.11 through 7.20 with the

the decrease in steam generator level

primary pressure drop very evident., However,

changes in pressurizer level are somewhat hidden

74
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74% power
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Figure 7.16 Linear Profile for L.3-7 Figure 7.17 Linear Profile for L3
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Figure 8.0

where the coefficients of the trigonometiic func
tions are the values of the variabies. The intent
here is to compare the interaction of
variables. Figure 9.0 shows the normal data at
74% in linear fashion.
expected values are shown in this display via a blue

several
Both current values and

reference line and a green data I'ne, respectively

Observation of Figures 9.1 10 9.10 for L6-5 and
Figures 9.11 to 9.20 L.3-7 reveal a
washout of minor fluctuations. The initiation of
transients in Figures 9.6 and 9.16 are scmewhat
This
technique indicates that something has occurred
Applica
bility to pattern recogniiion is adeqguate but both
check and information is
inadequate

for total

evident, provided that the changes are severe
but does not reveal what or how much

qualitative grossly

PRESS

SEC
PRESS

CNTRL
VLV POS

Circular Profile representation at normal conditions, 74% power

Polar Fourier Representation

The Polar Fourier Representation is similar to
the Lincar technique except that the function is
plotted in polar rather
dinates. Figure 10.0 shows the normal condition
at 74% power

than rectilinear coor
Here again pattern recognition is
well served in that the ‘‘biobs” become
familiar to the operator without undue stimuli

A data line in green is

will

during minor fluctuations
easily compared to a reference line in blue. The
L6-5 transient Figures 10.1
through 10.10 does indicate the occurrence of the

series shown In
transient but gives no information as to what the
Likewise one has similar
The
Polar representation improves the pattern recog
nition capabilities but does little for Questions 2

problem is or its severity

ybservations of Figures 10.11 through 10.20
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Figure 9.0

and 3. Hence the display was judged very ade-
quate for Question 1, but grossly irzadequate for
Questions 2 and 2

Array Plot

An Array Plot, as used in Figure 11.0, s
defined as an mxn array where each cell
represents . unique parameter. The values could
be binary, such as in existing annunciator panels,
or could take on a number of values. Figure 11.0
displays the primary system parameters on the top
row and the secondary system parameters on the
bottom. The display allowed five different value
ranges to be displaved by v.ing color coding. If a
parameter value was within the bottom 5% of its
[Ola: "ange, its rectangle was coded in dark blue. If
the value was greater than 5%, but still below the
normal range, it was coded cvan (greenish blue)

Green was used when the value was within the nor

Linear Fourier representation at normal conditions, 74% power

mal range. At the high end, yellow represent:d a
value above normal range, and red depicted values
greater than 95% of the total range. Hence the
coding scheme follows the natural color spectrum
to indicate value. This technique could be made
more precise by using additional colors. Close
attention must be paid to the choice of color for
the text foreground and the rectangular

background to ensure legibility

I he sequence ot \!“{‘l.l\\ for both L6-5 and
1.3-7 are available from the author. The technique
is adequately suited for pattern recogntion and
problem detection but only marginal for severnty
Additional colors could be used to improv~ the
latter case but one quickly encounters the pro: .n

subtle color detection by operators under stress
condition By their nature, Array Plots are
imprecisc However the technique i1s a vast

mprovement over existing aiarm and annunciator
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Figure 2.11 Linear Fourier representation for L3-7. Figure 9.12 Linear Fourier representation for L.3-7
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Figure 10.0

Copies of Figures 11.1—11.20 were not includ-
ed since they use color to indicate value. The
figures reproduced in black and white would look
identical to Figure 11.0.

Chernoff Face

The final technique, the Chernoff Face, is a
radical departure from all others and therein may
lay its usefulness. The Face is a graphical method
in which every multivariate or multidimensional
system is visualized as a computer-drawn,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>