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The objective is to design or select the most cost effective graphics
solution (hardware and software) to meet any problem situation. The
framework is divided into informational structure/medium of display;
these are broken into constituent elements and discussed with
associated design issues. The informational structure includes
content, format, and organization. The CRT is analyzed for display
design criteria such as light, geometric parameters, and CRT display
properties. Viewing area criteria are discussed. The components of
medium and informational structure 'provide the framework for
specifying hardware/software reguirements for graphics systems. The
process of display design s presented, beginning with feasibility
studies, resulting in a set of useful solutions. Steps to obtaining a
'best' solution are summarized, creating an optimal candidate system
which is physically realized and tested through detailed desigr
activity. Results may indicate a need for revision/redesign requiring
alternative solutions. The criterion for selecting the most effective
solution is based on integrity of design. A list of 24 references, 18
figures and 6 tables are attached. (JM)
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A COMPREHENSIVE PROCESS FOR DISPLAY SYSTEMS DEVELOPMENT

INTRCODUCTION

In this. the age of the computer. the computer generated d;spléy is fast
becoming the preferred mode of communication in many areas. At %1rst the;e
displays were found only in high technology environments such as aircraft cock-
pits, c3 systems and the like. Gradually they found their way into the process
control industry, both nuclear and conventional. Now we are even seeing com—

. puter dispiays in the educational setiting as with computer aided instruction.

and as a general information tool through the process of videotex.

fhis explosion in available display technology brings with it a host of
decisiors on design related issues. For example., which t?pe of symbol genera-
tion technology should be chosen? Which display ;onflguration will best com-
municate the information? What size display will be used? Before any display
system becomes opeérational in an on-line sense, these as well as a host of
~ther design issues must_be resolved to effect the most cost effectiveé design.
The identification and resolution of these issues must not be based on intui-
tion or brute force trial and error, but rather ©n a systematic development
process which* draws upon available facts and empirical %éta relevant to each
decision step. Unfortunately. a comprehensive development Erocess itas been
lacking in the aréa of display design, although initial attempts a* Qevelopinq
such methodologies can be found (Hitt, Schutz, Christner: Ray & Coffey, 1961;
Rogers, 1981). However, these attempts do pnot encompass all the'releuant

4

design issues.
The purpose of this paper is to present a comprehensive development pro-
cess for Adisplay design. fThe comprehensiveness of this process is achieved by

first introducing a framework that bartitions the display problem into its

Q
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constituent elements and then using this framework to quide the steps of the
, ;
design process originally formulated by Morris Asimow (1962}. The result of

-

this approach will be the capability to desiqn or select the most cost effec-

»
tive graphics solution--hardware and software--to satisfy the needs of any

problam situation.

1




FRAMEWORX

The characterization of the digplay design problem begins with a deline-
ation of the two components of a displa, t. work together to communicate
information. Proper execution of hoth components 1s necessary for successful
information comnunication to occur. These components are called the informa-

tional structure and the medium. The informational structure refers ko the

representation that ig actually being presented by the display. For example,
an informational structure could consist of a graph of gold priceg over time, a
map of the United State. showing average rainfall per region and the like. The
medium refers to the device used to present the information. It makes the
informational structure accessiple. Most generally, the medium iS a Cathode-
Ray-Tube {(CRT), but it can also be a page of paperr or Doster hoard SOr exam-—
ple. lote the the mediums, as stated before, affects the access of the informa-
tion while the informational structure affects interpretation Thus 1t 1s

clear why proper design of both is necessarily essential to effective communi-—

cation and wiy design empPhasizing either one alone is not sufficient.

In the remainder of this Section, design relevant properties of each
component are presented and their effects On access and interpretation are
discussed. Following this, a general process for designing display systems 1is
presented. This process, together with the framework, should allow one to

design or select the most cost effective display relevant to a specified task

or tasks.

Informational Structure
The wnformational structure i3 the information conveying representation of
the display ¢ystem. fow it is designed bears an important relétionship to mase ’

of information interpretation. al} tcdoftem, a poorly designed informational




structure leads to an increased level of cognitive effort required by the
reader Lo process the ambiguous information it contains. Thls increased effort
teads to greater incidence of fatiguwe, which in certain cases can have catas-—

pnic consequences. Thus 1t behooves us to consider what proparties of the
informational structure make 1t more or less ambiguous and what S$teps can be
taken to correct any deficiencies.

Most of the background for this section comes from our book Understanding

Charts and Graphs: A Project in Applied Cognitive Science, specifically

Chapter 2, written by Stephen Kosslyn. Concepts from that chapter will be used
where appropriate in the remainder of this discussion.

Any informational structure rcan be specified in terms of three components

+

i,

--content, format and organization. The content of the informational structure

is the underlying information to be coaveved. The format determines the manner

or mode of conveying the information content, while the organization specifies
. the relationship among the elements of the format. Fach of these components

will be expanded upon in turn.

Content
Following pMcCormick (1976}, some of the major types of information presen-
ted by displays are summarized below.

Quantitative {nformation. Information which reflects the quantitative

value or vilues of one variable over the (untitative value or values of another
variable. We see this information in the form of common graphs and tables.

Jualitative information. Information which reflects gross chandes in a

quantitative variable. PFor example, direction of change or rate of change

coded verbally would represent qualitative injormation. Note that while the
underlying variable is (uantitative, the information 1s used more as an indi-

cator of changa rather than in a precise way.

Q
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. , Additionally, qualitative infovmation would take the form of structural/
organizational representations such as those found in flowcharts and the like.
Here the direction of and number of mappings are information conveying.

Status information. Information which reflects the condition ©r status of

a system, such as: on-off indications, or indications of one of . ber of

conditions of information. Warning information would be included in this

catedory.

Representational information. Information found in depiction of objects,
areas or other configurations. Any representation that conforms to Kosslyn's
4

(1980} five cfﬁteria for depictions would be classed in this category.

Alpnanumeric information. Verbal and numerical information such as

instructions, tables or any printed and typed information.

The content of any display must be clear from the cutset since certain
formars ave better suited to certain types of information than others. In'some
cases, the content constrains the kKinds of formats that can be used, but in

most cases, we have some latitude in our choice. What we mean by format is

descrihed next.

Format -

The format of an informational structure refers to the form of the repre-
sentation that makes the content of the information availables. Following our

terminology, the format of a dicplay is determined by its framework, .specfier

and labels. f

a

The framework provides the visual bases for the Specification of relation-
ships between the variables comprising the content of the information. In line
graphs, for example, the framework is a pair of axes showing the entities being

related and how they are measured. In charts, the framework it the different

entlkins nften repreSQﬁted symbolically by diffzrent shapes. For alphanumeric

Q .
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representation, the framework is the different alpha and verbal labels that

make up the to be specified text. The specifier serves to bring the parts of

the framework together in relationship. 1In a line graph, the specifier serves
. to pair a value or range of values on one mathematical scale with a va ‘ ')r.
range of values on another mathematical scale. The specifier in a chart would
consist of the presence or abgence of arrows connecting the variocus shaped
hoxes as well ag therr directions. Finally, labels serve to inform the reader
of the actual entities being represénted.

The design question concerns the appropriateness of the format chosen to
the type of information conveyed. That is, for a given piece of information,
how should it be represented in the dispiay. Si#cox {1982) has shown that an
incongruency between format and response hasis leads to an increase demand on
our information procesgsing resources and an increased incirdence of classifica-—
tion errors. Xosslyn and James (1982) have obtained similar results uéxng more
redilstlc graphic displays. At this point, the choice of format must be
empirical. However, with regard to quantitative information, Chapter 7 of ourn
book grves psycholeogically motivated rules-of-thumb for narrowitig the chorce of
formats without resorting to tests.

Qrganization

The organization of the informaticnal structure refers to the relationship
petween the different elements of the format. The organization determines how
well the particular chosen format is executed. For example, if a format
{ framework, specirfier and labels) chosen 1s appropriate for the type of infor-
mation to be communicated but is poorly organized. then miscommuniction is
likely. Orqanlzdtién of the elements comprising a format occurs at four dis-
tinct lavels that we pust be aware of - syntactlc, semantic, pragmatic and

Eormal.
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Inirtially, we are concerned with how the elements and their constituents

treated as a set of marks or lines on a screen organize syntactically. For
example, the lines specified mdst be discriminable, they must group correctly
inte the aprropriate format, anéd they must not be so complicated the one ca -
hold them in memory at one time.

Semantic organization concerns the compatibility of symbols and what they
are intended to represent. For example, in many process control envirénmeﬁts,
we are seerng displays that show the nrocess layout using graphic symbols to
represet the various components such as valves, ho'ilers; etc. Uslng symbolsi.
that are poor depictions of these components lead to poor organlzatibn semanti-
cally. Anorher example of poor semantic organization would be the use of hue
to represent a guantitatively changing variable. Hue is a qualitative
dimension--physiologically 1t depends on witat Kind of neurons are firing rather
than how many. Thus, there is an incompatibility hetween symbol and referent.
It would be bhetter, in this case, to use a quantitative aspect of color such as
brightness or saturation.

How the informational structure is organized pragmatically determines
whether the reader will conme away with information over and above that which is
expressly presented. In certain appiicatlons, this may be essential. For
example, excessive variation in some critical process variable may be unaccep-
table. If values of this variaple are plotted graphically, then expanding the
scale should nake small variations more quickly noticable and thus lead to
better contrsl. Such a display would be organized correctly at the pragmatic

level.

Finally, formal organization, tuken from Goodman's {(1968) theory of

synbols, concerns -ambrguities that arise when a symbol has mors than one inter-

pretation or when a symbol (e.qg., label) is missing.

[T




The format and oryganization taken together define the configquration of the

display. It is the configuration of the informational structure that drives
its interpretation. However, before this structure can be interpreted, it must
be made accessible to our anformation processing system. The ac. thility of

this structure is made available by the medium which we now discuss.

Medium
Media are the means or devices for c¢onveying informational structures.
They are not wnformational structures in their own right. Examples of media
are this page, a TV screen and a telephone. The emphasis in this section will i
be on a particular medium, the Cathode-Ray-Tube (CRT), since Lt 1s becoming the
industry “"work-horse” and much research has been done on the perceptual effects
of its parameters., However, the discussion, where applicable, applies to all
other types of display media as well.
Por the most part, one is interested in selecting a display device from
the multitude »f available devices on the market. Given the device, one can
then design the configuration appropriate to the task using appropriate soft-
ware. What 1s needéd, then, is a description of the c¢riteria necessary for
selecting {he most cost effectivé display.
Shurtleff (1280) describes two sets of criteria that influence any techni-
cal decision regarding the display device. These sets of criteria are: .
1. Dasplay design criteria
2. Vviewing area criteria
Both ¢riteria will be discussed ipn turn, and quidelines given by sShurtleff

{(1980) will be Sumwarized where appropriate.

pisplay pesign Criteria .

The basis for hoth selection and design of CRT's lies in the physaical
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properties of these displays. Shuortleff (1980) has broken these properties
into two general categories--classical display propertie. and modern display
properties. The classical display properties are common to all media ranging
from princed text on a page %o TV screen and . ide symbol luminance <nd con-
trast. The modern display properties emerged with electronic generated dis-
plays. They are not as well understood as the classical properties, yet sono
research exists.

Classical display properties. The desian parameters assoclated wirth the

classical dléplay properties can further he sub-divided inco three different
types. ‘namely, light parameters, geometric parameters, and display surface

parameters.

1} Light parameters. The important parameters for symbol displays are

wavelengin: lumbnance and luminance contrast, with other parameters being
direction of contrast and lumvnance variations.

The primary perceptual correlate of uwavelength is color, which in turn can
be spacified in terms of its ‘hwe (red, blue, etc.), which is primarily related
to its wavelenyth; brightnesél(light red, dark red, etc.): which is related to
the intensity of light; and saturation {a rich full red, a pale red), which is
related to the purity of lLiaght.

The research summarized by Shurtleff (1980) as well as Kosslyn et. al.
{Chapter 3} suggest that for alghanumerlc displays, mid-range colors {(i.e.r
green and yallow) should be used. However, colors at the extreme of the spec-
trum {(reds and blues) are switable for color coding graphicé: @

Lunlnance, or intensity of light, has as its perceptual correlate bright-
ness. Swinialrly, brightness contrast is the correlate of luminance contrast.
Lumninance conctrast 1s the relicive difference between the lum%nance of the

symbol and 1ts immediate background (see Kosslyn et al, Chapter 3). FLominance

variation can either refer to luminance variations within a symbol or

0 14
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variations between two symbols. Ity perceptual correlate 1s non-uniformity n

- -
brightness within and between Symbols. Finally, direction of contrast refers ™
to the intensiLty of symbol versus background--bright adainst dark or dark
against light.

The research suggests that the minimum contrast rat;o 15 a function of
absolute luminance level and the visual gize of the symbols. However, minlmum
contrast ratios in the ranges of 18:1 allows good symbol identificatron accu-
racy over a wide range of symboi sizes and luminances (from 0.1 ft.L to 50
ft.L.). Luminance per se should be kept in the range of 10 ft.L. ODirection of
contrast is "ot a critical Parameter under most ambient conditions. At extreme

ambient conditions, howewver, a means of changing polarity is destirable.

2) Geometric parameters. These parameters include symbol size, symbol

font (shape) and the spacing between symbols, especially in alphaqumeric dis-
plays. The perceptual correlate of size jg the visual angle subtended by the
symbol. For alphanumer:ic symbols, this angle gives rise to judgements or
symbol largeness--height and width=--and symbol boldness--stroke width. Percep-
tual correlates of font are not easily determined since shape perception
research is equivocél with respect to what 1s processed--features, templates or
prototypes.

Spacing between symbols affects the perceptual distincriveness of the
letters. For example, if spaced te close, individual letters merge together
and cannot be discriminated. Spacing refers to bhoth horizontal, within a row,
and vertical, between rows. bhormally, spacing tig meatured from Center-to-
centar of adlacent rows or columns.

Pesign criteria for the ~ymbol height needed for high identification
accuracy is dependent on the absolute luminance of the symbol (see also KQSslyn

L}

et a1 {1980}, Chapter 3).

Q
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For low lumunance levels, 0.01 ft.L. to 0.1 ft.L., a minimum of 20 min. of arc
1s recommendeds for intermediate values ©of lumunance, 10 ft.L. to 50 ft.L., a
minimum ©f 10 min. of arc is recommended. Also Shurtleff (1980) recommends a
stroke-width-to-heigh .tio of 1:5 and a symbol width of 75% of symbol
height.

With respect to horizontal spacings if viewing condition is direct on—line
then horizbntal spacing can be as close as 8% to 10% of symobol height. For
extreme orf axes view of 45° or more or low luminance levels, horizontal spac-
ing should be increased to 25% to 50% of symbol height.

3) Display surface parameters. ‘these Parameters include the size of taie

display surface, the display aspeci ratio and glare. The size of the display
surface is usually stated in terms of the length of the diagonal for retangular
displays as a diameter if the display is circular. The perceptual correlate of
display size 1s visual size subtended at the eye of the observer. Aspect ratio
refers to ghe height of the display surface resative to its width. Both these
parameters will be discussed more fully in the section on viewing area require-
ments.

Glare from ceiling lights cap completely obscure data from many displays

" mounted in sloped-front consoles if care 1s not taken tO reduce it. Glare can

be eliminated through proper filtering and arrangement of ambient light.
Table 1 summarizes the recommended design parameters associated with the

classical factors discussed in this section.

FNSERT TABLE 1 HERE

-

Modern display properties. shurtleff (1980) divides the parameters that
emerged with the advent of the CRT i.to optical paramters, temporal parameters,

-~

electronic paramcters:, and symbol generation parameters.

D
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1) Optical parameters. The key optical parameter :n CRT displays is

focussing of the electron beam. The perceptual correlate of beam defocussing
ig blurring of the symbols.

The . .ature summarized by Shurtleff (1980) has shown that a decrease in
identification accuracy caused by blurring can be minimized by 1ncreasinyg
symbol size and contrast. If this is nor possible, defocussing which incredses
stroke width up to 20% is acceptable. Anything greater than 20% renders the
device unacceptable.

2) Temporal parameters. These parameters inciude flu<tuations in the

lumznance (intensity) of the electron beam, the Perceptual correlate of which
is flicker. The length of time for a light ourput to decay to some percentage
of initial brightness is called the Persistence, and this parameter varies from
phosphor te phospnor. To keep the light output at a constant level to the
perceiver, it must be updated or ‘refreshed' at a rate above the flicker-fusion
frequency of about 40 Hz. Update rates less than this critical value will
cause flicker--light appearing tc fluctulate in intensity at approximately 100
msec intervals. If display refresh 1s less than 40 Hz, then 1t 15 Fossible to
compensate for flicker by using a longer persistance phosphor. Fricker should
be minimized at all times since it can overly stress the visual mechanisms
resulting in visual fatigue.

3) _Electronic parameters. These parameters are characteristics of elec-

tronics hirdware that change the positioning and stability of the electron
beam. For exaumple, noise and instability in the amp'ifiers ang other driving
circutry that involve a gradual change'in the position of the eleatron heam
lead to the perceptual phenomenon krown as drift. 1If the change in position is

small, abrupt, relatively quick and repititicus then 'ix 1s perceived as

ritrer, 1 -
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shurtleff (1980) states that yhile these parameters produce annoying per—
centual sensation, they are not c¢ritical to symbol identification. HNonethe-
less, cheir effects on the task at hand should be assessed Erior to device
St ~10n.

4) Symbol generation parameters. While there are a multitude of CRT

terninals on the market, making selection of a terminal appear almost L.mpos-
s1ble, they all basically fall into one of three major techrologies for produc-
ing graphics--raster scan, stroke or calligraphic¢, and direct view storage tube
(DVST}. Each tachnology has its pros ‘and cons as well as rntratechnology con-
siderations that we should be aware ©of before a final selection is magde.

The DVST behaves like a CRT with a long persistance phosphor. Persiystence
is Aefined by the time it takes light output emitted by the phosphor to decay
to some percentage of itg oraginal brightness. Thus when the electron beam

hits the phosphor backplate, the affected phosphor retains a glow for hours

after the "nit'. 1In this technology, line segments are drawn by directly
moving the eleciron beam from point to point. Once the pattern 1s traced. the
charged phosphor results in a relatively permanent trace on the screen because
of its long persistence.

The advantages of DVST technology are its high drawing precision and lack
of screen refresh. 3Since the system draws lines directly from point to point,
Pracision is limited on by the focusing capability of the beam. Thus line
qulaity caa be as good as ink drawings. Since no refresh is necessary, flicker
is eliminated ftrom these displays. -

This lack of refresh capability also imposes a constraint on the system.
It cannot be used for real time applications. The whole screen must ke erased

and the picture must be completely Eedrawn to update 1t. Additionally, another

disadvantqge with the technology is that rt ig essentially o one color medrum.

O
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Color capability and gray scale imaglrg are not presently available with this

technology. Prices range anywhere from $3,000 to $20,000.

Stroke wyriting or calligraphic sytems c¢reate vectors 1n much the Same way
as DVST systems, direct movement of the electron beam from pelnt A £o point B.
Hcwever, the phosphor has a quick perw.stence requrring refresh. 'This allows
real time updating of the pictuce. However, the refresh rate, usually 40 Hz,
limies the amount of data that can be displaYed on the screen at any one time.
Since the heam moves at a relatively constant rate: the longer the line, the
longer 1t takes to Jraw. Thus flicker is a4 real problem if the line is too
long.

In alphanumeric displays, the parameters related bto stroke element deslgn
or selection are techniques used to generate the symbols; and the matrix size
used to comstruct the symbol. Frgure 1 shows examples of fixed positrons and
randotr pnsition matrix of strokes for bhoth $ x 7 and 2 ¥ 9 matrices. Shurtleff
(1980} has summarized research showing that random position stroke writers lead
to highar identificatron accuracy than fixed posltion stroke writers. Wirth
regard to matrix size: at a minimum, the size should be 5 x 7 with the 9 « 9 '
preferred 1f degradation 1n viewing conditions is anticipated.

Although color is not readily available with stroke writing systems, 1f is

becoming more common Lor manufacturers to have stroke writers with limirted

celor capability. DiLffering color and speed requlrements serve to give this

technoledy the wrdest price range--anywhere for $10,000 to $100,000.

i ——

INSERT FIGURE 1 HERE

The raster scan CRT is the most familiar display type. In these displays,

an alectron beam swecp.s horizontally acreass the screen from letft to rights

draming the picture as a series of scan lines. After the end »f each lin~, the

Q 4
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beam iy turned off and repositioned at the beginning of the next line. This

process continues until the beam finishes the last line, at which point 1t 1s
repositioned at the top ard the process repeats itself. Since the picture has
to be refresnedr, flicker 18 alsn a consideration with these displays.
Logically, the screen is divided into thousands of small reqrons called
pixels. Raster displays draw lines as a series of pixels, which make diragonal
lines appear as a staircase and, consequently, limits drawing precision.
spatial resolution of a raster scan System is Jgiven as the braduct of the
number of horizortal pixels and the number of vertical pixels or horirzontal
scan lin=2s. Color and gray scale resolution, common in raster scan graphics,

is determined by the number of color/intensSit¥ choice at eacnh prxXel. Thus, for

example, a raster scan System that has 256 x 256 hy 4 bat resolution can pre=-
eent\256 squared resoluble pixels, each of which may display 2" = 16 possible
ceolors/intensities.

‘The information on a raster screen 1s refreshed from a ‘'hit map' vhere
each pixel corresponds to @ group of bits in memory. The Simplest hit map
desplay a351qns'a single pit éo each prxel. This would correspond to a color/
intensity selection of two--hlack and wﬂite, fHr example.

'For alphanumerirc display, one is ofcen concerned with the vertical resolu-
t1on Of number of Scan lines per symbol haight. The design guideline derived
from the literature i1s thal a minimum of 10 or 12 scan lines per symbol 'height
are needed for maximum speed éné accuracy of identification.

Rasrer scan terminals are usually less exXpensive than stroke writing -

systaems, 1in the randae oI $3,000 to $6.000. Table 2 shows the comparpson of the

different graphic display technologies.

IMSERT TABLE 2 HERE
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Finally, one last symbol generation technique for alphanumeric displays
must be discussed--dot matrix display. This method of [orming symbols uses a
matrix of dots, ranging from as few as 35 {5 x 7); which is the industry
standard, to as many as 140 {10 x 14). Dot matrix size is the key parameter
affecting accessibility of symbols generated from this display as Figure 2

v

indicates.

With respect to chis parameter, design guidance suggests that the standard
5 x 7 matrix may be used when display guality is good. If degraded viewlng

conditions are anticipated, then matrices of 7 ¥ 9 or larger are recommended.

Viewlng Area Criteria

Shurtleff (1980} has developed criteria for viewing area requirements that

represent a necessary adjunct to the design criteria specified in the previous

section. ‘The criteria guarantess wide angle viewing by insisting that a reader

be able to identify symb9ls wnen working at any position on the display shelf:
and workXing at a cldse-ln position, or in a relaxed position. Figure 3 shows a
viewing area defined in thas waf. The required viewing area is shown as a
rectangular area extending frem the outside edges of the console shelf to 14
inches beyond the console itself. This area constrains both the symbol height
and size ofxtbe CRT, since symbols on the right side of the gcreen must be
large enough to be s5een at the extreme laft side of the required viewlng area
and vice varsa.

- ——— T

INSERT FIGURE 3 HERE

The procedure, detailed 1n Shurtleff (1980} begins by determining the
maximum On=line viewing distance and minimum display sirze needed to encompass

the viewing area requirements of a given praoblem. 7T~ is followed by the

16 1o




det ainaticn of the appropriate symbol size necessary to acheive 95% identrfi-
’ cation accuracy at the required viewing distance. Following this, one has to
determine yhecher the symbol size mandataed implies a larger screen Size due to
the cacacity requirements (i.e., the number of horizontal and .cal symbols)
dictated by the problem. Finally, one has to determine the resolution requrre-

ments of the sysc¢em given symbol size and capacity regquirements.

Summar¥

Both components of the display design problem—-medium and ainformationail
structure-~plus their associatied design issues have been presented. Together,
these two components provide the framwewori- for specifying both the hardware
and software requirements for any graphics display syséem.

We now turn our attention £ a procedure for applying this framework 1n an

orderly fashion to any display design problem we might encounter.

ERIC .
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Having devaloped a framework for analyzirg the display design problem, we
musSt now apply th. frawework to a particular desiyn problem. Since the solu-
tion relies of tecanological factors, the resulting product is said to have
been eng%neefed or desxgngd. It 18 the purposSe of this section to describe the
process of design and show how it capn be used for the particular problem of

aisplay design. ‘To begin, though, I will give a brief Overview of the context

in which this process has evolved.

Background

Since design invelves problem solving, early characterizations of the
design process described it in terms of the procedures for solving problems.
For example, Buhl (1960) describes the process of design in terms of the
follow.ng steps:

Recognition of the problem and the decision to do something about it.
Dafinition of the problem specifically, in familiar terms and symbols;
delineavion of the problem into subproblems and goals, placement of the neces-

sary limitations and restrictions.

Preparation by compiling all past experience in the form of data, ideas,
opinlons, assumptions, and the like.

Analysis of all preparatory material in view of the defipned problems and
evalvuatinn of all information which may bear on the solution,

§/nthesis of a solution from the analyzed information. Aassembling the
various Ltems analyzed to produce possible solutions.

Evaluation of possible solution and selection of the best solution. Veri-
fication and checking of the many aspects of the solution and tha integration

-

#f a1l sub-problem solutions into a unified whole.

€
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Presentation of necessary information Lo others in order to execute the
solution. Actuation of the solution to satisfy the recognized need.

In 1962, Morr:is ASLMOW used this problem solving process to develop a
philosophy aglneering design. Azimow i1962) defines engineering design as
a systematic activity directed toward the goal of fulfilling hupan needs using
the technological factors of our culture. Asimow's (1962) philosophy encompas-—
ses three pajor parts; a set of co#sistent principles and therr ioglcal derivé-
tirves, an operational discipline for executing the design, and a feedback
mechaniam for guaging the effectiveness, detecting shortcomings, and illumina-
ting tne directions of improvement of the design.

Asimow {1962) embeds this philosophy in the production-consumption cycle
since the products designed must enter this cycle and must be compatable with
its processes. These processes shown in Figure 4 are production, distribution,
consumption, and recovery or retirement. Each of these processes places its
own demands on the design, some of which may be contradictory implying trade-
offs. For exampler, the designer is basically concerned with the consumer, for
without consumer's satisfaction with the product it will fail. But he must
also concern himself with the needs of the producer who 18 also his employer.
while the demands from the consumer will be couched 1 terms such as reliabil-
ity, ease of maintenance, aesthetics and the like, the producer demands ease of
Productlon,‘gtaadardlzatlon of parts, availability of resources and with reduc-
tion of rejections. The distributor in turn demands ease of transport, suita-
birlity of storage, long shelf life and 50 on. Finally, in retirement we must
be concerned with the reusabirlity of parts and ecomonic disposal of the
remalader. The designer must factor each ~f these scparate and sometimes

divergent viewpoints into Lhe design of products.

- T T T -

INSERT FIGURE 4 HERE
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In order to prepare a product for entrance into the productron-consumption
K cycles, Asimow (1962) sets forth a chronological sequence of primary design
activities sho#n in Figure 5, fThese activities are the feasibility study, pre-
limrnary designs and detailed design. The purpose of the feasibrlaity study is
acheiva a set of useful solutions to a recognized need. The praliminary des:ign
selects the best design concept from this set. Finally, the detailed des:ign

activity furnishes the engineering descriptiron of a tested and producible pro-

duct.

A —

INSERT FIGURE 3 HERE

—— e A ——

Fach of these primary design activities can, in turn, he broxken down in
its constituent steps. In the remainder of this sectlon, the process of design
defined by these three major design activities S hroken down into the constei-

tuent steps of each and applied to the display design prohlem.

Feasibilirty Study

The feasibrlity study is the first step in the design Process s the purpose
of which is to idenéify potential solutions to the design problem. It does So
by seeking answers to the question “What iS the problem?" and "How can it/be
solved?" 1ote that the second question should bhe asked only after a careful
analysis of the first. That is, Preconcelved solutions based on quick prelimi-
nary analyses should he avoirded since they tend to limit the creativity of the
process. To many times a designer has a "pet" con;ept for solving the prohlem
and follyws 1t blindly without considering any alternatives which may prove
more 3ﬁxtable. This biased approach Lo design can be eliminated 1f we follow

rtha stractured stebs that make up the feasibility study. shown an Figure 6.

The first two stepss needs analysis and derivation of dasplay system -

Q . v
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requirenents Jefine the problem 1n a very precise technical way, allowlng a

technological solution., The final two steps, formulations of the desiyn <on-

Ly

cept and synthesis of splutions hegins the process of technological realiza-
tion. Note that the design concept is formulated only after the problem 15
understood to such an extent that display inputs, outputs and constraints can

pe specified.

Needs Analysis

The display aesign process begins with a recognition of needs, real or
latent, that nust be satisfied. The purpose of the needs analysis 1s to deter-
mine these needs to such an extent that a basis for subsequent design Jecisions
Ls formed. In order to accomplish this purpose, we must clearly define the
design prchlem and orient ocurselves in the design space. That i1s we, as
designers, nust become educated in the different ways of appréachinq the

problem.

Statement of purpose. The first ster of the needs analysis 1s to state

the purpose of the design. The purpose is derived from some primitive state-

ment of.needs, primitive in the sense that the needs represent educated opin-

1ons bhased mainly on observation but, as yet, unsupported by systematic data.

Cepending on the particular environment in which the needs origigqte, they can

be framed in terms of a system's mission (e@.g., to monitor and display informa-

tion regarding...), goal (e.qg., to develop a particular graphlics presentation

to emphasize the current state of company A's financial position) or simply a .
need 1tself (e.4., a dizplay system is needed which...). It 1s the responsi-

brlity of the designer to evaluate the feasibility of the nead and to evolve 4

precisze dafinltion.

2y
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prtts (1973), 1n his process of design, has set forth some points to be
considered 1n evaluating needs and deriving a statement of purpose. The Eirst
Peint to be considered 1s the reliability of the source from which the need
originates. Sources can be intaernal ©Or external. ..~ .rnal needs originate
within the designer's organization in ope of two ways, eirther as a subcomponent
of a larger design or a new product. Pitts {(1973) points out that all to often
subcomponent reduirements of larger Jdesigns are not recognized as designs in
their own right but yet should be. External needs are provided by a customer
who is able to specify the need 1n a general way but may not have the speciral-
tst knowledge to define it exactly.

Thus, as a second point when a doubtful need arises, it must be initially
justified on economic grounds. Sometimes the customer is unaware that a suit-
able display exists, meaning that the new display must have some competitive
edge if it is to be successful and, hence, warrant further design considera-
tion. Similarly, i1n a limited marketplace, the cost ¢f produci?g a product
mast fall helow the specified maximum pPrice if the need 135 to bé justified.

The cost of the product must be viewed within the entire production-consumption
cycle. A breakdown‘of product cost within this framework is shown 1n Figure 7
and should serve as a useful guiﬁe.

A -

INSERT FIGURE 7 HERE

T

Finally, the statement of purpose should be sO framed as to avoid unneces-
sarily influencing the possible range of solut;ons. For example, a customer
may have stated the need for a color graphics medium when the real need is for
a graphics medium. B! stating color, the customer has implicitly made a Jdesign

decision. The designer should translate this need into a Statement of purpose

of, say, the Eollowing: Eorm of visuval presentation.... Only after the

oo
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input/output requirements have heen specified should decisions regarding the
use of color be made. At this stage 1g the design process, nothing that in any
way limits creative thinking should be allowed. -

Qrientacion. After t . :atement of purpose has been explicitly set
forth, we should begin the process of orienting ourselves to solving the prob-
lem. The designer does not usually work in a vsbgum. There are many different

ways for obtaining useful information relevant to the design.

1) Talking with the client. A useful starting point in the process of
gathering and aSSLmllatlﬁg information is the customer himself. Most clients
have a fairly good idea of what the relevent issues are, the likes and dislikes
of a paFtlcular group of‘users; as well as knowledge of industry specific
journals thdat can help familiarize the designer with the competition's products
and the like. Also, talking with the client can identify key internal
resources ﬁhich may prove useful to the designer.

2} Background search. Additionally, there may have been previous analy-

ses gf this problem or similar problems which can Yield very useful i1nformation
apout eritical parameters or keY system -requirements. In fact, the gathering
and searching for this background material constitutes the initial phasz of
Kruifelds and‘ﬂill'; (1974} methodology for tool design. They list three
primary modes of search--patent search, literature search, and morphologlcal
ordering. Morphological ordering involves gathering exemplars of the potential
design and arranging them for visual analysis. With displays; exemplars will
ba piztures and design specification. The arranqemént shou kit hi;hlight common=
alities within a group and differences between groups. Such a technique allows
relevant .Jesiin parameters to emerge a4s well as suggesting certain functions

that nmust be performed and the existing means of performing them.

1} Survey. Thus far, the orientation effort has, for the most part, pro- -

vided 1nformation concerning the display itself. However, these displays must

2u
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be used by people in performing certain tasks outlined in the previous sectaon.
Therefore, a complete view of the design problem must involve information on
user, display, and task and how they interact. Additionally, the backgrcund

St . may have left 'holes' that must be filled by information. Information
about the design from a user oriented viewpoint can be obtained by surveying or
polling the usar population. 3Such techniques are i1ntended to =21icat usars
conception of the task, on how it should be performed, on how the d}splay
actually assists in performance of the task, as well as likes and d:slikes

concerning exasting competitive displays.

gl. Contextual description. Many times a display is embedded in a much

larger system of activities. Describing thas set of activities or context can
h2lp the designer by providing a structure to the desaign problem. This des-
cription can take on many forms, such as an operational flow diagram, mission

profiles and the 1like. .

Derivation of System Requirements

The needs analysis with its accompanying orientational activity should
provide the backgroﬁnd necessary to specify the requirements the display system
must satisfy. The purpose of tﬁls step 1s ko sub)ectavely bound the design
requiremen®s *in order to evelve the most effective solution that satisfies
these requirements. These requirements provide input to the selection and
desiqn of both the informational structure and the medium. Following Ostrofsky
(1977), thas is accomplished by considering all phases of the production-con-

sumption cycla i1n terms of inputs--both endogenous or system induced and

2xogenous or environmentally lnduced--and outputs--desired and undesired.

There are two types of system requirements that must be considered--physical

ind operational-behavioral. .
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phys;&al. Thesé?&re the technolegical requirements that aifect the pro-
duct design and Selec* n of the medlum. These requirements are directly
quantifiable, usually as a result of calculation. They include such things as
reliability, cost, as well as the pe. formance regquirements specified by

crrterra in Tables 1-3.

Operational-behavicral. These are the requirements that relate to the

operatiopal environment that deals with humén task capability. These require-
ments are usually not directly quantifiable pyt maY¥y be described in terms of
characteris*ics that pear some monotonic relationship to them. For example, a
display pust be designed to minimize the cognitive load on the operator.
Opératlonally cognitive load could be indicted by response time to a secondary
task. Thus, using this criteria, it is possible to assess different display
configurations under experimental conditions.

The environmental requiremnents are usually framed in terms ©f the condi-
tions under which the display will be used (Grether & Bakers 19Y72}. These
conditions are in part derived from the viewing redquirements and include:

1) Viewing distance. This requirement influences the size of the dis-

plaved symbols as noted in the previous section.

2) Illumination. The size of the displaved symbols should be suited to

the lowest expected illumination. Also when using qenerallilluminat,on for

display: glare considerations are warrented,

3) Angle of view. This réquirement also affects symbol size. R

4) Presence of other displays. An operator usually divides his or her

attention among several displays. The displays must be grouped to allow maxi-
mum scanning efficiency {(another operational-behavioral requirement}.

5) Compatibility with related controls. The type of control action and

placement of control should be easy to locate and use.
A useful aid for deriving system requirements is an input-cutput matrix

for each phase of the production-consumption cycle with narrative descriptions
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for each respective cell in the matrix. A group of such macrices, used by

Ostrofsky (1978) in d;}iqning a power unit support stand for the F=-16 Aircrait,
1s shown in Figures 8-11.= Note that the descriptions are general enough to be
applied tc most equipment designs. Howewver, as Ostrofsky (1978) note . che
exercise :n filling out these 1nput-output matrices induces considerable aware-
ness amongst designers of the major design problems that must be investigated.
He als0 notes that operational-behavioral requirements arise naturally from

these considerations.

- 1y - ———

INSERT FIGURES 8-11 IERE

- - - -

¥

Alternatively, reguirements may be 3et by the customer and are found in
such documents as the request for proposal (RFP), the statement of work (SOW),
and any prelim:inary test teports. fThese requirements, together with those

arising from the input-output activity will be used to evaluate the subsegquent

design.

Formelation ©f Design Concept
The design concept 1s defined by Ostrofsky (1977) as a hasirc ap,roach

toward solving the requirements problem. It is simply a delineation of the

]
-

display formats and organizations and medium properties--classical and modern--
necessary to allow the designer to identify alternative display confiqurations
and mediums forgrealization.

Beyinning tne process of concept formation reguires knowledge of the
system inputs and outputs. ‘These in turn require certain functions for thear
implementation. fThey may also suggest cert~in functioconal capabilities or
ihpo@e performance requirements and constraints. One usually works backwards

from the performance goal performing a functional analysis. .

20
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Functional analysis. <This method of establishing a design concept is an

explicitly defined requirement for work on military systems, equipment and

facilities (see MIL-H-46855B), It should likew.se be part of every desipgners
proposal for commercially defined systems . . products as well.

Followrng Meister's (1971} design methodolody, one starts the analysis by
listing sequentially the individual major activities or funciions necessary to
implement the goal. Again, as stated before, hoW detarled this breakdown
should be will depend on the pature of the design itself. An extremely useful
way of describing the resulting functions 1s :n the form of a functional flow
block diagram (FFD). The advantades of such a diagram are two-fold. First.
determining the logical inputs and outputs for each Eunction effectively
defines the sequence in which these functions should be arranged. secondly, if
we <an determine the time required to perform each function: we can plot the
FFD on a time continuum and compare this with any relevent performance reguirc-
ments. An example of a funccronal flow diagram for identifying and transport-
1ng spent-£fuel -anisters emplaced in salt to some suyrface recreving station
(Harris, 1982) 1s shown in Figure 12, nNote that between identification and
transportations additional functions are required, and they are inserted %nto

the diagram. hote also that feedback loops are inserted where necessary.

INSERT FIGURE 12 HERE

—_a— - -
.

Once the FFD has been described, determine the system and epvironmental
constraints that impact each function. These are usually listed in a tabular
narrative format as shown in Figure 13 for the canister removal Function 1llus-

tration.

€ mmmmmmamm - —————
INSERT FIGURE 13 HERE

Ay A . o

2y

27




Q

ERIC

Aruitoxt provided by Eic:

In complex systems where decisions and actions are part of tHe functional

4

flow, they should be represented by decision/action diagrams which add to the

descriprion of system requirements. Since decisions are a vital contribution
of the numan to th cess of the mission or goal, they are rmportant for
human factors analysis. A decision act.on diagram for the Survey Function of

the above Lllustration 15 shown 1n Figure 14. .

o —— A — - —

INSERT FIGURE 14 HERE

In generals the procedure for building up on FFD is to analyze each'system
function 1n terms of its required inputs and outputs. Each of these are in
rurn anailyzed in a similar way to elaborate the functional description. At
this point in the overall design, however, these lnputs and outputs do not
tmply the actual means by which they are produced. 'this comes at the next

stage.

Synthesis of Solutions

Synthesis 15 the process of fitting together the seperate functional con-
cepts into an 1ntegrated whole--a particular informational structure and
medium. As Asimow {1902) notes, it is the synthesis step that clearly charac-
.arizes the project as a design undertaking. This step is the creative part of
the design process. That is, 1deas must Le generated, ideas th-t represent
alternatives to each equipment or system function. A display system that
arises as a consequence of a specific set of alternatives is called a candidate
system (Ostrofsky, 1977},

Alternatives, and ultimatelY candidate systems, come from stimulating ones
iamagination. It is the praimary itesponsibirlity of the desiygner to bhe inpovative

Ln the ~notee of alternatives, and while the creativity for arriving at

o
C
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innovative solutions must come Erom the designer himself, techniques exist for

enhancing the creative attitude.

Credtive synthesis of candidate svstems. Followind the design philosophy
of Alger & lays (1.964],/ two general classce of methods can be used to arrive at
a number of potential candidate systeés. Twese are individual creative efiort,
and group crea:tive effort

I3

In the first method,-a particular path of logic is developed and ugsed to expand

the alternatives. The second method relies on the interacticon between members

5

of the group to stimulate ideas.

1} 1Individual creative effort. ©One technigue for enhancing the creative

attitude of the individual is referred to by Alger & Hays (1964) as morpholo-

ygical analy§i§. This technigue is a very systematic and orderly means of gene-
rating innovative candidate systems by forcing an association ©f 2 few basic
product cr system functions. First, the major functions of a product or system
must be estabilshe. (this has been done in the functional allocation stage of
the desiyn process). Second, the means of performing these functions must be
conceived by the ..dividual through an ideation session. Next a4 matrix 15 set
up with each funcrion being a dimension of the matrix. Values on each dimen-
sion correspond to different methods of performing the function. For example,
theY could be the different graph types defined by Kosslyn in Chapter 7 of our
book. Thus each cell of the ma?rix represents a particular candidate System.
Another level of morphologlcal analysis can be carried out for speclfic candi-
date systams to detail the design concept more completely.

As an 1llustration of this technique, consider the design of a clothes
dryar taken from Alger & Hays (1964}, The first step is to delineate two Or
khiree major functions redquired to perform clothes drying. The_se are 1) sSource

3f heat, 2) Environment arcund c¢lothes. and 3) Drying mechanism. EBach of these

29 Ji




Q

ERIC

Aruitoxt provided by Eic:

-—

functions constitutes a dimension of a three dimensicnal matrix, the values on

each dimension being the different ways of implementing each function. This 1s
shown in Figure 15. Each combination of values along the dimensirons defines &
candrdate sSystem. Next, a particular candidate system can be analyzed in more

detarl as shown 1n Frgure 16 for the candidate System described by the gas

environment electric tumbler dryer.

- ———————— T — o .

INSERT PIGURES 15 & 16 HERE

In summary, morphological analys:is allows the delineation of a great many
candidate systems from a few basic functions of a product or system. Note that
the 1nnovativeness of the design rests on the designer since it is he who must
derive the different means of implementing each function.

2) Group creative effort. This form of ideation has come to be known as

brainstorming. The kgy to brainstorming is a relaxed atmosphere 1n which the
particlpants are encouraged to Suggest as many solutions as Possible no matter
how far ferched they might be. Judgement of the worth of any idea is with-
held.

Alger & Hays ({964} set forth some rules that help ensure a successful

session. The rules are as follows:

@ Srate the problem as simply as possible.

© Rule out judgement. In a formal session, the group leader should
stop any member who offers an evaluation. Evaluation must wait.

2 Have members mention all ideas. The wilder the i1dear the better.
It 135 usually easier to tame down an idea than to build pt up.
Semaeone else may suggest a change which makes a previously imprac-
tical rdea successful.

9 PEncourade nembers to dive as many ideas as possible.
2 Encourage nembers to combine and rimp.uve Lpdeas suggested earlier.

© To vary the pace, encouradge humor %o relax the particlpants.
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2 Limit the session time td a period stipulated at the beginning.
Half an hour to one hour maximum is usually appropriate€.

2 Assign a recorder to take down the gist of each idea and the origi-
nator's name on a blackboard or large chart pad in front of the

participants. Keep the list ¢f ideas in front of the participants
during the session.

8 Write up the ideas carefully after the session and send them- to
eacn participant. Encourage them to jot down others during the
following two or three days.

@ Summarize the total output of jdeas by grouping them under logical
headings. HNormally major headings are the basic design-concepts.

-~

Brainstorming appears most helpful 1n stimulating 1deas for new production
or new product functions. Thus, a group brainstrom should probably be reserved
for more irportant design problems and at early stages of the design. However,
individual brainstorming is always recommended.

Screening of candidate systems. The outcome of erther type of ideation

session should be a number of candidate systems. Obviously, 1t 1S not possible
to evaluate the feasibility if the number of systems is large. Thus some sort
of sCreeniny process 1s necessary Lf we are to reduce the list to a few desir-
able candidates. This screening process probably should occur in stages.

In the first stage, candidate systems are eliminated on the basis of com-
mon sense or poncompatibility between functional values. For example, certalin
cells arising from 3 morpuclogical. analysis may have combi;ations of values
that are mutually exclusive. Also, certain candidates arising from a brain-

storming sassion may simply be too far fetched to be very fruitful design

alternatives.

Tna candidate systems passing this initial screening are then evaluated on
their technical feasibility. At this stage, the designer 1S merely interested
in orqders of magnitude to determine if certain candidates are technically out
of the Jquestion.

This sereening phase 1s followed by an Bvaluation hased on aconomic con-

siderations. These economic conslderations include economic worthwhileness and

3
‘ 3o




r

financial feasibility (Asimow, 1962;. Economic wothwhileness concerns the
‘utility' of the product to the user. ‘That is, wirll the product as developed
be of sufficient value to the consumer that he will be willing to pay for the
effort to produce it. This 15 exceed. y difficult to answer and requires the
designer to place himself at the three points of the prodaction-consumptiron
cycle=-=producer, distributor, and consumer--and evaluate each candidate system
from each of these perspectives.

Finally, the designer must evaluate each candidate system in terms of the
financial resources necessary for 1ts realization. If a particular candidate
system is too costly, 1t should be abandoned.

Like the saying "many are called but a few are chosen", the scréening pro-
cess starts with a large number of potential design solutions but, if applied
correctly, allows only the most useful of solutions pass to the next stage in
the design process. Usually, these solutions are so close on technical and
econonie merirt that more formal approaches are needed to select the 'optimal’

-

candirdace,

Preliminary Desidn .

The set of candidate system developed in the Feasibility Study must now be
analyzed in terms of their Jdesign parameters and the best alternative chosen.
This 1s the purpose of the preliminary design phase. The steps comprising the

design activity are shown 1n figure 17.

INSERT FIGURE 17 HERE

e =

Selecting the best alternative requires that we have some criteria for

deriving the best. Thus the first step 1n this activity is the 1dentification

Ll

nf formal leslqn criteria against which the set of candidate systems can be

ERIC. 5. .
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evaluated., MNext we must analyze each criterion in terms of its relevent desiqgn
parameters. The description resulting from such an analysis should he in the
form of equaetaons relating the parameters to criterion. These equations must
then be combl. - into a criteria function which will provide an overall figure-
of-merit for each candidace system. An analysis of the design space defined by
the desiyn parameters should be undertaken with respect to the criteria func-
tinn. Thais analysis provides the designer with insight into the design space
by allowing ham or her to gauge the impact of variations in design Parameters
on system performance. <Thus for the particular candidate system chosen, the
tolerances ©f 1ts parameters will be known well ahead of any realization effort
eliminating any surprises during testing. Finally the best candidate System

must be chosen. Thas 25 the optimazation step.

Criterra Specification

In order to evaluate the performance of the set of remaining candidate
display designs, criteria must be explicitly defined. In most cases, these
crrteria can be LJentified from the requirements analysis {(i.e., the input-
output matrices) and any accompanying documentation. In other cases (cf.
Ostrofsky, Donaghey, Marquina & Kressling, 1980) a guestionnalre can be deve~
lopad and givén £> the client %0 elicit criteria. .

The criteria identified are sufficiently abstract that I will give them a

speclal name--design constructs. These constructs concern the dgmain of both

phystcdl and operational-behavioral variables and include criterion such as
producabrlity, relrability, durability, ease-of-use, aesthetically pleasinqg,

cost, sarety and the like. 1In a later design step these constructs will be .
‘Jrven 1 more opaerational definition.in terms of measurable degiqn parameters.

Weiqghting the criteria. Applying the critarion to the soalect on of a

candidate system requires the desiyner to have some idea of tha importance or

ERIC | 30
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weight each criterion should contribute to the overall function. FPor example,
in some systems or products, ~ost may be the overriding factor, in others it
may be reliabllity. In still others it may be a Jroup of criterion.

The determination of the various weights each criterion should have is
based on a subjective assessment by both client and designer. However, formal
Qrocedures exist for helping to quantify this judgement.

for example, « procedﬁre summarized by Meister (197%) 1s shown in Table 4.
Weignts are assigned by comparing each criterion with every other and assigning
a 1 to whichever of the *wo 15 judged more important, a 0 to the criterion
judged less important. This process s continued until the entire table 1s
filled. The t's in each row, corresponding to each criterion, are then summed

together and divided by the total number of 1's assigned to give a weighting

coefficrent Eor that criteria.

- —

INSERT TABLE 4 HERE

Alternatively, the questionnaire developed by Ostrofsky et al (1980)
allowed each respondent to sate the relative importance of each criterion on a
scale of 0 to 10, ten belng the highest rating. The mean ratings for each

criterilon were then scaled by the overall mean to give an indication of rela-

tive 1mportance for each criterion.

Criterion definition. Now that we have ide-tified the desiyn constructs

and weighted their iLmportance, we must analyze these constructs in terms of the
vatlables of the design equipment and any environmental variables that imbact
the operational ability of the equipment. These variables serve to identify
each cunstruct explicitly for the optimization step. We obtain the insight
ints which variables are relevant to che design in question from the steps of

the feasibirlity study (e.q., orientatwon).

.
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These design varialles uenerally fall into three descriptive categoriesi
directly measurcable, indirectly measurable, and observable.

1) Directly measureable variables. These are display and environmental

vartables that are directly dquantifiable. It 1s these variables, called design
parameters, whose specification ultimatelY diccates the design 1n question.

2) Indirectly measuteable varrables. These are variables, called sub-

models. whose values arise as a result of relat:onshlps existing between the
d.3ign parameters. However, once arrived at, values of these variables can be
glven a precise meaning. For example, the probabllity of detecting a sSignal in
a-display will depend among otﬁer things on the intensity of the saignal. Thus
1£ the intensity is a design parameter, probabxl#ty of detection L35 an
indirectly measurable variable.

3) Observable variables. These variables are not directly quantifirable

but yet have an rmpact on the design. Thelr effects must be tested empiri-
cally, Exanples of these variables would be the arrangement of controls,
contrnl accessibirlity as well as display configurations. A method of quantrfy-
ing the accessabrlity of controls had been recently prepared by Banks and Boone
(1981). This index makcs use of the operators reach envelope, the frequency of
use of each control and the wosition of each control relative to the operator.
This 1s a Step in the right direction and more research is needed to establish
the reliability of such indices.

Pollowing Ostrofsky (1378}, the way in which the criteria 1rs defined pbro-
ceerls a3 follows. For each construcg rdentified list all the variables that
relate to it. Hext designate each variable as directly measureable, indirectly
measureable or observable. Finally, in a hierarchical arrangement, from con-
3truct to submodel to parameterrs indicate which varirables relate to each con~
struact.  An cxampie of this approach Eco the power unit Support stand designed

by OstrofskY (1974) is shown wtn Tables S and 6.
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INSERT TABLES 5 ABD 6 HERE

At L i S A

Modelling the Criteria

The modelling process begins the exercise of precisely defining the rela-
tionships between construct, submodel, and design parameters. These relation-
ships take the form of mathematical egquations and are guided by analytical
creativity.

The process beqins by listing all assumptions, submodels (zj), parame ters

(Yk)’ and givens (¢). For each construct xi, there will be some direct func-

tional relationships between the contruct and design parameter represented as
X, =h (y) 1
i hk Yk )
iIn the absence of any direct relationship between desigh construct and para-
meters, an indirect functional relationship can be derived through the use of
submodels as follows. There is a direct relationship between construct and

submodsl

X, =£.(z.) (2)
i i

Simrlarly. there is a direct relationship between submodel and designh para-

me ter

zj = gj(yk) (3)

Therefore,

X, = fi[gj(yk)]

(4)
The resulting pedel relating design construct to design parameters can be
expressaed ag
L] x - y
£l )]+ n () o (3)

i J

3o
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This formal design step, advocated by Ostrofsky (1977}, requires extensive
technical competence on the part of the designer and in mogk caseg requires a
collaberative effort from a number of techpical disciplines. TIn couplex pro-
Jects this collaboration can Ace communication between the various members
of the design tean.

Ly

Synthesis of Craterion Function

Formal optimization requires the designer to synthesize a criterion func-
tion which 1s used to evaluate each candidate system. That is, the weight, ai,

and criterion, Xl, must be combined into a single expression representing a

figure-of-merirt for each candidate system. This expression 15 then used to
assess the performance of a given candidate system resulting from a particular

combination of the design parameters Yk'

Parameter range specification. 1In order to cbtain the minimum and maximum

values of each criterion, we must specify the range of each of the design para—.
meters and through the functional equations derive the criterion rahge. If s
very importint that me.ningful values for the ranges be supplied since thése
values are used to help define the overall criterion function. Thus 1f sthe
ranges are not accurately defined We may delete desirable élternatives or add

an unduly larje number of undesirable alternatives. ° 4

b

Normalization of critera. ‘Since esach criterla may be defined on a differ-

ent 3cale some method of acherving comparable units 1§ necessary. Without this
standardrzatron, the resulting composite function would hﬁ meaningless.
Following Nstrofsky (1978) hls standardization is accomplished by identifying
critarion performance as a fraction Of the allowable rang: for that criterion,

£ = X, = ¥ min
L L 1

X max - X mLn {6)
1 L

where xlmax - Klmln 13 the criterion range derived previously. Thls expression
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also allows us to gauge the sensitivity of a unit change in, say, xl with a

unit change 1n the other criteraa.

Svnthes1s. When the fraction of the criterion range that a given cand:r-
date s .wem will ¥Yield as its performance, as indicated by equation (8}, is
combined with 1ts weight al, the eXpression aixi represents the relative value

, th . . . .
of the it criterion. The relative values for each criterion must then be

combined to yield an overall predictor of performance-~the criterion function

{c£}. This combination can occur under 1) assumption of criterion indepen-
dence, or 2) that interactions among the criterion exist. I wiLll consider each
n turn.

1} Criterion independence. when the criteria ace independent, the

criterion function can be expressed as

2

cf =i§1 a %, (7

or in terms of the design parameers yk as

m
cf =i£1 ai( X, - X min )

. [Ximax - Ximin]

m
%E L, 2, lE ke - xma]

" ‘ [Ximax - lein ]

m

m
= T
of =% i

p
. .
I ok oy [[fi(gj(yk) + by | - Xmin}

! X max - X min } (8)
1 1

Thus, for a given set of yk's, equation (8) will return a single number which

1% then used as the figure~of-merit for that design alternative.
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2} Criteria interaction. When the criteria lnteract, probability con-

siderations are necessary to synthes:ize the criterion function. fThat 15, each

xiis enbedded in a probability space with distribution F{xi). Following

Choudhudy {1979} the criterion function in this case becomes

m
cf =ig {3}

i alF{xlj - L. a F{xixj) + ses +. L G F(X. %, eeX

1< 13 1¢¥<k ai]k 172 n}

where F(x1x .-xi) represents the joint distribution of the constructs and F(xl)

2
represents the marginal distribution. Hote that since the criterron function
is a probability measure, it is defined on the interval zero to one. An

approach for obtaining the marginal and joint distributions of these constructs

is also presented by Choudhury {1979).

analsis of Design Space

Hou that we have derived the criterion functic.n we are in a pos:ition to
analyze the design space. 'this space is defined by the number of free design
parametersl plus the criterion function, the limits of which are set by the
ranges of the parameters and the limits of the criterion function, zero and

one -

Sensitivity anal¥sis. Before we implement any specific display system, we

would like to know how sensitive the criterion function will be to changes in

the design parameters. This will allow us to specify :the tolerances necessary

-

to ensure a relatively stable criterion function duglng actual implementation.
4 3 . i .

As Asimow (1962} notes, the results of the sensitivity analysis provide the

designer with a deeper insight into the inner wakings of the Product or system:

an indicatinn of the critical design parameters; an indication as to whether

some of the constraints should be relaxed or tightened; and a better feel for

the (quantitative parfo: ance of the product.

1In some designs certain of the design parameters may .+« held constant for all
candidate systems. The values are usually specified in the accompanying
documentation.
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Sensitivity analysis involves the determination of the rate of change of

the criteric. function for a given rate of change of each design parameter

throughout its range. This procedure is invariably pertformed numerically

through software.

Compatibility analysis. 1In large scale system. wyth many displays,

individual displays must be used as a group to perform the overall task. If
this overall performance is to be successful, these individual displays must be
compatible with one another.

Determination of compatibility may involve the assessment of tolerances
{e.g., geometrical, physical). However, more difficult problems of compatibi-
lity arise when the human is considered as a subsystem whose characteristics
nust hbe matched to that of the eguipment. Human Factors considerations (cf.
Van Colt & Kainkader 1972) are necessary to ensure the likelihood of mismatch is
minimal. If a mismatch is found, note that the parameters exhibiting the least
critical effect from the sensitivity analysis can receive major changes towards

accommodating the system to enhance compatibility.

Optimization

In order to proceed with the final phase of the design, the optimal candi-
date system must be identified. 'I'nis requires the criteriag function defined
by either equation (8) or equation (9} to be evaluated for each candidate sys-
tem and that candidate system yielding the highest value is selected.

Following :this determination, Qstrofsky {(1978) recommends f;eeing all
design parameters and re-evaluating tﬁé criterion’ fupction by searching the
design space. ‘The system that results can Ehen be thought of as yielding an
upper bound ln performanc¥-sirdt may never be acherved in practice. Nonethe-
less, it represents a taryet that future iterations in the de§1gn can

approach .
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Detailed Design

ERIC

It 18 un the detailed design stage that the product as a piece of hardware
1s realized. This realization .s acheived by constructing a prototype from 4
set of design inSt;uctions and represents phase Vv of X 1dt & Hill's (1974)
desigyn methodology. Howevers like the other design phases, thas phase can be

\\
broken downh Lnto Lts constltuent steps as shown in Figure °8.

INSERT FIGURE 18 HERE

———— T " T . - -

A
Init121lly, resources are allocated to the project in preparation for

design. Thais is followed by the design and assembly of the prototype. Thas
prototype Ls then subjected to, test and evaluation followed by a redesign
effort if necessary.

allocation of Resources

Figure 8 from the needs analysis section showed the breakdown of costs
asscciated with the design and production of a product. ‘fThe estimétes made
during that stage were quite crude--a first pass estimate necessary to f.ag
economically excessive projects in therr tracks before large commitments were
made. At this stagé of the process, the design concePt has been accepted and
large scale commitnents are necéssary. Thus the precision of estimates at this
point must be relatively high to ensure a sound basis for Subsequent decision
making.

These estimates are framed in terms ¢f time-to-completion, manpower neces-—
saryr and Support equipment which taken together form a pre-production budget
request,

Time-to-completion. The responsibility falls on the desiagner for deciding

the length of tine necessary for a projent. ‘The basis for this decision Should

include:

" 4o
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1) Final cost of the product

2} Demand for the product
3)  Number of people involved
4) Wage rate of the pec -
5) tHaterial procurment delays
6) Overhead
Addrtronally, this decision should be based on the designer's intuirt:on
copcerning:
1)h Task complexity
2} Experience and caliber of the people involved
3) ilew knowledge or techniques that must be learned
4) Incomplete information‘-
Scheduling aids sucn as PERT--Performance Evaluation Review Technique--
(cf. Hrll, 197Q) can be used to systematically develop a work plan. PERT does
this by requiring the designer to breakout the tasks required, list them 1n a
chronoclogircar sequence:, estimate times required to eomplete each, and then add
up all the times necessary to complete the project.
Manpower. for designs of sufficiegp complexity, a group effort will be
necessary. Thls requlres individuals wlith different technical skills and
specralties to be brought together for the common purpose of producing a pro-
duct. Though many organlzatlonql alternatives exist (cf. Merster, 1971}, they
ars all based on the following assumptions: ]
1) Since the major role of the specialist 1s to assist praoduct
development, whatever facilitates this assistance improves design
afficiency.

2) Any dj.ect contact beéween speciallst and endineer Lmproves the
effectiveness of this assistance and consequently mproves design

efficiency.

4
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3} Anvy organrzation that places the specralist and engineer in ROst
direct contact wirll be most effective.

Srnce the primary detriment to any design project is lack of communircatron
between the members of '~  team, direct contact should facilitate communication
and remove this roadblock. Similarly, if the specialist jg not agressive
enough, rpdirect contact may contribute to a passive role on his or her part.

Thus a desrgn team in which all memnbers work in mnedrate contact is recom-

mended. +

Support egurpment. Support equipment takes the form ¢f test equiﬁpent;
speciral tooling and software packages. Test equipment can be designed and
developed withln organrzatiron and many companies do indeed have test equipment
departments. Alternatirvely, egquipment can be bought, but the designer needs to
understand the specifications of the equipment and how they relate to the
design rn questron. For example, one does not want to purchase a $30,000 piece
of equrpment when a $5,000 piece will do.

Spemal tooling arises when available tools are not adequate to realize
the product or manufacture it in quaniity. The designer should specify a
candidate systen which makes use of exXisting production facilities and often
the manufacturabirlity of a product should be taken as a design construct. This
requlres the Jesigner to have at least some passing reference to production
technigues or consult & manufacturing specralist.

rinally, Adrsplay software packages should be available to allow develop-
ment 2f the i1nformational structure. Usuwally, after development, a program

will reside in the display ..self in Read Only Memory for special purpose

drsplays.

rototvpe Constructiron

-

Having avaluated the costs assoclated with producing the vroduct, a decr-

3100 135 made to inttiate a production effort. This requires a prototyve to be

Q
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constructed. However, this construction itself requires the consruction of

L]

various subcomponents vhich ~ust then be combined to yield the overall pro-

duct.

Design of .»*: . Parts, according to Asimow (1962}, are the elementary
burlding hlocks from which components are assembled. For informational 5truc~
tures, parts are labels, framework and specifier. - It is through the design of

parts that paysical realization ©of the product is acherved.

Design of components. Components are realized from the assembly of parts.

They represent formats and organizations of informational structures. As in

the case of the parts, layout drawings are necessary to describe the

corponents,

Design of subsystems. The Preliminary design stage concerns the overall

concept--the candidate system. Subsystems would constitute the informational
structure and medium driven by a mainframe, making development more efficrent.
Subsystems are evaluated in the context of selecting the optimal candidate.

One word of note concerning subsystem optimization is in order. If the
constraints of the system ag a whole, and those imposed by the requirement Of
compatibility are not tully r?cognized and taken into account in the optimation
of subsystem, then the final system may be subobtimal with respect to its cri-
terion function. Thus sSubsystem design must receive System constraints as
inputs.

Assembly. After the consituent parts have been prepared, the form of the
aomponents can be fixed throuch final drawings. After the compo;ent assemblies
Are prepared, the subsystems can be similariy fixed. Fainally, the System or
product as a whole is asgsembled as a stand Qlone display.

The computer-aided 4design and manutacturing {(CAD/CAM) technology has con-

tributerd to increased productivaty, and desidn cost reductions as well as

44 4
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shortening the product development cycle by automating this design step. Auto-
mating this step reduces the manual labor invoived in producing drawings, PC
boards and .cnematic diagrams. It also makes redeslgn economically f=asible
since updating requires modifying a CRT screen and not redrawing the assembly
as a whole.

Test and Evaluation

while the prototype is being constructed the test program can be readired.
Tests which verify that the completed product or system will perform in accor-
dance with system reguirements are cailed verification tests (Meister, 1971).

The test plan has two ma)or purposes. - First, it requires the designer to
determine precisely what must be done in the test, thereby avoiding any ambig-
uities which may later contaminate the data collection. Second, it communi-
cates test objectives and procedures te the client or englneering nanagement.

The test phase should contain the following sections (cf. Meilster, 1971).

Purpose of Test. General objectives must be broken down into specifacs,
the purpose of which is to make clear the measures and data collection proce-
dures employed. Thus performance as a whole must he broken down Lnto specifrc

objectives.

Description of system. Since performance data will he collected on

specrfic tasks, performed with specrfic subsystems and tests using specific
procedures, then we must list these.

Test criterira and measures. The measures taken arise from the test objec-

tives and input/noutput requirements. Subsystem outputs algo detarmine
measures. It is also important to note how much data are to be collected.

Thi3 13 usuatly determined by time and cost considerations. In other cases.,

-
qtatlstical reliabllity may be a consideration.

Data collection methodology. Data eollection can take many forms=-—dguos-

tinnnalres, observational methods, experimental methods, simulation and the

4,
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like. The particular methods chosen must be listed. Also if any instrumenta-
tion 15 required, it too muskt be specified. A brief procedural protocol should
also be wincluded as well as facilities required.

Sample. e nust.describe the sampling procedures we will use and the
aumbe? of units to be tested. If the human is an integral part of the product:
then we must specify the pumber and type of users which will be tested.

Data analysis. We pust specify the analytical procedures used to assess

the extent of system conformance to performance specrfication. Thase analyses
are usually constrained by the method used to collect the data.

Test schedulte and sequence, The components of the test and the du ation

of each phase should pe Listed. Any special reporting procedures should also

be specified by the designer.

Redesrdn : *

The results of the test and evaluation step may suggest revisions 1n the

desrgn. Revisions are always part of the design process and can OCCur at every
step. Thus, design is an iterative process. If the process set forth i1s fol-
lowed and the deSigner exercises creativity along the way, then the rask of
redesign will involve primarily minor revisions.
However, as Asimow (1962) notes, all revisions threaten the integrity of
the design. The reason for th1§ threat lies 1n the tightly bound interrela- -
tionships ex1sting between the parts of the system. Changing one part may
necessitate change elsewhere and $0 on.
If revislons are needed then, saimilar to other points in the design pro-
ma233 whare Adecisions are necessary, alternative solutions to each should@ be set .

forth. This wnplies a criterion for selecting the most effective solution.

Tirs critorion gaould he based on the integrity of the desigyn. That 18, choose

O
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the alternative that results in the least amount of secondary changes to the

product or system as a whole.

b

Summary

A process of display design, built around Asimowis (1962) wversion of the
general process, has bheen presented. 7The process sStarts with a feasibility
studys the result of which is a set of useful solutions. From this set a
‘hest' solution rust be obtained. Obtaining an optimal candidate sytem is the
purpoese of the preliminary design activity. This optimal system is then physi-
cally realized and tested in the detailed design actavity.

It is hoped that the overall strateqy for design, together with the frame-
work for display design, will help both the designer or person selecting a
drsplay system to make the best decisions possible regarding its implementa-

tion.

M
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INPUT

PRODUCTION

QuTPUT

INTENDED ENVIRONMENT DESIRED UNDESIRED
PLANNING AND GOV'T PAPERWORK LOW COST SPECIAL TOOLING
SCHEDULING AET & SPEC LIST'

SAFE SPECIAL SKILLS

MATERTALS

HaNUFACTURING
PROCESSES

SAVETY PROVISIONS
(i.e. Water, Calcium
Hypoclorite)

SPO DESIGN REVIEW
SPECIAL EQUIPHENT
LEAD TIME-SCHEDULE
LEAD TIME-PARTS

APPROVAL OF SAFETY
ENGINEERING

SUFFICIENT CAPACITY
GOOD QUALITY
FEW COMPLEX ASSYS

WELD VS BOLT ASSY
DECLSION

SPECIAL EQUIP

SPECIAL MATL

FIGURE 8  PRODUCTION PHASE THPUT-QUTPUT MATRIX
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OPERATIONS

LHPUT ourbUT
INTENDED ENVIRONMENT DESIRED UNDESTRED
WATER SGPPLY SERVING INSTRUCTIONS PROVIDE EPU TANK SPECTAL CLOTHING
TRAINING FOR OPERATING RESTRICTIONS || SERVICING SHOP SPECTAL EQUIPMENT
H-70 HANDLING 1. VENTILATED AREA EASE OF USE: BREAK DOWHS
NITROGEN SUPPLY 2, RUNNING WATER 1. LARGE-EASY TO NYDRAZIME
i£-70 SUPPLY 3. BREATHING READ DIALS INJURIES
TRAIN FOR SYSTEM APPARATUS 2. EASY TO GRASP OTHER OPERATING
- OPERATION 4. EXISTING SAFETY ANDLES & KNOBS INJURTES
TECH DATA ‘ INSTRUCTIONS (VIIILE WEARING
(SEE SPEC LYST) GLOVES)
5. GLOVES 3. KNOBS AND DIALS,
TIME LIMIT GROUPED TOGETHER
VELL LABRLED
y NON-COMPLICATED
INSTRUCTIONS

FIGURE »  OPERATIONS PHASE INPUT-OUTPUT MATRIX
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DISTRIBUTION

ourtpUT

INTERBED

ENVIRORHERT

DESTIRED

[T

UNDESIRED

DEPLOYMENT PLAN
INTEGRATED
LOGISTICS
PLANYN.NG
TRANING FOR
H-70 HANDLING
INTERNATIONAL
CONCERNS (EPG ETC)
EASY TO HANBLE
EASY TO TRANSPORT
TRAINING FOR USE
AND REPAIR OF
EQUIPMENT

ROUGH HANDLING
PACKAGING SPELS
COMIERCIAL
CARRIER

SAFETY IN HANDLING
ALL PARTS REALY

AT SAME TINE

UNIT IS CONPLETE

LATE OR UHSATISFATORY

EQUIPHENT
BULKY-REQUIRING
SPECIAL HANDLING

FIGURE 10
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INPUT

RETIREMENT

outeuT

INTERID

ENVIROKMENT

DESIRED

UNDESIRED

USE FOR F-16

PROGRAM OR LIFX.

Of PRLSENT EPU
SYSTEN
REVIEW POSSIBLE

FLUCTUATTORS IN
SCRAD HMARKET
REQUIRED S5TORAGY,
FACILITIES WITH

PROPER SAFETY

SELL FOR SCRAT
OR HELT DOWN

RECYCLE METAL
AHD PARTS

USE. FOR OTHER

POLUTION

_ PROBLEMS WITH

RETIREMENT

FUTURE. APPLICATIONS FEATURES SYSTEM OR
REPLACE WEAK PROGRAY
SUBSYSTLMS
FIGURE 11 RETIREHENT PUASE INPUT-OUTPUT MATRIX
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ERIC

Aruitoxt provided by Eic:

IDENTIFY
EMPLACEMENTS

SURVEY / MAP
ENMPLACEMENTS

- REMOVE PLUG

REMINE
CORRIDER

INSTALL
FLOOR FLANGES

REMOVE
CANISTER

TRANSPORT AND
TRANSFER
CANISTER

FIGURE 12 Functional Flow Diagram
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GROSS SYSTEM FUNCTION: REMOVE CANISTER

ENVIRONMENTAL CONSTRAINTS -

Environment is potentially radioactive. o
Ambient temberature is approximately 100°F.
Mumination must be provided.

Noise levels could exceed exposure standards.
Ventilation must be provided.

Humidity levels may be high.

SYSTEM CONSTRADLITS

Removul system must adapt to canisters might not perpendicular to the
surface,

Operators must be capable of rapid egress. . .
Operator must be kept isolated from canister.

Some canisters might be degraded.

Emplacement rooms are one-way; work must proceed from back to front.

FIGURE L3  Listing of Functional Constraints
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PERFORM SURFACE
(:)——h- INSPECTION

OF EMPLACEMENT

MOVE TO NEXT
EMPLACEMENT

FOR FURTHER
INSPECTION

MONITOR
EMPLACEMENT
RADIATION

IS
RADICACTIVITY
PRESENT

-7

RECORD DATA,
TAG EMPLACEMENT

SAFE
FOR FURTHER
INSPECTION

NO YES
/ [
PERFORM RECORD
ULTRASONIC RADIATION DATA
INSPECTIONM

DATA
RECORDED
?

YES

PLOT CANISTER '
CRIENTATICON

_COMPLETED

FIGURE 14 Decision/Action Diagrad
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Gas Eavironment
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ERIC

Aruitoxt provided by Eic
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FIGURE 15 Morphological Analysis of Drying Function
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Preliminary Design

Criteria Development

Synthesis of
Criterion Function

Analysis of
Design Space

Optimization

FIGURE 17 Preliminary Design Stage
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Detailed Desiqn

Allocation of
.Resources

Prototype
B . _ Construction

. Test and
Evaluition

Redesign

FIGURE 18 Detailed Design Stage
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PARAMET. RECOMMENDED RANGE
Luminance (ft.L} 10 to 50
luminance Contrast 2:1 to 18:1

Symbol Height {minutes of arc¢ of
" visual ang.e subtended at th~ eye) | 10 to 37

Stroke Width (Stroke Width-to-Height .
Ratio) t:4 to 1:8

. Horizontal Spacing (Percent of Symbel
Height} . 10 to - 65

TABLE 1

Criteria for Display Design - Classical Factors

ERIC | o

Aruitoxt provided by Eic:




ERICs

Aruitoxt provided by Eic:

Comparison of Graphic Display Technologies

'y

(Y

Graphiass Line Screen bDisplay Area Color

Davice Tiality Dynanmics CapacLity Fill Qual:ty
Stroke
writer Excellent Excellent Fair Poor Fair
Storage
Tube Excrllant Poor Excellent PoOr Poor
Raster
Scn Farr Farr Excellant Excellent Excellent

N
3
TABLE 2
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Aruitoxt provided by Eic:

PARAMETER

RECOMMENDED RANGE

scan Parameters

ilorizontal Resolution (lines per
symbeol height)

Bandwidth (MHz)
Direction of Contrast

Dot=Matr.x Parameters

S1z
Spacing of Elements

Stroke-Matrix Parameters

Me thod
Si7e

Ganeration Parameter

Me thod

12 w18

4 o 20

b/L or L/D

527 to 7 % W1

Contigucus

Random Position

5x 7 to2x 9

Dot or Random Position

TABLE "3

Tangey of Values for Modern Flectreonic Factars in CRT Desidan
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TALLE Assigament of Weights to Functional Criteria
Warhtine
Criterna Choie Tally Total Cocidictent
L. Performince requ rements 1111111 7 25
2. Cut 0 111110t 5 178
3. Bolnllidin 00 11101 4 143
4 Auntunbdity 000 1001 2 R ra ¥
5 Predualiddy 0000 000 o 0
6 Safets 0o001l-1 00 2 0715
7. Number of persennel required oOrllriy 1 6 214
B Power requmrensents o001 10 2 0715
28 99493
b~y
gy
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TABLE CRITERIA AND ELEMENTS

SAFETY CODE DURABILITY COBE
EASE OF MANEGVERING B EASE OF SHIPHENTS . A
GEIGHT OF FULL TANK A NUABER OF OPLRATING CYCLES B
VOLUNE OF FULL TARK A
ARRANGEMENT OF CONTROLS D PRODUCABI LITY
PROBABILITY OF LEAKAGE B
- TOTAL NUMBER OF PARTS A
oSt AUMBER OF PURCHASED DARTS A
§ MEAN COST PER PURCHASED PARTS A AVAYLABILITY
TIME REGUIRED FOR ASSEMBLY A
I NUGBER OF PLRCHASED PARTS A TINE TG MAINTAIN STAND PER DAY A
OVERNEAD RATE A
LEAKNING CURVE A
} NUMBLR OF UNITS BUILT A
TOTAL NUNBER OF PARTS A
COST OF MANUFACTURING TIME A -
EASE OF USE
| SEMPLICITY OF PROCEDURES A A Directly Neasurable
REAUABILITY OF GAGES A > Indirectly Hiasurable
SIMPLICITY OF WASTE DISPOSAL ¢ Observable
TASKS A
MANHOURS VER SERVICING EPU
J TANK A
WEIGHT OF TANK A
VOLUME OF TANK A

7;‘
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TABLE 6 CRITERIA, SUBMODELS, AND PARAMETERS

s
1 2 3 b4 5 6
SAFETY COST EASE OF USE DURABILITY | PRODUCABILITY AVATLABILITY
ey
0
‘ QO 7
e pe:
— £
oy i L
B 5 i
R o f1] (Y]
AN 2,1 @ |°%
< . L) e [T & ]
s E ) R & f 5 | e o &
| O DO o B o i = '
PARAMETERS Y, ClRT 2840 e [ wm A V. .
K v | o Lok i {E] it =i e
Z . 9 55 | 2D R
il Balie Dwuk = -4 ST = =
1. NO. OF CONNECTORS X
2. WEIGHT OF TANK & H-70 | X X ‘ |
3. DPROZUCTION MANKDURS T
PLR UNIT X
4. HEAN COST PER PUR-
CIASED PART X
5, MANHOURS FOR SERVIC-
MG nPU TANK . . X
6, SIMPLICITY OF PROCE-
DULLS X
7.  KLAJABILITY OF GAGES X
8. SUIPLICITY OF WASIE :
BISPOSAL TASK . X |
9. LASE OF SHIPHENT X
10. LIFE OF F-16 PRCGRAM X
11. 0. QF PURCHASED PARTS X | X .
12, TINE TO MAINTAIN STAND X
13, TUTAL K0, OF PARTS X
14, A/C FLIGHT HOLRS PER
HONTH X
15, K0, OF A/C PER STAID X
had - —— —
N
et — et




